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1. Introduction 

Polymer network stabilized liquid crystals (PSLCs) have attracted increasing interest over 
the past decade because of their potential applications mainly in electro-optic devices such 
as displays and light shutters [1-5]. The main motivation to incorporate a polymer network 
in liquid crystal cells was to bulk-stabilize a desired director configuration against any 
mechanical shock and distortions which can irreversibly alter the functionality of the cells. 
The PSLCs are composite materials in which a low density polymer network is dispersed 
within liquid crystal medium [6,7]. The polymer network is formed by chemical crosslinking 
of a small amount (few percent) of photo-reactive monomers dissolved in low molecular 
weight mesogenic material, through a polymerization reaction photochemically activated by 
a UV illumination. When the polymerization occurs in an aligned geometry, the resulting 
polymer network is roughly aligned parallel to the direction initially imposed by the liquid 
crystal medium in which the network has been formed [8]. Depending on the type of the 
reactive mesogen, the morphology of the polymer network may correspond to an open 
structure consisting of anisotropic fibrils [8-10]. The lateral size of fibrils is of the order of a 
few tenths of a micron [11-13]; their density increases with the initial reactive monomer 
concentration. The polymer fibrils, by creating a large internal boundary, provide a bulk 
anchoring mechanism which allows a control of the liquid crystal alignment in the bulk. 
Application of an electric field causes a distortion of the liquid crystal host, which 
corresponds to a field-induced director rotation, without any reorientation of the fibrils [8] 
considered rigid by the authors because the network is heavily cross-linked. The structure of 
the polymer network has been observed using different techniques. The scanning electron 
microscope (SEM) observations, observations between crossed polarizer after removal of the 
un-reacted species and observations at high temperature, all provide information on the 

© 2012 Petit, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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network structure. The SEM and crossed polarizers observations give a detailed of the 
lateral size of brils [11-13] and the width of the fibers. Most of these observations have been 
reported in the nematic [14] or cholesteric [15] liquid crystals phases. However, a few 
information has been reported in the literature about the vertical distance between fibers 
especially when the polymer network was formed in a ordering helical ferroelectric liquid 
crystals ( SmC*) and paraelectric SmA phases (PSFLC). The PSFLC composites have been 
investigated by different methods, electro optic technical [16-22] and dielectric method [23-
26]. It is know that the dielectric properties of the ferroelectric liquid crystals in the ideal 
unbounded sample are nowadays well understood. The dielectric dispersion is essentially 
dominated by the dynamic of the soft mode, responsible for the phase transition from the 
paraelectric phase SmA to the ferroelectric phase SmC* phase, and the Goldstone mode 
connected with the helical structure in the ferroelectric SmC* phase [27]. The subject is 
already compiled in monographs [28,29].  

Detailed dielectric spectroscopic study over a wide temperature and frequency ranges in the 
PSFLC systems reveal different molecular dynamics of this type of composites [23-25]. It 
was reported [23-25], that the dielectric strength of the Goldstone mode decreases with 
increasing polymer concentration, however, the relaxation frequency was found to be higher 
for the PSFLC composite film compared to that of the corresponding pure FLC. However, 
the behavior of the soft mode dielectric strength is not completely explained yet. Kundu et 
al. [25] are showed for polymer stabilized ferroelectric liquid crystal (PSFLC) systems that 
the soft mode dielectric strength remains unchanged when the FLC cells are stabilized by a 
polymer network formed from a nonmesogenic reactive monomer. The most of these 
studies have not given a quantitative interpretation of the dielectric response until our work 
published in [26]. 

In our previous study [26], although the range of the SmA phase is very narrow, the effect of 
the polymer network on the soft mode is clearly observed. By increasing the polymer 
concentration the dielectric strength is reduced and the relaxation frequency is increased [26].  

It is knows that, in a thin enough sample when the sample thickness becomes comparable 
with the pitch of the helix, the entire structure in helix-free. The director twist-bend fixed by 
the surface polar anchoring can still exist as well as in the helicoidal samples. This spaced 
modulation is called a twisted structure [30]. However when the twist helical pitch is 
confining with the polymer network in a thin thickness, logically there is no reason that the 
twisted structure still remains in spite of the confinement effects. In this chapter we will 
illustrate that in spite of the confinement of the twist short helical structure in a polymer 
network the ferroelectric liquid crystal conserves the helical structure. This behavior was 
interpreted by the type of the morphology of the polymer network which is formed in the 
liquid crystals medium. After describing the dielectric responses, in sect.3-2-A we will 
describe in detail the effect of the polymer network density formed in a planar alignment of 
the ferroelectric liquid crystals cells [30] on the dielectric responses namely soft and 
Goldstone mode. The results of the dielectric responses were interpreted by the morphology 
of the polymer network using atomic force microscopy investigations. In sec.3-2-B the effect 
of the applied electric field during the photopolymerisation on the dielectric responses is 
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reported, the observations of the structure of the polymer network by AFM agree well with 
all dielectric responses. 

2. Experiments 

The liquid crystal compound used in these studies is the ROLIC 8823 (Rolic research ltd) 
which exhibits the following phase sequence: Crystal (Cr) -27 °C SmC* 63.5 °C SmA 65°C 
Isotropic (Figure 1). In the SmC* phase (Figure 2), at low temperature the helical pitch is about 
0.3µm and the spontaneous polarization (Ps is close to 100 nC/cm²). To prepare the polymer 
network we have used a photoreactive diacrylate mesogen as photocurable monomer which 
presents a nematic (N) phase between Cr and Isotropic phases Cr−88 °C−N−118 °C− Isotropic. 
The chemical structure of the monomer is presented in figure 3. 
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Figure 1. A schematic representation of the nematic phase (A), Paraelectric phase or smectic A (B) and 
Smectic C (C).  

 
Figure 2. A schematic representation of a smectic C* phase : molecular order in the layer (a), helical 
structure (b) and the direction of the ferroelectric spontaneous polarization in the smectic layers planes (c). 
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Figure 3. The molecular structure of the monomer. 

 
Figure 4. The Planar configuration of the helical structure in our system, the electric field is applied 
perpendicular to the helical axis. 

 
Figure 5. A schematic illustration the formation of the polymer network, before de 
photopolymerisation (on the left) and after the pohopolymerisation (on the right). 

The PSFLC mixture was prepared by mixing the Diacrylate monomer with weight 
concentrations between 2 and 7%. The ferroelectric liquid crystals (FLC) compound and the 
diacrylate were dissolved in the isotropic phase to make a homogeneous mixture. A 5 µm 
thick EHC Inc, Japon-cell (two glass faces were treated with polyimide to favorite a planar 
alignment (Figure 4)) was filled by the mixture in its isotropic phase. In order to obtain a 
good alignment in the SmC* phase, the cell was slowly cooled (0.1 °C/minute) from the 
isotropic phase under an applied electric field (5V/µm) into the SmC* phase. For the section 
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3.2.A, the sample cells were then exposed to ultraviolet light (wavelength  = 365nm) at  
25 °C with an intensity of 5 (mW/cm² ) for 30 minutes without any applied electric field. 
Here, polymer phase separation and network formation take place (Figure 5). During these 
studies, the cell was placed on a hot stage (Linkam TMS 93) for temperature control. The 
texture observations of the cells were carried out by means of a polarized optical microscope 
(POM)(LEICA DMRXP). 

Dielectric measurements were performed in the frequency range of 10 Hz–13 MHz HP 
4192A. In a linear dielectric response, the time dependent polarization P(t) of the sample, 
being induced by a weak measuring electric field E(t), is proportional to the field : 

P(t)= 0 (*-1) E(t)  where E(t)=E0 exp(-it)  

Is a sinusoidal electric field applied to the dielectric under test and * is the complex 
dielectric permittivity,  is the angular frequency, and f is the frequency of measuring 
electric field displayed in the channel A of most impedance analyzers, and 0 is the dielectric 
permittivity of free space. In linear dielectric spectroscopy the amplitude of the measuring 
electric field should be chosen so that it does not suppress the helicoidal structure of the 
SmC* phase. Generally for ferroelectric liquid crystals two processes contribute to the 
dielectric spectra. We are interesting here only to the collective processes namely soft and 
Goldstone modes.  

In order to obtain the characteristic dielectric strengths and relaxation frequencies of the 
ferroelectric relaxation modes, the dielectric spectra were tted simultaneously by the Cole-
Cole function : 

 * =  + ( G) / (1+jf/fG)1-G + ( s) / (1+jf/fs)1-s+ (/j2f0)  (1) 

Where f is the frequency,  is the high frequency limit of the dielectric permittivity,  G and 
s represent the dielectric strengths corresponding to Goldstone and soft modes, 
respectively ; fG and fs represent the relaxation frequencies of the two modes, G and s are 
the distribution parameters, and  is the electric conductivity. The temperature 
dependencies of different dielectric processes are reported and discussed below. To image 
the topography of polymer networks a Veeco Multimode Atomic Force Microscopy (AFM) 
equipped with a Nanoscope IIIa controller was used. All AFM scans were taken in tapping 
mode with commercially available tips made of Phosphorus doped Silicon. 

3. Results and discussion  

3.1. Optical observations 

The rst objective of this study was to investigate the effect of the applied electric field and 
phase order (before the polymerization) on the alignment on the polymer network formed 
in the FLC host. To illustrates the effect of the applied electric field during the cooling from 
the isotropic phase to the SmC* phase on the alignment of the SmC* layers we present on 
Figure 6.  
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Figure 6.  Optical micrographs of PSFLC samples obtained between  crossed polarizers at T = 70 ◦C, for 
7% polymer concentrations formed at 25°C. (V=0V) indicate the region where no field was applied  and 
(V=8 v) indicate the region where an electric field was applied. 

Figure 6 shows example of optical micrographs representing the observed textures of the 
PSFLC cells obtained for 7% initial monomer concentration. These micrographs were 
obtained at a temperature of 70 ° C (above the SmA- Isotrope transition temperature) so that 
only the birefringence associated to the polymer network would appear. The micrographs of 
Figure 6 clearly show the anisotropic structure of the polymer network. The optical 
observation of this anisotropic structure is due not only to the residual birefringence of 
polymer brils, but also to the remaining birefringence of the surrounding FLC molecules 
which are still aligned by the polymer structure. Two regions have been observed (Figure 6), 
the first region when no electric field has been applied (V=0V), the polymer network was 
randomly distributed. However, in the region where an electric field is applied ( V=8V) the 
polymer network presents a good alignment. To illustrate the effect of the phase order on the 
formation of the polymer network, two cells of 7% polymer concentration were polymerized 
in two different temperatures. The first cell was polymerized at 25°C. The measured helical 
pitch at 25°C is about 0.25 µm (Figure 7). However, the second cell was polymerized at high 
temperature (T=58°C) where the helical pitch diverges (Figure 7). Figure 8 shows the optical 
micrographs representing the PSFLC cells obtained for 7% polymer concentration which are 
polymerized at two different temperatures. As seen in this figure, the dechiralisation lines 
[31] have been clearly observed on the structure of the polymer network (dechiralisation lines 
are perpendicular to the polymer fibers (Figure 8 (a))).  

We can remember here, that the dechiralisation lines are well known lines defects can be 
observed in a planar samples filled by a highly twisted FLC [30-32]. In a smectic C* sample, 
competition between a strong surface anchoring and a helicoidal configuration in the bulk 
induces a double lattice of singular lines. These lines are located near both the boundary 
surfaces and are parallel to the plane of the layers [30-32]. Those lines are named the 
dechiralisation lines. Hence, these results illustrate that the polymer structure conserves 
locally a lines defect print. We can also indicate here that the fact that the helical structure of 
the FLC at T=25°C is very shorter no twisted structure on the polymer fiber has been 
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observed by polarizing microscopy. However, when the polymer network was formed at 
high temperature, the helical structure of the polymer fibers is easy observed by polarizer 
microscopy (Figure 8 (b)). One can seen that, at high temperature, the dechiralisation lines 
were not printed on the polymer fibers. That illustrate that the order and structure of the 
liquid crystal phase are transferred onto the polymer network. It has been already shown by 
Archer et al [33] that the defect of the FLC twisted grain boundary were found printed on 
the polymer network structure. However, for short-pitch ferroelectric liquid crystals, the 
transfer of the lines defects has not been observed. Figure 8 shows also that the polymer 
network which was formed at high temperature, the dechiralisation lines were not printed 
on the polymer fibers. Because, when approaching the phase transition SmC*- SmA, the 
helical pitch diverges. The divergence of the helical pitch (unwinding of the helix) is seen as 
disappearance of dechiralisation lines [31]. 

 
Figure 7. Temperature dependence of the helical pitch of the FLC measured by mean of Grandjean-
Cano method [32]. 

 
Figure 8. Optical microscopy images between crossed polarizers at T = 70 ◦C, for 7% polymer 
concentration. (a) polymerization at 25°C (dechiralisation lines are clearly observed and correspond to 
the straight lines which are perpendicular to the polymer fibers). (b) polymerization at 58°C (the 
polymer fibers present a helical structure). 

          (a)         (b) 
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This implies that even after polymerization, the characteristic property of the host phase in 
which polymerization was carried out was effectively retained. 

3.2. Dielectric studies 

3.2.1. Effect of the polymer network density on the dielectric responses 

Goldstone mode of the SmC* 

Figures 9 (a) and (b) show examples of the dispersion, ’(f) and absorption, ”(f) dielectric 
spectra obtained in the SmC* phase at low temperatures for different polymer 
concentrations. For all of the concentrations studied, two relaxation mechanisms were 
detected. The rst, at low frequencies between (1 and 3 kHz) with a high amplitude, is due 
to the Goldstone mode; whereas the second observed at high frequencies (> 1 MHz) with a 
weak amplitude is an artifact due to the indium tin oxide (ITO) conducting layers. As shown 
in Fig. 9(a), at low frequencies, the dielectric response shows a very strong polymer 
concentration dependence; at 100 Hz, for example, ’(f) decreases from 100 to 30 when the 
polymer concentration increases from 0% to 7%.  

 
Figure 9. Frequency dependence of (a) the real and (b) the imaginary parts of complex permittivity in 
the smectic C* phase for different poclymer concentrations at T=25 °C. 

This effect is also clearly illustrated in the behavior of the absorption peak observed in the 
”(f) spectra [Fig. 9 (b)]; the absorption peak strongly decreases from 48 to 8 when the 
polymer concentration is varied from 0% to 7%. The parameters  G and fG obtained from 
the curve-t procedure are displayed in Figs. 10 (a) and (b). The behavior of  G versus 
temperature showed the same general features for all the samples Fig.10 (a) ;  G slightly 
increases to reach a maximum at a temperature called Tmax 3 °C below Tc then decreases 
abruptly above Tmax. The behavior of  G versus temperature is dependent on that of the 
helical pitch of the FLC Fig. 7. Usually the maximum observed in  G (T) is related to that 
exhibited by the helical pitch Fig. 7 at temperatures close to Tc and indicates that the helical 
structure of the FLC is preserved in all our PSFLC systems.  
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Figure 10. Temperature dependence (a) of  G and (b) the relaxation frequency of the Goldstone mode 
for different polymer concentrations. 

The temperature dependence of the Goldstone relaxation frequency Fig. 10 (b) shows that 
fG slightly increases with temperature, reaches a maximum, and then rapidly decreases to a 
minimum value at a temperature corresponding to Tmax, after Tmax, an abrupt increase in fG 
is observed for a temperature close to Tc. Qualitatively, the thermal behavior of the 
Goldstone mode is not affected by the polymer network. However, quantitative differences 
were observed forG and fG when the polymer network density increases. To illustrate this 
effect, we present on Figs. 11 (a) and 11 (b) the evolution at room temperature of  G and fG 
as a function of the polymer concentration. It can be seen from these gures that the 
increase in the polymer concentration from 0% to 7% leads to a breakdown of  G from 120 
to 27 and to an increase in fG from 1.5 to 3.5 kHz. Changes in the dynamic of the Goldstone 
mode have already been observed in PSFLC systems by Gasser et al. [35] and in other 
composite based FLC, as a random network formed from dispersions of aerosil particles 
within FLC media [36–38]. For aerosil/FLC composites, a decrease in G and a shift of fG 
toward high frequencies [37,38] with increasing the density of aerosol particles were 
observed.  

 
Figure 11. The dielectric strength ( G ) (a) and relaxation frequency fG (b) of the Goldstone mode at 
25°C as function of the polymer concentration 



 
Polymerization 12 

The Goldstone mode even disappears in these systems for a sufficiently high aerosil density. 
The authors have interpreted the behavior of the dielectric response in these systems by size 
effects on smectic domains [36–38]; the reduction in the Goldstone mode strength and the 
increase in the relaxation frequency with increasing the concentration of aerosil particles are 
due, according to these authors, to the formation of smaller smectic domains where 
uctuations are quenched by surface interactions, leading to a deformation of the helix. 
Additionally, the orientation of these smectic domains becomes randomly distributed so 
that fewer domains are therefore preferentially oriented in the direction of the applied 
electric eld. We believe that the interpretation given above cannot explain the behavior 
of our PSFLC systems, despite similar changes in dielectric relaxation being observed. 
First, the polymer network in PSFLC cells are anisotropic and stabilizes the conguration 
of smectic domains oriented preferentially to the direction of the electric eld. We think 
that the changes observed in dielectric response in our systems are essentially governed 
by elastic effects. We expect that the network-FLC interactions enhance the apparent 
elasticity of the PSFLC lms, and accordingly, causes the increase in the relaxation 
frequency fG and the reduction in dielectric strength G. In fact, the dielectric strength 
and the relaxation frequency of the Goldstone mode in the case of a pure SmC* phase are 
expressed as [39] : 

 G = (Ps/)² / (20Kq²0 ) (2) 

 fG = (Keff q²0 ) / (2) (3) 

where  is the rotational viscosity, Keff is the effective elastic constant.  and Ps are the tilt 
angle and spontaneous polarization, respectively. q0= 2/p0 with p0 is the helical pitch of the 
FLC. If we think that the Equations (2) and Equation (3) are applicable for the PSFLC 
composite, q0 is considered here constant. The reduction in G as a function of polymer 
concentration is attributed to the variation in (Ps/) and/or Keff. To clarify that, we have 
plotted in Fig. 12 the ratio (Ps/) as a function of polymer concentration. This gure shows 
that this ratio can be considered independent of the polymer concentration. As a 
consequence, the observed decrease in the G with polymer concentration can be explained 
rather by the increase in the effective elastic constant Keff.  

On the other hand, the relaxation frequency of the Goldstone mode Equation 3 is controlled 
both by the elastic (Keff q²0) and viscous (eff)  forces. From the equation 3, the increase in fG 
with polymer concentration can be explained by the decrease in the Goldstone rotational 
viscosity (eff)  and/or the increase in the effective elastic constant Keff. From Eqs. 2 and 3, the 
effective rotational viscosity can be expressed as (eff)  =(Ps -1)2 / 4 fG G. According to this 
expression and using the experimental data of (G x fG ) (Fig 13(b)) and (Ps/ ) (Fig 12), eff 
was evaluated as a function of temperature for all polymer concentrations studied. 
Generally, eff of the PSFLC lms increases with the polymer network density. At room 
temperature, for example, eff increases from 0.2 to 0.6 Pa. s when the polymer concentration 
increases from 0% to 7% (Fig. 13(b)).  
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Figure 12. The (Ps/) ratio as function of the polymer network density  

 

 
Figure 13. Temperature dependence of the Goldstone mode rotational viscosity (eff)  (b) and the 
product G x fG (a) for different polymer concentrations. 

Consequently, the increase in the relaxation frequency with the network density is 
certainly due to the increase in the effective elastic constant Keff. To illustrate this, Keff 
was evaluated at room temperature from Eqs. 2 and 3; the results are displayed in Fig. 
14. This gure shows that Keff linearly increases from 0.5 10−11 to 2.310−11 N when the 
polymer concentration increases from 0% to 7%. The values of Keff found here compare 
well with those obtained for the same PSFLC systems from the electro-optic 
measurements [18,20]. 
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Figure 14. The effective twist elastic constant Keff versus polymer concentration. 

In conclusion, the increase in the relaxation frequency and the reduction in the dielectric 
strength of the Goldstone mode for the PSFLC lms seem to be due to the increase in the 
twist elastic energy, resulting from the strong interaction between liquid crystal molecules 
and the polymer network liquid crystal molecules and the polymer network.  

Polymer network morphology by AFM investigations: 

The principal result surprising in this party (section 3-2-A) is the role played by a polymer 
network to stabilize of the ferroelectric order. Indeed Bayth et al [34] which are reported that 
when the helical pitch of the smectic C* was confined between two parallel glass with a 
homogeneous planar anchoring causes an unwound of the helical structure which is 
proportional to the cell thickness. This transition is due to the result of the competition 
between the energy cost of the lines of dechiralisation slightly dependent on the thickness 
and that to the unwound of helix which is highly depends to the cell thickness. A similar 
mechanism could be compared in the case of our results by schematizing the fibril like 
cylinders with a homogeneous planar anchoring along their axis. In this case, the work 
which is reported by Baytch et al should remain valid once subsisted the thickness of the cell 
by the distance between cylinders. We think that the fibril seem to have a twisted 
morphology. In this case, these morphology could stabilizes the smectic phase. The increase 
of the apparent elasticity coefficients can be explained from a simple energetic argument if 
we take into account the polymer network morphology. One must note here that the 
polymer network was formed within the SmC* phase in which the director eld is highly 
twisted in a helix. This helical structure of the FLC is transferred on the polymer network as 
shown in Figure 15.  
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Figure 14. The effective twist elastic constant Keff versus polymer concentration. 
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Figure 15. Tapping mode AFM height image of polymer bers formed from a 5% polymer 
concentration into the short-pitch FLC ( at T= 25°C). The twisted structure of brils is clearly observed 
indicating that the helical structure of the FLC from which the network was formed is printed on the 
polymer bers.  

For AFM experiments, the PSFLC cells were disassembled and ushed with solvent to 
remove the FLC. Figure 15 (on the left) presents a tapping mode AFM image (Veeco 
Instrument Inc.) of a 3×3 µm² region, and shows a brillar structure of the polymer network. 
The width of the bers ranges from 150 to 300 nm. The AFM images clearly reveal a twisted 
structure of the bers with a periodicity of about 0.24 µm which approximately corresponds 
to the pitch of the FLC helix used in this study. Hence, the polymer structure conserves 
locally a helical print which in turn stabilizes the FLC structure present during the 
polymerization. It has been already shown by I. Dierking et al. [12], and by G.A. Held et 
al.[40] that for long-pitch cholesteric liquid crystals, the helical superstaructure was 
transferred onto a polymer network. However, for short-pitch ferroelectric liquid crystals, 
this transfer has not been observed. Recently, K. Akagi et al [41] were confirmed the 
possibility of the printing of the short helical pitch on the polymer network. Archer et al [33] 
showed that the defect of the FLC twisted grain boundary were found printed on the 
polymer network structure. In [21] the chevron pattern has been observed on the polymer 
network. The printing of the helical structure on the polymer network is also reported by 
[42]. One could not observe any twisting of the polymer strands when polymerized in the 
Sm A* phase [43]. This implies that even after polymerization, the characteristic property of 
the host phase in which polymerisation was carried out was effectively retained. The helical 
aspect of the ber structure certainly inuences and explains the electro-optical: Deformed 
Helix ferroelectric liquid crystals (DHF) [18] and electroclinic effects [19,20].  

Sof mode in the SmA phase 

Figures 16 (a) and 16 (b) show examples of the dispersion, ’(f) and absorption, ”(f) , 
dielectric spectra obtained in the SmA phase at Tc for each polymer concentration. Two 
relaxations mechanisms are detected. The rst, at frequencies between 10 and 30 kHz 
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with a weak strength, is attributed to the soft-mode relaxation mechanism; whereas the 
second observed at high frequencies 1 MHz is due to the ITO conducting layers. As 
shown in Fig.16, at 1 kHz frequency, the dielectric response shows a very strong polymer 
concentration dependence; ’ decreases from 23 to 12 when the polymer concentration 
increases from 0% to 7%. This effect is also clearly demonstrated from the behavior of the 
absorption peak observed in Fig. 16 (b); the absorption peak decreases from 12 to 3 when 
the polymer concentration is varied from 0% to7%. We present in Figs. 17 (a) and 17 (b) 
the temperature dependence of the dielectric strength, s, and the relaxation frequency, 
fs, of the soft mode. For all studied concentrations, the behavior of versus temperature 
shows the same general features fig. 17 (a). A rapid increase in s is observed close to Tc 
for all concentrations studied. The increase in s at and close to Tc is dependent on the 
polymer concentration. Note that s becomes relatively weakly affected by the network 
as temperature increases from Tc (Fig. 17 (a)). The relaxation frequency, fs, exhibits a 
linear temperature dependence (Fig. 17 (b)). At Tc, fs increases from 10 to 36 kHz when 
the polymer concentration increases from 0% to 7%. This effect seems to be less 
dependent on the polymer network density at relatively higher temperatures  Tc +0.5 °C 
(Fig. 17 (b)). Similar behaviors have been observed in the case of dispersed silica particles 
on FLC matrix near the SmA-SmC phase transition [6–8]. However, Kundu et al. [25] 
showed for other PSFLC systems that the soft-mode dielectric strength remains 
unchanged when the FLC cells are stabilized by a polymer network formed from a 
nonmesogenic reactive monomer. These authors did not provide any indications of the 
network structure of their systems. However Beckel et al. [44] demonstrated that 
nonmesogenic monomers give rise to polymer chains which microseparate from FLC 
molecules in the smectic layers leading to a layer swelling. Obviously, this polymer 
network structure is completely different to that obtained in our systems Fig. 15. In order 
to examine how the polymer network inuences the soft-mode dielectric strength of the 
PSFLC, we used the model previously developed [20] to explain the electroclinic 
behavior of PSFLC lms.  

 
Figure 16. Frequency dependence of (a) the real and (b) the imaginary parts of the complex permittivity 
at the SmC-SmAphase-transition temperature, Tc, for different polymer concentrations.  
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Figure 17. Temperature dependence of (a) the dielectric strength and (b) the relaxation frequency fs of 
the soft mode in the smectic Aphase for different polymer concentrations. 

Although polymer networks formed in liquid crystal media generally have a complex 
structure, they have been previously modeled as an assembly of parallel cylinders randomly 
distributed within the liquid crystal media [7]. The cylinders are interconnected via a 
chemical cross linking which ensure the network stability. In the framework of the rigid 
model of the network introduced by Li et al. [17], they considered that FLC molecules are 
affected by the bulk anchoring force from network. Li et al. interpreted this bulk anchoring 
force in terms of a eld like effect, where the orientation of the FLC molecules was coupled 
to that of the anisotropic polymer network. This model gives a macroscopic description of 
the polymer network and was successfully applied to describe the “V-shaped” electro-optic 
properties of FLC gels [17]. We adopt in our theoretical approach this model structure of 
random polymer network of Li et al. We will consider below as a characteristic parameter of 
the polymer network structure the average intercylinder distance, which we call Lc, (Figure 
18) and we try to analyze the effect of the applied electric eld on smectic-A layers conned 
between two successive cylinders. The basic relation giving the free energy density of a 
chiral SmA phase near Tc in the presence of a small electric eld E was expressed by Garoff 
et al. [45,46] as:    

 fE= f0+(1/2)  (T-Tc)2-CP+(P2/0C)-PE  (4) 

f0 represents contributions to free energy density from the undistorted SmA phase.  is the 
mean-eld coefcient and C is related to the piezoelectric coupling between the polarization 
P and the induced electroclinic tilt . 0 is the dielectric constant and  is the electric 
susceptibility. Moreover, to the free energy density term expressed in Eq.4, two other 
contributions are required to describe the effect of electric eld on SmA blocks conned 
between the polymer bers. The rst one consists of the free energy density fps arising from 
the bulk polymer stabilization, and may be written as [17] 

 fps = (1/2) Wp sin²  (1/2) Wp ²   (5) 
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Figure 18. Tilt angle induced by electric field in the SmA* phase; distortion due to the anchorage at the 
polymer boundaries (on the left). Lc is the average distance between two successive polymer fibers parallel 
to the direction of the electric field. Cell normal and layer normal are parallel to the Z and X axis 
respectively. 

Wp is the coupling coefcient for the interaction between the polymer network and the 
liquid crystal molecular director. Equation 5 is an approximative expression of fps because 
we are interested in low eld regime where the angle is small. The second contribution 
comes from the elastic free energy density fel arising from a director distortion upon 
application of E. In our system, the smectic layers are arranged perpendicular to the 
direction of the bers. Between two successive groups of bers separated by the average 
distance Lc ( Figure18), due to anchoring forces between the liquid crystal molecules and the 
polymer network, the rotation of the director can be reasonably assumed not to be uniform: 
It is larger at or close to Lc /2 and weaker near the surface bers. We must remark here that 
this theoretical approach of our PSFLC system is based on a one-dimensional model. We 
neglect then any splay deformation of the director, and we only consider the elastic energy 
arising from a twist deformation. fel can then be given by the following expression: 

 fel = (1/2) K2 (/z)2  (6) 

K2 is the twist elastic constant, and Z denotes the coordinate along the axis parallel to the 
direction of the applied electric eld. The total free energy density f t= fE+ fel+ fps is then 
expressed as : 

 ft= f0+(1/2)  (T-Tc)2-CP+(P2/0C)-PE+(1/2) K2 (/z)2+(1/2) Wp ² (7) 

The equilibrium values of P and  are found by minimizing the free energy ft with respect to 
P and  , respectively. This leads to the following equations: 

  (T-Tc) - CP+ Wp  - K2 ( ²/z²)=0 (8) 

 C - (P/0) + E=0 (9) 

Inserting Eq. 9 into Eq. 8 gives  

 K2 ( ²/z²)-  (T-T’c) +C 0 E=0 (10) 
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Figure 18. Tilt angle induced by electric field in the SmA* phase; distortion due to the anchorage at the 
polymer boundaries (on the left). Lc is the average distance between two successive polymer fibers parallel 
to the direction of the electric field. Cell normal and layer normal are parallel to the Z and X axis 
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where T’c =Tc −Wp / is the SmC*−SmA transition temperature of the PSFLC system; Tc =T0 
+C²0 / is the SmC*−SmA transition temperature of pure FLC. Equation 10 governing the 
director distortion induced by an applied electric eld in the SmA phase the anisotropic 
polymer bers in PSFLC systems constrain the molecular orientation at their surfaces as the 
screw dislocations at the grain boundaries in the TGBA phase do. To solve Eq. 10, we 
assume the anchoring of the molecules at the ber surfaces to be rigid. The boundary 
conditions at these surfaces are :  (z=0)=  (z=Lc)=0 

Equation 10 has a solution :  

  (z)=(CE)( (T-T’c) )-1 [1-exp(z/a)((1-exp(Lc/a))-1 - exp(-z/a) (1+exp(-Lc/a))-1 ] (11) 

Where 

a= (K2/((T-Tc))1/2  

Averaging the  (z) [15] and P(z) values over the 0  z  Lc  domain (Figure 18) gives the 
expression of the mean induced tilt and polarization : 

 <PSFLC >=(0CE)/(T-T’c )[ 1- tanh (Lc/2a) / (Lc/2a)] (12) 

 <P PSFLC > = (0E)+ (0 2C2E) / (T-T’c ) [1- tanh (Lc/2a) / (Lc/2a)]   (13) 

Where 

a= K2 ((T-T’c)) -1 

The average induced polarization can also be written as :     

 <PPSFLC> = (0E)+ (0 E PSFLC ) (14) 

The identification between equations (13) and (14) gives the expression of the dielectric 
strength of the soft mode, PSFLC, as a function of Lc :             

 PSFLC  (0 2C2E) /  (T-T’c ) [1-H]  (15) 

Where H = tanh (Lc/2a)/(Lc/2a) which we called the elastic parameter, depends on the network 
density via Lc. For a same given reduced temperature, (T-T’c), the equation (10) can be 
expressed as: 

 PSFLC    FLC [1-H]   (16) 

FLC denotes the soft mode dielectric strength of the pure FLC. Equation (16) shows that, in the 
SmA* phase, the main parameter that governs the soft mode dielectric strength in the PSFLC 
films is Lc. This means that the stored elastic energy arising from the distortion of the director 
upon application of electric field is as much larger than the Lc becomes smaller, which causes a 
decreases of the soft mode dielectric strength (equation (16)). The effect of the polymer 
concentration on the dielectric strength is in accordance with the theoretical results (Equation 
16). According to this equation, the s is reduced by the increase of the polymer network 
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density or by decreasing the distance Lc. To explain quantitatively the behavior of the reduction 
of the soft mode dielectric strength we can use the expression given by equation (16). From this 
equation, we conclude that the main parameter which governs the soft mode dielectric strength 
is the vertical distance which separated between two successive groups of polymer fibers Lc. We 
used the values of  8.8 10+3 N m-2K-1, a =0.12µm [20], and the values of s presented in the 
Figure 17(a) at T-Tc=0.1° C, with a reasonable value of the twist elastic constant, typically, K2 10-

11 N, the equation (16) was graphically resolved to evaluate Lc. We obtain a mean inter-fiber Lc. 
The results are displayed in Fig. 15. The calculated values were compared to those directly 
measured from the topography of the polymer networks obtained by means of AFM 
experiments (Fig. 19). Figure 19 shows example of AFM images and height proles on the z 
direction in Fig. 18 of the polymer network. The height prole in the z direction indicates two 
successive groups of bers. The mean distance Lc Fig. 18 between them was evaluated for each 
polymer concentration and displayed in Fig. 20(a). The measured values of Lc linearly decrease 
with the polymer density and agree well with those calculated from the model. It seems from 
these results that the brillar and anisotropic nature of the network stabilizes, at long-range 
scale, the SmA order and opposes the electric eld effect on the deformation of the SmA 
director. These results are in accordance with previous works [19,20] of the electroclinic effect in 
the same PSFLC systems, which demonstrate that the electroclinic susceptibility of these 
systems is reduced with the increase in the polymer network density. It must be noted here that 
the average lateral separation distance (y direction in Fig.18) between polymer strands is 
estimated to be about 10 µm (Fig. 19), which is 1 order of magnitude higher than Lc.  

 
Figure 19. Tapping mode AFM images of polymer network structure of 40 x 40 µm ² (upper) and the 
height profile of the network structure (lower) of the 2%, 3.5% and 5%, respectively polymer 
concentration formed at T=25°C. 
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Figure 19. Tapping mode AFM images of polymer network structure of 40 x 40 µm ² (upper) and the 
height profile of the network structure (lower) of the 2%, 3.5% and 5%, respectively polymer 
concentration formed at T=25°C. 
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Figure 20. The average distance between two successive groups of fibers Lc as a function of polymer 
concentration (a) and the coupling interaction Polymer-Liquid crystals (Wp )(b). 

This difference between interber distances in the two directions is an unexpected result. In 
fact, during the photopolymerization process, the mobility of the reactive monomers could 
be comparable within the smectic layers so that they present the same ability to come 
together and react to form the network. This ability could be signicantly different across 
the smectic layers. Therefore, it would be reasonable to suspect that the average distance 
between polymer bers could be of the same order of magnitude in lateral direction as well 
as in the z direction. The result found here is not yet clear, and the physical and chemical 
mechanisms governing the formation of the network could provide an explanation of our 
nding. This is not the aim of the work presented in this chapter. From the shift of the 
transition temperature, T=Tc−T’c = Wp/ , the coupling coefcient, Wp, characterizing the 
interaction energy between the FLC and the polymer network can be estimated. Tc values 
of 0.2 °C, 0.5 °C, 0.7 °C, an 0.9 °C were found for the polymer concentration of 2%, 3.5%, 5%, 
and 7%, respectively. The values of Wp are displayed in Fig. 20 (b). Wp linearly increases with 
the polymer concentration. The linear behavior of Wp in PSFLC system was already 
reported in earlier works [18-20]. The value of Wp found here are within 1 order of 
magnitude of those reported by Furue et al. [21] and Li et al. [17] on other PSFLC systems. 

3.2.2. Effect of the polymer network morphology created under electric field in the short 
pitch ferroelectric liquid crystal on the dielectric responses 

In this study we show that, both the dielectric intensity and the relaxation frequencies of the 
collective relaxations mechanisms namely soft and the Goldstone modes are strongly affected 
not only by the presence of the polymer network but also by the polymerization conditions. 

Two samples cells with7% polymer concentration were then exposed to ultraviolet light 
(wavelength  = 365nm) at 25 °C with an intensity of 18 (mW/cm2) for 30 minutes. One of 
each is polymerized without the presence of electric field, however, the other cell is 
polymerized with the presence of AC electric field at 5 V µm -1 and for f= 1 Hz. 

Goldstone mode of the SmC* 

In Figures 21 (a) and (b) the parameters  G and fG obtained from the curve-fit procedure 
are displayed. For all studied samples, the behavior of G versus temperature shows the 
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same general features (Figure 21 (a)). As seen in this figure, G increases slightly to reach a 
maximum at Tmax (3°C below Tc). Above Tmax, G abruptly decreases. 

 
Figure 21. Temperature dependence of the Goldstone mode dielectric intensity (a) and the relaxation 
frequency (b). 

Figure 21(b). This figure shows that the fG slightly increases with temperature, reaches a 
maximum, then rapidly decreases to a minimum value at a temperature corresponding to Tmax. 
It can be see from the figure 21 (b) that at room temperature, the fG values are about 1.5 kHz, 4 
kHz and 7 kHz for pure FLC, cell polymerized without and that polymerized with electric field, 
respectively. Significant differences were reported by Kaur et al [23] in another PSFLC 
systems. These authors were reported that the relaxation frequency fG for the case when an 
bias field is applied during the polymerisation is very lower than in the case for sample when 
no bias was applied during the polymerisation. From the Equation (2) and (Equation 3), the 
values of Keff are found about 2 10-11 N and 5.6 10-11 N for mixtures polymerized without and 
those polymerized with electric field, respectively. In conclusion, a lower dielectric strength (or 
larger relaxation frequency) could appear for a result of an increase of the elastic constant. 

Soft mode of the SmA* phase  

In Figures 22 (a) and (b) the temperature dependences of the dielectric strength, s, and the 
relaxation frequencies, fs, are shown for the soft mode detected in the SmA phase. One can see 
that at (T-Tc)=0.1° C, an increase in the polymer concentration leads to the strong reduction of 
the soft mode dielectric strength. At the same temperature, s for a mixture polymerized 
without electric field is three times higher than those polymerized under electric field.  

It can be seen that, at T-Tc =0.1°C, an increase of the polymer concentration from 0 to 7% leads to 
an increase of fs from 10 KHz to 40 KHz, respectively. It can be seen from this figure that, at T-Tc 
=0.1° C the cell polymerized with electric field presents a high fs value about 80 KHz (Figure 
22(b). To explain quantitatively the behavior of the reduction of the soft mode dielectric strength 
we can use the expression given by equation (16). We used the values of  8.8 10+3 N m-2K-1, a 
=0.12µm [19,20], and the values of s presented in the Figure 22(a) at T-Tc=0.1° C, with a 
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reasonable value of the twist elastic constant, typically, K2 10-11 N, the equation (16) was 
graphically resolved to evaluate Lc. We obtain a mean inter-fiber distance Lc  500 nm and 200 
nm, for samples polymerized without and those polymerized with electric field respectively.  

 
Figure 22. Temperature dependence of the dielectric intensity (a) and the relaxation frequency (b) of 
the soft mode in the smectic A* phase. 

Atomic force microscopy observations 

Figure 23 shows examples of AFM images and height profiles in the z direction of the Figure 
18 of the polymer networks. These figures reveal that the separation distance between two 
polymer fibers ( in the Y direction of the Figure 18) varies from 1 µm to 3µm for the cell 
polymerized without electric field and from 300 nm to 500 nm for sample polymerized under 
electric field. The diameter of the fibrils was found varied between 500 nm and 1µm for 
sample polymerized without electric field. However, it is found between 200nm and 700 nm 
for sample polymerized with electric field.  

Figures 3 and 4 (lower) represent the height profiles (on the z direction in the figure2) of the 
polymer networks. The height profiles show two successive groups of fibers. The mean distance, 
Lc between them was evaluated for each sample and are about 480nm and 250 nm for samples 
when no field was applied during the polymerisation and those polymerized under electric field 
respectively. In conclusion, it must be noted from these observations that the polymerization 
under electric field is a principal factor affecting the polymer network structure. These calculated 
values are in accordance with those measured by the model. Tc values of the sample 
polymerized without Electric and those polymerized with E are 0.9°C and 1.4°C, respectively. 
The coupling interaction Wp values are 0.46 104 (J/m3 ) and 12,3 104 (J/m3) for sample polymerized 
without electric field and those polymerized with electric field respectively.  

In conclusion, the main parameter which governs the dielectric strength and the relaxation 
frequency in our PSFLC systems is the distance Lc which separated between two layers of 
the polymer network in the Z direction parallel to the direction of the electric field. The 
changes observed on the dielectric response are confirmed by AFM pictures. The 
polymerization under electric field is another factor affecting the structure of the polymer 
network formed in liquid crystals. 
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Figure 23. Tapping mode AFM images of polymer network structure of 40 x 40 µm ² (upper) and the 
height profile of the network structure (lower) of the 7% polymer concentration (polymerization 
without electric field) on the left and that polymerized under electric field (on the right). 
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1. Introduction 

Molecular Dynamics Simulations are important tools in the prediction of the properties of 
polymer materials and have therefore become invaluable aids in the design of new materials 
suited to particular applications. The combination of Molecular Simulations and the Flory-
Huggins theory allows the study of the compatibility of polymer blends. MD Simulations 
constitute the simplest type of simulation for complex systems containing different types of 
interactions between bonded and non bonded atoms. These interactions are summarized in 
the forcefield files. The systems may be very sensitive to some details of the model; 
particularly the choice of the forcefield. Among different properties, the interaction 
parameters can be calculated from the numerical trajectories of polymer blends, which 
constitute statistical samples. 

Polylactides (PLAs) have been studied extensively for a number of applications due to their 
potential utility in a number of growing technologies. PLAs are biocompatible and 
biodegradable aliphatic polyesters. They have been used in a variety of applications such as 
biomedical materials for tissue regeneration, orthopedics, drug delivery matrices, sutures 
and scaffolds (Gupta A.et al., 2007). In addition, PLAs synthesized from renewable 
resources are not harmful for the environment so they are desirable materials for packaging 
applications to reduce the impact of plastic packaging residues on the environment (Tsuji H. 
et al., 2005). PLAs include two optically active and crystallizable isomers, namely poly(L-
lactide) (PLLA) and poly(D-lactide) (PDLA), and the optically inactive and amorphous 
mixture of isomers termed poly(DL-lactide), (PDLA). Semicrystalline PLA is a brittle 
material with good mechanical properties such as high tensile strength and modulus. The 
compatibility of PLAs in polymer mixtures is of great scientific and technological interest 
(Uras R., et al. 2010). However, only a few miscible counterparts have been reported for 
PLAs: poly(methylmethacrylate) (PMMA) (Eguiburu J.L. et al, 1998; Zhang G. et al., 2003) 
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poly(methylacrylate) (PMA) (Eguiburu J.L. et al, 1998), poly(vinyl acetate) (PVAc), (Gajria A. 
M. et al., 1997; Yoon J.S. et al., 1990; Ogata N. et al, 1997, Park J.W., 2003) and poly(vinyl 
phenol) (PVPh) (Meaurio E. et al, 2005a, 2005b). In addition, the investigation of the phase 
behaviour of PLA/PVPh blends was controversial, since partial miscibility was initially 
reported (Zhang et al, 1998a, 1998b), but complete miscibility was later demonstrated for the 
PLA/PVPh blends (Meaurio E. et al, 2005a, 2005b). In addition, PLAs are also miscible with 
styrene-vinyl phenol copolymers (STVPh) (Zuza et al, 2008) within a wide range of 
compositions. In the PLA/STVPh blends, immiscibility was observed with the styrene rich 
copolymers and with pure Poly(styrene) (PS), (Zuza et al, 2008). The latter result was indeed 
expected considering the difference of solubility parameters (δ = 9.5 and 10.1 (cal/cm3)1/2 for 
PS and PLA respectively; Coleman M.M. et al, 1990), and considering also the lack of 
specific interactions in the PLA/PS system. 

The present work reports the MD Simulation results obtained with the Discover and 
Amorphous Cell modules of the Materials Studio software suite for blends of 
Poly(DL-Lactide) (PDLLA) with styrene-co-vinyl phenol copolymers (STVPh). The 
introduction of the energetic results obtained using Molecular Dynamics Simulation 
techniques in a modified Flory-Hugging Theory makes possible foretelling the phase 
behaviour of PDLLA/STVPh blends of different composition.  

The immiscibility of the PDLLA/PS blends was confirmed by our research group in a recent 
work. At the same time PDLLA is completely miscible with PVPh due to the presence of 
attractive hydrogen bonding interactions between the hydroxyl groups (-OH) of PVPh and 
the carbonyls groups (-C=O) of PDLLA (Meaurio E. et al, 2005a, 2005b). The present work 
deals with the effect of the insertion of hydroxyl groups in the styrene repeat units 
(rendering vinyl phenol (VPh) repeat units) of Poly(styrene) (PS) on the miscibility of the 
resulting styrene-vinyl phenol copolymers (STVPh) with PDLLA. The results provide a 
detailed description of the factors governing the miscibility of the system and allow 
assessing the number of –OH groups necessary in the copolymer to attain miscibility with 
PDLLA as a consequence of the establishment of intermolecular –OH···O=C hydrogen 
bonds. Our research work in this system covers both the experimental and the modelling 
approaches, allowing the comparison of the results obtained from both methods. Certainly, 
MD Simulation results are in good agreement with the experimental measurements. 

2. Computational details 

MD Simulations were performed with the commercial software suite Materials Studio (v 
4.1) supplied by Accelrys (San Diego, CA, USA). The Discover (molecular mechanics and 
dynamics simulation) and Amorphous Cell program modules were used to perform the 
computational work. Discover module is a molecular simulation program that provides a 
broad range of simulation methods, giving the ability to study molecular systems and a 
variety of material types (http://accelrys.com). It also enables to perform structural 
characterization and property prediction for the modelled systems. Amorphous Cell module 
is a suite of computational tools that allows to construct representative models of complex 
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amorphous systems and to predict key properties. Amorphous Cell module employs the 
combined use of the arc algorithm developed by Theodorou and Suter and the scanning 
method of Meirovitch. This algorithm is suitable for longer chains and builds molecules in 
two separate steps, involving the creation of an initial guess structure, followed by 
relaxation of the structure to a state of minimum potential energy (Theodorou et al, 1985; 
Meirovitch, 1983). 

Choosing the appropriate force field is one of the most important factors in obtaining real 
and reproducible results. For this study, the COMPASS force field has been selected because 
it enables accurate prediction of structural, conformational, vibrational, and thermo physical 
properties for a broad range of molecules in the isolated and condensed phases, and under a 
wide range of conditions of temperature and pressure.  
(http://www.scripps.edu/rc/softwaredocs/msi/cerius45/compass/COMPASSTOC.doc.html).  

COMPASS (Condensed-phase Optimized Molecular Potentials for Atomistic Simulation 
Studies) is based on PCFF (Polymer Consistent Force Field) (Rigby D. et al., 1999). 
COMPASS is the first ab initio force field used for modelling interatomic interactions. The 
potential energy of a system can be expressed as a sum of valence (or bond), crossterm, and 
non-bond interaction energies given as: 

  ETOTAL= Evalence + Ecrossterm + Enonbond (1) 

The energy of valence interactions (Evalence), corresponds to energies associated with bond 
stretching (Ebond), valence angle bending (Eangle), dihedral angle torsion (Etorsion), and 
inversion (Einversion) or also called out-of plane interaction energy (Eoop). Modern forcefields 
like COMPASS include a new term named Urey–Bradley (EUB), that considers interactions 
between atom pairs in 1–3 configurations (i.e., atoms bound to a common atom): 

  Evalence= Ebond + Eangle + Etorsion + Eoop + EUB (2) 

Cross terms included in Ecrossterm increase the accuracy of the force-field by introducing 
correction factors to the valence energy to account for the interdependence existing between 
different valence terms. For example, the term named Ebond-bond considers stretch-stretch 
interactions between two adjacent bonds. Similarly, the COMPASS force-field includes 
stretch–bend, bend–bend, stretch–torsion, bend–torsion and bend–bend–torsion terms.  

The non-bond interaction term (Enon-bond), represents the secondary interactions between 
non-bonded atoms. It is defined as the sum of the van der Waals energy (EvdW), the Coulomb 
electrostatic energy (ECoulomb), and the hydrogen bond energy (EHbond), given as: 

 Enon-bond = EvdW + ECoulomb + EHbond   (3) 

In COMPASS, EvdW is described by the Lennard-Jones 6-12 potential and the electrostatic 
energy is obtained from the partial charges of atoms in the system as estimated by the 
charge-equilibration method (Rappe A.K. and Goddard W.A., 1991). Electrostatic 
interactions were calculated by Ewald summation method, highly accurate in the calculation 
of long range interactions (Jawalkar S.S. et al, 2008). An accuracy of 0.0001kcal/mol with an 
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update width of 5 Ǻ was applied to evaluate electrostatic interactions (Meirovitch, 1983). 
Moreover, cell multi-pole method was used to calculate the non-bonded interactions due to 
its efficient capacity to simulate big systems.  

2.1. Determination of parameters for the prediction of miscibility 

The Hildebrand solubility parameter (δ), describes the attractive strength between the 
molecules of the material, exerting a huge influence on blend miscibility. The last few 
hundred picoseconds of the trajectory file were used to calculate the solubility parameter, 
described as the root of the cohesive energy density (CED), equation (4): 

 CED   (4) 

The molecular weight of the polymer is an important factor for the MD Simulation. In many 
cases they can not be performed using voluminous systems due to data storage space 
limitations of the computers. Therefore, calculating the minimum chain length representing 
the high molecular weight polymer is crucial. This minimum length can be determined from 
the solubility parameter values calculated for chains of the pure polymers with different 
lengths. The molecular size at which the solubility parameter becomes nearly independent 
from the length and reaches a nearly constant value can be assumed to represent the real 
polymer chain (Zhang M. at al, 2003). 

The cohesive energy densities (CED) are known to vary considerably with the molecular 
weight of the polymer. If all intramolecular forces are eliminated, CED is defined as the 
increase in energy per mole of a material (Gestoso P. and Brisson J., 2001), given as: 
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The computational results of CED allow the calculation of the energy of mixing, ΔEmix, 
according to equation 6:  
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Where the terms in parenthesis represent the cohesive energies of the pure polymers (A and 
B) and the blend (mix), and A  and B  represent the volume fractions of the polymers in 
the blend. 

Finally, the Flory-Huggins interaction parameter,, can be calculated from Emix according 
to (Case F.H. et al, 1994): 
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where Vm is the molar volume of the repeat unit chosen as reference (PLA). R is the molar 
gas constant and T is the temperature of the simulation in Kelvin. In general, a positive 
value of the Flory-Huggins interaction parameter is considered indicative of the 
immiscibility of high molecular weight polymer blends, but actually the critical value of  
obeys equation 8: 

  
2

1 1 1
2AB critical

A Bm m


 
  
 
   (8) 

where mA and mB represent the degree of polymerization of the pure polymers. If the 
interaction parameter of the blend is smaller than critical the system is miscible in the whole 
composition range. If  is slightly larger than the critical value, the blend exhibits partial 
miscibility: two phases coexist containing both components. For larger values of , the 
components are completely immiscible. By comparison of the values of  calculated by 
atomistic simulation with the critical value (equation 8) the miscibility behaviour of the 
system can be predicted (Jawalkar S.S. et al., 2005). 

3. Results and discussion 

3.1. Construction of the models 

Initial models were generated using the Flory´s rotational isomeric state theory (RIS), (Flory 
P.J., 1989). This method can be used as a basis for generating the conformations of 
unperturbed chains. The RIS approach is a powerful tool to predict conformational 
properties of polymer chains when statistical weight matrices are known (Blomqvist J., et al, 
2001). The major advantage of this method is that it allows the quick evaluation of the 
miscibility while simultaneously includes the specific interactions between dissimilar 
molecules in a mixture (Zeng F.L. et al, 2009). Minimization of the system was carried out 
with 5000 steps using the conjugate gradient method (CGM). CGM method improves the 
line search direction by storing information from the previous iteration, utilizing the Polak-
Ribiere algorithm. The minimized structures were examined to attain a suitable distribution 
of the chains in the blend and a correct number of contacts between the molecules. 
Furthermore, to avoid excessive overlaps between the chains, modified conditional 
probabilities are used to account for the nonbonded interactions between the atoms to be 
placed and the rest of the system. 

Three-dimensional cubic unit cells with periodic boundary conditions were constructed 
using the Amorphous Cell module. Then, cubic cells were minimized and refined by 
molecular dynamics calculations. MD simulation runs were equilibrated for 200ps at 298K 
with time step of 1fs in the NVT ensemble (constant number of particles, N, volume, V, and 
temperature,T). This protocol was followed for all simulated structures. 
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3.2. Analysis of amorphous models 

As indicated before, the miscibility of poly(lactide)/poly(styrene) (PLA/PS) and 
poly(lactide)/poly(vinylphenol) (PLA/PVPh) blends was investigated by our research group 
in a recent paper using Molecular Modelling (Martínez de Arenaza et al., 2010). First, the 
solubility parameters of the pure polymers (PLA, PS and PVPh) were calculated. Polymer 
chains of different length were generated using the Amorphous cell module with the aim of 
determining the minimum representative length for the polymer chains. The minimum 
length at which the solubility parameter adopts a constant value can be considered the 
representative length for modelization purposes. As can be seen in Figure 1, the solubility 
parameter decreases as chain length increases. In case of PDLLA, the solubility parameter 
becomes nearly constant above 20 repeat units (Mw=1440g/mol). However, only 10 repeat 
units of PS (Mw=1040g/mol) and 10 units of PVPh (Mw=1200g/mol) are necessary. 

0 10 20 30 40 50
7

8

9

10

11

12

 
(c

al
/c

m
3 )0.

5

Number of repetitive units
 

Figure 1. Calculated solubility parameter versus number of repeat units for (Δ) PVPh, (◊) PS and (○) 
PDLLA. 

Table 1 summarizes naming conventions, molecular weights (MW), and solubility parameter 
values obtained from the MD Simulation (MD) and from experimental measurements (exp), 
corresponding to the pure polymers and to the copolymers. In the STVPh-10 and STVPh-20 
copolymers 10 and 20% of ST units have been replaced by VPh units respectively. As can be 
observed, the calculated solubility parameters for al the polymers investigated in this paper 
show negative deviations, about 10-20%, relative to the experimental values. This behaviour 
has been reported by other authors (Jawalkar S.S. and Aminabhavi T.M., 2006; Gestoso P., 
2001; Mu D. et al., 2008). 
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The MD Simulations performed using polymer chains of representative length provide us the 
cohesive energy density (equation 5), necessary to calculate the energy of mixing (equation 6), 
from which the Flory-Huggins interaction parameter can be estimated (equation 7). In case of 
the PDLLA/PS system, calculated χ values were above the χcritical line (see Figure 2), indicating 
immiscibility for these blends. On the contrary, negative interaction parameter values were 
calculated in the whole range of compositions for the PDLLA/PVPh system, indicating the 
miscibility of these blends (Figure 2). Figure 3 shows the snapshots corresponding to 
amorphous unit cells of 1:1 (mol:mol) compositions for PDLLA/PS and PDLLA/PVPh blends. 
In the snapshots carbon atoms are coloured grey, hydrogen atoms white and oxygen atoms 
are red coloured. The presence of -OH groups in PVPh allows the formation of hydrogen 
bonds with the carbonyl groups (-C=O) of the PDLLA as can be observed in Figure 4. These 
new strong interactions are the responsible for the compatibility of the PDLLA/PVPh blends, 
favouring the miscibility of the system. Numerous authors have studied the effect of 
hydrogen bonding in PVPh (Gestoso, 2003a and 2003b). 
 

System Acronyms
Repeat 
units 

Mw 
(g/mol) 

MD 
(cal/cm3)0.5 

exp 
(cal/cm3)0.5 

Poly(DL-lactide) PDLLA 20 1440 8.6 10.6 

Poly(styrene) PS 10 1040 8.4 9.4 

Poly(vinylphenol) PVPh 10 1200 10.4 12.0 

Poly(styrene-co-vinyl phenol) (10 
mol% VPh) 

STVPh-10 10 1056 8.8 - 

Poly(styrene-co-vinyl phenol) (20 
mol% VPh) 

STVPh-20 10 1072 8.21 - 

Table 1. Calculated and experimental solubility parameters for the polymers studied in this paper. 
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Figure 3. Snapshots of amorphous unit cells of 1:1 (mol:mol) composition for (a) PDLLA/PS and (b) 
PDLLA/PVPh blends. 

 
Figure 4. Snapshot showing the formation of hydrogen bonds between the -OH groups of PDLLA and 
the -C=O groups of PVPh (O-H···O=C).  

In this work the analysis of the miscibility between PDLLA and PS or PVPh is extended to 
blends of Poly(DL-lactide) with Poly(styrene-co-vinyl phenol) copolymers (STVPh) in order 
to establish the number of vinylphenol units (VPh) necessary in the copolymer to achieve 
complete miscibility. Moreover, a comparison between the experimental and the modelling 
analyses is also provided here. The properties of the pure isolated polymers have been 
investigated from the modelization of single chains of the pure homopolymers (PDLLA, PS 
and PVPh) or copolymers (STVPh-10 and STVPh-20). Table 2 presents the experimental 
densities (Sarazin et al, 2003), molar volumes (VM = M0/ρ) and CED obtained from the MD 
simulations of the single-chain cells. The densities and molar volumes of the copolymers 
have been calculated assuming molar volume additivities. The model for the STVPh-10 
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copolymer consists on a single chain with 10 repeat units containing 9 styrene repeat units 
and 1 VPh repeat unit (10% styrene units replaced). Likewise, STVPh-20 symbolizes a chain 
of 10 units containing 8 styrene repeat units and 2 VPh repeat units (20% styrene units 
replaced; see Figure 5). Cell sizes depend on the system, being 26.51 Å for PDLLA, 12.12 Å 
for PS, 11.69 Å for PVPh, 14.82 Å for STVPh-10 and 14.77 Å for STVPh-20. 
 

System Number Polymer Density (g/cm3) Molar Volume (cm3/mol) 
CED 

(10-7cal/m3) 

1 PDLLA 1.247 57.7 7.388 

2 PS 1.05 99.0 6.967 

3 PVPh 1.25 96.0 10.89 

4 STVPh-10 1.07 98.7 7.801 

5 STVPh-20 1.09 98.4 5.425 

Table 2. Experimental densities and calculated CED for the pure polymer and copolymers. 

 
Figure 5. Snapshot of the STVPh-20 copolymer chain. 

The next step in the miscibility investigation was the simulation of one 1:1 amorphous cell 
between PDLLA and two different STVPh copolymers: STVPh-10 and STVPh-20. The 
system was simulated using the specific parameters calculated previously from the 
individual polymers as the composition, molar volume and density. Table 3 summarizes the 
MD Simulation results for the two blends proposed. PDLLA/STVPh blends behave quite 
different when the percentage of ST units replaced by VPh units increases from 10 to 20%. 
As can be seen in table 3, according to MD simulations the PDLLA/STVPh blend obtained 
after replacing one styrene unit in PS by one VPh unit shows a positive interaction 
parameter of moderate magnitude, χ = 0.60. This value is above the critical data line at 
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0.1457, so the PDLLA/STVPh-10 blend is immiscible. On the contrary, the existence of two 
VPh units in the PS chain (20% VPh units) results in a negative value of χ, indicating the 
miscibility of the PDLLA/STVPh-20 blends. Figure 6 displays 1:1 (mol:mol) amorphous unit 
cells of PDLLA/STVPh-10 and PDLLA/STVPh-20 blends. 
 

Cubic Cell 
1:1 

Density 
(g/cm3) ΧPDLLA/STVPh COMPATIBILITY 

PDLLA/STVPh-10 1,158 0.60 IMMISCIBLE 

PDLLA/STVPh-20 1.148 -0.29 MISCIBLE 

Table 3. Simulation details of two 1:1 (mol:mol) cubic unit cells of PDLLA/STVPh. 

 
 

 
 

Figure 6. Snapshots of 1:1 amorphous unit cell of (a) PDLLA/STVPh-10 blend (immiscible) and (b) 
PDLLA/STVPh-20 blend (miscible). 

The accurate calculation of the minimum content of VPh units in the copolymer necessary to 
achieve miscibility requires the construction of additional models with intermediate 
compositions. With this aim, the polymer and copolymers chains lengths were doubled in 
order to increase the percentage of styrene units susceptible of substitution. Consequently, 
blends composed by PDLLA chains containing 40 repeat units and copolymer chains 
containing 20 repeat units were built to perform MD Simulations. Thus, the miscibility 
study was repeated with the new polymers and copolymers. As described before, the 
STVPh-5, STVPh-10, STVPh-15 and STVPh-20 acronyms represent the percentage of VPh 
units (5, 10, 15 and 20% respectively) inserted in the copolymer chain. Table 4 shows the 
CED obtained by MD Simulations for the new polymer chains, along with other selected 
properties.  

(a) (b)



 
Polymerization 

 

38 

0.1457, so the PDLLA/STVPh-10 blend is immiscible. On the contrary, the existence of two 
VPh units in the PS chain (20% VPh units) results in a negative value of χ, indicating the 
miscibility of the PDLLA/STVPh-20 blends. Figure 6 displays 1:1 (mol:mol) amorphous unit 
cells of PDLLA/STVPh-10 and PDLLA/STVPh-20 blends. 
 

Cubic Cell 
1:1 

Density 
(g/cm3) ΧPDLLA/STVPh COMPATIBILITY 

PDLLA/STVPh-10 1,158 0.60 IMMISCIBLE 

PDLLA/STVPh-20 1.148 -0.29 MISCIBLE 

Table 3. Simulation details of two 1:1 (mol:mol) cubic unit cells of PDLLA/STVPh. 

 
 

 
 

Figure 6. Snapshots of 1:1 amorphous unit cell of (a) PDLLA/STVPh-10 blend (immiscible) and (b) 
PDLLA/STVPh-20 blend (miscible). 

The accurate calculation of the minimum content of VPh units in the copolymer necessary to 
achieve miscibility requires the construction of additional models with intermediate 
compositions. With this aim, the polymer and copolymers chains lengths were doubled in 
order to increase the percentage of styrene units susceptible of substitution. Consequently, 
blends composed by PDLLA chains containing 40 repeat units and copolymer chains 
containing 20 repeat units were built to perform MD Simulations. Thus, the miscibility 
study was repeated with the new polymers and copolymers. As described before, the 
STVPh-5, STVPh-10, STVPh-15 and STVPh-20 acronyms represent the percentage of VPh 
units (5, 10, 15 and 20% respectively) inserted in the copolymer chain. Table 4 shows the 
CED obtained by MD Simulations for the new polymer chains, along with other selected 
properties.  

(a) (b)

 
Analysis of the Miscibility of Polymer Blends Through Molecular Dynamics Simulations 

 

39 

 
 
 

Number Systems 
Repeat 
units 

Mw 
(g/mol) 

Density 
(g/cm3) 

CED 
(10-7 cal/m3) 

1 PDLLA 40 2880 1.247 6.766 

2 STVPh-5 20 2400 1.06 6.932 

3 STVPh-10 20 2720 1.07 6.970 

4 STVPh-15 20 3040 1.08 7.544 
 
Table 4. CED and other selected properties for the double-length polymers and copolymers.  

Then, the mixtures were investigated showing again completely different behaviours with 
the degree of VPh in the copolymer chain. Table 5 displays the results of 1:1 cubic unit 
cells of blends. Recalling that, as discussed before (equation 8), χcritical depends on the 
degrees of polymerization of the pure polymers (mA and mB), the χcritical corresponding to 
the double-length chains decreases to 0.0728 (mPDLLA and mPVPh-S are 40 and 20 
respectively). Molecular Modelling results for the PDLLA/STVPh-10 blends provide a χ 
value of 0.22 suggesting the immiscibility of the system according to the Flory-Huggins 
theory. However, χ for PDLLA/STVPh-15 blends was negative (-1.18), indicating the 
miscibility of these blends.  

 
 

Cubic Unit Cell 
1/1 

Density 
(g/cm3) ΧPDLLA/STVPh COMPATIBILITY 

PDLLA/STVPh-5 1.153 0.39 IMMISCIBLE 

PDLLA/STVPh-10 1.158 0.22 IMMISCIBLE 

PDLLA/STVPh-15 1.163 -1.18 MISCIBLE 

PDLLA/STVPh-20 1.163 -1.33 MISCIBLE 
 
Table 5. MD Simulation results for 1:1 cubit unit cell 

Table 5 actually proves the miscibility of the 1:1 blends but does not tell about the rest of 
compositions. Therefore, we have carried out MD simulations for PDLLA/STVPh-15 blends 
of different composition, and Figure 7 shows the snapshots of two cubic amorphous unit 
cells for the PDLLA/STVPh-15 blends of 2:3 and 3:2 molar compositions. The range of 
compositions studied for this system actually includes the whole range of compositions, and 
the results are summarized in table 6.  
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Figure 7. Snapshot of the cubic amorphous unit cells for PDLLA/STVPh-15 miscible blends of different 
molar composition: a) 2:3 and b) 3:2.  

(a)

(b)



 
Polymerization 

 

40 

 
Figure 7. Snapshot of the cubic amorphous unit cells for PDLLA/STVPh-15 miscible blends of different 
molar composition: a) 2:3 and b) 3:2.  
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System 
number 

PLA 
molar ratio 

(%) 

Number of 
chains in the 

cubic cell 
PLA/STVPh-15 

Density 
(g/cm3) 

ΧPDLLA/STVPh 

1 0 0/1 1.07 - 

2 14.88 1/5 1.099 -0.87 

3 19.15 1/4 1.105 -1.06 

4 24.00 1/3 1.114 -1.39 

5 38.71 2/3 1.141 -1.25 

6 44.83 1/1 1.158 -1.43 

7 65.45 3/2 1.176 -0.73 

8 65.29 2/1 1.888 -0.55 

9 79.12 4/1 1.212 -1.62 

10 82.56 5/1 1.217 -1.49 

11 100 1/0 1.247 - 

 
 
Table 6. Simulation details for the PDLLA/STVPh-15 blends. 

As can be seen, in table 6, negative interaction parameters have been obtained across the 
whole range of compositions. Therefore, MD simulations predict complete miscibility for 
the PDLLA/STVPh-15 system. Figure 8 displays the dependence on composition for the 
interaction parameter. Considering the typical errors associated to these calculations, χ 
does not show a clear dependence with composition, it rather fluctuates about the value χ = 
-1.0. 

These results can be compared with the experimental investigation of the PDLLA/STVPh 
system carried out recently by our research group (Zuza E. et al., 2008). High molecular 
weight STVPh copolymers of different composition were blended with high molecular 
weight PDLLA, and the analysis of the blends by Differential Scanning Calorimetry (DSC) 
showed that at least 16% of VPh units were necessary in the copolymer to achieve 
miscibility. Polystyrene and the STVPh copolymers containing less than 16% of VPh units 
were immiscible with PLA-s (Zuza E. et al., 2008). As can be seen, MD simulations show 
good agreement with the experimental results, and are a valuable tool in the prediction of 
the miscibility and phase behaviour of polymer blends. 
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Figure 8. Dependence of the interaction parameter with composition for the PDLLA/STVPh-15 blends 
according to MD simulations. 

4. Conclusions 

The miscibility of Poly(DL-Lactide) (PDLLA) with styrene-co-vinyl phenol copolymers 
(STVPh) has been investigated using MD simulations and the results have been compared 
with the experimental information available. The MD simulations indicate the formation of 
hydrogen bonds between the –OH groups in the VPh repeat units and the C=O groups in 
PDLLA, in agreement with the results reported recently for these systems using FTIR 
spectroscopy (Meaurio E. et al, 2005a, 2005b; Zuza E. et al., 2008). According to the MD 
simulations, 10-15% VPh units must be introduced in the PS chain to achieve miscibility 
with PDLLA. This result is in very good agreement with the experimental results obtained 
in high molecular weight polymers, in which miscibility was only achieved for blends of 
PDLLA with STVPh copolymers containing at least 16 mol% of VPh repeat units. The good 
agreement between the modeling and the experimental results indicates that MD 
simulations are a valuable tool in the prediction of the miscibility and phase behaviour of 
polymer blends; particularly in cases where the polymers under consideration are not 
available. 
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according to MD simulations. 
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(STVPh) has been investigated using MD simulations and the results have been compared 
with the experimental information available. The MD simulations indicate the formation of 
hydrogen bonds between the –OH groups in the VPh repeat units and the C=O groups in 
PDLLA, in agreement with the results reported recently for these systems using FTIR 
spectroscopy (Meaurio E. et al, 2005a, 2005b; Zuza E. et al., 2008). According to the MD 
simulations, 10-15% VPh units must be introduced in the PS chain to achieve miscibility 
with PDLLA. This result is in very good agreement with the experimental results obtained 
in high molecular weight polymers, in which miscibility was only achieved for blends of 
PDLLA with STVPh copolymers containing at least 16 mol% of VPh repeat units. The good 
agreement between the modeling and the experimental results indicates that MD 
simulations are a valuable tool in the prediction of the miscibility and phase behaviour of 
polymer blends; particularly in cases where the polymers under consideration are not 
available. 
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1. Introduction 

Polymers are very versatile materials and are used in many applications including 
pharmaceutical applications. Natural polymers, modified natural polymers, and synthetic 
polymers are used as excipients in the manufacture of cosmetics and systems for 
conventional and modified delivery of drugs, by altering the composition and physical 
properties such as molecular weight, polydispersity, crystallinity, and thermal transitions. 
They can be prepared to provide a wide range of degradation rates and mechanical 
properties (Amaral, 2005; Villanova & Oréfice, 2010). 

More recently, polymers have been developed that can modulate and deliver drugs to 
target areas. Biodegradable polymers, bioadhesives, biomimetic materials, and responsive 
hydrogels have been included in pharmaceutical formulations (Villanova & Oréfice, 2010). 
Naturally derived polymers offer several advantages compared with synthetic polymers, 
namely biocompatibility, biodegradability, and biological activity, as most of them are 
present in the structural tissues of living organisms. However, the low mechanical 
strength and high rates of degradation of natural polymers often result in their use in 
combination with ceramics, or in subsequent cross-linking reactions to reduce the 
degradation rates. Synthetic polymers can be tailored to meet an absorption time 
requirement, potentially facilitating reproducibility and scale-up, with no concerns about 
disease transmission, which often constitutes a problem with naturally occurring 
polymers (Amaral, 2005).  

Synthetic polymers present an attractive avenue for biocompatible biomaterials because of 
their well-studied syntheses and modifiable properties (Ouchi & Ohya, 2004; Puskas & 
Chen, 2004). Biocompatible polymers can be made into devices directly or incorporated into 
devices by coating to reduce the chance of rejection when incorporated into the body. There 
have been significant developments in recent years in shape memory materials, tissue 
engineering, and coronary stents for use as biocompatible materials (Quansah, 2004). 

© 2012 Celerino de Moraes Porto, licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Polymerization 48 

Biodegradable polymers, especially those belonging to the family of polylactic acid and 
polyglycolic acid, play an increasingly important role in orthopedics. These polymers 
degrade by hydrolysis and enzymatic activity and have a range of mechanical and physical 
properties that can be engineered to suit a particular application. Their degradation 
characteristics depend on several parameters including their molecular structure, 
crystallinity, and copolymer ratio. These biomaterials are also rapidly gaining recognition in 
the fledging field of tissue engineering because they can be fashioned into porous scaffolds 
or carriers of cells, extracellular matrix components, and bioactive agents. Although their 
future appears to be bright, several questions regarding the biocompatibility of these 
materials linger and should be addressed before their wide-scale use (Athanasiou et al., 
1996). The most important requirement for a biodegradable polymer to be used in medical 
applications is its compatibility not only in terms of physical and chemical properties but 
also the properties that define their behavior at the time they come into contact with the 
body (Silva et al., 2004). 

2. Biocompatibility 

In general, a biomaterial is defined as any substance, except food and medications, that can 
be used for a length of time as part of a system that aims to treat or to replace any tissue, 
organ, or body function. Few materials, if any, are totally inert from a physiological 
standpoint; most materials present a variety of components with potential toxic or irritating 
properties. In addition, chemical reactions that occur during setting of the material may also 
produce noxious effects (Anusavice, 2003). 

Biomaterials need to satisfy a number of prerequisites before that can be used in 
applications, including biocompatibility. To verify this feature, its components should be 
subjected to different tests (Schmalz, 2002), performed as recommended by various 
organizations and federations. These tests consist of a sequence of research protocols, 
described and regulated in many countries, for correct use of experimental materials 
under evaluation, thereby determining their safety for clinical application in humans 
(Costa, 2001). 

Biocompatibility may be defined as (Williams, 2008): 

“ability of a biomaterial to perform its desired function with respect to a medical therapy, 
without eliciting any undesirable local or systemic effects in the recipient or beneficiary of that 
therapy, but generating the most appropriate beneficial cellular or tissue response to that specific 
situation, and optimizing the clinically relevant performance of that therapy.” 

Biocompatibility can also be defined as the relationship between a material and the 
organism so that neither produces undesirable effects. Biocompatibility has been mentioned 
in many works with increasing interest in evaluating the characteristics of medical and 
dental materials and devices and responses caused by its components. An ideal pattern for 
determining these properties has not yet been determined, however, various methods have 
been suggested for this purpose. 
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Biocompatibility is a term that encompasses many aspects of the material, including its 
physical, mechanical, and chemical properties, as well as potential cytotoxic, mutagenic, and 
allergenic effects, so that no significant injuries or toxic effects on the biological function of 
cells and individuals arise (Costa, 2001; Lemmons & Natiella, 1986; Schmalz, 2002). 

Until the biocompatibility of a material is proven, it must be subjected to various studies 
ranging from in vitro assays to clinical trials, involving distinct areas such as pharmaceutics, 
biology, chemistry, and toxicology. 

Biomaterials or their degradation byproducts should not trigger an adverse inflammatory 
reaction or immune response once implanted. Surface properties such as chemistry, 
roughness, and surface energy play a major role in cell–material interactions, particularly 
when considering an absorbable material, which is always presenting a new surface. These 
surface characteristics determine not only how biological molecules adsorb to the surface, 
but also their spatial orientation on adsorption. This is of particular importance in host–
implant interactions, as the adsorption of proteins present in physiological fluids, such as 
albumin, immunoglobulin, fibrinogen, and fibronectin, dictate the subsequent inflammatory 
response and the fate of the implant (Amaral, 2005). 

2.1. Methods of biocompatibility testing 

Biocompatibility testing has sought to standardize biological tests for biomaterials, to find 
an effective and safe testing protocol that is more reliable for comparing results from 
different studies. 

These tests are divided into 3 groups, corresponding to primary (level I), secondary (level 
II), and preclinical (level III) tests, which include analysis of the cytotoxicity and irritant 
potential of systemic toxicity in animals through intramuscular and subcutaneous implants, 
and usage tests by observation of tissue reactions after insertion of the material, for example, 
in human teeth. 

Level I tests can be done both in vitro and in vivo. In vitro tests assess the properties of the 
material directly in cultured cells that react to the effects of the experimental material. Many 
constituents judged initially as cytotoxic may be modified or have their use controlled by 
manufacturers to prevent cytotoxicity. In vivo tests are mainly based on the implantation of 
materials into subcutaneous or intramuscular areas in rats and rabbits to evaluate the tissue 
response to the implanted material after a period of observation (Anusavice, 2003). 

To conduct these tests, it is necessary to involve health researchers for research methodology 
development and evaluation of the tissue and researchers for development of materials and 
their properties, such as engineers and chemists. 

2.2. In vitro and in vivo tests 

The ideal biological research methodology consists of in vivo experiments, despite the 
ethical aspects involved. Nevertheless, although in vitro studies provide responses limited 
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by the absence of biological and physiological components that are impossible to reproduce 
entirely, they continue to be used and are suitable for determining whether a material 
contains significant quantities of extractable biologically harmful components (Porto et al., 
2011). 

Clinically, the results are divergent. Studies in vitro could report no damage (Büyükgüral & 
Cereli, 2008), moderate damage (Nayyar et al., 2007) or intense damage (Costa et al., 2002). 
This reinforces the effect of the physiology present in in vivo systems, but does not diminish 
the relevance of in vitro research. In vitro research remains important for pointing out 
pathways for studies of the adverse reactions recorded clinically. 

In in vitro cell cultures, the complex physiology of an organism performing various 
functions simultaneously is not present. Thus, the buffer capacity of complex humoral and 
cellular systems in the intact organism is absent; a biomaterial may not work well in the in 
vitro test, but may be biocompatible in vivo (Kirkpatrick et al., 2005; Libonati et al., 2011). 
This highlights the necessity of integrated in vitro and in vivo tests for valuable predictive 
estimation of the toxicity of complex materials (Libonati et al., 2011). 

2.2.1. In vitro biocompatibility testing 

In the field of biomaterials, it is necessary to consider aspects of biosecurity, such as 
elimination of cytotoxicity and other harmful effects of the material to be used (Kirkpatrick 
et al., 2005). By definition, the cytotoxicity of a material or device refers to the toxicological 
risks caused by a material or its extract in a cell culture (Cao et al., 2005). To perform these 
tests, mammalian cells, usually of mouse or human origin, obtained from a commercial 
supplier, are cultured in the laboratory in flasks using nutrient culture media. These 
cultured mammalian cells reproduce by cellular division and can be subcultured to produce 
multiple flasks of cells for use in evaluating the cytotoxicity of materials. For cytotoxicity 
tests in vitro, permanent cell lines or primary cultures are recommended. Although there are 
difficulties with isolation and maintenance, the primary cells are very important for 
biological assays because of their similarity to the original tissue (Wallin, 1998). 

Cytotoxicity tests are considered a rapid, sensitive and standardized method to determine 
the toxicity of a material or if it contains significant amounts of biologically harmful 
leachable compounds. The presence in cultures of isolated cells and the absence of 
important physiological effect present in vivo systems, which help to protect cells within the 
body, produces a test with high sensitivity. Culture medium of mammalian cells is the 
preferred method for the extraction of substances that can be released from a material, 
because it is a physiological solution capable of extracting a wide range of chemical 
structures, not only those soluble in water. 

Several types of cells can be used for cytotoxicity tests such as cell lines - human and mouse 
fibroblasts, lymphocytes, queratinocytes, mouse odontoblast-like cells, mouse macrophages, 
rat submandibular salivary gland acinar cells - (Bakoupoulou et al., 2007; Franz et al., 2009; 
Kostoryz et al., 2003; Lin et al., 2007; Roll et al., 2004; Samuelsen et al., 2008), and primary 
cell types - human lymphocytes, polymorphonuclear leukocytes, and mixed leukocytes, 
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mouse blastocysts, mouse macrophages, and mouse embryo cells - (Becher et al., 2006; 
Huang & Chang, 2002; Jonhson et al., 1985; Libonati et al., 2011; Porto et al., 2009, 2011; Prica 
et al., 2006). 

Macrophages present throughout the body, including the oral tissues, are involved in 
inflammation and presentation of antigen during the reaction to infectious agents and 
foreign bodies. They also amplify the inflammatory response by signaling other cells, and 
play a central role in the pathogenesis of inflammatory response, therefore are relevant for 
testing the biocompatibility of materials in vitro (Becher et al., 2006). When stimulated, the 
macrophages are subjected to a process known as macrophagic activation in which they 
increase their metabolic, motility, and phagocytic activity. Many new proteins are 
synthesized under activation, including inducible nitric oxide synthase. Nitric oxide (NO), a 
product of nitric oxide synthase, plays an important role in the defensive function of 
macrophages (Parslow et al., 2001). Therefore, possible factors such as toxic levels of 
leachable compounds from materials or devices can be indicated by nitric oxide secretion, 
cell death, reduction in or loss of cellular function. 

Interactions of materials and their components with cells at a molecular level are responsible 
for tissue reactions, such as inflammation, necrosis (Accorinte et al., 2005), immunological 
alterations, genotoxicity (Kleinsasser et al., 2004), and apoptosis (Paranjpe et al., 2005). 

Among the 3 categories of tests for assessing cytotoxicity that are listed in ISO 10993-5 (2009) 
(extract test, direct contact test, indirect contact test), it is possible apply a wide variety of 
experimental protocols. The choice of one or more of these categories depends on the nature 
of the sample to be evaluated, the potential site of use, and the nature of the use. This choice 
then determines the details for the preparation of the samples to be tested, the preparation 
of the cultured cells, and the way in which the cells are exposed to the samples or their 
extracts. At the end of the exposure time, evaluation of the presence and extent of the 
cytotoxic effect is undertaken. 

The various methods and parameters used in determining cytotoxicity can be grouped into 
the following categories of evaluation: assessment of cell damage by morphological means, 
measurement of cell damage; measurement of cell growth; measurement of specific aspects 
of cellular metabolism. 

There are several ways to produce results in each of these 4 categories. The investigator 
should be aware of the test categories and into which category a particular technique fits, so 
that comparisons can be made with other results on similar devices or materials at both the 
intra- and interlaboratory levels. Quantitative evaluation of cytotoxicity can be done using 
cell death, inhibition of cell growth, cellular proliferation and colony formation, cell number, 
amount of protein, enzyme released, vital dye release, vital dye reduction, or any other 
measurable parameters that can be quantified by objective means (ISO 10.993-5, 2009).The 
biochemical methods (DNA synthesis, protein synthesis, and ATP activity) demonstrated 
good agreement in toxicity ranking of the materials, regardless of which cell culture was 
used, and the cell cultures responded similarly for each method. Methods that measured the 
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functional characteristics of cells (adhesion and phagocytosis) were highly sensitive but had 
low toxicity ranking agreement and reproducibility. Assays (defined as method and cell 
culture combinations) using cell lines were more reproducible than assays using primary 
cell types. Significant differences in sensitivity were noted among the assay systems for 
particular material types (Johnson et al., 1985). 

Relative sensitivity of in vitro biocompatibility test systems was explored by Johnson et al. 
(1983) and showed cellular responses of 12 standardized cell lines to 20 materials 
representing a range of toxicity. Results of the tissue culture assays were compared with 
those obtained for the same materials in vivo using a 5-day rabbit intramuscular implant 
assay. Methods involving measurement of cellular growth (colony counts or presence of 
confluence) in serum-fortified media extracts of test samples were generally more sensitive 
and discriminating than those in which test materials were placed directly in cell cultures 
(measurement of zone of growth inhibition). Based on sensitivity, reproducibility, ability to 
discriminate materials, and grader agreement, 4 of the 12 cell lines and 2 of the 4 test 
methods appeared most suitable for screening and evaluation of materials. Agreement of 
results using these 4 cell lines with intramuscular implantation tests for the 30 materials 
ranged from 60 to 90% (Johnson et al., 1983). 

The pattern of apoptotic response, cellular glucose, oxygen consumption, and gene 
expression after exposure to the various compounds, single substances or biomaterials has 
been used to evaluate cytotoxicity in previous studies (Becher et al., 2006; Lin et al., 2007; 
Nooca et al., 2007; Sangsanon et al., 2007) and can be used to assess cytopathic effects of 
multicomponent extracts from cured polymers. The use of different methods to evaluate 
cytotoxicity may result provide data for a knowledge base to clarify how experimental 
materials affect cell behavior (Porto et al., 2009). 

Using the MTT assay, cell viability can be assessed by the cytochemical demonstration of 
succinic dehydrogenase enzyme activity, which is a measure of the mitochondrial 
respiration of the cells. Polymers and its components may alter the enzyme activity of 
primary cells (Becher et al., 2006; Chen et al., 2003; Porto et al., 2009, 2011)  or immortal cell 
lines (Demirci et al., 2008; Lin et al., 2007; Poskus et al., 2009). 

One of the most studied alternative in vitro testing methods for identification of 
developmental toxicity is the embryonic stem cell test. A study conducted by Van Dartel 
and Piersma (2011) presents the progress that has been made with regard to the prediction 
of developmental toxicity using the embryonic stem cell test combined with transcriptomics. 
Although the embryonic stem cell test has been formally validated, the applicability domain 
as well as the predictability of the model needs further study to allow its successful 
implementation as an alternative testing method in regulatory toxicity testing. 

Development of additional aspects required for further optimization of the embryonic stem 
cell test, including kinetics, the use of human embryonic stem cells and computational 
toxicology, and the current and future use of the embryonic stem cell test model for 
prediction of developmental toxicity in testing strategies and in regulatory toxicity 
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evaluations should be also discussed. Genomics technologies have already provided proof 
of principle of their value in identification of toxicants such as carcinogenic compounds. 
Within the embryonic stem cell test, gene expression profiling has shown its value in the 
identification of developmental toxicity and in the evaluation of factors critical for risk 
assessment, such as dose and time responses. It is expected that the implementation of 
genomics in the embryonic stem cell test will provide a more detailed end point evaluation 
compared with the classic morphological scoring of differentiation cultures. Therefore, 
genomics may contribute to improvement of the embryonic stem cell test, both in terms of 
the definition of its applicability domain and its predictive capacity (Van Dartel & Piersma, 
2011). 

The embryonic stem cell test is a high-throughput in vitro screening assay for 
developmental toxicity free of animal use. The embryonic stem cell test uses the ability of 
murine embryonic stem cells to differentiate into the mesodermal cardiac lineage in 
combination with 2 cytotoxicity test systems. Validation of the embryonic stem cell test 
showed that the test system is very promising as an alternative to animal testing, however to 
optimize predictability and increase knowledge on the applicability domain of the 
embryonic stem cell test, improvements to the method were proposed and studied. The 
authors discuss the first definition of the embryonic stem cell test and the innovative 
approaches that have been proposed to increase the predictivity of the embryonic stem cell 
test, including implementation of molecular end points in the embryonic stem cell test, such 
as OMICS technologies and the addition of alternative differentiation models to the testing 
paradigm, such as neural and osteoblast differentiation and the use of human stem cells. 
These efforts to improve the embryonic stem cell test increase the value of embryonic stem 
cells used as in vitro systems to predict developmental toxicity (Theunissen & Piersma, 
2012). 

2.2.2. In vivo biocompatibility testing 

Level II tests are based on tissue assessment of animals that received implants 
subcutaneously and intramuscular injection of a material with potential to cause systemic 
toxicity by inhalation, skin irritation, among other responses. Dermal toxicity tests are 
important because of the large number of chemicals with which we have daily contact. 
When a material, product, or toxic component is identified, it can be replaced, diluted, or 
neutralized to reduce the level of toxicity. 

Despite their high cost, controversy, and ponderous bureaucratic challenges, animal tests 
are critical for assessing the biological responses to a new material before it is used in 
humans. Many aspects of clinical biological responses cannot be modeled by in vitro tests 
(Anderson, 2001). Animal tests offer evidence about these types of effects without putting 
humans at risk. Animal tests may be structured to mimic human clinical use to some 
degree, are commonly less expensive than human clinical trials, can be finished more 
quickly in many cases, and can be controlled to a greater degree. Animals may be exposed 
to materials or their degradation products with routes of administration or doses that 
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would be unethical to consider in humans. Animal tests may be used to determine 
responses that are difficult or impossible to ethically test in humans and may be tested at 
many phases of life (for example, embryos or ‘children’) in a way that is not possible in 
humans  (Wataha, 2012). 

Functional properties and biocompatibility are basic issues in the development of bio-
materials. There are several methodologies to analyze these properties, however, in all cases 
the human host has been the ultimate test (Natiella & Lemmons, 1986).  

Biocompatible materials cannot be mutagenic or influence inflammatory mediators 
causing systemic responses, including toxicity, tissue injury, teratogenic or carcinogenic 
effects. Such materials must be free of agents that may cause allergic responses to 
individuals sensitive to these substances. After a material has successfully passed the tests 
for levels I and II, it should be tested in humans (level III test) to evaluate its performance 
and the favorable or unfavorable reactions that may present under normal clinical 
conditions (Anusavice, 2003). 

3. Biocompatibility for specific polymeric systems 

3.1. Chitosan 

Chitosan is a biopolymer type polysaccharide and has a chemical structure similar to vegetal 
fiber cellulose. It is derived from chitin, a polysaccharide that is extremely abundant in 
nature and is the main component of the exoskeletons of insects and crustaceans, and is 
found in the cell walls of some species of fungi. Chitosan has several important uses due to 
its antifungal and antimicrobial activity, its ability to inhibit tumor cells and act as a 
controlled releaser of drugs in the body. 

VandeVord et al. (2002) examined the biocompatibility of chitosan scaffolds using a 
mammalian implantation model. Early migration of neutrophils into the implantation area, 
which resolved with increasing implantation time, was reported. Besides this early 
accumulation of neutrophils, cells that are usually associated with acute inflammation, no 
evidence of other signs associated with an inflammatory response, such as erythema and 
edema, were found. 

Endotoxins were not detected and a chronic inflammatory response did not develop. In 
addition, a very low incidence of specific immune reactions was observed, as determined by 
lymphocyte proliferation assays and antibody binding responses measured using ELISA 
techniques. Formation of normal granulation tissue associated with accelerated 
angiogenesis, the typical healing response, was observed. The results from this study 
indicated that chitosan has a high degree of biocompatibility. These results are in 
accordance with previous studies (Rao & Sharma, 1997; Tomihata & Ikada, 1997), in which 
the biocompatibility of chitosan films with different degrees of acetylation is reported, even 
for highly deacetylated chitin derivatives. 
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evidence of other signs associated with an inflammatory response, such as erythema and 
edema, were found. 

Endotoxins were not detected and a chronic inflammatory response did not develop. In 
addition, a very low incidence of specific immune reactions was observed, as determined by 
lymphocyte proliferation assays and antibody binding responses measured using ELISA 
techniques. Formation of normal granulation tissue associated with accelerated 
angiogenesis, the typical healing response, was observed. The results from this study 
indicated that chitosan has a high degree of biocompatibility. These results are in 
accordance with previous studies (Rao & Sharma, 1997; Tomihata & Ikada, 1997), in which 
the biocompatibility of chitosan films with different degrees of acetylation is reported, even 
for highly deacetylated chitin derivatives. 
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A wide variety of cells have been successfully cultured in/on chitosan matrices, among them 
keratinocytes (Chatelet et al., 2001), chondrocytes (Denuziere et al., 1998), osteoblasts (Lahiji 
et al., 2000), endothelial cells, hepatocytes (Elçin et al., 1998), Schwann cells (Yuan et al., 
2004), and NH3T3 cells (Li et al., 2012), indicating the cytocompatibility of chitosan toward 
these cells. In addition, no cytotoxic products are released from chitosan matrices, as shown 
by the maintenance of cell metabolic activity (Amaral, 2005). 

3.2. Dental polymers 

In vitro and in vivo studies have demonstrated that the cytotoxic effects of polymeric dental 
materials, such as light-cured methacrylate polymers, depend on the quantity of 
unconverted resinous monomers that remain after polymerization (Annunziata et al., 2006; 
Falconi et al., 2007). 

Among the components capable of being lixiviated from dental polymers are bisphenol A-
glycidyl methacrylate (bis-GMA), triethylene glycol dimethacrylate (TEGDMA), and 2-
hydroxyethyl methacrylate (HEMA) (Lin et al., 2007). These monomers can alter cellular 
metabolism at concentrations well below the toxic level. The changes induced can be 
considered a potential mechanism for clinical and subclinical effects (Nooca et al., 2007).  

Bis-GMA is the most toxic among them. A mechanism suggested for the cytotoxicity of this 
monomer is alteration of the lipid layer of the cell membrane, which affects membrane 
permeability (Lefebvre et al., 1996). In addition, bis-GMA undergoes hydrolysis, producing 
methacrylic acid as a metabolite. Methacrylic acid is soluble in water and capable of 
inducing cytotoxicity via stimulation of tumor necrosis factor alpha release (Kostoryz et al., 
2003). 

HEMA is an amphoteric monomer that displaces water in dentin and is capable of diffusing 
rapidly through the dentin (Bouillaguet et al., 1996). It is also miscible with most of the 
monomers used in composites (Bouillaguet, 2004). Therefore, the possibility of other 
components of the adhesive system acting synergistically with HEMA to increase 
cytotoxicity needs to be investigated, especially because other relatively hydrophobic 
resinous composites are soluble in HEMA and may be carried through the dentin 
(Bouillaguet et al., 1996). 

HEMA has been shown to be a potent mediator of cell death by apoptosis at concentrations 
ranging from millimolar to micromolar (Cetinguç et al, 2007). If released at low 
concentrations for a prolonged period of time, HEMA could reduce the rate of cellular 
proliferation and result in apoptosis, possibly as a response to DNA damage (Samuelsen et 
al., 2008). 

Dental adhesive and composites components may alter the succinate dehydrogenase 
enzyme activity of primary cells (Becher et al., 2006; Chen et al., 2003; Porto et al., 2009, 2011) 
or immortal cell lines (Demirci et al., 2008; Lin et al., 2007; Poskus et al., 2009). 
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Despite have adverse effects measured in vitro tests, dental polymers may or not may 
trigger noxious reactions in vivo, and it depends on the amount released compounds, 
concentration and other factors. Thus after many in vitro tests and animal tests be completed 
is possible that the hazards and risks are acceptable for human usage. 

3.3. Polylactide acid and polyglycolide acid 

Synthetic polymers, such as polylactic acid and polyglycolic acid and their copolymer are 
becoming more and more attractive for tissue engineering applications and have already 
been approved by the US Food and Drug Administration. Since the 1960s, polylactic acid 
and polyglycolic acid have been applied in medicine as controlled drug delivery systems, 
mostly injectable as microspheres, orthopedic fixation devices such as pins and screws, and 
as scaffold to mimic the extracellular matrix for cells (Ashammaki & Rokkanen, 1997; 
Gunatillake & Adhikari, 2003; Jain, 2000; Richardson et al., 2001; Thomson et al., 1995). 

Depending on the lactic and glycolic portion of the polylactide-co-glycolide copolymer, 
various physical and mechanical properties can be produced and the degradation rate can 
be specifically regulated (Wintermantel & Ha, 2002). Polylactic acid shows a high 
crystallinity and is attractive as a biodegradable polymer because degradation products 
naturally occur in the body and are resorbed through the metabolic pathway. Both 
polymers demonstrate a similar degradation rate caused by random hydrolysis of their 
ester linkage producing either lactic acid from polylactic acid or glycolic acid from 
polyglycolic acid, which can be excreted in urine. The degradation rate of the material 
depends on various criteria besides the copolymer ratio, such as configurational structure, 
crystallinity, morphology, stress, the amount of residual monomer, porosity, and the site 
of the implantation (Jain, 2000). The desired mechanical properties are also based on the 
polymer ratio and on the molecular weight and crystallinity of the scaffold (Mauth et al., 
2007). 

Various in vitro and in vivo studies have approved the biocompatibility and the 
biodegradability of these polymers. Mild inflammatory reactions have been observed after a 
massive release of acidic degradation in vivo depending on the amount and degradation 
rate of the material (Bostman et al., 1990; Grayson et al., 2004; Holy et al., 1999; Hutmacher, 
2000; Thomson et al., 1999; Young et al., 2002). However, the use of synthetic biocompatible 
material has the enormous advantage of reproducible synthesis and the mechanical and 
chemical properties including the structure, size, viscosity, and porosity, as well as 
degradation rate of the desired scaffold can be controlled. Furthermore, bioactive molecules 
can be incorporated and locally applied by controlled release of the biodegradable polylactic 
acid, polyglycolic acid, or polylactide-co-glycolide copolymer system and so influence the 
cell phenotype expression (Mauth et al., 2007). 

In their study Athanasiou et al. (1996) undertook an extensive literature review on the 
toxicity and biocompatibility of polylactic acid-polyglycolic acid biomaterials. In general, 
polylactic acid/polyglycolic acid biomaterials showed satisfactory biocompatibility, 
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although some reduction in cell proliferation has been noted. Many studies have 
successfully demonstrated biocompatibility of polylactic acid/polyglycolic acid biomaterials 
in vivo (Athanasiou et al., 1996). 

4. Conclusion 

For the biocompatibility of a material to be proved, it must be subjected to various studies 
ranging from in vitro assays to clinical trials and involving distinct areas such as 
pharmaceutics, biology, chemistry, and toxicology. The use of standardized tests allows 
better comparison between the results of different studies to clarify the behavior of the 
materials and their safety in relation to cells and tissues. 

For biodegradable polymers, long-term tests should be prioritized to enable the evaluation 
of the effects of continuous release of metabolites resulting from their degradation and to 
observe the type and extent of local and systemic changes. 

Only a combination of various in vitro and in vivo tests can provide an overview of the 
interaction of biomaterials with the host. 
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1. Introduction 

Plant cell walls represent the most abundant renewable resource on this planet. They are 
rich in mixed complex and simple biopolymers, which has opened the door to the 
development of wide applications in different technologic fields. In this regard the 
polymerization processes that allow the synthesis of the cell wall and their components in 
living models are relevant, as well as the properties of the polymers and their derivatives. 
Therefore this chapter outlines the basis of polymerization with a biological approach in the 
plant cell wall, highlighting the biological effects of plant cell wall derivatives and their 
current applications. 

Plant cell wall is a dynamic network highly organized which changes throughout the life of 
the cell. The new primary cell wall is born in the cell during cell division and rapidly 
increases in surface area during cell expansion. The middle lamella forms the interface 
between the primary walls of neighboring cells. Finally, at differentiation, many cells 
elaborate with the primary wall a secondary cell wall, building a complex structure 
uniquely suited to the function of the cell. The functions of the plant cell wall may be 
grouped by its contribution to the structural integrity supporting the cell membrane, sense 
extracellular information and mediate signaling processes [1]. The main components of the 
plant cell wall involve different polymers including polysaccharides, proteins, aromatic 
substances, and also water and ions. Particularly, the different biomechanical properties of 
the plant cell wall are mainly defined by the content of the polymers cellulose, 
hemicelulloses and pectins and their interactions [2]. 

The rapid progress on plant cell wall research has allowed the comprehension of the 
different structures, their biosynthesis and functions. Nevertheless, there is a new prominent 
and worth line of research, the biological activity of some molecules derived from the 

© 2012 Martínez-Téllez et al., licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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primary cell wall polysaccharides. These active molecules named “oligosaccharins” by 
Albersheim in the mid 70s, include the biologically active oligosaccharides that are 
produced by partial hydrolysis of polymers of the cell wall. The main biologically active 
components of the cell wall are the pectin-derived oligosaccharides, and the hemicellulosic-
derived oligosaccharides. The biological responses of plants to oligosaccharins can be 
divided into two broad categories: as modulators of plant defense, and plant growth and 
development.  

This information has permitted the use of oligosaccharins as an alternative to improve 
different aspects such as yield and fruit quality, and may reach a higher impact in the study 
of the resistance of vegetable crops.  

2. Plant cell wall polymers 

Plant cell wall is a complex matrix of polysaccharides that provides support and strength 
essential for plant cell survival. Properties conferred by the cell wall are crucial to the form 
and function of plants. The main functions of the cell wall comprise the confer of resistance, 
rigidity and protection to the cell against different biotic or abiotic stresses, but still allowing 
nutrients, gases and various intercellular signals to reach the plasma membrane. The wall 
provides enough rigidity to support the heavy weight of high trees as large as 100 m height, 
but also is flexible and elastic allowing growth during expansion and differentiation. During 
growth, cell turgor pressure provides high tensile stress to the wall, enabling its 
enlargement due to the accumulation of polymers during a combination of stress relaxation 
cycles. The primary cell wall surrounds and protects the inner cell; it lies down the middle 
lamella during growth and expansion [2]. The primary wall is thought to contribute to the 
wall structural integrity, cell adhesion, and signal transduction. In this chapter we focus on 
the primary cell walls because it has been noted that most of their derivatives exert a 
biological function. 

Plant cell wall is a dynamic and highly specialized network formed by a heterogeneous 
mixture of cellulose, hemicelluloses and pectins, and in some extent proteins and phenolic 
compounds. Wall composition in vascular plants is approximately 30% cellulose, 30% 
hemicellulose and 35% of pectin, with certain 1-5% structural proteins on dry weight basis. 
Cellulose and hemicelluloses polymers bring rigidity to the wall and pectin provides 
fluidity throw the gelatinous polysaccharides matrix. Cellulose and hemicelluloses are 
embedded in the amorphous pectin polymers and stabilized by proteins and phenolic 
compounds. Hemicelluloses bind to the surface of cellulose network preventing direct 
contact among microfibrils, and pectin are linked to hemicelluloses forming a gel phase. 

3. Components and function of the primary constituents of plant cell wall 

3.1. Cellulose 

Cellulose is the main cell wall polymer that brings support to the plant. Cellulose is a linear 
insoluble unbranched polymer of β-(1,4)-D-Glucose residues associated with other cellulose 
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chains by hydrogen bonding and Van der Waals forces. Cellulose chains aggregate together 
to form microfibrils, which are highly crystalline and insoluble structures, each one about 3 
nm in diameter, chemically stable and resistant to enzymatic attack. Cellulose microfibrils 
comprise the core of the plant cell wall; one third of the total mass of wall is cellulose. The 
variation of dry weight of cellulose in a dicot such as Arabidopsis thaliana ranges from 15% of 
leaf to 33% of stem walls. The walls of monocot grass species have approximately 6–10% 
cellulose in leaves and 20–40% in stems [3]. 

Microfibrils comprise two types of cellulose called cellulose Iα and Iβ. The Iα has a single-
chain triclinic unit cell, whereas cellulose Iβ has two chain monoclinic unit cell. In both 
forms cellulose in parallel and the terminal glucose residues rotated 180° forming a flat 
ribbon in which cellobiose (two glucose molecules linked by a β-(1,4) bond) is the repeating 
unit [4]. Cellulose chains may align in parallel (Type I) or antiparallel (Type II) orientation to 
each other. Only the Type I conformation is known to naturally occur in plants; however, 
concentrated alkaline treatments may cause Type II cellulose to form during harsh 
extraction procedures. The cellulose chains may form the Type Iα or Type Iβ conformation 
depending on the extent of staggering of the chains in relation to each other. Probably the 
interaction of cellulose microbrils with hemicelluloses may affect the ratio of Type Iα to 
Type Iβ cellulose [5]. The microfibrilar disposition allows the existence of micro spaces 
between the microfibrils that are fulfilled by matricial polysaccharides according to the age 
and tissue type. 

3.2. Hemicelluloses 

Hemicelluloses are low molecular weight polysaccharides associated in plant cell walls with 
lignin and cellulose. These heterogenous group of polysaccharides that have β-(1,4)-linked 
backbones with an equatorial configuration at C1 and C4 and hence the backbones have 
structural similarity [6]. Hemicelluloses in dicotyledonous plants comprise xyloglucans, 
xilans, mannans and glucomannans, while the β-(1,3;1,4)-glucans are restricted to Poales 
and a few other groups. In addition, arabinoxylans are the main hemicellulosic 
polisaccharides in graminaceous species such as wheat and barley, and in grasses [7]. 

3.2.1. Xyloglucan 

Xyloglucan (XyG) is the most abundant hemicellulose in primary cell walls found in every 
land plant species that has been analyzed. XyG are branched with α-D-xylose linked to C-6 
of the backbone. The most frequently xyloglucan structure in dicotyledonous flowering 
plants is the repeating heptamer integrated by four glucans residues with α-D-xylose 
substituents in three constitutive glucans of the backbone, followed by a single 
unsubstituted glucan residue (Figure 1). The presence of this repeating heptamer block is an 
indicator of the presence of XyG polysaccharides in dicots species [8]. Beside the XyG 
residues, it may contain β-D-galactose and in less proportion L-fucose-α-(1,2)-D-galactose; 
in all cases the galactose residues are acetylated. The fact that all the substituents of 
xyloglucans are conserved denotes a highly biosynthesis control. On the other hand, in 
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graminaceous monocots, XyG consist of 1 or 2 adjacent α-(1-6)-linked xylose residues with 
approximately 3 unsubstituted β-(1-4)-linked glucose backbone [9]. Despite the structural 
variability found in the species, the functions of the XyG in plants growth and development 
are hypothesized to be conserved among all species of flowering plants [10]. 

 
Figure 1. Structure of xyloglucan; principal component of the hemicelluloses. The heptamer block is 
shown (glucan4-xylose3). In blue backbone β-D-glucans; in red α-D-xylose; in black α-D-galactose and in 
brown α-L-fucose residues. 

In dicotyledonous plants except for graminaceous, the cellulose and xyloglucan are in equal 
proportions. Some XyG chains are linked to the cellulose microfibrils supporting the 
important role of rigidity and maintenance of the cell, the rest XyG chains are cross-linked to 
cellulose microfibrils and pectic polymers, and altogether integrate the complex cell wall 
matrix. In addition XyG is thought to control cell wall enlargement potentially through the 
action of α-expansin, XyG endotransglucosylase or β-(1,4)-endoglucanases [11]. Several 
authors have revealed the XyG function by means of XyG-deficient mutants of Arabidopsis 
thaliana, whereas trying to elucidate the rol of xyloglucan in cell wall biomechanics and cell 
enlargement. More recently, mutations in two xylosyltransferase genes (xx1/xx2) involved in 
XyG synthesis in Arabidopsis thaliana resulted in a XyG-deficient mutant apparently normal 
but reduced in size. Hypocotyl walls were 20-50% weaker in xx1/xx2 seedlings, suggesting 
that XyG plays a strengthening role in the cell wall [12]. It was also confirmed that when 
XyG is missing, pectins and xylans replace its role in cell wall biomechanics. The growth 
reduction in xx1/xx2 plants may stem from the reduced effectiveness of α-expansin in the 
absence of XyG [13]. These results represent the complexity of the study of individual 
components in a plant cell wall matrix, it is necessary to point out the advantage of using 
multiple assays for a better comprehension in the wall extensibility function. 



 
Polymerization 66 

graminaceous monocots, XyG consist of 1 or 2 adjacent α-(1-6)-linked xylose residues with 
approximately 3 unsubstituted β-(1-4)-linked glucose backbone [9]. Despite the structural 
variability found in the species, the functions of the XyG in plants growth and development 
are hypothesized to be conserved among all species of flowering plants [10]. 

 
Figure 1. Structure of xyloglucan; principal component of the hemicelluloses. The heptamer block is 
shown (glucan4-xylose3). In blue backbone β-D-glucans; in red α-D-xylose; in black α-D-galactose and in 
brown α-L-fucose residues. 

In dicotyledonous plants except for graminaceous, the cellulose and xyloglucan are in equal 
proportions. Some XyG chains are linked to the cellulose microfibrils supporting the 
important role of rigidity and maintenance of the cell, the rest XyG chains are cross-linked to 
cellulose microfibrils and pectic polymers, and altogether integrate the complex cell wall 
matrix. In addition XyG is thought to control cell wall enlargement potentially through the 
action of α-expansin, XyG endotransglucosylase or β-(1,4)-endoglucanases [11]. Several 
authors have revealed the XyG function by means of XyG-deficient mutants of Arabidopsis 
thaliana, whereas trying to elucidate the rol of xyloglucan in cell wall biomechanics and cell 
enlargement. More recently, mutations in two xylosyltransferase genes (xx1/xx2) involved in 
XyG synthesis in Arabidopsis thaliana resulted in a XyG-deficient mutant apparently normal 
but reduced in size. Hypocotyl walls were 20-50% weaker in xx1/xx2 seedlings, suggesting 
that XyG plays a strengthening role in the cell wall [12]. It was also confirmed that when 
XyG is missing, pectins and xylans replace its role in cell wall biomechanics. The growth 
reduction in xx1/xx2 plants may stem from the reduced effectiveness of α-expansin in the 
absence of XyG [13]. These results represent the complexity of the study of individual 
components in a plant cell wall matrix, it is necessary to point out the advantage of using 
multiple assays for a better comprehension in the wall extensibility function. 

 
Plant Cell Wall Polymers: Function, Structure and Biological Activity of Their Derivatives 67 

3.2.2. Xylans 

Xylans are a diverse group of polysaccharides with the common backbone of β-(1,4)- linked 
xylose residues, with side chains of α-(1,2) linked glucuronic acid and 4-O-methyl 
glucuronic acid residues. Composition and distribution of the substitutions is wide variable 
according to the plant cell species. Xylans usually contain many arabinose residues attached 
to the backbone which are known as arabinoxylans and glucuronoarabinoxylans; high 
amounts of arabinoxylans are present in the endosperm of cereals [14]. In graminaceous 
species xylans may be linked to the cellulose microfibrils as the xyloglucan does in 
dicotyledonous plants, but the side chain branches are not attached; besides, the content of 
lateral substituents decrease gradually during cell growth. 

3.2.3. Mannans and glucomannans 

The β-(1,4)-linked polysaccharides rich in mannose or with mannose and glucose in a non-
repeating pattern are the glucomannans and galactoglucomannans. Even though their 
presence in primary cell wall is low, mannans have been studied in their role as seed storage 
compounds, as evidenced by the embryo lethal phenotype in an Arabidopsis mutant that is 
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Pectins are the most wide complex family of polysaccharides in nature. They are present in 
primary walls of dicots and non-graminaceous monocots with approximately 35%; in grass 
and other commelinoid primary walls 2-10% and up to 5% in walls of woody tissues [20]. 
Pectins are formed with α-(1,4)-D-galacturonic acid residues. Galacturonic acid (GalA) 
comprises approximately 70% of pectin linked at the O-1 and the O-4 positions [16]. The 
structural classes of the pectic polysaccharides include homogalacturonan (HG), 
rhamnogalacturonan I (RG-I), and rhamnogalacturonan II (RG-II). Also xylogalacturonan 
(XGA) and apiogalacturonan (AGA) have been determined. AGA is found in the walls of 
aquatic plants such duckweeds (Lemnaceae) and marine seagrases (Zosteraceae) with apiose 
residues 2,3-linked to homogalacturonan. The XGA is more abundant, has HG substituted 
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by D-xylose residues which has been determined in multiple species such as marine 
seagrasses, pea, apple, Arabidopsis, soybean with O-3 xylose and xylose branches at O-2 by 
another xylose residue [10]. 

3.3.1. Homogalacturonan 

Homogalacturonan (HG) is the most abundant polymer of the pectins, it comprises nearly 
the 60% of pectins in plant cell wall [20]. HG is formed by long chains of linear 1,4-linked α-
D-galacturonic acid, some of the carboxyl groups are partially methyl-esterified at C-6 and 
acetyl-esterified at positions O-2 and/or O-3 (Figure 2), depending on plant species. The 
linear units of HG in which more than 50% of the GalA are esterified with methyl (or 
methoxy) groups at the C-6 position are conventionally called high methyl-esterified HGs; 
otherwise they are referred as to low methyl-esterified HGs. The unmethylated HG is 
negatively charged and may ionically interact with Ca2+ to form a stable gel with other 
pectin molecules if 10> consecutive unmethyl-esterified GalA residues are coordinated; this 
is called the egg box (Figure 3). The egg box model can occur upon Ca2+ inducing gelling 
approximately in 70% of the pectin in plant cell walls [21]. 

 
 
 

  
 
Figure 2. Homogalacturonan structure. Homogalacturonan is a linear polymer of α-(1,4)-D galacturonic 
acid with methyl-esterified at C-6 and acetyl-esterified at positions O-2 and/or O-3. 
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Figure 3. The egg-box model of calcium crosslinking in homogalacuronan polysaccharides.These 
properties favor the gellification process, therefore have been used by food technologists for the 
preparation of jams, candies and processed fruits products. The gels obtained using highly methyl-
esterified HGs have a short and compact structure, are transparent and achieve a good preservation of 
original flavors; such gels are thermo-reversible. On the opposite, the low methyl-esterified HGs are 
thermally irreversible gels and only gell in the presence of multivalent ions (Ca2+, Mg2+).  
  

3.3.2. Pectic branched polymers: Rhamnogalacturonans-I  and  
Rhamnogalacturonans-II   

Rhamnogalacturonan-I (RG-I) is a family of pectic polysaccharides that represent 20-35% of 
pectin. It contain a backbone of the repeating disaccharide galacturonic acid and rhamnose: 
[α-(1,2)-D-GalA-α-(1,4)-L-Rha]n partially substituted O-4 and/or O-3 positions of α-L 
rhamnose residues with single neutral glucosyl residues and with polymeric side c 
hains predominantly of α-(1,5)-L arabinans and β-(1,4)-D galactans, arabinogalactans-I  
(AG-I), arabinogalactans-II (AG-II) and possibly galacto-arabinans [22]. The backbone may  
be O-acetylated on C-2 and/or C-3 by α-L-rhamnose residues. In contrast, there is no 
compelling evidence that the residues are methyl-esterified, however, an enriched RG-I like 
wall fraction from flax has been reported to contain methyl esters [23]. The predominant 
side chains contain linear and branched α-L-arabinose and/or β-D-galactose residues [20] 
these two are linked to approximately half of the rhamnose residues of the RG-I backbone 
(Figure 4). The side chains showed a great heterogeneity according to the plant sources; the 
α-L-fucose, β-D-glucuronic acid and 4-O-methyl β-D-glucuronic acid, as ferulic and 
coumaric acid may be present [24].  The core of the polymeric side chains does not generally 
exceed 50 GalA residues although there are some exceptions like the galactan isolated from 
tobacco cell walls, with 370 units [25]. RG-I side chains are developmental and tissue-
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specific differentially regulated in the type of terminal sugars and oligosaccharides attached 
to the backbone, it is not well understood but suggests diverse functional specialization. 
Besides, the rhamnose residues may range from 20 to 80% depending on the pectin, plant 
source and extraction method [24]. It was suggested the RG-I functions as a linkage support 
to other pectic polysaccharides such as HG and Rhamnogalacturonans-II (RG-II), that are 
covalently attached as side chains [10].   

 
Figure 4. Major structural features of Rhamnogalacturonan I. The backbone is composed of the 
disaccharide repeating unit of α-(1,2)-D-Galacturonic Acid-α-(1,4)-L-Rhamnose. Branched oligosaccharides 
composed predominantly of α-L arabinose, in blue; and/or β-D-galactose residues, in red. 

Rhamnogalacturonans-II are the most complex and branched polysaccharides of pectin. RG-
II is a minor pectic component of plant cell walls with between 0.5 to 8% in dicots, non-
graminaceous, monocots, and gymnosperms, and less than 0.1% in primary walls of 



 
Polymerization 70 

specific differentially regulated in the type of terminal sugars and oligosaccharides attached 
to the backbone, it is not well understood but suggests diverse functional specialization. 
Besides, the rhamnose residues may range from 20 to 80% depending on the pectin, plant 
source and extraction method [24]. It was suggested the RG-I functions as a linkage support 
to other pectic polysaccharides such as HG and Rhamnogalacturonans-II (RG-II), that are 
covalently attached as side chains [10].   

 
Figure 4. Major structural features of Rhamnogalacturonan I. The backbone is composed of the 
disaccharide repeating unit of α-(1,2)-D-Galacturonic Acid-α-(1,4)-L-Rhamnose. Branched oligosaccharides 
composed predominantly of α-L arabinose, in blue; and/or β-D-galactose residues, in red. 

Rhamnogalacturonans-II are the most complex and branched polysaccharides of pectin. RG-
II is a minor pectic component of plant cell walls with between 0.5 to 8% in dicots, non-
graminaceous, monocots, and gymnosperms, and less than 0.1% in primary walls of 

 
Plant Cell Wall Polymers: Function, Structure and Biological Activity of Their Derivatives 71 

commelinoid monocots [26]. The RG-II has a characteristic structure of seven to nine 
residues of α-D-galacturonic acid backbone with four branches clearly differentiated 
designated A, B, C and D (Figure 5).  

 
Figure 5. Structure of Rhamnogalacturonan II. The backbone of RG-II is composed of α-(1,4)-D-
Galacturonic Acid residues. Four structurally different oligosaccharide side chains linked to the RG-II 
are represented in different colors (A-D).  

RG-II has several kinds of substituents including 11 to 12 different glycosyl residues, some 
of them rare sugars in nature, like 2-O-methyl xylose, 2-O-methyl fucose, aceric acid, 2-keto-
3-deoxy-D-lyxo heptulosaric acid (Dha) and 2-keto-3-deoxy-D-manno octulosonic acid 
(Kdo) [27-30]. About 28-36 individual sugars, interconnected by more than 20 different 
glycosidic linkages that makes a highly complex polymer with an α-D-galacturonic acid 
backbone partially methyl esterified at C-6 with galactosyl residues and branched with 
oligosaccharide chains [31]. Despite the complex structure and low amount of the RG-II, it 
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has been related with important and specific roles in cell walls. RG-II polymers are self-
associated with borate forming borate-cross-linked RG-II dimers firstly demonstrated in 
complexes derived from sugar-beet [32], which contributes to the mechanical properties of 
the primary wall with the three-dimensional pectic network in muro [33].  Nearly 95% of the 
RG-II polymers are in the dimmer complex form (dRG-II). The combination of the covalent 
crosslinking among the pectic polymers HG, RG-I and RG-II sets the network of the plant 
cell wall, bringing together strength, flexibility and functionality to the cells.  

4. Biosynthesis of the plant cell wall polymers 

Cell wall biosynthesis begins during cell division in the cytokinesis phase through the 
formation of the cell plate in the middle of the cell. Eventually, the primary cell wall is 
assembled by the deposition of polymers of cellulose, hemicelluloses and pectin. The 
biosynthesis of wall polymers starts in the nucleus with the transcription of genes coding for 
wall-related proteins and enzymes. Individual elements are channeled into the 
endomembrane system of endoplasmic reticulum and Golgi apparatus where they are 
polymerized and modified. The former polymers are then transported through vesicles and 
secreted outside plasma membrane for subsequent assembling and linkage to the wall. This 
mechanism is highly regulated along the process and depends on the physiological state of 
the cell and the interplay of signals going in and out of the cell [34]. 

Specifically, the long and rigid cellulose microfibrils of plant walls are synthesized from 
the inner face of the plasma membrane by cellulose synthase (CESA) complexes, which 
comprise multiple subunits forming a rosette structure of six globular CESA-containing 
complexes each of which synthesizes growing cellulose chains of 6–10 cellulose 
molecules (For review, see [4]). Newly synthesized microfibril is propelled by the action 
of the CESA, which polymerize the glucan chains in the specific positions driven by 
cortical microtubules [35]. Afterwards, microfibril is linked with xyloglucans (XyG) and 
pectic polysaccharides to form the cell wall complex network. Matrix polysaccharides 
not only cross-link microfibrils but also prevent the self association of new microfibrils 
into larger aggregates. XyG interacts with the formed microfibrils in the surface and 
also may be trapped inside them [36]. It has been observed that in primary walls, 
microfibrils linked to xyloglucan are smaller in diameter (less chain per fiber) than 
those in secondary walls. Besides, the binding between XyG and cellulose is known to 
weaken cellulose networks but increase their expansibility. The XyG is bound 
differently to three cellulose microfibrils domains. The first is available to 
endoglucanases, the second has to be solubilized by concentrated alkali and a third XyG 
is neither enzyme accessible nor chemical [36]. According to this, the type of hydrolysis 
used to obtain the fractions of polysaccharides (oligosaccharides) in some assays results 
in products of different degree of polymerization, which is related to some specific 
biological functions in the cell. 

In contrast to cellulose, pectic polysaccharides are synthesized in the Golgi apparatus of the 
plant cell, and then are secreted to the apoplastic space through vesicular compartment. 
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Polysaccharides are transported from cis-face to trans-face of the Golgi where they are 
sorted and packaged into vesicles of the trans-Golgi network for transport to the plasma 
membrane. The movement of the vesicles containing the polymers is presumably along 
actin filaments that have myosin motors. It is no clear, how the synthesis of the pectin 
polysaccharides is initiated or whether lipid or protein donors are involved. The possible 
modification of the pectic glycosyl residues may be esterification, O-mehtylation, acetylation 
and feruloylation by feruloyltransferases in some Chemopodiaceae species [16]. 

To complete the biosynthesis of polysaccharides, it is necessary the assembly of the transported 
elements to form the functional matrix. This event involves both enzymatic and non-enzymatic 
mechanisms in the apoplast [37]. The physicochemical properties existing in the wall are 
dependent on the hydrophobic and hydrophilic domains given by the water and solutes. The 
hydrophobic domain is formed by the link of cellulose microfibrils to the hydrogen bonds that 
lead the exclusion of water from the interacting chains. The hydrophobic interactions may also 
be controlled by enzymes that diminish the branching of the xyloglucan linked to cellulose 
microfibrils such as xylosidases and glucanases [38]. Meanwhile, the hydrophilic domain of the 
wall is given by pectin polymers. Together, both domains contribute to the protoplast matrix 
medium leading the rearrangement of some polymers as the homogalacturonan. Linear 
homogalacturonans are synthesized in a highly methyl-esterified form in the Golgi and 
transported to the wall in membrane vesicles to be desesterified by wall localized pectin 
methylesterases. The conversion of the HG from the methylesterified form to the negatively 
charged form has been associated with the decrease of growth [39].   

The glycosiltransferases and hydrolases are enzymes localized in the Golgi apparatus and 
work together to produce the xyloglucan precursors. Some changes take place after the 
synthesis of hemicelulloses in the Golgi. It has been shown that a specific apoplastic 
glycosidases are responsible for the trimming of new xyloglycan chains and this determines 
the heterogeneity of the polymer in the cell wall [6]. Hydrolases are likely to play an 
important role in determining hemicelluloses structures in the cell wall, and are coexpressed 
with polysaccharide biosynthetic enzymes. For detailed information about the cell wall 
related enzymes see [4,6,10,16,40].  

In the last decades many biochemical approaches have enabled the identification and 
characterization of the structure of cell wall polymers and the enzymes involved in their 
biosynthesis. Beside classical molecular analyses, the development of Arabidopsis thaliana 
mutants has been a breakthrough to reveal specific functions of certain components of the 
wall. The advances in the determination of the structures of polymers through microscopy 
provide one of the best views of the organization and structure allowing the development of 
different plant cell wall models. Immunolocalization studies also have shown the location of 
some polysaccharides within the cell wall and in the apoplastic region. For instance, low 
methyl-esterified HGs are located in the middle lamella at the cell corners and around air 
spaces, whereas high methyl-esterified HGs are present throughout the cell wall [20]. 
Therefore, non-destructive methodologies such as NMR have been key techniques for 
elucidating the topology, dynamic and tridimensional arrangement of some cell structures, 
contributing to the cell wall knowledge. 
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5. Biological activity of plant cell wall derivatives 

Exhaustive studies on the structure and function of the plant cell wall have led to the 
discovery of biologically active molecules derived from its polymeric carbohydrate 
components. These molecules are found in nature and can be released by acid, basic or 
enzymatic hydrolysis of the primary cell wall polysaccharides. Due to the complex 
combination of carbohydrate polymers in the cell wall of plants, there are variations among 
the physicochemical structure of hydrolyzed fragments, which exerts striking differences on 
activity and specificity to regulate some physiological processes in plants. These plant 
oligosaccharides with regulatory properties were called oligosaccharins and have been 
extensively studied by the workgroup of Albersheim since the mid-70s (reviewed in [41]). 
Among the oligosaccharins derived from plants, the most active and therefore the most 
studied are those derived from pectins and hemicelluloses, whose main regulatory functions 
depend on the degree of polymerization, chemical composition and structure, and can be 
divided in two broad categories: activation of plant defense mechanisms and plant growth 
and development. 

In order to exert their regulatory properties, oigosaccharins must be first recognized by 
specific plant cell receptors which may be lectin-type proteins capable of transmitting the 
signal into the cell [42]. Even when the complete recognition mechanisms and signaling 
pathway for plant-derived oligosaccharins is far from being fully understood, protein 
receptors that recognize these molecules have been characterized in the model plant 
Arabidopsis thaliana [43-44] and its believed the downstream processes may occur via MAP 
kinases activity [45] (For review about the detailed perception mechanisms of 
oligosaccharines by plants, see [46]). 

5.1. Pectin-derived oligosaccharins 

Even when the most abundant component of pectins is the galacturonic acid, partial 
depolymerization of the pectic polysaccharides generates fragments that may (or not) 
contain other residues such as rhamnose, galactose, arabinose, xylose, glucose and 
mannose [20]. This combination confers variability to the structure, and thereby to the 
biological activity of the oligosaccharins. The oligosaccharins derived from 
homogalacturonan are called oligogalacturonides (OGAs), which are linear oligomers of 
galacturonic acid, where some residues may be methyl-esterified or acetylated. OGAs are 
elicitors of defense responses in plants, triggering the synthesis and accumulation of 
phytoalexins (antimicrobial compounds) and other molecular indicators of the activation of 
defensive patterns, such as the induction of pathogenesis related proteins and genes 
related to the hypersensitive reaction [47]. OGA-induced defense response patterns are 
summarized in Table 1.  

OGAs trigger the rapid accumulation of reactive oxygen species (ROS) in plants, which is 
necessary for the deposition of callose, polysaccharide produced in response to wounding 
and pathogen infection. Furthermore, ROS are signaling molecules of several intracellular 
events. Therefore it was proposed ROS were involved in the OGA-induced resistance 
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against fungal pathogens in three different ways: (1) directly exerting a cytotoxic effect to 
the invading pathogen, (2) inducing callose deposition for reinforcing the plant cell wall, 
and (3) mediating the signals leading to the expression of defense related genes and 
defensive metabolites [48]. Nevertheless, recent findings in Arabidopsis thaliana showed that 
the defensive gene activation was not directly correlated to the accumulation of hydrogen 
peroxide, and that OGA-induced resistance against the fungal pathogen Botrytis cinerea was 
independent of both the oxidative burst and callose deposition [49]. 

 

BIOLOGICAL ACTIVITY PD ORGANISM REFERENCE 
Defense Responses  
Phytoalexin synthesis 8-13 Glycine max [77] 
 3-12 Glycine max [78] 
  3 Petroselinum sativum [79] 
 9-15 Phaseolus vulgaris [80,81] 
Induction of phenylalanine ammonia-lyase  9 Daucus carota [82] 
 9-15 Phaseolus vulgaris [80,81] 
Induction of chalcone synthase 9-15 Phaseolus vulgaris [81] 
Induction of -(1,3)-glucanase  3 Petroselinum sativum [79] 
Lignin synthesis 8-11 Cucumis sativus [83] 
 9-15 Phaseolus vulgaris [81] 

Protease inhibitors synthesis 2-3 Lycopersicum 
esculentum [84] 

Growth and Development  

Induction of ethylene production 5-19 Lycopersicum 
esculentum [85] 

 5-19 Pyrus communis [86] 
Steem growth inhibition  8 Pisum sativum [87] 
Protease inhibitors synthesis 10-14 Nicotiana tabacum [88,89] 
Quality Parameters  
Increase of the color and anthocyanin content 3-20 Vitis vinifera [91] 

 

Table 1. Biological activity exerted by oligogalacturonides with respect to the degree of polymerization 

Plants treated with OGAs exhibit an enhanced resistance to pathogen infections. The 
induction of the defensive genes, peroxidase and β-(1,3)-glucanase has been related to the 
enhanced resistance of OGA-treated Arabidopsis thaliana against Botrytis cinerea [50-51]. 
Peroxidases are associated to the plant cell wall reinforcement by the synthesis of lignin, 
while β-(1,3)-glucanase could affect mycelium growth by hydrolyzing glucan chains from 
the wall of fungi [50]. In grapevine (Vitis vinifera L.), OGAs highly stimulated the enzymatic 
activity of chitinase and β-(1,3)-glucanase and induced the expression of defense related 
genes in different extent, which also led to a protection against Botrytis cinerea [47]. Some 
genes related to the formation of phytoalexins from the phenylpropanoid pathway were 
expressed rapidly and transient, various chitinase isoforms were expressed rapidly but their 
induction was more sustained, and some inhibitors of fungal hydrolytic enzymes were up-
regulated later. 
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The degree of acetylation and methylation of OGAs has been less addressed but emerging 
research showed the influence of these functional group substituents on plant defense 
responses. The effect of the degree of acetylation of OGAs on the elicitation of defenses in 
wheat (Triticum aestivum L.) was studied by Randoux and coworkers [52]. It was found both 
acetylated and unacetylated OGAs induced accumulation of hydrogen peroxide at the site 
of fungal penetration, through activation of oxalate oxidase, which is also related to the 
enhanced peroxidase activity. Besides, the induction of lipoxigenase activity demonstrated 
the stimulation of the octadecanoid pathaway. Moreover, transgenic strawberries (Fragaria 
vesca L.) producing partially demethylated OGAs displayed an enhanced resistance against 
Botrytis cinerea [53]. 

Table 1 shows that OGAs modulate diverse growth and developmental processes in plants. 
Early responses related to the signaling transduction pathways comprise membrane 
depolarization, cytosolic acidification, apoplast alkalinization and calcium mobilization at 
the plasma membrane level, due to the activity of Ca2+ channels. Calcium ions are very 
important second messengers in plants and its level in intracellular compartments is 
determinant for the kind of physiological response. In tobacco cells OGAs induced different 
patterns of Ca2+ influx into cytosol, mitochondria and chloroplasts [54]. The increase in 
cytosolic free Ca2+ has been proposed to mediate the regulation of stomatal aperture and 
production of hydrogen peroxide in the guard cells of tomato (Licopersicon esculentum L.) 
and Commelina communis L. [55]. Calcium may also directly interact with long-sized OGAs 
promoting the formation of structures with an “egg-box” conformation, which may 
potentiate their biological activity [56]. Nevertheless the promotion of vegetative shoot 
formation in Nicotiana tabacum explants has been observed to be independent of exogenous 
Ca2+ [57].  

OGAs regulate morphogenesis in plant tissues in a process associated with the action of 
auxins, which are growth-regulating phytohormones. Particularly, OGAs and auxins 
appear to play an antagonist role; since OGAs inhibit the expression of some auxin-
inducible genes steps downstream of the auxin perception [58]. In this sense, root 
differentiation induced by OGAs was studied in Arabidopsis thaliana seedlings, where 
treatments decreased trichoblasts length but increased the number and length of root 
hairs [59]. Similar results were found in maize (Zea mays L.) seedlings where OGAs 
inhibited coleoptile growth and modified root architecture by inducing lateral root 
formation [59]. The growth inhibitory activity exerted by OGAs seems to be caused by (1) 
inhibition of cell elongation; since cell division in the primary root meristem is not altered 
[59] and (2) inactivation of a kinase enzyme implicated in the TOR signaling pathway, 
which integrates nutrient and growth factor signals in eukaryotic cells [60]. On the 
contrary OGAs induced primary root length growth in alfalfa (Medicago sativa L.) 
seedlings [61], which confirms that OGA-inducing activities are dependent on the plant 
species perceiving the signal. 

Interestingly, the structure and stimulating activity of a rhamnogalacturonan I-derived 
oligosaccharide (RG-IO) isolated from flowers of Nerium indicum Mill. was investigated [62]. 
The structural features of the oligomer consisted in a rhamnogalacturonan backbone with 
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[59] and (2) inactivation of a kinase enzyme implicated in the TOR signaling pathway, 
which integrates nutrient and growth factor signals in eukaryotic cells [60]. On the 
contrary OGAs induced primary root length growth in alfalfa (Medicago sativa L.) 
seedlings [61], which confirms that OGA-inducing activities are dependent on the plant 
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oligosaccharide (RG-IO) isolated from flowers of Nerium indicum Mill. was investigated [62]. 
The structural features of the oligomer consisted in a rhamnogalacturonan backbone with 
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several branches O-4 linked to L-rhamnose residues. To determine the structure of the 
branches the oligomer was partialy hidrolized and analyzed by mass spectrometry (ESI-
MS).  Branches were found to be mainly composed by β-(1,4)-D-galactan, a highly branched 
arabino β-(1,3;1,6)-D-galactan, and α-(1,5)-L-arabinan. Furthermore, RG-IO stimulated in 
vitro the production of nitric oxide in macrophage cells. Removal of some side chains from 
RG-IO reduced nitric oxide production, pointing out the relevance of the branches for its 
biological activity. 

5.2. Hemicellulose-derived oligosaccharins 

Xyloglucan is the main hemicellulosic component of the plant cell wall. Biological effects of 
xyloglucan derivatives are related to the intrinsic physiological function of polymeric 
xyloglucan in plant cells, comprising the control of extensibility and mechanics of the cell 
wall and cell expansion. Most research in this field highlights their regulatory activity on 
cell growth and elongation, which relies in the molecular size, distribution, and levels of 
substituted xylosyl units with galactosyl and fucosyl residues [63]. It has been observed 
active xyloglucan oligomers (XGOs) accelerate cell elongation in peeled stem segments of 
Pisum sativum [64], and in suspension-cultured cells of Nicotiana tabacum, expansion led to 
cell division [65]. On the contrary, treatments with polymeric xyloglucan suppressed cell 
elongation [64-65], indicating that molecular size is a determinant factor of response 
specificity. 

Xyloglucan-derived octasaccharides promoted growth of coleoptiles in wheat seedlings 
and induced a rapid increase of α-L-fucosidase activity in Rubus fruticosus protoplasts [63]. 
In wheat immature embryos a xyloglucan-derived pentasaccharide induced rhizogenesis 
and stimulated the formation of callus and meristematic zones [66]. A fucose-galactose-
xylose trisaccharide fragment of xyloglucan inhibited ethylene biosynthesis, stimulated 
embryogenesis in cell cultures of cotton (Gossypium hirsutum L.) and formation of callus 
[67]. In contrast, a mixture of XGOs induced ethylene production in whole fruits of 
persimmon (Diospyros kaki L.). Interestingly, non-fucosylated XGOs augmented ethylene 
levels in a greater extent than fucosylated XGOs [68]. Also, XGOs lacking the fucosyl 
residue were inactive to modulate potato resistance to disease [69], and to inhibit 
gibberellic acid-induced elongation of pea (Pisum sativum L.) epicotyls [70], when 
compared to fucosylated XGOs. These observations altogether may provide a clue to a 
better understanding of the relationship between the presence of certain substituents and 
the sensitivity of the response. 

On the other hand, galactoglucomannan is composed by a backbone of glucose and mannose 
residues with side chains of galactose. More recent research about cell wall oligosaccharides 
derivatives has demonstrated a growth-regulating activity of galactoglucomannan-derived 
oligosaccharins at very low concentrations. Galactoglucomannan oligosaccharides  
(GGMOs) modulate root morphology in mung bean (Vigna radiata L.) [71] and Karwinskia 
humboldtiana [72] by a respective induction or inhibition of adventitious root formation. 
More recent research found GGMOs inhibited lateral roots formation but stimulated  
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their elongation, without any effect on adventitious root elongation in mung bean  
seedlings [73].  

Furthermore, GGMOs inhibited the elongation induced by exogenous phytohormones of 
pea stem segments [74], root and hypocotyl growth of mung bean [71, 73] and K. 
humboldtiana roots [72], indicating an antagonist activity of GGMOs against growth 
regulators, such as 2,4-dichlorophenoxyacetic acid, indole-3-acetic acid, indole-3-butyric 
acid, 1-naphthaleneacetic acid and gibberellic acid, at different extent.  In addition, an 
increase in the activity of cell wall associated peroxidases has been reported during the 
GGMO-mediated inhibition of the elongation of hypocotyls in mung bean plants [73] and 
epicotyls in peas [75]. Which suggests the growth inhibition caused by GGMOs may be 
the result of processes catalyzed by plant cell wall peroxidases. 

5.3. Cellulose-derived oligosaccharins 

During many years it was thought that only non-cellulosic oligosaccharides derived 
from plant cell wall were biologically active. Surprisingly, it has been recently 
demonstrated that fragments of oligosaccharides released during cellulose degradation, 
called cellodextrins (CD), induce a variety of defense responses in grapevine cells. CD 
are oligomers of linear β-(1,4)-linked glucose residues. The induction of oxidative burst, 
transient elevation of cytosolic Ca2+, expression of defense-related genes, and 
stimulation of chitinase and β-1,3-glucanase activities were triggered by CD in 
grapevine cells. Also, CD oligomers with a degree of polymerization ≥7 enhanced 
protection in detached leaves of grapevine against Botrytis cinerea, suggesting CD are 
important elicitors of defense reactions [76]. These results have opened the door to the 
study of many other biological processes where CD may be involved and to elucidate 
their action mechanisms in plants. 

6. Current applications of plant cell wall-derived oligosaccharins 

Increasing knowledge of the factors that modulate the biological activity of cell wall-
derived oligosaccharides has naturally led to the development of technologies aimed to 
exploit the potential of these molecules in different fields. The first successful applications 
occurred in agriculture, where different crops can now be treated with commercially 
available preparations of pectin-derived-oligosaccharins in order to enhance the basal 
resistance of plants, and decrease the possible losses related to phytopatogenic infections. 
Another alternative is the use of oligosaccharins to improve the yield, as seen in tomato 
(Lycopersicum esculentum Mill.), where foliar treatments increased fruit yield by up to 40% 
with respect to the non-treated controls, and improved parameters of quality such as 
soluble solids content (SSC), acidity and firmness [90]. Encouraging results were found in 
Vitis vinifera L., since preharvest treatments of clusters with pectin-derived 
oligosaccharides enhanced the red color of table grapes cv. ‘Flame Seedless’ without 
affecting berry firmness neither SSC. Berry color enhancement was achieved due to a 
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their elongation, without any effect on adventitious root elongation in mung bean  
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humboldtiana roots [72], indicating an antagonist activity of GGMOs against growth 
regulators, such as 2,4-dichlorophenoxyacetic acid, indole-3-acetic acid, indole-3-butyric 
acid, 1-naphthaleneacetic acid and gibberellic acid, at different extent.  In addition, an 
increase in the activity of cell wall associated peroxidases has been reported during the 
GGMO-mediated inhibition of the elongation of hypocotyls in mung bean plants [73] and 
epicotyls in peas [75]. Which suggests the growth inhibition caused by GGMOs may be 
the result of processes catalyzed by plant cell wall peroxidases. 

5.3. Cellulose-derived oligosaccharins 

During many years it was thought that only non-cellulosic oligosaccharides derived 
from plant cell wall were biologically active. Surprisingly, it has been recently 
demonstrated that fragments of oligosaccharides released during cellulose degradation, 
called cellodextrins (CD), induce a variety of defense responses in grapevine cells. CD 
are oligomers of linear β-(1,4)-linked glucose residues. The induction of oxidative burst, 
transient elevation of cytosolic Ca2+, expression of defense-related genes, and 
stimulation of chitinase and β-1,3-glucanase activities were triggered by CD in 
grapevine cells. Also, CD oligomers with a degree of polymerization ≥7 enhanced 
protection in detached leaves of grapevine against Botrytis cinerea, suggesting CD are 
important elicitors of defense reactions [76]. These results have opened the door to the 
study of many other biological processes where CD may be involved and to elucidate 
their action mechanisms in plants. 

6. Current applications of plant cell wall-derived oligosaccharins 

Increasing knowledge of the factors that modulate the biological activity of cell wall-
derived oligosaccharides has naturally led to the development of technologies aimed to 
exploit the potential of these molecules in different fields. The first successful applications 
occurred in agriculture, where different crops can now be treated with commercially 
available preparations of pectin-derived-oligosaccharins in order to enhance the basal 
resistance of plants, and decrease the possible losses related to phytopatogenic infections. 
Another alternative is the use of oligosaccharins to improve the yield, as seen in tomato 
(Lycopersicum esculentum Mill.), where foliar treatments increased fruit yield by up to 40% 
with respect to the non-treated controls, and improved parameters of quality such as 
soluble solids content (SSC), acidity and firmness [90]. Encouraging results were found in 
Vitis vinifera L., since preharvest treatments of clusters with pectin-derived 
oligosaccharides enhanced the red color of table grapes cv. ‘Flame Seedless’ without 
affecting berry firmness neither SSC. Berry color enhancement was achieved due to a 
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higher anthocyanin content in berry skin, given by the stimulation of the phenylpropanoid 
pathway [91]. Recent findings showed an increase in the antioxidant capacity of OGA-
treated table grapes cv. ‘Red Globe’ and ‘Flame Seedless’, as a consequence of the induction 
of anthocyanins, flavonoids and phenolic compounds (non-published data). As a result of 
this research it was generated a register method for controlling coloration in table grapes 
based on oligogalacturonide (92). On the other hand, OGAs are currently being used in the 
industry of cosmetics. This emerging trend is based on the ability of OGAs to stimulate 
adhesion of keratinocytes to proteins of the dermoepidermal junction. This biological effect 
is apparently exerted by OGAs with a degree of polymerization ≤ 5 as indicated in the US 
patent [93]. However, further research is necessary to continue with the development of 
reliable applications. 
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1. Introduction 

Based on previous work, the research in amylum grafted acrylic/acrylamide superabsorbent 
synthesis was made under traditional condition in this section. We synthetize binary grafted 
amylum superabsorbent and study its water absorption. 

1.1. Experiment 

1.1.1. Reagents and instruments 

1.1.1.1. Reagents 
 

Soluble Amylum (Corn) A.R.  Tianjin Kemiou Chemical Reagents Development Center 

Wheat Amylum F.G.  Jinan Sanjia Sugar Co. LTD 

Cassava Amylum F.G.  Jinan Sanjia Sugar Co. LTD 

Potato Amylum F.G.  Qingzhou Zhengyi Seasoning Food Co. LTD 

Pachyrhizus Amylum F.G.  Qingzhou Zhengyi Seasoning Food Co. LTD 

Crylic Acid C.P.  Tianjin Kemiou Chemical Reagents Development Center 

Acrylamide A.R.  Tianjin Kemiou Chemical Reagents Development Center 

Potassium Hydroxide A.R.  Tianjin Kemiou Chemical Reagents Development Center 

Potassium Peroxydisulfate A.R.  Tianjin Sitong Chemical Plant 

N, N,-methylene biasacrylamide C.P.  Chemical Reagent of Traditional Chinese Medicine Co. LTD 

© 2012 Ren et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Polymerization 88 

1.1.1.2. Instruments 

101-1 Constant Temperature Electrothermal Blowing Drying Oven Shanghai Luda Experiment Instrument Co.LTD 
TG328B Lightning Analytical Balance Shanghai Balance Instrument Plant 
JJ-1 Timing Electric Mixer Jiangsu Zhongda Instrument Plant 
TENSOR27 FTIR Germany 
Hitachi S-2500 SEM Japanese Hitachi Co. LTD 

1.1.2. Experiment principle and preparation method 

1.1.2.1. Synthetic process flow of binary amylum grafted superabsorbent   

 
Scheme 1.  

1.1.2.2. Major chemical reactions of binary grafted amylum superabsorbent synthesis 

 
Scheme 2.  
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1.1.2.3. Process 

1. Taking 2.0 g soluble amylum into four-mouth bottle, joined with deionized water.  
2. Pasting 20 minute in 50 ℃ water. 
3. Changing dosage of acrylamide in basic Experiment conditions. 
4. Designing orthogonal experiment and selecting orthogonal table L25 (56) of 6 factors and 

5 levels according to the single factor experiment results, such as table 1: 
5. Adding right amount monomer, initiator and crosslinker according to orthogonal 

experiment requirements. 
6. Beginning to react in experiment condition under the protection of nitrogen.   
7. After the reaction, keeping it in 80°C drying oven to constant heavy.  
 

 Monomer/g T/℃ t/h Neutralization degree/% Initiator/g Crosslinker/g 
1 10 30 1.0 86 0.01 0.0009 
2 11 40 1.5 88 0.02 0.0011 
3 12 50 2.0 90 0.03 0.0013 
4 13 60 2.5 92 0.04 0.0015 
5 14 70 3.0 94 0.05 0.0017 

Table 1. Orthogonal Experiment level Factor 

1.1.3. Test method 

1.1.3.1. Test of bibulous rate 

There is a variety of methods testing which can test the water absorption of superabsorbent, 
such as low method, paper bag method, natural filtering method, sieve net method, and so 
on. There are many differences between data from various test methods and it is hard to 
compare different data of bibulous rate from various documents.  

The sieve net method in this research has been widely used by many researchers. The 
procedures as follows: taking certain quality (m1) product into the beaker, adding excessive 
deionized water and physiological saline, Standing before swelling completely, then 
screening and filtering the excessive water by 100 mesh screen cloth and adsorbing surface 
water of resin by paper absorbent. Then weighing (m2) it, calculating bibulous rate 
according to equation 1(Hongke Tang& Qi Chen, 2007):  

 Q = (m2- m1)/ m1×100%………… (1) 

1.1.3.2. Structure characterization of bibulous resin 

1. Infrared Spectrometry 

Making corn amylum and absorbent resin dried fully and detecting it using infrared 
spectrophotometric method.  

2. Scanning Electron Microscopy  

The exterior characteristics were observed by the scanning electron microscopy (SEM) on 
the 1cm2 resin. 
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1.2. Results and discussions 

1.2.1. Ratio of acrylamide and acrylic acid 

The result of Figure 1 shows that concentration of acrylamide in a certain range can improve 
the bibulous rate of resin. Different ionization degree affected water absorption of resin in 
the composition of monomer. In acrylamide molecule, -CONH2 group is nonionic group and 
its dissociation degree in the water is small. So the effect of ion on it is small. The existence 
of -CONH2 can improve water absorption because of synergy of groups. But if the dosage 
was too much, water absorption reduced because the -CONH2 is less hydrophilic than -
COONa.  
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1.2.2. Orthogonal Analysis 

1.2.2.1. Analysis of the Orthogonal Experiment (Table 2) 
 

 Monomer T t 
Neutralization 

Degree 
Initiator Crosslinker 

Water 
Absorption 

Q 

1 1 1 1 1 1 1 82.67 24.6 
2 1 2 2 2 2 2 402.66 31.02 
3 1 3 3 3 3 3 462.92 62.24 
4 1 4 4 4 4 4 246.49 34.89 
5 1 5 5 5 5 5 36.66 2.65 
6 2 1 2 3 4 5 388.02 65.66 
7 2 2 3 4 5 1 232.99 36.2 
8 2 3 4 5 1 2 220.43 27.46 
9 2 4 5 1 2 3 465.22 23.57 
10 2 5 1 2 3 4 416.33 43.11 
11 3 1 3 5 2 4 699.99 70.12 
12 3 2 4 1 3 5 457.62 65.71 
13 3 3 5 2 4 1 308.27 27.02 
14 3 4 1 3 5 2 296.39 62.61 
15 3 5 2 4 1 3 410.54 21.43 
16 4 1 4 2 5 3 328.72 30.42 
17 4 2 5 3 1 4 491.14 32.84 
18 4 3 1 4 2 5 476.81 48.12 
19 4 4 2 5 3 1 41.27 24.31 
20 4 5 3 1 4 2 197.49 29.88 
21 5 1 5 4 3 2 285.61 31.44 
22 5 2 1 5 4 3 313.19 47.79 
23 5 3 2 1 5 4 355.47 55.76 
24 5 4 3 2 1 5 335.48 54.91 
25 5 5 4 3 2 1 205.26 30.86 
K1 266.28 357 317.08 311.69 308.05 174.09   
K2 344.6 379.52 319.96 358.29 449.94 280.52   
K3 434.56 364.78 385.77 368.75 332.75 396.12   
K4 307.09 296.97 311.7 330.49 290.69 441.88   
K5 299 253.26 317.38 262.31 250.05 329.92   
R 168.28 126.26 74.07 106.44 199.89 267.79   

K1' 31.08 44.45 45.25 39.9 32.25 28.6   
K2' 39.2 42.71 39.63 37.3 40.74 36.48   
K3' 49.38 44.12 50.65 50.84 45.36 37.09   
K4' 33.11 40.06 37.87 34.42 41.05 45.54   
K5' 44.15 25.59 23.5 34.46 37.53 47.41   
R' 16.2 18.86 27.15 16.42 13.11 18.81   

 
 
Table 2. Analysis of the orthogonal experiment 
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1.2.2.2 Analysis of range 

Through the orthogonal experiment analysis, the influence of six factors of water absorption 
from big to small in order is: crosslinker concentration > initiator concentration > monomer 
concentration > temperature > neutralization degree > reaction time. The best combination is 
A3B2C3D3E2F4. 

1.2.2.3. Analysis of monomer concentration  

Bibulous rate was highest when dosage of acrylic acid and acrylamide was 12.0 g, bibulous 
rate reduced with the increase of monomer dosage after 12.0 g (Figure 2). Monomer in the 
certain range increased and the generation of copolymer increased. The better crosslinking, 
the better the water absorption will be. 
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Figure 3. Effect of reaction temperature 
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1.2.2.4. Analysis of reaction temperature 

We could see the best reaction temperature was 40℃ from Figure 3. The temperature which 
is less than it was too low to facilitate the decomposition of initiator, as a result less free 
activity radicals were produced for the increase of the grafted rate and longer polymer chain 
reduced the bibulous rate of product. But when reaction temperature was more than 40℃, as 
chain transfer and chain termination speeded up, the grafted rate and bibulous rate (Yan 
Huang & Jiarui Shen, 1995) reduced.  

1.2.2.5. Analysis of reaction time 

Seeing from the Figure 4, the advisable polymerization time is 2 h. If the reaction time was 
too long, bibulous rate of resin was slightly lower, perhaps due to the reason that 
crosslinking density increased. When polymerization time was brief, the polymerization 
was incomplete and molecular mass of the product was low (Ge Y X & Zhang B Z, 2006), 
Network space became small after swelling, so the bibulous rate of resin reduced. 
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1.2.2.6. Analysis of neutralization degree 

Figure 5 indicates that the neutralization degree has great influence on the water absorption, 
and the bibulous rate is higher when the neutralization degree is 90%. Increasing the 
neutralization degree is increasing the concentration of the -COOK ion in the reaction 
system in essence. The dissociation ability of -COOK is far greater than -COOH in water, so 
the more -COOK led to more ionized -COO-. The increase of carboxylate ions in the lattice 
chain makes chain stretched and the repulsion of chains becomes strong, so the expansion of 
network polymerization increases, so does bibulous rate. However, with the increase of 
neutralization degree, the shielding effect of K+ on carboxylate ion is gradually obvious in 
the system. And this kind of shielding effect will weaken repulsion between the chain and 
chain or adjacent carboxylate ions in the same chain, making the network expansion force 
reduced. Though neutralization degree is oversize, bibulous rate will reduce (Zhou M & Lin 
J M, 2000). 

1.2.2.7. Analysis of initiator concentration 

We could see that bibulous rate increased, along with the increase of the initiator 
concentration when concentration was less than 0.02 g, bibulous rate decreased instead 
when concentration was more than 0.02 g in Figure 6. 

1.2.2.8. Analysis of crosslinker concentration 

Figure 7 shows that bibulous rate was the highest when crosslinker concentration was 
0.0015 g. That is because the crosslinking density is low, water molecules that easily seep 
into the resin make resin inflated, further closed to water to become gel and then appear the 
state with high bibulous. The longer the chain and the bigger crosslinking structure are, the 
larger swelling volume and the more water absorption are. But crosslinking density can't be 
too low, or you will make the product soluble in water. It is better to be in the lowest 
crosslinking degree under the condition of insolubility in water. 
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Figure 7. Effect of crosslinker concentration 

1.2.3. Amylum Choice 

It was clear that the water absorption of resin which was synthetized by corn amylum was 
much better than other kinds of amylum (Figure 8). 
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1.2.4. FTIR and SEM  

1.2.4.1. Spectrum of FTIR 

The infrared spectra (Figure 9) analysis shows that amylum and its grafted products appear 
-OH characteristic peak in 3490 cm-1.Synthetic resin retained the amylum characteristic peak, 
and telescopic vibration absorption spectrum of C=O of carboxylic acid and acylamino 
appeared in 1571 cm-1 and 1714 cm-1 which are the characteristic absorption peaks of grafted 
acrylic acid and acrylamide. The telescopic vibration absorption spectrum of C-N of amide 
in 1407cm-1 is the characteristic absorption peak of grafted acrylamide. All of these are the 
proof of successful grafting. 
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Figure 9. Spectrum of FTIR 

1.2.4.2. SEM micrograph of superabsorbent 

Grafting resin is network macromolecule formed by the skeleton polymers and branch 
polymers. Amylum, which belongs to hydrophilic semi-rigid bonds, makes polymer net into 
big space volume. This will form a developed hydrophilic network structure with a hole 
when amylum branch and grafting acrylic acid potassium, acrylamide branch chain 
interlace with each other. 
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Figure 10. SEM micrograph of superabsorbent (×2000) 

 
Figure 11. SEM micrograph of superabsorbent (×4000) 

Figure 10 and Figure 11 are respectively the resin SEM micrograph pictures magnified 2000 
times and 4000 times. We can see that the products form a three-dimensional network 
structure. The network structure is obviously dense and even. That is why binary grafted 
amylum superabsorbent has better water absorption than monobasic grafted amylum 
superabsorbent. 



 
Polymerization 98 

1.3. Summary 

This chapter uses aqueous solution method for the study of amylum grafted 
acrylic/acrylamide superabsorbent resin. Through the exploration experiment, we make 
sure that choosing corn amylum as experiment material, potassium peroxydisulfate as the 
initiator and nitrogen gas as reaction protection gas. Known from the experiment result, 
amylum category, monomer concentration, initiator concentration, neutralization degree, 
polymerization temperature, polymerization time and crosslinker concentration and so on 
all have certain effect on water absorption. 

Under the condition of determining gelatinization type and certain amylum, the chapter 
works out the best reaction condition of the preparation of corn amylum grafted 
acrylic/acrylamide superabsorbent resin .when monomer concentration is 12.0 g, reaction 
temperature is 30 ℃, reaction time is 2 h, acrylic acid neutralization degree is 94.0%, initiator 
concentration is 0.02 g and crosslinker concentration is 0.0015 g, a better result can be 
obtained. The absorbent ratio of water is up to 699 times and the absorbent ratio of 
physiological saline is up to 70 times.  

2. Synthesis of super-absorbent resin with the microwave method 

2.1. Introduction 

2.1.1. Introduction to Microwave Chemistry Mechanism 

Microwave chemistry is a new cross-disciplinary study (Qinhan Jin, 1999) of chemical 
application. It is developed on the base of research on object property and interaction 
characteristics in the microwave field. It can be said that the microwave chemistry is a 
science, according to the electromagnetic field and the electromagnetic wave theory, the 
dielectric physical theory, condensed matter physics theory, plasma physics theory, material 
structure theory and chemical theory, using the modern microwave technology to research 
the physical and chemical behavior of material under microwave field.  

Microwave (Fan Shouyong, 2003) is electromagnetic wave whose frequency is about 300 
MHz-300 GHz, namely the wavelength within the scope of the 100 cm-1 mm. It is located 
between infrared radiation (light wave) of the electromagnetic spectrum and radio waves. 
Among it, the microwave band of 1-25 cm wavelength is specially used in radar, and the 
rest are used in telecommunications transmission. In order to prevent the interference of 
microwave power on radio communications, broadcast, television and radar, the microwave 
power frequency band of industry, scientific research, medicine, the household and civil has 
been ruled internationally. At present, the microwave technology has already been widely 
used in industrial and agricultural production, scientific research, medicine and so on.  

Different from traditional Heating Method which heats conduction from the surface to the 
inside by thermal radiation, microwave heating is body heat caused by material dielectric 
loss in the electromagnetic field and at the same time electromagnetic energy transfer into 
heat energy. Due to the high efficiency and uniform heating characteristic of microwave 
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heating, microwave heating can be applied to chemical reaction, influencing the reaction 
rate. Microwave, mainly includes microwave chemistry effect on condensed matter material, 
effect various chemical reactions by directly reacting with different kinds of chemical 
systems that are normally within the scope of microwave chemistry. The microwave 
chemistry also includes microwave effect on gaseous materials and microwave plasma 
chemistry. 

2.1.2. Microwave  

Gedye has found that microwave can promote organic reactions since 1986, microwave 
technology has been widely used in many organic reactions. A large number of Experiment 
results show that compared with traditional method, organic reactions under the action of 
microwave can speed up several times, several dozens of times even hundreds of times, and 
the biggest can be up to 1240 times. Now there are two different views about the reason why 
microwave can accelerate organic reactions in academia (Qinhan Jin, 1999).  

Some academics thought that microwave heating is internal heating. It is fast, uniform and 
has no temperature gradient, hysteresis effect and many other characteristics. But 
microwave heating applied in chemical reactions is just a heating method, same as the 
traditional heating method. In a particular reaction, the kinetic will not change under the 
condition of invariable reactants, catalyst and product, without relation of heating method. 
They think that the microwave of 2450 MHz frequency used for chemical reaction belonged 
to the non-ionized radiation. When resonance with molecular chemical bond, it could not 
cause chemical bond fractured and make molecules promoted to higher rotational level and 
vibrative level. Therefore, the reason why microwave can accelerate organic reactions was 
attributed to the selective heating of the polarity organic, namely microwave radiation 
thermal effect. 

Others believe that the effect of microwave on chemical reaction was extremely complex. On 
the one hand, the reactant molecule absorbed the energy of microwave, improved the 
movement speed of molecular. So the molecular motion became desultorily, which led to 
the increase in entropy. On the other hand the effect of microwave on polarity molecules 
force the molecular to move by the way which are under the function of the electromagnetic 
field and changing 2.45×103 times per second. Due to the decrease of the entropy, the effect 
mechanism of microwave on chemical reaction was not just described by microwave 
radiation thermal effect. Besides heating effect, microwave also had a kind of non-thermal 
effects that were not caused by the temperature. Organic reactions under the action of 
microwave changed the reaction kinetics and reduced the reaction activation energy.  

Microwave application in organic synthesis has been more than 10 years, however, research 
on microwave accelerating mechanism is a new field, still in the initial stage now. Some 
reaction results are lack of experiment argumentations and many experiment phenomenon 
need to be explained more comprehensively, meticulously and systematically.  

At present, the microwave research mainly focus on the following three aspects on organic 
synthetic chemistry: 
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1. Further improvement and establishment of new technology on microwave synthesis 
reaction technology. 

2. Application and law of microwave organic synthesis reaction. 
3. Systematic research of microwave chemistry theory. 

2.1.3. Application of microwave chemistry 

As is known to all, the traditional heating gradually heat conduction from the surface to the 
inside through the thermal radiation. In order to avoid excessive temperature gradient, 
heating speed often can’t be too fast. What's more, it can't heat the different components of 
mixed materials in the same response device selectively. 

Compared with traditional heating method, microwave heating has following 
characteristics [17]: 

1. It can heat material from outer to inner gradually, and heating rate is quick.  
2. High thermal efficiency and low energy consumption.  
3. It has no hysteresis effect and it is easy to realize heating equably, also with low 

temperature gradient.  
4. Heat each component of mixed materials selectively and realize automation control 

easily. 
5. It can also promote endothermic reaction and exothermic reaction and has catalytic 

effect on some chemical reactions.   
6. Reduce some chemical reaction temperature. 
7. Make some high polymer materials to have ideal performance (Du T S & Kang S Z, 

2000). 

Microwave technology with such characteristics was widely used in organic synthesis, 
chemical analysis, food processing, medical science and many other fields. 

The application of microwave organic synthesis technology has begun in the 1980s.After 
Gedye and mates found that applying microwave heating technology in organic synthesis of 
small molecules could significantly improve the reaction rate, using microwave technology 
to promote organic reactions became the focus of attentions. Nowadays the microwave 
heating organic synthesis reactions are consist of the alkylation reaction, esterification 
reaction, substitution and elimination reaction, sulphonation reaction, olefins addition 
reaction, condensation reaction, rearrangement reaction, pericyclic reaction, organic metal 
reaction and so on. The research shows that, microwave technology applied in organic 
synthesis not only can improve the reaction speed and shorten the reaction time, but also 
can help to have easy operation, high yield, pure product and other advantages (Wangxi 
Zhang, 2004). 

In addition, microwave heating technology plays a support role on the synthesis and 
processing of polymer compound with high viscosity and low thermal conductivity, also the 
modification and curing of natural polymer. 
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2.2. Experiment 

2.2.1. Reagents and instruments  

2.2.1.1. Reagents 
 

Soluble Amylum (Corn) A.R.  Tianjin Kemiou Chemical Reagents Development Center 
Crylic Acid C.P.  Tianjin Kemiou Chemical Reagents Development Center 
Potassium Hydroxide A.R.  Tianjin Kemiou Chemical Reagents Development Center 
Potassium Peroxydisulfate A.R.  Tianjin Sitong Chemical Plant 
N, N,-methylene biasacrylamide C.P. Chemical Reagent of Traditional Chinese Medicine Co. LTD 

2.2.1.2. Instruments 
 

MAS-I Microwave Reactor New Instrument Microwave Chemical 
Technology Co. LTD 

 

101-1 Constant Temperature Electrothermal Blowing 
Drying Oven 

Shanghai Luda Experiment Instrument Co.LTD  

TG328B Lightning Analytical Balance Shanghai Balance Instrument Plant  
JJ-1 Timing Electric Mixer Jiangsu Zhongda Instrument Plant  
TENSOR27 FTIR Germany  
Hitachi S-2500 SEM Japanese Hitachi Co. LTD  

2.2.2. Experiment procedure 

1. Take 2 g corn amylum into four-mouth bottle and add certain deionized water. Put the 
bottle into the microwave synthesis device after intensive mixing and connect it with 
condenser pipe and thermometer, stirring 20 minute under 50 ℃, gelatinization with the 
microwave power in 800 W. 

2. After the viscosity, cool it naturally to room temperature. The acrylic acid and 
acrylamide with a certain neutralization degree (which were neutralized by KOH), 
initiator and crosslinker were added. 

3. Continue radiating in certain microwave power and temperature for some time. 
4. When reaction was over, dismantle device, move the product to the small dish and dry 

it to constant weight.  
5. Crush the product and do the performance measurement and structure 

characterization. 

2.2.3. Test method 

2.2.3.1. Test of bibulous rate 

There are variety of methods to test the water absorption of superabsorbent, such as low 
method, paper bag method, natural filtering method, sieve net method and etc. The data 
from various test methods have big differences and it is hard to compare different data of 
bibulous rate from various documents.  
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The sieve net method is used widely by many researchers, which is known that take certain 
quality (m1) product into the beaker and add excessive deionized water and physiological 
saline. Standing before swelling completely, then screen and filter the excessive water by 100 
mesh screen cloth and adsorb surface water of resin using paper absorbent. Then weigh (m2) 
it and calculate bibulous rate.  

2.2.3.2. Structure Characterization of Bibulous Resin 

1. Infrared Spectrometry 

Making corn amylum and absorbent resin dried fully, potassium bromide was used for 
tabletting. 

2. Scanning Electron Microscope Method  

The exterior characteristics was selected and observed on the 1cm2 resin by the scanning 
electron microscopy (SEM). 

2.3. Results and discussions 

2.3.1. Polymerization temperature 

Reaction temperature has a certain effect on superabsorbent resin. When the temperature is 
lower, polymerization speed is slower, some resin crosslink incompletely and bibulous rate 
declines. When the temperature is too high, on the one hand initiator is beneficial to initiate 
polymerization. On the other hand chain transfer and chain termination speed up so that 
soluble part of the superabsorbent resin increases and bibulous rate declines. In this paper, 
we made a research on the effect of reaction temperature on water absorption under the 
fixed other conditions. 

The study found that bibulous rate reached maximum when the reaction temperature was 
35℃ (Figure 12).  
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Figure 13. Effect of reaction time                       

2.3.2. Polymerization time 

The reaction speed could be accelerated in the microwave condition, and reaction free 
radicals mechanism did not change. Microwave radiation made polymerization reaction 
speed increased, microwave inducing made reaction period shortened. Figure 13 is curve of 
the bibulous rate of synthetic resin with the change of microwave radiation time. The 
Experiment result showed that the microwave radiation could make the grafting 
copolymerization reaction speed greatly improved, reaction cycle shortened and water 
absorption performance was also improved on the whole. This may be caused by two 
reasons. One was the even synchronous heating characteristic of microwave, makinge the 
initiator and monomer of the system synchronously triggered, simultaneously reacted. And 
microwave heating rate was so quick that it can reach the needed temperature of system 
quickly. The other one was by means of microwave radiation response, may be "non-
thermal effect" which made the water absorption performance improved. But with the 
increase of microwave reaction time, the bibulous rate of superabsorbent resin decreased. 
The reason may be that the radiation time was too long and resin crosslinking degree 
increased, so bibulous rate of synthetic resin was down.  

2.3.3. FTIR and SEM  

2.3.3.1. Spectrum of FTIR 

The infrared spectra (Figure 14) analysis shows that amylum and its grafted products 
appear -OH characteristic peak in 3490 cm-1. Synthetic resin retained the amylum 
characteristic peak, and telescopic vibration absorption spectrum of C=O of carboxylic acid 
and acylamino appeared in 1574 cm-1 and 1722 cm-1,which are the characteristic absorption 
peaks of grafted acrylic acid and acrylamide. The telescopic vibration absorption spectrum 

of C-N of amide in 1405 cm-1, is the characteristic absorption peak of grafted acrylamide. 
All of these prove the success of this experiment. 
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Figure 14. Spectrum of FTIR 
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Figure 15. SEM micrograph of superabsorbent (×4000)    
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Figure 16. SEM micrograph of superabsorbent (×2000) 

Figure 15 and Figure 16 are respectively the resin scanning photos magnified 4000 times and 
2000 times. We can see that the product has already formed the uniform three-dimensional 
network structure. Compared with Figure 10 and Figure 11, the network structure is 
obviously dense and even. Microwave heating is used by dielectric loss principle, different 
from gradient transfer of the traditional heating method. Its internal and external 
synchronous heating causes product loose and porous. This is the reason why binary 
grafted amylum superabsorbent in microwave condition has better water absorption than 
that in traditional condition. 

2.4. Summary 

This chapter uses aqueous solution method for amylum grafted acrylic/acrylamide 
superabsorbent resin by microwave. Like traditional condition, polymerization temperature 
and polymerization time are fixed respectively. The chapter works out the best reaction 
condition of the preparation of corn amylum grafted acrylic/acrylamide superabsorbent 
resin is that reaction temperature is 35 ℃ and reaction time is 1.5 h. The absorbent ratio of 
water is up to 711 times and the absorbent ratio of physiological saline is up to 86 times. 

The reaction time and temperature, the time of getting the product at the same bibulous rate 
by microwave is obviously slower than that using traditional method and the temperature is 
obviously lower. Under similar condition, the property of the product by microwave 
method is improved. What's more, reaction process doesn't need nitrogen protection under 
microwave condition. These phenomena explain that the synthesis of superabsorbent resin 
by means of microwave is of great value.  
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3. Exploration and research applications 

3.1. Introduction 

Superabsorbent resin is commonly used in soil superabsorbent resins and soil ameliorators 
in agriculture and forestry gardening areas. A large amount researches at home and abroad 
have shown that the use of superabsorbent resin can significantly improve water content of 
soil, volume expansion rate, total porosity and capillary porosity and soil structure. It can 
also ease change of ground temperature, microbial activities and soil fertility. It always 
increase crop output, improve survival rate of trees and promote plant growth. In water-
shortage areas, the use of superabsorbent resin has significant water-saving effect. 

China is listed as one of 13 short water countries and one of the world's most serious water-
loss countries. The soil erosion areas are 3.67 million km2, which occupy 38.2% of the total 
land areas. The desertification lands are throughout 13 provinces, cities and autonomous 
regions of the country and inferior soil exists generally. The composition balance of organic 
and inorganic substances in soils was destroyed by the unrestrained using of chemical 
fertilizers. At the same time, our country is a populous country in the world and the 
implementation of the soil and water conservation is one of our basic policies as well as a 
systematic engineering under such serious circumstances. With the characteristic of big 
water absorbability and high water retention, applying superabsorbent resin to soil erosion 
control, desertification, agricultural water-saving is a very significant work. 

Now this technology is not large-scale used for water-saving agriculture and the main 
reason as follows. Firstly, the price of superabsorbent resin is expensive and using in 
agriculture will increase the product cost. It is difficult to promote. Secondly, a lot of 
superabsorbent resin which theoretically has high bibulous rate and salt tolerance are in fact 
unsatisfactory when used in complex soil environment. Thirdly, farmers in some drought 
areas who are often poor and backward have no perceptual knowledge on superabsorbent 
resin and can't accept it. These points have decided that promoting superabsorbent resins 
application on agriculture really needs quite a long time. It requires researchers not only to 
development a new superabsorbent resin with good comprehensive performance, but also 
to find a multi-function superabsorbent resin which is drought resistant, pest resistant, fit 
for plant growth and not destroying the soil structure under the soil environment and 
considering the nutrition demands of plant growth. 

This chapter has made a research on amylum superabsorbent grafted AA/AM under 
traditional condition and microwave condition. There own water retention and water 
absorption ability, water steam suppression, expansion effect and water retaining capacity 
in the soil was studied in this experiment, hoping can offer some help on the future 
application experiment in large scale. 

3.2. Experiment 

3.2.1. Material and equipment  

- Amylum Superabsorbent Grafted AA/AM by Traditional Method (50 mesh) 
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- Amylum Superabsorbent Grafted AA/AM by Microwave Method (50 mesh) 
- Local Soil 
- Commercial Grass Seed 
- DZF-6021 Vacuum Drying Oven  Shanghai Jinghong Experiment Instrument Co.LTD 

3.2.2. Experiment methods  

3.2.2.1. Water retention of superabsorbent 

Taking bibulous saturated resin 50.0 g into Buchner funnel and putting a non-absorbent 
small board on it. Then putting weight on board, resting about 20 minute. The water mass 
was weight in different pressure. 

3.2.2.2. Pretreatment of experiment soil 

This study has selected the local loess as experiment object by air dry indoor and use 
drysievetest for pretreatment. Pat the soil slightly into small patch and dispose impurities. 
Then put the sample in 50 ℃ oven and drought it out. 

Grinding dried soil sample through a 50 mesh sieve and setting it in dry place for standby 
application. 

3.2.2.3. Bibulous rate of superabsorbent resin in soil 

Add superabsorbent resin of 0.00%, 0.10%, 0.15%, 0.20%, 0.25%, 0.30% into 15.0 g soil 
respectively. Mix them equally and pour them into tea bag. Put them into beakers and take 
them out after soaking, hanging them up until no water drop and weight them. Calculate 
bibulous rate of superabsorbent resin in soil according to equation 2. 

 Q = (W1-W0-W 2)/W2… (2) 

Among:  

- Q - bibulous rate of superabsorbent resin in soil 
-  W0 - mass of water absorption of mixed soil /g 
- W1- mass of water absorption of blank soil /g 
- W2 - dosage of superabsorbent resin /g 

3.2.2.4. Experiment of soil spraying  

Taking five soils of 15.0 g, adding superabsorbent resin of 0.00 g, 0.03 g, 0.06 g, 0.09 g, 0.12 g 
respectively, mixing equally and pouring them into glass tube, making a 1.0 cm-diameter 
hole at the bottom of the glass tube and plugging the hole with cotton to prevent soil's 
leaking out. Spraying soil sample with 20.0 mL distilled water with the velocity of 5.0 
mL/min by separating funnel on the top of glass tube and the flow of water from the glass 
tube is caught by measuring cylinder of 20.0 mL. The time and the water volume in the 
measuring cylinder was recorded when the water begins to flow out of the glass tube as 
soon as the flow stops. 
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3.2.2.5. Water steam suppression of soil 

Taking five Experiment soils of 20.0 g into five same beakers respectively, adding 
superabsorbent resin of 0.00%, 0.15%, 0.30%, 0.45%, 0.60% of soil dosage, mixing well, 
joining with de-ionized water of 10.0 g and weighing it until the soil fully wet. Put soil 
sample into a 35 ℃ oven to dry it and weigh it every 30 min. Drawing curve by evaporation 
time and soil moisture and investigating effect of water steam suppression of soil. 
Calculating water content in soil according to equation 3: 

 W%=（M1-M2）/M1×100%… (3) 

Among: 

- M1 - initial mass /g 
- M2 - present mass /g 

3.2.2.6. Expansion effect of superabsorbent resin 

Taking five soils of 20.0 g, adding superabsorbent resin of 0.00 g, 0.03 g, 0.06 g, 0.09 g, 
0.12 g respectively, mixing equally, measuring 15.0 mL mixed soil using measuring 
cylinder of 25.0 mL, adding enough distilled water, removing extra water by burette 
and measuring the volume of moisture soil samples. Calculating expansion rate 
according to equation 4: 

 V % = (V-15)/15×100% (4) 

Among:  

- V - Volume of wet soil sample /mL 

3.2.2.7. Experiment of grass planting 

Three experiment soils of 200.0 g were putted into three breathable flowerpots, adding 1.0 g 
superabsorbent resin prepared by traditional method in the first one, adding 1.0 g 
superabsorbent resin  prepared by microwave method in the second one and the last one 
acts as blank soil. Choosing 30 plump grass seeds into three flowerpots averagely, adding 
water of 150.0 mL respectively, watering 10.0 mL every day and ensuring the sun exposure 
time, watering frequency and water dosage of three flowerpots are same. Observing them 
for 20 days and taking notes of grass growing condition. Planting test room temperature is 
kept 15-25℃. Planting irrigation water is local tap water. 

3.3. Results and discussion 

3.3.1. Resin self-protection water 

Two resins both have good performance of water retention and products by microwave 
method are slightly better than that by traditional method from the Figure 17. 
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Figure 17. Test of water retention               
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Figure 18. Bibulous rate of superabsorbent resin in soil 
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3.3.2. Superabsorbent resin in soil 

We have found that with the increase of the dosage of resin, bibulous rate increases. This is 
because that with the increase of resin content in soil, the water absorption of resin is more 
obvious than water absorption of soil itself. Water absorption capacity of soil with 
superabsorbent resin is less than that without superabsorbent resin. This is because 
superabsorbent resin mixed in soil is influenced by soil oppression and free metal ions in the 
process of water swelling. (Figure 18) 

The performance of products by microwave method is obviously better than that by 
traditional method. So products by microwave method are chosen for the following 
experiments. 

3.3.3. Experiment result of soil spraying 

The main purpose of soil spraying experiment is to test whether superabsorbent resin can 
form a water-resisting layer in soil of certain depth to prevent soil erosion in rainfall or 
irrigation cases and whether it can absorb a lot of water storing for use in drought.  

From Table 3, we find that after adding superabsorbent resin, the water outflow decreases, so 
water retention ability of soil strengthens. We also see that after joining with superabsorbent 
resin, speed of water leakage has decelerated. It is because that the resin has crosslinked with 
its surrounding soil particles and formed a water-resisting layer, so it can prevent moisture 
infiltration. Therefore, water retention ability is stronger as less water flow. 

It shows that soil mixed with superabsorbent resin can clearly improve the performance of 
water retention. 
 

 0.00g 0.03g 0.06g 0.09g 0.12g 
VWater Spraying 20mL 20mL 20mL 20mL 20mL 

v Spraying 5mL/min 5mL/min 5mL/min 5mL/min 5mL/min 
t0 17min 21min 26min 35min 38min 

VYielding Water 9.5mL 8.4mL 6.9mL 6.1mL 5.8mL 

Table 3. Experiment result of soil spraying 

3.3.4. Water steam suppression of soil 

Superabsorbent resin has strong performance of water retention, even in the condition of 
pressure and heating. This experiment shows that different dosages of superabsorbent resin 
have inhibiting effects on water evaporation under 35 ℃. Figure 19 show that soil without 
resin loses water faster when is heated. Water content is already 0.5% at 180 minute and the 
water in soil sample has nearly evaporated out. The water content of soil samples being 
added with resin of 0.15%, 0.3%, 0.45%, 0.6% are 2.3%, 3.3%, 3.5% and 4.1%.Obviously speed 
of water evaporation in soil has been inhibited by resin. With the increase of the resin 
content, inhibition of evaporation also increases. 



 
Polymerization 110 

3.3.2. Superabsorbent resin in soil 

We have found that with the increase of the dosage of resin, bibulous rate increases. This is 
because that with the increase of resin content in soil, the water absorption of resin is more 
obvious than water absorption of soil itself. Water absorption capacity of soil with 
superabsorbent resin is less than that without superabsorbent resin. This is because 
superabsorbent resin mixed in soil is influenced by soil oppression and free metal ions in the 
process of water swelling. (Figure 18) 

The performance of products by microwave method is obviously better than that by 
traditional method. So products by microwave method are chosen for the following 
experiments. 

3.3.3. Experiment result of soil spraying 

The main purpose of soil spraying experiment is to test whether superabsorbent resin can 
form a water-resisting layer in soil of certain depth to prevent soil erosion in rainfall or 
irrigation cases and whether it can absorb a lot of water storing for use in drought.  

From Table 3, we find that after adding superabsorbent resin, the water outflow decreases, so 
water retention ability of soil strengthens. We also see that after joining with superabsorbent 
resin, speed of water leakage has decelerated. It is because that the resin has crosslinked with 
its surrounding soil particles and formed a water-resisting layer, so it can prevent moisture 
infiltration. Therefore, water retention ability is stronger as less water flow. 

It shows that soil mixed with superabsorbent resin can clearly improve the performance of 
water retention. 
 

 0.00g 0.03g 0.06g 0.09g 0.12g 
VWater Spraying 20mL 20mL 20mL 20mL 20mL 

v Spraying 5mL/min 5mL/min 5mL/min 5mL/min 5mL/min 
t0 17min 21min 26min 35min 38min 

VYielding Water 9.5mL 8.4mL 6.9mL 6.1mL 5.8mL 

Table 3. Experiment result of soil spraying 

3.3.4. Water steam suppression of soil 

Superabsorbent resin has strong performance of water retention, even in the condition of 
pressure and heating. This experiment shows that different dosages of superabsorbent resin 
have inhibiting effects on water evaporation under 35 ℃. Figure 19 show that soil without 
resin loses water faster when is heated. Water content is already 0.5% at 180 minute and the 
water in soil sample has nearly evaporated out. The water content of soil samples being 
added with resin of 0.15%, 0.3%, 0.45%, 0.6% are 2.3%, 3.3%, 3.5% and 4.1%.Obviously speed 
of water evaporation in soil has been inhibited by resin. With the increase of the resin 
content, inhibition of evaporation also increases. 

Comparison of Traditional Methods and Microwave  
Irradiation Method About Amylum/Acrylic Acid /Acrylamide Polymerization 111 

 
 
 

20 40 60 80 100 120 140 160 180 200

0

2

4

6

8

10
W
a
t
e
r
 
C
o
n
t
e
n
t
 
/
%

Steam Time /min

 0%
 0.15%
 0.3%
 0.45%
 0.6%

 
 
 

Figure 19. Effect of water steam suppression of soil    
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Figure 20. Effect of expansion effect of resin 
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3.3.5. Expansion effect of superabsorbent resin 

The volume of soil has significantly increased after adding resin. The volume inflation rate 
has been amount to 20.8% when we add 0.12g resin in 20.0g soil. The research has found 
that the volume inflation rate increases with the increasing use of resin. This expansion 
effect is very good for improving soil compactness, regulating gas permeability of soil and 
making the soil structure favorable (Figure 20). 

3.3.6. Experiment result of grass planting  

In this experiment, we have not found that superabsorbent resin can fight for water with 
plants so that influence plant growth. The suitable dosage of superabsorbent resin has 
certainly facilitated plant growth and grass without resin is significantly weaker growth 
than grass with resin. They all have significantly effects with resin added either from 
germination rate or from average height (Table 4). 
 

Type Days Seed Number Germinative Number Average Height/cm Plant Growth 
1 20 10 8 51.12 Bloom,Thick Stem 
2 20 10 7 50.07 Bloom,Thin Stem 
3 20 10 3 29.87 Poor, Thin Stem 

Table 4. Experiment result of grass planting 

3.4. Summary 

Through testing water retention of resin, bibulous rate in soil, experiment of soil spraying, 
water steam suppression of soil, expansion effect of superabsorbent resin and experiment of 
grass planting, a simple research on application of superabsorbent resin has been discussed. 
The results show that: soils dashed with superabsorbent resin have improved the water 
retention of soil and soil compactness, regulate gas permeability of soil and make the soil 
structure favorable. The suitable dosage of superabsorbent resin has certainly facilitated 
plant growth. 
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water steam suppression of soil, expansion effect of superabsorbent resin and experiment of 
grass planting, a simple research on application of superabsorbent resin has been discussed. 
The results show that: soils dashed with superabsorbent resin have improved the water 
retention of soil and soil compactness, regulate gas permeability of soil and make the soil 
structure favorable. The suitable dosage of superabsorbent resin has certainly facilitated 
plant growth. 
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1. Introduction 

Since the pioneering by Karl Ziegler and Giulio Natta in the early 1950's on the 
polymerization of simple olefins, there has been intense interest in the application of early 
transition metal catalysts for the selective polymerization of inexpensive olefins. Following 
to Ziegler-Natta catalysts [1], metallocene catalysts were discovered in the late 1980's and 
resulted in numerous industrial processes for improving the properties of polyolefinic 
materials along with performance parameters. This field has been remarkably renewed with 
the use of catalysts based on early transition metals metallocene [2]. Development of new 
catalysts with transition metals has played a substantial role in the fast-growing polyolefins 
industry. Improvement of new, better performing, less costly polyolefins has often been a 
result of catalyst development. However, polymerization processes of olefins, beside the 
requirement of higher activity catalyst to control the particle size, particle size distribution, 
and morphology of the resultant polyolefin are quite important. In the other words, success 
in these developments requires an appropriate integration of catalyst selections with reactor 
type and process parameters [3-5].  

As is well-known, most polyolefinic materials are produced using transition metal- 
catalyzed olefin polymerization technology. While the multisited heterogeneous Ziegler–
Natta catalysts represented by MgCl2-supported TiCl4 catalysts currently dominate the 
market, molecular catalysts (single-site catalysts) represented by group 4 metallocene 
catalysts and constrained geometry catalysts (CGCs) are gaining an increasing presence in 
the market (Figure 1) [4-9]. 

As DFT (Density Functional Theory) calculations performed on a model metallocene 
catalyst H2SiCp2ZrMe+ for ethylene polymerization (Figure 2) suggested that ethylene 
polymerization is a process that involves intense electron exchange between a ligand and a 
metal [10]. Accordingly and following the great success of the metallocene catalysts, 
significant efforts have been directed toward the discovery and application of new, highly 
active, single-site catalysts (post-metallocene catalysts) [10,11]. 

© 2012 Zohuri et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Metallocene catalysts for olefin polymerization: (a) Cp2ZrCl2; (b) rac-Et(Ind)2ZrCl2; (c) 
iPr(Flu)(Cp)ZrCl2; (d) Constrained geometry catalyst (CGC) [10]. 

 
Figure 2. Calculated Charges of the ligand and Zr metal of a model metallocene catalyst for ethylene 
polymerization (DFT calculations) [10]. 

These research efforts have led to the introduction of quite a few high-activity single-site 
catalysts based on both early and late transition metal complexes with various ligand 
environments [12-18]. In association with appropriate cocatalysts, many of these catalysts 
show ethylene polymerization activities that are superior or comparable to those seen with 
early group 4 transition metals metallocene catalysts. These post-metallocene catalysts can 
produce a wide array of distinctive polymers (e.g., hyper-branched PEs, ethylene–methyl 
acrylate copolymers, monodisperse poly(1-hexene)s, and block copolymers based on α-
olefins), many of which were inaccessible using metallocene catalysts [3,16-24].  

Since the ligand structure has a central role in determining the activity as well as the 
stereospecifity of these types of catalysts, and as shown in Figure 2, flexible electronic nature 
of a ligand is a key requirement for achieving high activity, the research based on the ligand 
oriented catalyst design concept has resulted in the discovery of a number of highly active 
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catalysts for the polymerization of ethylene, which include: phenoxy-imine ligand early 
transition metal complexes (FI catalysts), pyrrolide-imine ligand group 4 transition metal 
complexes (PI catalysts), indolide-imine ligand Ti complexes (II catalysts), phenoxy-imine 
ligand group 4 transition metal complexes (IF catalysts), phenoxy-ether ligand Ti complexes 
(FE catalysts), imine-pyridine ligand late transition metal complexes (IP catalysts), and 
tris(pyrazolyl) borate ligand Ta complexes (PB catalysts) (Figure 3) [20,26-30].  

 
Figure 3. Development of highly active single-site ethylene polymerization catalysts [20]. 

In particular, bis(phenoxy-imine) group 4 metal catalysts, developed by Fujita [19–21] 
caused a new revolution in the field of catalytic olefin polymerization. These complex 
catalysts exhibit unique characteristics for production of new polymers that are not 
prepared by conventional Ziegler–Natta catalysts, as well as by ordinary metallocene-type 
catalysts [16]. The key feature of these complexes is the incorporation of nonsymmetric 
bidenate or tridentates ligands that possess electronically flexible properties (e.g., phenoxy–
cyclopentadienyl, phenoxy–imine, phenoxy–ether, phenoxy–pyridine, pyrrolide–imine, and 
indolide–imine). These complexes can typically combine with appropriate cocatalysts to 
form highly active catalysts for the polymerization of ethylene. Among these new 
complexes, bis(phenoxy–imine) early transition metal complexes (named FI Catalysts) are 
particularly versatile for olefin polymerization when activated (Figure 4) [20,21]. 

Although a large number of families of high-performance single-site catalysts have been 
developed thus far, improvements in some aspects of catalytic performance (e.g., 
temperature stability, precise control of chain transfer, comonomer sequence distribution 
control, precise control of polymer stereochemistry, and the ability to incorporate sterically 
encumbered monomers and polar monomers) are still required to achieve both greater 
control over polymer microstructures and extension of generic polyolefinic materials by 
introducing new monomer combinations [31].  

2. Characteristics of FI catalysts 

In 1997, researchers at Mitsui Chemicals introduced phenoxy–imine [O-N] ligand early 
transition metal complexes (now known as FI catalysts) for the controlled polymerization 
and copolymerization of olefinic monomers [30]. Depending on the ligand design, the 
catalysts show different behaviors in ethylene and propylene polymerization, and the 
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ligands strongly influence catalyst parameters such as activity, polymerization mechanism, 
and polymer properties including molecular weight. Extensively, FI catalysts, can 
polymerized ethylene with high efficiency, independent of the transition metals that are 
employed (Ti, Zr, Hf, etc.), showing the notable ability of phenoxy–imine ligands for 
efficient ethylene insertion. 

The electronically flexible nature of the phenoxy–imine ligands may be responsible for these 
superior results. FI catalysts have the following structural and electronic features resulting 
in unique polymerization catalysis as well as formation of distinctive polymers [31-34]. 

 
Figure 4. The progression of catalyst discovery, conventional olefin catalysts and FI catalyst [20,21]. 

2.1. Structure of FI catalysts 

Since an FI catalyst contains two bidentate nonsymmetric phenoxy-imine ligands, it can 
potentially display five isomers from a to e (Figure 5) arising from the coordination modes 
of ligands in an octahedral configuration. X-ray analysis has established that, in the solid 
state, an FI catalyst normally exists as the isomer a, meaning, it has a trans-O, cis-N, and cis-
Cl arrangement, and thus C2 symmetry [35]. The C2-symmetric nature implies that the 
catalyst may be an isospecific catalyst for propylene polymerization [35].  

 
Figure 5. Possible isomers for FI catalysts. a) N-cis, O-trans, Cl-cis, C2 symmetry b) N-cis, O-cis, Cl-cis, 
C1 symmetry c) N-trans, O-cis, Cl-cis, C2 symmetry d) N-cis, O-cis, Cl-trans, C2 symmetry e) N-trans, O-
trans, Cl-trans, C2 symmetry [20,35]. 

When FI catalysts possess extremely bulky groups on the imine-Ns (N-C6H3-2,6-R2, R: Me, i-
Pr), they can adopt a cis-O, trans-N and cis-X (X= O-i-Pr) arrangement. Any further increase 
in the steric bulk of the R1 substituent (N-C6H3-2,6-Ph2 or N-CHPh2) forces one of the N-Ti 
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bonds to become dissociated, resulting in a five-coordinated complex [36]. However, FI 
catalysts generally exist as a mixture of isomer a, which is normally predominant (trans-O, 
cis-N, and cis-Cl arrangement: C2 symmetry), and isomer b (cis-O, cis-N, and cis-Cl 
arrangement: C1 symmetry [36,37]. These isomers are often fluxional and can mutually 
transform each other on a nuclear magnetic resonance (NMR) time scale [35].  

In the other words, among the five possible isomers (Figure 5), the crystallographically 
determined structures of FI catalysts, adopt a configuration in which the shortest M-O 
bonds (M = group 4 transition metal) are positioned trans to each other, and the nitrogen 
atoms and Cl ligands are in cis-positions, displaying overall C2 symmetry (Figure 4a) [34,38]. 
In this “ordinary” C2 symmetric FI catalyst, the two imine-N’s are positioned in a plane 
defined by a metal M and two Cl ligands, and therefore, substituents on the imine-N’s (R1) 
are on a plane at the backside of the X-M-X moiety, while substituents ortho to the phenoxy-
O’s (R2) are located above and below the X-M-X moiety (Figure 6). Since the X-M-X moiety 
becomes a reaction site after activation, these R1 and R2 substituents have the most 
pronounced effects on polymerization reactions, but each of the substituents work in a 
different manner due to their particular spatial arrangements [38].  

As discussed, an important feature of these complexes is that the chlorines occupy mutually 
cis coordination sites. This is potentially significant for generating efficient polymerization 
active centers since a crucial requirement for a highly-active catalyst is to have a pair of cis 
located sites for olefin polymerization [38].  

 
Figure 6. Molecular structures of the FI catalysts [39]. 

Nevertheless, the DFT calculations suggest that the Zr–N bonds that lie on the same plane as 
the polymerization sites expand and shrink according to the reaction coordinate of the 
ethylene insertion (2.23–2.34 Å), while the Zr–O bond length remains virtually unchanged 
(Figure 7). From studying these results, we believe that this variable Zr–N bond length 
(which facilitates a smooth and flexible electron exchange between the metal and the 
ligands) and the cis located active sites, as well as the electronically flexible nature of the 
phenoxy-imine ligands, are responsible for the high polymerization activities of FI catalysts 
[38,39]. 
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In general, FI ligands can be obtained in practically quantitative yields by the Schiff-base 
condensation of ortho-hydroxy aromatic aldehydes or ketones and primary amines. 

These phenol derivatives and amines are easily synthesized, and thus have a rich inventory 
of commercially available compounds. Therefore, FI catalysts have a wide range of catalyst 
design possibilities, which is the most important feature of FI catalysts. 

 
Figure 7. DFT calculation results for ethylene polymerization with FI catalyst/MAO [38]. 

As a result of this feature, FI catalysts have enormous and diverse ligand structures with a 
wide variety of substituents, including O, S, N, P and halogen-based functional groups. This 
enormous structural diversity of FI catalysts has given rise to unprecedented olefin 
polymerization catalysis and unique polymer formation [34,35,37]. 

2.2. Electronic characteristics of FI catalysts 

In general, the discovery of new olefin polymerization catalysts seems to be a time-intensive, 
trial-and-error process, with no guarantee of success. However, theoretical calculations on 
ethylene polymerization with a metallocene catalyst have provided clues about how to 
design highly active catalysts. Polymerization olefin catalyst components has been depicted 
in Figure 8 including a metal, ligand(s), a growing polymer chain, a coordinated olefin, and 
a cocatalyst [40-42] .  

As can bee seen in Figure 8, FI catalysts are heteroatom [O-, N] coordinated early transition 
metal complexes, which makes FI catalysts different from group 4 transition metals 
metallocene catalysts that possess cyclopentadienyl (Cp) carbanion-based ligands. Because 
of the coordination of heteroatom-based [O-,N] ligands that are more electron withdrawing 
than Cp carbanion-based ligands, the catalytically active species originating from FI 
catalysts possess a highly electrophilic nature relative to the active species derived from 
group 4 transition metals metallocene catalysts [39]. 

As explained before, DFT calculations using a cationic metallocene complex 
(H2SiCp2ZrMe+) as a model suggest that olefin polymerization is a process that involves 
intense electron exchange between a ligand and a metal. Since all transition metals (even 
Mn and Fe) potentially possess the capability of olefin insertion, it is believed that ligands 
with an electronically flexible nature are a prime requisite for achieving high activity. 
Therefore, the combination of a transition metal and electronically flexible ligand(s) can 
yield a highly active olefin polymerization catalyst. Electronically flexible ligands 
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typically possess well-balanced electron donating and withdrawing properties, indicated 
by a small energy gap between HOMO (the highest occupied molecular orbital) and 
LUMO (the lowest unoccupied molecular orbital). Therefore, they are capable of receiving 
electrons from the coordinating olefin through the metal atom and of releasing electrons 
whenever required to expedite the olefin insertion process. As a result, it can be realized 
that it is the ligands that play the predominant role in polymerization catalysis among the 
typical components of the catalyst, and that electronically flexible ligands combined with 
transition metals form high-activity catalysts when activated as long as the potentially 
active species possesses an appropriate electron deficiency (10- to 16-electron species) as 
well as a pair of available cis-located sites for polymerization. According to the fact, many 
researches have been devoted to ligand-oriented catalyst design in an attempt to discover 
highly active catalysts [38,39].  

 
Figure 8. Polymerization components [42]. 

FI catalysts have another distinctive feature verses metallocenes, that is, M-ligand bonding 
characteristics. The presence of FI ligands with heteroatom donors renders the complex 
more electrophilic, a requirement for an active olefin polymerization catalyst, as supported 
by DFT calculations, which demonstrated that the Mulliken charge at the metal center (in 
au) in three cationic species increases in the following order, (C5H5)2TiMe+ < CGC 
(Me2Si(C5Me4)-(tBu-N)TiMe+) < (Ph-N=CH-C6H3-2-O-3-tBu)2TiMe+ (Figure 9) [40,41]. 

Furthermore, DFT calculation revealed that anionic phenoxy-imine chelate ligand possess a 
smaller energy gap between HOMO and LUMO than a Cp ligand (C5H5-) and thus 
presumably display electronically more flexible properties than the Cp ligand (Figure 10) 
[42]. Small energy gap between HOMO and LUMO represents well-balanced electron-
donating and withdrawing properties which are anticipated to expedite ethylene 
polymerization process [42].  
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Figure 9. Mulliken charges of the central metals of cationic active Ti species  [40,41]. 

 
Figure 10. Energy gap between HOMO and LUMO (eV) [42]. 

According to the ligand-oriented catalyst design concept, Fujita and co-workers were designed 
transition metal complexes incorporating nonsymmetric and electronically flexible ligands as 
candidates for high-activity catalysts [39]. These complexes were examined as catalysts for the 
polymerization of ethylene with MAO as the cocatalyst at 25 °C under atmospheric pressure. 
As a result, a number of complexes were found to be highly active catalysts for the 
polymerization of ethylene. Polymerization results indicate that phenoxy–imine ligands can 
produce highly active catalysts when attached to a variety of transition metals, supporting the 
idea that ligands play the predominant role in polymerization catalysis and that electronically 
flexible ligands can engender highly active catalysts. A remarkable feature of phenoxy–imine 
ligated early transition metal complexes is that they possess ligands that can be readily tailored 
synthetically from both an electronic and steric point of view, and thus possess a wide range of 
possibilities in terms of catalyst design [39-41]. 

3. Catalytic properties of FI Catalysts for ethylene polymerization 

One of the unique characteristics of FI catalysts, due to its flexible structure, is that the minor 
change in the structure of the FI catalysts leads to the major changes in activities as well as 
molecular weight and other characteristics of the resulting polymer. The flexibility refers to 
the simple Schiff base condensation of the aniline and salicylaldehyde derivatives which can 
produce a wide range of phenoxy–imine ligands. As depicted in Fig. 11, FI catalysts can be 
synthesized by treating the phenoxy-imine ligands and transition metal halids to furnish FI 
catalysts (Figure 11) [42]. 
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Figure 11. General procedure of FI catalysts [42]. 

3.1. Influence of alkyl substitutions on the catalyst behavior 

Ethylene polymerization revealed that FI catalyst requires steric bulk ortho to the phenoxy-O 
in order to exhibit high ethylene polymerization activity [42,43]. The steric bulk is thought to 
afford steric protection toward the anionic phenoxy-O donors from coordination with Lewis 
acidic compounds such as MAO or from another molecule of the catalytically active cationic 
species, which are supposed to be highly electrophilic, and the inducement of effective ion 
separation between the cationic active species and an anionic cocatalyst, resulting in enhanced 
catalytic activity [44]. Moreover, Cavallo and co-workers [45] have proposed a site-inversion 
mechanism that can explain the unexpected syndiospecificity exhibited by the Ti-based FI 
complexes with C2 symmetry. Additionally, their proposal can also explain that the steric bulk 
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that the steric bulk of the R1 substituent plays an essential role in the ion separation between 
the cationic active species and the anionic cocatalyst. The effective ion separation will 
provide more space for polymerization and, in addition, enhances the degree of 
unsaturation associated with the catalytically active cationic species. On the other hand, the 
increase in the product molecular weight may be ascribed to the fact that the steric 
congestion exerted by the R1 substituent diminishes the rate of chain termination [46]. 

For instance, FI catalyst bearing a hydrogen at the R1 position (R2 = R3 = H) gave polyethylene 
with an Mw of 66,000, displaying a moderate activity of 38 kg-PE/mol-cat h under these 
conditions. Another FI catalyst having a sterically bulkier substituent, a methyl, at the R1 
position yielded much higher molecular weight polyethylene (Mw 402,000) with a considerably 
enhanced activity of 246 kg-PE/mol-cat h. The effects of the steric bulk of the R1 substituent were 
more pronounced for FI catalyst possessing a t-butyl group (R1 = t-butyl) which displayed a 
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molecular weight (Mw 1,281,000). Thus, the attachment of the methyl increased catalytic 
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The steric bulk of the R2 substituent also has a significant influence on the catalytic performance 
of the complexes but differently compared with the R1 substituent [46]. A Ti-based FI catalyst 
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bearing a methyl at the R2 position demonstrated an activity of 301 kg-PE/mol-cat h and gave 
polyethylene with Mw of 355,000. The activity and molecular weight values obtained with this 
catalyst are much lower than complex having hydrogen substituent (R2 = H). In addition, FI 
catalyst with i-propyl at the R2 position exhibited more reduced activity (186 kg-PE/mol-cat h) 
and furnished polyethylene with further decreased molecular weight (Mw 296,000). Therefore, 
it can be concluded that the increase in the steric bulk of the R2 substituent resulted in the quite 
deleterious effects on the catalytic activity and the product molecular weight. The decrease in 
the catalytic activity as a result of introducing the alkyl group into the R2 position seems 
reasonable and is probably attributed to the increased steric congestion in close proximity to the 
active site, which reduces the catalytic activity by hindering access of ethylene to the active site 
and/or growth of the polymer chain. However, the trend for molecular weight for the Zr-based 
FI catalysts is inversed, i.e., the attachment of the methyl or the i-propyl to the R2 position 
greatly enhances the product molecular weight [47,48].  

Eventually, the substituent at the R3 position exercised an effect on both the catalytic activity 
and the product molecular weight but not significantly, presumably because of the location 
of the R3 position being far from the polymerization center [48,49].  

Not only catalyst activity is affected by substitutions, but even thermal stability of the 
catalyst can be affected by electronic aspects of the substitutions. For instance, the 
introduction of an electrondonating methoxy group para to the phenoxy-O was found to 
increase the thermal stability of FI catalysts, making them available for polymerizations at 
industrially practical higher temperatures [30,39,49]. 

4. Polymerization of higher α-olefin with FI catalyst 

Catalyst systems based on bis(phenoxy-imine) complexes of Ti(IV), Zr(IV) and MAO are 
effective catalysts for polymerization of ethylene and propylene [19,33,34,38,50,51-54]. 
Detailed 13C NMR analysis of end-groups in polypropylene prepared with several catalysts 
of this type showed unusual chemical and regio-effects [52,55]. 

Phenoxy-imine ligands in complexes contain alkyl substituents in the 2nd and the 4th 
positions of their phenyl rings, they produce moderately syndiospecific catalysts [55,56]. 
Detailed investigations of the Ti and Zr complexes with the same ligands showed a 
surprising difference in the chemistry of polymerization reactions. 

Active centers of the highest stereospecificity are produced when the aryl group attached to 
the nitrogen atom in the phenoxyimine ligand is C6F5 (Figure 3) and the phenyl group 
attached to the oxygen atom carries bulky t-Bu or SiMe substituents in the ortho position to 
the C–O bond. The [rrrr] content in polypropylene produced with these complexes at 0–20 
0C can reach 0.95–0.96 corresponding to a very high probability of syndiotactic linking, ~0.99 
[55-58]. However, a replacement of these substituents with two bromine or two iodin atoms 
changes the regiocontrol to primary and the stereocontrol to moderately isospecific, the 
[mm] values of polypropylene prepared at 0 0C increases from 0.17 for dialkyl-substituted 
complexes to 0.73 for diiodo-substituted complexes [58]. 
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Bis(phenoxy-imine) complexes of Ti(IV) and Zr(IV) combined with MAO or with common 
organoaluminum compounds form effective catalysts for polymerization of ethylene, 1-
alkenes, and for ethylene/1-alkene copolymerization. The productivity of catalyst systems 
containing the Ti complexes and MAO in ethylene polymerization reactions at 25–75 0C can 
reach 2,000–4,000 kg/mol Ti. h [34,52,55,59-61] . 

Bis(phenoxy-imine) complexes of Ti (IV) containing C6F5 groups attached to the N atom in 
each bidentate ligand form catalyst systems with very low chain transfer rates. They 
copolymerize ethylene with propylene and higher 1-alkenes under living-chain conditions 
(Mw/Mn = 1.07–1.19) at temperatures as high as 500C [52,55,62,63] and they are suitable for 
the synthesis of alkene block-copolymers. These catalysts were employed for the synthesis 
of various alkene diblock- and triblock-copolymers [48,52,55,63]. 

Polypropylene produced with combinations of the aldimine Ti complexes and MAO or 
AlR3-[Ph3C]+ [B(C6F5)4]- as cocatalysts under moderate conditions also has a very narrow 
molecular weight distribution [52,55,61,62]. The stereospecificity of catalyst systems based 
on bis(phenoxy-imine) complexes depends on the type of substituents in the ligands 
(substituents R in Fig. 11). When R = H or Me, the catalysts produce polypropylene with a 
predominantly syndiotactic structure. However, complexes of the same type bearing two 
bromine or two iodine atoms in the 2nd and the 4th positions of the phenyl groups 
produce moderately isotactic polypropylene with [mm] from ~0.5 to 0.73, depending on 
reaction temperature, and the dichloro-substituted complex produces atactic 
polypropylene [58]. 

Bis(phenoxy-imine) complexes of Ti(IV) activated with ion-forming cocatalysts instead of 
MAO, such as Ali-Bu3-[CPh3]+ [B(C6F5)4]- are efficient single-center catalysts for 
polymerization of higher 1-alkenes, 1-hexene, 1-octene, 1-decene, and 4-methyl-1-pentene. 
The catalysts have very high activity and produce regioand stereo-irregular polymers with 
very high molecular weights, <1.4×106 [64]. 

The Zr bis(phenoxy-imine) complex was used for the synthesis of an ethylene/1-octene 
copolymer with a low 1-octene content, and a complex of Hf with a tridentate ligand was 
used for the synthesis of an ethylene/1-octene copolymer with a high 1-octene content.  

The flexibility of the FI catalysts allows for the making of new polymers which are difficult 
or impossible to prepare using group 4 metallocene catalysts. For example, it is possible to 
prepare low molecular weight (Mv ~103) polyethylene or poly(ethylene-copropylene) with 
olefinic end groups, ultra-high molecular weight polyethylene or poly(ethylene-co-
propylene), high molecular weight poly(1-hexene) with atactic structures including frequent 
regioerrors, monodisperse poly(ethylene-co-propylene) with various propylene contents, 
and a number of polyolefin block copolymers [e.g., polyethylene-b-poly(ethylene-co-
propylene), syndiotactic polypropylene-b-poly-(ethylene-co-propylene), polyethylene-b-
poly(ethylene-co-propylene)-b-syndiotactic polypropylene. These unique polymers are 
predictable to possess novel material properties and uses [65]. 
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5. Living polymerization with FI catalyst 

The synthesize polymers with completely defined structures is a goal. Living 
polymerization is known to control some elements like as degree of polymerization, chain-
end structures, stereochemistry, especially molecular weight and chain-end structures of 
polymer. Although there have been a number of transition metal catalysts which can 
polymerize ethylene or α-olefins in a living fashion [66-68] there are few catalysts that are 
useful for both ethylene and α-olefins. Besides, most catalysts require a low polymerization 
temperature, usually below room temperature, to suppress chain termination and therefore 
exhibit low activities and insufficient polymer molecular weights. The titanium FI catalyst 
bearing a perfluorophenyl group as R (Figure 12) with MAO exhibited living 
polymerization with ethylene even at 50 0C to afford high molecular-weight polymer 
(Mw=424×103) having a narrow molecular weight distribution (Mw/Mn=1.13). This catalyst 
exhibits living polymerization behavior over a wide range of temperature [65]. 

 
Figure 12. FI catalyst with perfluorophenyl group [65]. 

There is a clear difference in polymerization results depending on the fluorine substitution 
patterns. First of all, living polymerizations proceed only when at least one fluorine is 
located in the 2,6-positions of R-phenyl group (Figure 12). Second, the activity of living 
systems is considerably lower than that of non-living systems. Finally, the activity increases 
with the number of fluorine atoms in both living and non-living systems. It is reasonable 
that electron-withdrawing fluorines enhance the electrophilicity and consequently the 
reactivity of the active centers. The ortho-fluorine substituent effect represents a novel 
strategy for the design of a new transition metal complex for living olefin polymerization 
[65]. 

Interestingly, a titanium FI catalyst having a chlorine at the 2-position of the R-phenyl group 
instead of fluorine, bis[N-(3-t-butylsalicylidene)-2-chloroanilinato]titanium(IV) dichloride, 
also promoted ethylene polymerization at 25 0C to produce polyethylene having a narrow 
molecular weight distribution (Mw/Mn=1.23), implying that the interaction with β-
hydrogen is potentially achieved by any substituent possessing lone-pair electrons. 
Propylene polymerization with the above complex (Figure 12) at room temperature also 
turned out to be living and produced polypropylene with a controlled molecular weight, a 
narrow molecular weight distribution (Mw/Mn=1.07-1.14), and surprisingly high 
syndiotacticity (rr=87%, 98%) [59]. 

Mitani et al, introduce a Ti-FI catalyst having fluorine- and trimethylsilyl-containing ligands, 
which polymerizes propylene above room temperature to form highly syndiotactic 
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monodisperse PPs with extremely high Tm’s. The titanium complex employed in this study 
was bis[N-(3-trimethylsilylsalicylidene)-2,3,4,5,6-pentafluoroanilinato]Ti(IV) dichloride. 
Polymerization of propylene with this complex using methylalumoxane (MAO) cocatalyst 
under atmospheric pressure at 25 °C for 5 h yielded crystalline polypropylene having an 
extremely narrow polydispersity (Mn=47 000, Mw/Mn = 1.08). Interestingly, the syn-PP 
produced displayed an extremely high Tm (152 0C) [69].  

Kinetic studies of ethylene polymerization reactions [70] and propylene polymerization 
reactions [62] with FI catalysts demonstrated that all features typical for living-chain 
reactions are present when these reactions are carried out at 250C. The catalyst activity 
remains constant for over 1 hour in the ethylene polymerization reactions and for 3 hours in 
the propylene polymerization reactions and it very slowly decreases after that. The 
molecular weight increases with reaction time in a nearly linear manner in the same time 
ranges, and the molecular weight distributions of the polymers remain narrow, Mw/Mn 
=1.07-1.10. The value of the propagation rate constant for ethylene polymerization reaction 
at 250C was ~1,400–1,900 M-1.s-1, it is comparable to the same value in metallocene catalysis 
[70]. 

The syndiospecific polymerization of propylene with this types of catalyst also exhibits 
kinetic features of living-chain polymerization reactions [52,55]. Both the polymer yield and 
the molecular weight of polypropylene produced at 0 0C increase nearly proportionally to 
the reaction time, and the molecular weight distribution of the polymer remains narrow 
(Mw/Mn =1.08–1.11) [52]. Kinetic parameters of the propylene polymerization reactions at 0-
25 0C are: kp = 0.05–0.06 M-1.s-1, [C]/[Ti] = 0.4–0.6% [52,71]. However, when the same complex 
contains 3,5-difluoro-substituted benzene rings, chain transfer reactions occur much more 
readily and the polymer has the typical molecular weight distribution characteristics of a 
material synthesized with a single-center catalyst, Mw/Mn ~2.5 [55]. 

Polymerization reactions with Ti diamide-based catalysts: Low-temperature propylene 
polymerization reactions with a Ti diamide complex LTiMe2 activated with MMAO or with 
silica- and alumina-supported MMAO give an interesting example of long-term living-chain 
reactions. These catalysts are very stable kinetically at 0 0C and the Mn value of the 
produced polymers increases with time in a linear manner for over 30 minutes resulting in 
the formation of atactic polymers of a very high molecular weight, with Mn ~1.5×106. The kp 
value for the homogeneous catalyst system is ~5 M-1.s-1 at 0 0C and when MMAO is 
supported on silica (this step increases the acidity of Al atoms in MMAO), the kp value 
increases to ~20 M-1.s-1 [72,73]. 

6. Modification of the FI catalysts 

Fujita group at Mitsui Chemicals discovered the fluorinated Ti–FI catalysts that can promote 
unprecedented living ethylene and propylene polymerization, resulting in the formation of 
functionalized polymers and block copolymers from ethylene, propylene, and higher α-
olefins [59]. Coates [74] and Sakuma [75] reported that fluorinated Ti–FI catalysts are 
capable of mediating the highly controlled, thermally robust living polymerization of 
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ethylene and propylene. Electronic attractive interaction between a fluorinated phenoxy-
imine ligand and a growing polymer chain has significant effects on the catalytic properties 
of Ti–FI catalysts [59,74,75]. Additionally, the presence of electron withdrawing fluoro 
substituents on aniline is considered to be highly beneficial for increasing the catalyst 
activity. Ishii and coworkers described that introduction of electron-withdrawing F atoms 
on the ligand structure results in an increase in metal–carbon reactivity leading to reduced 
activation energy for ethylene insertion [76]. 

Although the catalytic behavior of ethylene and propylene polymerization, as well as 
ethylene–propylene copolymerization, using fluorinated Ti–FI complexes are extensively 
described in literature [77-79], but less attention has been paid to the fluorinated Zr–FI 
complexes. Recently, Zohuri and coworkers have reported the catalytic properties of a 
fluorinated Zr–FI catalyst in ethylene polymerization (Figure 13) [3]. 

 
Figure 13. Structure of the new Zr-FI catalyst and the electronically interaction between H-b and ortho-
F-atom-substituted phenyl ring on the N [3]. 

The synthesized catalyst could produce polyethylene with high molecular weight (Mv=1.39 
×106) which is surprisingly higher in comparison with the similar non-fluorinated FI 
catalysts [33,42] indicating the dramatic electronic effect of ortho-F substitution on the 
polymerization mechanism [3] (Fig. 13). The Mv values of 36 × 104, 10.4 × 104, and 1.84 × 104 
have been reported already for the polyethylene obtained using the non-fluorinated bis[N-
(3-t-butyl-5-methoxy salicylidene) anilinato] zirconium (IV) dichloride, bis[N-(3-cumyl-5-
methoxy salicylidene) cyclohexy laminato] zirconium (IV) dichloride and bis[(3-cumyl-5-
methyl salicylidene) anilinato] zirconium (IV) dichloride, respectively [33,74]. It has been 
proposed that attractive interaction between the ortho-F and the β-H on a growing polymer 
chain, which is expected to effectively curtail β–H transfer to the central metal and incoming 
monomer, is responsible for the unprecedented behavior [42]. Furthermore, it has been 
shown that ortho-F-substituted phenyl ring on the N electronically plays a key role in the 
suppression of chain transfer reactions resulted in increasing the molecular weight and 
moderation of the catalyst activity [3]. 

Additionally, a highly active Zr-based FI catalyst of bis[N-(3,5-
dicumylsalicylidene)cyclohexyl-aminato]zirconium(IV) dichloride has been synthesized and 
used for polymerization of ethylene by Zohuri et al [80]. The synthesized catalyst by 
changing the phenyl group on the imine nitrogen of FI catalyst (Fig. 11, R2) to a cyclohexyl 
group exhibited enhanced activity, may be due to the electron-donating effects of an 
aliphatic group at the R2 position. The prepared FI catalyst displayed a very high activity of 
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about 3.2×106 g PE/mmol Zr. h in ethylene polymerization at the monomer pressure of 3 
bars. Despite such high activity, this catalyst showed a short lifetime [80]. 

Some complexes with ligands based on naphthalene carbaldehydes having a hydroxy group 
in the ortho position with respect to the aldehyde group were described [81,82], but no data 
on their catalytic activity were given. Ahmadjo and coworkers [53] used 2-
hydroxynaphtaldehyde instead of salicylaldehyde for the preparation of naphthoxy-imines 
as ligands and three FI-like Zr-based catalysts, Bis[1-[(phenylimino)methyl]-2-
naphtholato]zirconium(IV) dichloride (1), Bis[1-[(mesitylimino)methyl]-2-naphtholato] 
zirconium(IV) dichloride (2) and Bis[1-[(2,6-diisopropylphenyl)imino] methyl-2-
naphtholato]zirconium(IV) dichloride (3) were prepared by changing the ligand from 
salicylaldehyde imine ligand, to 2-hydroxynaphthalene-1-carbaldehyde imine ligand and 
used for polymerization of ethylene (Figure 14) [53]. It has been reported that introducing 
the sterically bulky isopropyl groups enhances molecular weight of the resulting polymer 
through destabilization of β–agostic interaction due to the steric repulsion between β–
hydrogen of the growing polymer and isopropyl leading to decrease the β–H elimination 
[34]. 

 
Figure 14. Structure of the new FI catalysts reported by Ahmadjo et al [53]. 

The transition state for β-hydride elimination requires the overlapping of a σ C-H orbital 
with an empty d orbital of the metal, and the two carbon adjacent to the metal and β-
hydrogen must be on the same plane containing the metal between the two phenoxy-imine 
kelates. Therefore, the energy of the conformation needed for β-hydride elimination 
increases with increase of steric hindrance around the metal [83,84]. In the catalyst 
containing bulky isopropyl group phenyl ring on the N (Figure 14), it seems that β-carbon of 
polymer chain is not easily accommodated in the plane because of the steric interaction 
between naphthoxy-imine ligands of the catalyst and β-H of the growing polymer chain 
(Figure 15). It can be concluded that the sterically bulky substituents on the aniline ring of 
the naphthoxy-imine ligands cause a strong suppression of the both β-hydride elimination 
and β-hydride transfer to monomer leading to increase the molecular weight of the resulted 
polymer [53].  

Moreover, Damavandi and coworkers have reported the synthesis of novel FI Zr-type 
catalysts for ethylene polymerization [85]. Figure 16 depicted the structure of the 
catalysts.  
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Figure 15. β–agostic interaction: steric repulsion between β–hydrogen of the growing polymer chain 
and isopropyl alkyl substitutions phenyl ring on the N [53]. 
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Figure 16. Structure of the FI Zr-type catalysts [85]. 

Plurality of the fused aromatic rings on the N atom of the imine in the catalyst structure 
affected the polymerization activity and molecular weight of the resulting polymer as 
well. It has been reported that changing of ligand from FI-type single aryl substituted on 
the N atom of imine to further aromatic fused rings, enhances the steric hindrance of the 
catalyst which resulted in diminishing the catalyst activity in comparison with FI catalysts 
including single aryl substituted on the N. However, this replacement could increase the 
molecular weight of the polymer obtained. It is presumable that rigidity of the catalyst 
structure, sterically causes low β-hydride transfer through destabilization of β–agostic 
interaction. The Mv values of the obtained polymer using the catalyst containing 
naphtholato group were higher than the obtained polymer using the catalyst containing 
anilinato group (Fig. 15). The increase in Mv values is referred to the steric repulsion 
between a β-hydrogen of growing polymer and aromatic fused rings on the imine-N 
which could diminish β-hydride elimination through destabilization of β–agostic 
interaction [53,85].  

Furthermore, Damavandi et al. showed that polydispersity can remarkably increase with 
time which reveals that the system starts to deviate from pure living behavior [85]. 
Although a linear dependence between the polymerization time and the molecular weight 
was observed indicating for living behavior, but the polydispersity was broadened with the 
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and isopropyl alkyl substitutions phenyl ring on the N [53]. 
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Figure 16. Structure of the FI Zr-type catalysts [85]. 

Plurality of the fused aromatic rings on the N atom of the imine in the catalyst structure 
affected the polymerization activity and molecular weight of the resulting polymer as 
well. It has been reported that changing of ligand from FI-type single aryl substituted on 
the N atom of imine to further aromatic fused rings, enhances the steric hindrance of the 
catalyst which resulted in diminishing the catalyst activity in comparison with FI catalysts 
including single aryl substituted on the N. However, this replacement could increase the 
molecular weight of the polymer obtained. It is presumable that rigidity of the catalyst 
structure, sterically causes low β-hydride transfer through destabilization of β–agostic 
interaction. The Mv values of the obtained polymer using the catalyst containing 
naphtholato group were higher than the obtained polymer using the catalyst containing 
anilinato group (Fig. 15). The increase in Mv values is referred to the steric repulsion 
between a β-hydrogen of growing polymer and aromatic fused rings on the imine-N 
which could diminish β-hydride elimination through destabilization of β–agostic 
interaction [53,85].  

Furthermore, Damavandi et al. showed that polydispersity can remarkably increase with 
time which reveals that the system starts to deviate from pure living behavior [85]. 
Although a linear dependence between the polymerization time and the molecular weight 
was observed indicating for living behavior, but the polydispersity was broadened with the 
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time (Figure 17). The reason can be that either the catalyst is not truly living over the full 
polymerization time or that the single-site system turns into a multi-site system due to 
heterogenization of the system. This phenomenon could be comparable with self-
immobilization of single site catalysts that has been a subject of interest [86]. Similar result 
has been reported already by Ivanchev et. al [87]. The capture and blocking of active sites by 
the grown polymer after a certain polymerization time have been suggested. 

 
Figure 17. PDI and Mn versus time [85]. 

Also, Sandaroos and coworkers reported the synthesis and structure of novel Ti complex 
having a pair of chelating aminotropone [O–N] ligand [88]. Experimental as well as 
theoretical studies show that the active species derived from bis(aminotropone) Ti catalyst 
normally possess higher electrophilicity nature compared with those produced using 
bis(phenoxyimine) Ti complexes (Ti–FI catalysts) (Figure 18) [88].  

 
Figure 18. Structure of bis(aminotropone) Ti catalyst [88]. 

Ahmadjo et al. [53] Studied ethylene polymerization using FI catalysts in the presence of 
different amount of hydrogen. They reported that the polymerization activity can be 
increased with increasing the hydrogen concentration due to the fast hydrogenation of 
sterically more hindered and less reactive intermediates such as those resulting from 2,1-
insertions (Figure 19) [53].  
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Figure 19. Proposed mechanisms for reactivation of catalyst active centers by hydrogen [53]. 
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Figure 19. Proposed mechanisms for reactivation of catalyst active centers by hydrogen [53]. 
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Isomerization is possible when the polymer chain at the Zr center undergoes β-hydride 
elimination forming an intermediate of olefin hydride complex and the olefin reinserts in a 
2,1-manner into the Zr–hydride bond before insertion of the next monomer takes place. 
Consequently, methyl branches are formed (Figure 19). The new Zr-C bond is expected to be 
more hindered and less reactive for further monomer insertion which can be reactivated by 
hydrogen. As it is shown in Figure 19, in the presence of hydrogen, a dihydrogen complex is 
formed in the first step. This intermediate can subsequently form a hydride cation and a 
saturated alkyl chain, which is ejected from the active site. A new ethylene monomer can be 
inserted into the hydride cation structure and a new polymer chain starts to grow [53]. 

Additionally, 2,1-reinsertion of short olefin branches, terminated by β-H elimination which 
are still capable to be coordinated to the active centers, is probable. As it is shown in Figure 
19, in the presence of hydrogen, the resulting sterically more hindered and less reactive 
intermediate undergoes fast hydrogenation to form hydrid cation which is susceptible to 
start new ethylene polymerization. However, it has been suggested that the catalyst 
structure limits the hydrogen role during the polymerization specifically in the latest ligand-
oriented catalysts [53].  

7. Immobilizing polymerization catalysts 

The cocatalysts for bis(phenoxy-imine)Zr and Ti complexes are generally MAO 
(methylaluminoxane), i-Bu3Al/Ph3CB(C6F5)4 [64,79,89], or MgCl2-based activators [73]. There 
has been few report on common alkylaluminums alone as cocatalyst in the catalytic system of 
bis(phenoxy-imine)Zr and Ti complexes, they used some alkylaluminums, such as 
triethylaluminum (Et3Al), trihexylaluminum (He3Al), or trimethylaluminum (Me3Al), could 
activate bis(phenoxy-imine)Zr and Ti complexes for ethylene polymerization without MAO or 
Ph3CB(C6F5)6, It is found that only the alkylaluminum with three linear alkyls can activate 
catalyst. However, no polymer was found using i-Bu3Al or Et2AlCl as cocatalyst for complex. 
The molecular weights of the polyethylenes produced by FI catalyst with Et3Al, He3Al, or 
Me3Al are much higher than those produced with MAO. Also the polydispersities (Mw/Mn) of 
polyethylenes produced by FI catalyst with trialkylaluminums are higher than with MAO [54]. 

Up to now, several highly active transition metal complexes including metallocenes with 
MgCl2-based activator catalyst systems, often introduced as MgCl2-supported catalyst 
systems, have been reported [90,91]. These catalyst systems normally give polymers with 
broad molecular weight distributions. 

MgCl2 may work as an activator for the bis(phenoxy-imine)Ti complexes since these 
complexes possess O and N heteroatoms in the ligands, which are capable of electronically 
interacting with MgCl2. Thus, researcher decided to investigate MgCl2 as an activator for the 
bis(phenoxy-imine)Ti complexes in the hope of developing high performance catalysts 
based on these complexes [73,92]. 

At first dealcoholysis of a MgCl2/alcohol adduct with i-Bu3Al since this method produces 
highly porous small MgCl2 particles, which should be suitable as an activator. Ethylene 



 
Polymerization 136 

polymerization with complexes Bis[N-(3-t-butylsalicylidene)anilinato]titanium(IV) 
dichloride (1), Bis[N-(3-t-butylsalicylidene)cyclohexylaminato]titanium(IV) dichloride (2), 
Bis[N-(3-phenylsalicylidene)anilinato]titanium(IV) dichloride (3) were conducted under 
ethylene (0.9 MPa pressure) at 50 ◦C for 30 min using the above mentioned MgCl2/i-
BumAl(OR)n as an activator [92].  

i-Butylaluminum 2-ethyl-1-hexoxide, i-BumAl(OR)n, such as i-Bu2Al(2-ethyl-1-hexoxide), are 
expected to work as in situ alkylating reagents for the Ti complexes as well as scavengers in 
a polymerization sysytem, and MgCl2 may function as a Lewis acid to generate a cationic 
active species from an alkylated complex [93]. 

The complexes with MgCl2/i-BumAl(OR)n activator systems displayed high activities in the 
range of 20.8–36.3 kg-PE/mmol cat·h, with a steady uptake of ethylene over the 30 min 
duration of the run. 

It is of great significance that the activities obtained using MgCl2/i-BumAl(OR)n as the 
activator are comparable to those seen with the MAO activator system. Notably, the 
activities obtained with complexes/MgCl2/i-BumAl(OR)n are comparable to or exceed that 
found for the Cp2TiCl2/MAO catalyst system under the same conditions. Alternatively, 
complexes 1–3 combined with i-BumAl(OR)n or i-Bu3Al exhibited practically no activities 
under identical polymerization conditions. These results demonstrated that MgCl2/i-
BumAl(OR)n is an effective activator for bis(phenoxy-imine)Ti complexes, and MgCl2 is a 
pivotal component of the activator. The high performance exhibited by MgCl2/i-BumAl(OR)n 
as the activator towards the bis(phenoxy-imine)Ti complexes 1–3 may be related to the fact 
that the bis(phenoxy-imine) complexes possess O and N heteroatoms in the ligand, which 
are capable of electronically interacting with MgCl2.Remarkably, the molecular weight 
distribution (Mw/Mn) values of the polyethylenes arising from complexes 1–3/ MgCl2/i-
BumAl(OR)n systems lie in the range of 2.40–2.67 (MAO activation; 2.07–2.74), suggesting 
that the polymers are produced by single active species [92]. 

Moreover, Bis(phenoxy-imine) V complex in association with MgCl2/RmAl(OR)n 
demonstrate high activities at elevated temperatures (75 0C, 65.1 kg-PE/(mmol-cat h), 
atmospheric ethylene pressure) and a thermally robust single-site V-based olefin 
polymerization catalysts. All of the V compounds with MgCl2/EtmAl(OR)n provided very 
high molecular weight PEs (Mv > 5,000,000) for which we are unable to determine the 
molecular weights and molecular weight distributions using GPC analyses. All of the 
polyethylenes formed from the MgCl2/RmAl(OR)n systems display good polymer 
morphology, indicating that complexes are heterogenized on the surface of the 
MgCl2/RmAl(OR)n. These results suggest that MgCl2/RmAl(OR)n not only works as an 
excellent cocatalyst, but is also a good support for phenoxy-imine ligated V complexes [73]. 

Xu et al reported Bis(phenoxy-imine) zirconium catalyst, bis-[N-(3-tertbutylsalicylidence) 
cyclohexylaminato] zirconium(IV) dichloride, that directly impregnated onto MAO 
modified spherical MgCl2 support . The resultant solid catalyst was proved to be very active 
in ethylene polymerization, leading to the formation of spherical polymer particles with 
high bulk density. The activities of supported catalysts and the bulk density of the resultant 
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polymerization with complexes Bis[N-(3-t-butylsalicylidene)anilinato]titanium(IV) 
dichloride (1), Bis[N-(3-t-butylsalicylidene)cyclohexylaminato]titanium(IV) dichloride (2), 
Bis[N-(3-phenylsalicylidene)anilinato]titanium(IV) dichloride (3) were conducted under 
ethylene (0.9 MPa pressure) at 50 ◦C for 30 min using the above mentioned MgCl2/i-
BumAl(OR)n as an activator [92].  

i-Butylaluminum 2-ethyl-1-hexoxide, i-BumAl(OR)n, such as i-Bu2Al(2-ethyl-1-hexoxide), are 
expected to work as in situ alkylating reagents for the Ti complexes as well as scavengers in 
a polymerization sysytem, and MgCl2 may function as a Lewis acid to generate a cationic 
active species from an alkylated complex [93]. 

The complexes with MgCl2/i-BumAl(OR)n activator systems displayed high activities in the 
range of 20.8–36.3 kg-PE/mmol cat·h, with a steady uptake of ethylene over the 30 min 
duration of the run. 

It is of great significance that the activities obtained using MgCl2/i-BumAl(OR)n as the 
activator are comparable to those seen with the MAO activator system. Notably, the 
activities obtained with complexes/MgCl2/i-BumAl(OR)n are comparable to or exceed that 
found for the Cp2TiCl2/MAO catalyst system under the same conditions. Alternatively, 
complexes 1–3 combined with i-BumAl(OR)n or i-Bu3Al exhibited practically no activities 
under identical polymerization conditions. These results demonstrated that MgCl2/i-
BumAl(OR)n is an effective activator for bis(phenoxy-imine)Ti complexes, and MgCl2 is a 
pivotal component of the activator. The high performance exhibited by MgCl2/i-BumAl(OR)n 
as the activator towards the bis(phenoxy-imine)Ti complexes 1–3 may be related to the fact 
that the bis(phenoxy-imine) complexes possess O and N heteroatoms in the ligand, which 
are capable of electronically interacting with MgCl2.Remarkably, the molecular weight 
distribution (Mw/Mn) values of the polyethylenes arising from complexes 1–3/ MgCl2/i-
BumAl(OR)n systems lie in the range of 2.40–2.67 (MAO activation; 2.07–2.74), suggesting 
that the polymers are produced by single active species [92]. 

Moreover, Bis(phenoxy-imine) V complex in association with MgCl2/RmAl(OR)n 
demonstrate high activities at elevated temperatures (75 0C, 65.1 kg-PE/(mmol-cat h), 
atmospheric ethylene pressure) and a thermally robust single-site V-based olefin 
polymerization catalysts. All of the V compounds with MgCl2/EtmAl(OR)n provided very 
high molecular weight PEs (Mv > 5,000,000) for which we are unable to determine the 
molecular weights and molecular weight distributions using GPC analyses. All of the 
polyethylenes formed from the MgCl2/RmAl(OR)n systems display good polymer 
morphology, indicating that complexes are heterogenized on the surface of the 
MgCl2/RmAl(OR)n. These results suggest that MgCl2/RmAl(OR)n not only works as an 
excellent cocatalyst, but is also a good support for phenoxy-imine ligated V complexes [73]. 

Xu et al reported Bis(phenoxy-imine) zirconium catalyst, bis-[N-(3-tertbutylsalicylidence) 
cyclohexylaminato] zirconium(IV) dichloride, that directly impregnated onto MAO 
modified spherical MgCl2 support . The resultant solid catalyst was proved to be very active 
in ethylene polymerization, leading to the formation of spherical polymer particles with 
high bulk density. The activities of supported catalysts and the bulk density of the resultant 
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PEs are strongly dependent on dealcoholization temperature, while dealcoholization 
temperature also influences the molecular weight and molecular weight distribution of the 
resultant polymers. When the support was thermally pretreated at lower temperature, the 
resultant solid catalysts, were inactive for ethylene polymerization. On the contrary, when 
the support was pretreated at higher temperature, the corresponding solid catalysts were all 
active for ethylene polymerization [94].  

Ethylene polymerization by titanium complex having two phenoxy-imine with different 
supports and solvents has been investigated by Srijumnong et al [95]. The catalytic activity 
depended on supports used, and especially on the types of solvent medium. For the 
supported system, catalytic activities decreased in the following order: TiO2 >TiO2-SiO2 > 
SiO2. This can be attributed to the strong interaction of the TiO2 with dried MMAO 
(dMMAO) and the larger amount of dMMAO present on the TiO2 than other supports. 

Zhang et al. reported self-immobilized titanium and zirconium complexes with allyloxy 
substituted phenoxy-imine ligands as well as their catalytic performance for ethylene 
polymerization. The results of ethylene polymerization showed that the self-immobilized 
titanium (IV) and zirconium (IV) catalysts kept high activity for ethylene polymerization. 
SEM showed the immobilization effect could greatly improve the morphology of polymer 
particles to afford micron-granula polyolefin as supported catalysts. Polymer produced by 
self-immobilized catalysts had broader molecular weight distribution (3.5–19.2), while 
polymer produced by titanium and zirconium complexes free from allyloxy groups had 
very narrow molecular weight distribution (<3.0) in most case [96].  
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1. Introduction 

Molecular recognition processes found in nature have always inspired scientists to mimic 
these systems in synthetic materials such as molecular imprinted polymers. Selective receptors 
within a polymer have a huge range of applications such as in separation processes, analytical 
chemistry, sensors, catalysis, drug discovery and therapeutics. In this last area in particular, 
polymers are having a central role in recent developments and materials with molecular 
recognition ability can respond to new challenges and opportunities. 

The synergy of traditional pharmaceutical formulations with new polymers and hybrid and 
conjugated materials is leading to new approaches of treating diseases in medicine. In 2003 
Langer and Peppas have identified the combination of new polymers with molecular 
imprinting, as a new field in drug delivery but with applications not immediately 
forthcoming [1]. Since then the field has grown with increasing reported applications of 
molecular imprinted polymers for drug delivery and pharmaceutical applications, although 
not at the expected rate. From a literature search (Web of Knowledge database, April 2012) 
one can see that from the ca. 13000 published papers on molecular imprinting only less than 
170 are related to drug delivery. We believe this relatively small number of contributions 
can be attributed to difficulties in the synthesis and especially in the optimization of the 
polymers. Traditional methods are time-consuming involving multi-steps and in general 
MIPs are prepared using organic solvents which eventually leave toxic traces, incompatible 
with pharmaceutical and biomedical applications. Also safety, in particular biodegradability 
and cytotoxicity issues, must be addressed in applications where MIPs are in contact with 
biological tissues. In addition there is an extra difficulty of preparing MIPs with 
performance in aqueous solutions which is crucial to in vivo applications.  

It has already been demonstrated that MIPs are highly promissory drug delivery systems 
(DDS). Not just because of the high specificity of the active sites but also due to the 

© 2012 Soares da Silva and Casimiro, licensee InTech. This is a paper distributed under the terms of the Creative 
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possibility of introducing stimulus-responsiveness by choosing appropriated monomers. In 
addition the physicochemical properties of MIPs are able to protect the drug from enzymatic 
degradation during trafficking in the body [2]. However, only recently MIPs have been 
applied to drug release [3]. The possibility of preparing cheaper robust materials with 
molecular recognition capability and with tailored properties, is highly attractive to 
pharmaceutical applications and in particular for drug delivery.  

This Chapter will focus on the use of supercritical fluid technology as a viable and greener 
alternative to the synthesis and processing of molecularly imprinted polymers for potential 
pharmaceutical applications in particular for drug delivery. 

2. Molecular imprinting 

Molecular recognition comprises the specific interactions that enable one chemical entity to 
selectively recognize its physical and chemically complementary target molecule. The 
recognition mechanism is mainly mediated by weak non-covalent interactions, such as 
hydrogen bonding, ion-pairing, hydrophobic interactions and dipolar associations that as a 
whole govern the structural conformation of macromolecules and influence their interaction 
with other molecules. In nature there are several examples of successful recognition 
mechanisms, such as DNA-protein, RNA-ribosome and antigen-antibody. Biomolecules 
however tend to lose their recognition properties in abiotic environments. Furthermore they 
are considerably expensive, which limits their applicability. For those reasons scientists have 
shown a great interest in the design of artificial supramolecular systems that exhibit 
molecular recognition. Examples of these materials are crown ethers and calixarenes, that 
selectively bind specific cations [4], derivatives of parental cyclodextrins [5], dendrimers [6] 
and molecularly imprinted polymers (MIPs). 

Molecular imprinting is an emerging technique to create high affinity polymeric matrices, 
MIPs, for target molecules. The methodology relies on the stabilization of the monomers-
template assembly in the pre-polymerization step and posterior copolymerization with a 
crosslinking agent, in the presence of a porogen [7]. Template removal from the imprinted 
polymer at the end of the reaction leaves accessible chemical and sterically complementary 
binding sites. The generally accepted mechanism for the formation of MIPs is schematically 
presented in Fig. 1. 

 
Figure 1. Molecular imprinting schematic mechanism: (1) Monomer and template pre-assembly; (2) 
Polymerization with crosslinking agent; (3) Polymer-template bonds disruption and subsequent 
template removal; (4) Template rebinding. [8]  
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Imprinted polymers are synthetic receptors with binding constants comparable to natural 
receptors [9,10], but capable of withstanding harsh conditions of pressure [11], temperature 
and extreme pH [12], and organic solvents [13]. They are cheap to synthesize and can be 
manufactured in large quantities with good reproducibility. These properties explain the 
growing interest in imprinted materials in the last decades, resulting  in a significant 
increase in reported works in such diverse areas as in synthesis and catalysis [14,15], solid-
phase extraction [16,17], chromatography [18,19], sensing [20,21] and in drug delivery [22,23].  

In literature one can find many functional monomers and their combinations, typically used 
in molecular imprinting. Mayes and Whitcombe listed a significant part of monomers 
typically used in non-covalent molecular imprinting and corresponding literature [24]. The 
most common monomers are methacrylic acid (MAA), acrylic acid (AA), 4-vynilpyridine, 
diethylaminoethyl methacrylate (DEAMA), acrylamides, 2-hydroxyethyl methacrylate 
(HEMA), etc. Typical cross-linkers used in molecular imprinting are acrylated-based (e.g. 
ethyleneglycol dimethacrylate EGDMA, trimethylolpropane trimethacrylate TRIM, etc), 
styrenic-based (e.g. divinylbenzene DVB), water soluble cross-linkers (e.g. ethylene-bis-
acrylamide), among many others. In 2004 Hilt and Byrne reported a quite complete list of 
molecularly imprinted biologically significant molecules, where is visible that methacrylic 
acid and ethylene glycol dimethacrylate are probably the most common monomer and 
cross-linker used in the synthesis of MIPs [25].  

3. Synthetic approaches and design of MIPs 

Molecularly imprinted polymers can be prepared according to a number of approaches that 
essentially differ in the way the template interact first with the functional monomer and 
later with the polymeric binding sites. Although  the divisions among them are becoming 
somewhat blurred due to the emergence of more complex hybrid strategies, the main 
molecular imprinting approaches considered are covalent, non-covalent, semi-covalent and 
metal ion-mediated imprinting.  

Covalent imprinting, first developed by Wulff [26], was the initial strategy to introduce 
molecular affinity in polymeric matrices. By means of this imprint methodology, templates 
with polymerizable groups are reacted to prepare the recognition matrix. At the end of the 
polymerization the template is cleaved from the matrix and the functionality left in the 
binding site is available for future covalent rebind of the target molecule. The great 
advantage of this approach is that the functional groups are only associated with template 
sites. However, difficulties in the cleavage of the template and limitations found in the type 
of compounds that can be imprinted by this way led to the development of other imprinting 
methodologies. 

Non-covalent imprinting, pioneered by Mosbach [27], is currently the most used approach 
to produce molecular recognition matrices because of its simplicity and easy availability of 
the commercial monomers used. The efficiency of MIPs prepared by non-covalent 
methodology relies in the successful stabilization of template-monomer (T-M) complexes 
formed in the pre-polymerization step, through numerous non-covalent interactions such as 
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hydrogen bonding, ion-paring and dipole-dipole interactions. After the matrix prepared and 
template-cleaved, the rebinding is achieved also via non-covalent interactions, providing 
higher kinetic constants than MIPs prepared by covalent imprinting. The simplicity of the 
method, allied with the easy and cheap preparation, as well as the high selectivity that the 
polymers can have, seem to overcome potential complex stabilization issues. 

Semi-covalent imprinting route combines both covalent and non-covalent interactions 
during the synthesis and rebinding process, respectively. When using this approach, a 
template with covalently bound polymerizable groups is used to prepare the recognition 
matrix, affording polymers with narrower distribution of the binding sites. Also, the 
inexistence of other kinetic restrictions than those encountered by diffusion can be 
considered a big advantage of this methodology. Two different approaches have been 
developed in which the template and the monomer are directly connected or, hence, have a 
sacrificial spacer group between them. This latter has been intensively developed by the 
group of Whitcombe [28].  

Metal ion-mediated imprinting uses metal ions to target a wide range of functional groups 
through the donation of electrons from heteroatoms of ligands to the unfilled orbitals of the 
outer coordination sphere of the metal. By means of this approach, a polymerizable ligand is 
used to complex the metal ion that coordinates to the template [29], yielding therefore 
matrices with highly specific active sites. 

The development of molecular recognition polymers involves the optimization of a number 
of experimental variables that determine the thermodynamic balance of the system and 
consequently the specificity of the matrix towards the template molecule. The most 
important parameters that have to be carefully optimized are the choice of the functional 
monomers according to the template nature, monomer: template (M:T) ratio, the 
crosslinking degree and the solvent of the polymerization. 

The non-covalent approach is the most widely adopted method due to the reasons already 
exposed above. M:T ratio has a major influence in non-covalent imprinting as it directs the 
equilibrium of formation of template-monomer complexes. Functional monomers are 
typically used in excess to shift the equilibrium towards complex formation, that results in 
some of functional groups being randomly distributed throughout the polymer, leading to 
non-specific binding [30]. Although there is no straightforward correlation between the 
amount of template and the formation of specific sites within the polymer, a slight decrease 
in the absolute number of high-affinity sites has been reported when low template 
concentrations are used while the relative yield in high-affinity sites increased [31]. 

This is extremely important in order to extend the application of non-covalent molecular 
imprinting to expensive or poorly soluble template molecules. On the other hand high 
concentrations of template lead to an increased number of random affinity binding sites, 
increasing non-specific interactions [31,32]. 

The cross-linker agent fulfils three main purposes in imprinting technique: 1) it controls the 
polymer morphology (whether the matrix formed is of gel type, macroporous or microgel 
powder); 2) it freezes the functional monomer-template complex within the matrix; and 3) 
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imparts mechanical stability to the polymeric network. The integrity of the binding sites 
responsible for the recognition mechanism usually requires a rigid structure, with high 
crosslinking density, which minimizes the possible conformations of the matrix. However, 
when lower ratios of cross-linker are used, the matrix is more flexible, which can turn the 
equilibrium between drug release and uptake in the recognition site faster. Therefore, a 
compromise between the rigidity and flexibility of the network is necessary [23]. The 
imprinted cavities should be stable enough to maintain the conformation in the absence of 
the template, but also flexible enough to ease the fast equilibrium between the release and 
re-binding of the template in the cavity during its application. 

The solvent or porogen used in the imprinting process has also a significant effect in surface 
morphology and molecular recognition properties of the polymers [33,34], particularly in 
the case of non-covalent imprinting.  The success of imprinting relies on the relative amount 
of cross interaction between the solvent and the intended non-covalent interactions 
employed during T-M complex formation. If the solvent interferes or competes with any of 
these interactions, less effective recognition will occur. Furthermore it is well known that the 
performance of the MIP is usually optimized in the solvent used in the synthesis achieving 
better selectivity and rebinding results, i.e., there is a memory effect [35]. 

The influence of pressure in the imprinting process was studied by Sellergren and co-
workers, by means of hydrostatic pressure, using three different solvents (dichlorometane, 
methanol and 2-propanol) and two different triazines as templates [36]. Their results 
support the idea that high-pressure could be used to stabilize template-monomer complexes 
and result in higher affinities.  

The increasing restrictions in the use of organic solvents prompted the development of new 
greener methods for the preparation of MIPs. Some efforts have been made in the synthesis 
of imprinted polymers in aqueous environment; however it presents many problems since 
the high concentration of water molecules weakens the interactions between the monomer 
and the template, decreasing the selectivity of the MIP for the template molecule [35]. 
Attempts have been made by using functional monomers that may stabilize the complexes 
through hydrophobic interactions, such as cyclodextrins [37], metal coordination [38] or by 
multi-step polymerization procedure which is time-consuming and energy intensive drying 
steps are required.  

4. Applications of MIPs 

Imprinted polymers play an important role in separation processes. MIPs can be used as 
absorbents in solid phase extraction [39,40], extraction of contaminants from environmental 
samples [41], food analysis [42], analytical chemistry [43] and chromatography, which is the 
most traditional application of MIPs. In particular, MIPs can be used as chiral stationary 
phases, replacing expensive chiral columns and avoiding chiral mobile phase additives and 
derivatisation with chiral reagents. Successful imprinting systems are able to deliver 
polymeric networks with effective enantiomeric recognition properties when templating a 
chiral molecule. Higher affinity to the template enantiomer is translated in a predictable 
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order of elution when using MIPs as chiral stationary phases, as the template establishes a 
higher number of interactions with the polymeric matrix and therefore is more retained. The 
use of MIPs as stationary phases has been object of intense research, with many papers 
published in the area [44,45,46,47,48]. 

Membrane technology is an active, growing field, which has gained a huge importance in 
the last forty years, as high-throughputs membranes were developed. New trends 
encounter the development of affinity membranes, with molecular recognition character 
inspired in natural mechanisms. Molecularly imprinted membranes (MIMs) emerge as 
potential affinity materials due to their low cost, ease of preparation and good molecular 
recognition performance [49]. Also the development of sensors and biosensors are gaining 
significant interest in the last years. MIPs have been used in transducers and integrated in 
sensors [2].  

Another very promising area is the application of MIPs in catalysis. The robustness and high 
selectivity of molecular imprinted polymeric materials turn possible their use at harsh 
conditions of temperature and pressures, in a wide range of organic solvents and pH 
conditions, replacing for instance enzymes [50].  

The use of molecular imprinted polymers in drug delivery systems is a new and attractive 
area of research. Developments in the field of polymer synthesis and polymerization 
mechanisms are being reflected in MIPs synthesis, where various mechanisms can be 
followed to obtain more controlled macromolecular architectures [51] and by exploring new 
intelligent analyte-sensitive hydrogel co-polymers [1]. We believe that the development of 
new biomimetic materials for controlled and targeted drug delivery will be for sure one of 
the most active areas of molecular imprinting in the next years, and where supercritical fluid 
technology can have a relevant role by delivering materials with the required features for 
pharmaceutical and biomedical applications. 

5. Supercritical fluid technology 

A supercritical fluid is a substance above its critical temperature and pressure but below the 
pressure required to condense it from the fluid to the solid state [52]. The properties of 
supercritical fluids are somewhat intermediate between those of liquids and gases (Table 1), 
they have gas-like diffusivities and liquid-like densities, in addition to an easily tuneable 
solvent power [53].  
 

 Diffusivity (cm2/s) Density (g/mL) Viscosity (Pa.s) 

Gases 0.1 10-3 10-5 

Supercritical fluids 10-3 0.3 10-4 

Liquids 5 x 10-6 1 10-3 

Table 1. Physical properties of gases, liquids and supercritical fluids (adapted from [53]). 
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Supercritical carbon dioxide (scCO2), in particular, possesses numerous properties that 
made it emerge as the most extensively studied supercritical fluid. It has a low critical point, 
is inexpensive, readily available in high purity and is a gas under ambient conditions, 
meaning that by simple depressurization of the system no solvent residues will be found in 
the final product. It is a GRAS solvent (Generally Recognized As Safe) 
([http://www.fda.gov) and considered a “green” alternative solvent.  

In the last years, scCO2 has already proved to be an excellent medium for the synthesis and 
processing of polymers [54,55,56], impregnation of active substances [57], formation of 
porous structures [58,59], textile cleaning [60], chemical reactions [61], extraction [62], etc. 

Polymers and other high average molecular weight macromolecules and polar materials are 
typically not soluble in supercritical carbon dioxide, with exception of silicones and 
fluorinated polymers. On the other hand monomers are usually very soluble. This means 
that initial homogeneous phases are easily obtained at mild pressure conditions at the 
beginning of the reaction and when the polymer reaches a certain threshold molecular 
weight it precipitates being collected inside the reactor (Fig. 2b). This is a typical 
heterogeneous reaction by precipitation. Depending on the solubility of template and 
monomers in the scCO2 medium, different polymerization approaches can be followed such 
as dispersion and emulsion [63]. 

Typically a polymer is synthesized in scCO2 inside a stainless steel high-pressure vessel 
equipped with a pressure transducer. Several types of reactors can be used with magnetic or 
mechanically stirring or equipped with visual windows to allow full observation of the 
inside (Fig. 2a). 

 
Figure 2. a) 33 mL high-pressure visual reactor used in our lab and b) ready-to-use dry MIP polymer 
powder synthesized in scCO2. 

Polymerization of the typical monomers used so far in scCO2-assisted molecular imprinting 
is radical initiated, usually with AIBN. That is why typical reactions are carried out at 
around 65ºC, the optimal initiation temperature. Initial pressure of the reaction is chosen in 
order to have a one single phase at the beginning of the reaction, with all reactants, 
monomers, cross-linker and initiator soluble in the CO2 continuous phase, as well the 
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template molecule. There is the possibility of adding a stabilizer that can further control the 
morphology of the polymer by minimizing the surface area of the particles forming 
spherical particles with monodisperse particle size distribution [64,65].  

Phase behaviour studies such as cloud point curve determination for the reaction mixture 
are important for the polymerization optimization [66]. In addition, as organic solvents are 
typically soluble in scCO2, a small amount of an organic solvent co-solvent can be added in 
order to tune the polarity of the medium, and help dissolving more polar molecules.  

6. Supercritical CO2-assisted synthesis of MIPs  

Supercritical CO2-assisted molecular imprinting has recently demonstrated to be a clean and 
one-step synthetic route for the preparation of MIPs, with attested performance in 
chromatography [47], drug delivery [67,68,69], and extraction [70,71,72,73]. The advantages 
of using scCO2 as solvent in the molecular imprinting process go beyond environmental 
concerns. By performing the synthesis in an apolar aprotic porogen, such as scCO2, the T:M 
complexes can be highly stabilized giving rise to well-defined active sites and leading to 
materials with high affinity [74]. Furthermore the matrices can have a controlled 
morphology and are obtained as dry powders, with no solvent residues, avoiding posterior 
purification and drying steps, which are major advantages over conventional methods. 
Moreover the use of supercritical fluids in the removal of template molecules can increase 
the diffusion coefficient at least 10-fold [75], which can overcome this actual limitation of 
conventional molecular imprinting. Thus the use of scCO2 can bring not just advantages in 
the synthesis of the polymers but also in the template desorption from the matrix at the end 
of the polymerization, and it can be further used in the impregnation of the bioactive 
molecules in the matrix by scCO2-assisted impregnation. 

Imprinted polymers have gained much importance over the last years, and their potential 
use in drug delivery applications, as unique delivery systems or incorporated into other 
drug delivery devices, are being widely studied. The use of MIPs could improve the control 
over the therapeutic release by sustaining the delivery of the agent and intelligently 
releasing the drug in response to small variations in the environment. Moreover the 
majority of the drugs act by a molecular recognition mechanism and molecular imprinting 
technique also enhances the loading capacity of the polymers towards the template drug.  

The first work reporting the potential use of MIPs as sustained drug delivery carriers was 
conducted by the group of Nicholls [76] and studied the drug dissociation kinetic from 
theophylline-imprinted polymers, at different pH and loaded with different amounts of 
drug. The imprinted polymers synthesized demonstrated higher affinity towards 
theophylline than to caffeine and displayed a more sustained delivery than the 
corresponding control polymer. This work was followed by many others reporting the 
development of MIPs with potential use as DDS. Some recent developments include the use 
of molecular imprinting in the preparation of materials for ocular, transdermal and oral 
drug delivery. Templates such as theophylline, histamine, ephedrine [77], propranolol 
[77,78,79,80,81], citalolpram [82], H1-antihistamines [83], sulfasalazine [84], 5-Fluorouracil 
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[85], norfloxacin [86], hyaluronic acid [87], levofloxacin [88] among many others have been 
used with success. Propranolol a β-blocker widely used for hypertension treatment, is one of 
the most used templates, and is indeed the most successful imprinted molecule.  Its choice is 
not only justified by its clinical relevance, inherent chirality and availability in 
enantiomerically pure and radio-labelled forms, but also because of its ability to stablish 
strong ion-pair interactions as well as hydrophobic [89]. The actual great challenge in the 
synthesis of MIPs is to imprint other interesting molecules such as macromolecules, charged 
or low functionality molecules [90].  

Over the last years a great effort has been made to develop imprinted matrices for drug 
delivery applications with some chain flexibility. Although the majority of imprinted 
polymers reported possess high crosslinking degree and therefore limited chain mobility, a 
certain degree of flexibility can be found in biological systems, with recognition occurring in 
aqueous environment as the result of numerous non-covalent interactions. Much of the 
theory concerning conformational memory in biological macromolecules, such as proteins, 
is valid for molecularly imprinted polymers. Thus, the design of imprinted matrices with a 
certain mobility of the polymeric chains has been studied to improve the properties of 
common hydrogels. 

Hydrogels are networks of hydrophilic polymers that have attracted wide research interest 
as controlled release devices due to their tunable chemical and three-dimensional physical 
structure, good mechanical properties, high water content and biocompatibility [1].  
Hydrogels can be successfully synthesized in scCO2 [91,92]. Poly(N-isopropylacrylamide) 
(PNIPAAm) hydrogel with controlled morphology was synthesised in scCO2, with 
advantages when compared with conventional polymerization since there is no need for 
intensive drying of the material before further processing or characterization steps. Thus the 
combination of hydrogel development using supercritical fluid technology with molecular 
imprinting has a strong potential in the design of new targeted DDS therapies.  

Supercritical CO2-assisted synthesis of MIPs as potential DDS was first developed by 
Casimiro and collaborators [67]. The work reports the synthesis in supercritical medium of 
spherical particles of poly(diethylene glycol dimethacrylate), PDEGDMA, using a carboxylic 
acid end-capped perfluoropolyether oil as stabiliser. Polymerisations were carried out in the 
presence of different concentrations of salicylic acid and acetylsalicylic acid and results 
showed that MIPs were able to uptake higher amounts of template drug during scCO2-
assisted impregnation and release it in a more sustained way when compared with non-
imprinted polymers (NIPs). In addition there was an evident correlation between the 
amount of template used in the synthesis and the loading capacity in the impregnation of 
the polymers using scCO2. These promising results prompted the optimization of other 
imprinting systems, through the study of the influence of some experimental variables in 
the performance of MIPs as drug delivery carriers.  

Copolymers of methacrylic acid (MAA) with ethylene glycol dimethacrylate (EGDMA) and 
N-isopropylacrylamide (NIPAAm) with EGDMA were designed in scCO2 to have molecular 
recognition to flufenamic acid (FA) [68]. The synthesized polymeric matrices with different 
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ratios between template and functional monomer and different crosslinking degrees were 
further impregnated with FA in scCO2 and the drug release profiles evaluated in vitro. The 
results showed that by changing the experimental parameters above mentioned it is possible 
to tune the molecular recognition of MIPs and therefore the drug delivery. Although highly 
cross-linked matrices possess higher imprinting factor, all the imprinted polymers presented 
more sustained release of FA than control polymers, due to the affinity introduced by 
molecular imprinting. High-pressure NMR was used to study the interactions between the 
template and the monomers in the pre-polymerization mixture. The results confirm that 
there are hydrogen bond interactions between the carboxylic acid groups of FA and 
monomers, which are responsible for the specificity of the binding sites. 

 
Figure 3. a) SEM image of MIP polymer and b) MIP particles in contact with Caco-2 cells (1500×, 20 kV) 
from [69]. 

Low cross-linked polymeric networks composed of 2-(dimethylamino)ethyl methacrylate 
(DMAEMA) and EGDMA with molecular recognition to ibuprofen were developed using 
supercritical fluid technology [69]. After impregnation of the matrices with the drug using 
scCO2-assisted impregnation, the polymers were evaluated as potential DDS in two 
different in vitro situations. In the first the polymers were allowed to release the drug over 
several days and in the second an oral administration situation was simulated and the 
polymers were subjected to different pHs and the drug release profiles studied for a period 
of 8 hours. The results show that MIP had an extraordinary ability to uptake the template 
drug during scCO2-assisted impregnation, when compared with the NIP (33.1 wt% versus 
10.2 wt%). Further, cytotoxicity experiments performed with Caco-2 cells revealed that the 
polymers are biocompatible and could therefore be used in biomedical applications. Fig. 3a 
shows the MIP particles synthesized in scCO2 and Fig. 3b the proliferation and the adhesion 
of Caco-2 to the particles which shows its compatibility.  

Furthermore, the affinity structures were able to maintain their selective recognition 
properties in aqueous environment. Water-compatible molecular recognition is a real 
challenge as traditionally MIPs present better performance in hydrophobic organic solvents. 
Supercritical CO2 can provide a potential alternative to the synthesis of MIPs with good 
performance in biological fluids, crucial for in vivo applications. 
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Though we believe the use of supercritical fluid technology is very promising and 
challenging in the development of MIPs, there are of course still some limitations. An 
example is the development of molecularly imprinted contact soft lenses where 
transparency of the polymer is a required parameter. Typically polymers are obtained as 
amorphous white powders not in accordance with this specific requirement. However even 
in these cases supercritical fluid technology can be beneficial for instance in the 
impregnation of drugs into the lenses taking advantages of the high diffusivity of scCO2 [93].  

Very recently a MIP was developed for the first time using the semi-covalent approach 
using supercritical fluid technology [71]. Molecularly imprinted polymeric particles with 
molecular recognition towards bisphenol A (BPA) were synthesized using bisphenol A 
dimethacrylate, a monomer containing the template. Bisphenol A was then cleaved from the 
polymeric matrix by hydrolysis with tetrabutylammonium hydroxide (n-Bu4OH) with 
scCO2, taking advantage of its high diffusivity. Once again the MIP showed a good 
performance in aqueous solutions, due to the fact of CO2 is an aprotic solvent, as explained 
above. This could open up a new possibility of molecular imprinting for drug molecules, 
which however needs the use of a template-containing molecule with polymerizable 
backbones. Still it could lead to a stricter control over the functional group location and 
uniform distribution binding sites, characteristic of covalent imprinting, and the reduced 
kinetic restriction during rebinding, characteristic of non-covalent imprinting approach. 

Recently supercritical fluid technology has also been proposed as a viable alternative to 
prepare hybrid MIMs [70]. This methodology took advantage of the ability of scCO2 to 
induce phase inversion of poly(methyl methacrylate), to prepare PMMA-based membrane 
with imprinted particles casted. Results showed that the immobilization of imprinted 
polymers by incorporation of MIPs into a casting solution for membrane production is a 
viable method to produce affinity membranes, which are able to be loaded with higher 
amounts of the template molecule than the non-imprinted membrane, even in dynamic 
conditions. This means that it is possible to confer molecular recognition to other types of 
structures and scaffolds by immobilizing MIP particles. 

7. Final remarks  

The continuous advances in materials science, in particular in the development of smart 
targeted DDS and materials with molecular recognition will for sure bring important 
progresses in biomaterials applications. The development of molecularly imprinted 
polymers as drug delivery systems although in an emerging stage, has already shown its 
high potential. The affinity to the target molecules, introduced by molecular imprinting, 
provides polymers with the ability to load higher amounts of the template molecule, 
compared to the non-imprinted polymers, either in aqueous solutions or in supercritical 
environment. In addition in vitro drug delivery experiments revealed that the macromemory 
effect yields polymeric DDSs able to release the drug in a more sustained way. Additional 
degrees of control in drug release can be introduced by tuning the MIP composition for 
instance with stimulus-responsive polymers. Furthermore the immobilization of imprinted 
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particles within porous structures, such as membranes, seems to be a feasible option for the 
preparation of affinity devices with potential application as DDS. 

Supercritical fluid technology is a very promising way to prepare MIPs. While it provides a 
clean route for the synthesis, since it avoids the use of organic solvents and multistep 
processes, it can also bring high control over the morphology of the polymers. We believe 
that this technology has still much to offer to molecular imprinting and that the combination 
of both technologies is a good synergy to design new materials and structures with a high 
purity level and tunable molecular recognition, with the needed requirements for 
biomedical and pharmaceutical applications.  
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1. Introduction 

Emulsion polymerization (EP) is a complex heterophase process which involves many 
components and also runs sequentially and in parallel physicochemical processes that 
determine the composition of the emulsion, the formation mechanism of polymer-
monomeric particles (PMP), conditions for the formation of interfacial layer, etc. There are a 
number of factors that collectively affect the kinetics of emulsion polymerization, among 
them: 

 initiator decomposition, 
 dispersion of the monomer, 
 emulsifier redistribution between phases, 
 microemulsification, 
 formation of interfacial adsorption layer, 
 initiation of polymerization, 
 PMPs formation, 
 diffusion of monomer into PMPs.  

The initial stage of emulsion polymerization defines the basic parameters of the process: the 
rate of polymerization and the formation of interfacial layer, the number of particles, their 
size distribution, molecular masses of polymers and molecular mass distribution. The 
mechanism of formation of PMPs has been widely discussed in the literature and the 
researchers can not possibly come to a consensus. 

© 2012 Khaddazh et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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This can be explained by the fact that in the original system, different types of particles may 
be present depending on the nature of system components and their concentrations: 

 individual molecules of surfactant 
 micelles of surfactant 
 monomer swollen surfactant micelles 
 surface-active oligomers formed during the initiation of polymerization in the aqueous 

phase 
 mixed micelles (surfactant + oligomers) 
 macro- and microdroplets of the monomer. 

In addition to these particles, the emulsion of the monomer may contain specially added 
low-molecular-weight substances necessary for the preparation of polymeric suspensions 
with desired properties. 

2. Mechanisms of polymer-monomer particles formation in emulsion 
polymerization 

In the literature there are various hypotheses about the mechanism of particle formation in 
emulsion polymerization, the main ones assume the formation of PMPs from: 

- micelles of emulsifier,  
- macromolecules of the polymer dropped out in water (the mechanism of homogeneous 

nucleation),  
- by the mechanism of nucleation aggregative which combines elements of different 

modes of particle formation  
- microdroplets of monomer.  

None of the hypotheses proposed to date is confirmed by reliable experimental data. 
Hereinafter we briefly recall these hypotheses. 

2.1. Micellar mechanism  

Micellar mechanism of particle formation is based on a qualitative model proposed 
simultaneously and independently by Harkins [1,2] and Yurzhenko [3,4]. The basic points of 
such mechanism are as follows: 

1. Emulsion polymerization is a usual process of a radical polymerization, its features are 
explained by the fact that the main site of reactions - micelles and PMP - have discrete 
volumes. 

2. At the initial stage of the polymerization the reaction system consists of emulsifier 
micelles, PMP and large monomer droplets. 

3. Polymerization starts only in the emulsifier micelles, which when attacked by a radical 
convert to PMP, monomer droplets being only the source of monomer. Diffusion of 
monomer from droplets through the aqueous phase and into the PMPs does not limit 
the process that leads to the establishment of equilibrium monomer concentration PMP, 
which persists as long as monomer droplets are present in the system. 
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According to these ideas, in the presence of surfactants, the initial emulsion consists of two 
kinds of particles of different sizes: the monomer droplets with diameters of 5-20 microns 
and colloidal degree of dispersion and monomer-swollen surfactant micelles (5-10 nm).  

The mechanism of Harkins-Yurzhenko lied in the base of Smith and Ewart quantitative 
theory [5-7], with further refinements in the works of other authors [8-70]. The main aspect 
of this theory is that radicals formed in the aqueous phase are trapped by the monomer 
swollen surfactant micelles and turn to PMP. It is assumed that only one out of every 100-
1000 micelles captures a radical and becomes PMP, and the rest of the micelles are spent to 
stabilize the growing PMPs. Polymer-monomer particles formation ends with the 
disappearance of micelles of the emulsifier in the aqueous phase, after which the number of 
particles remains constant. 

Initial system contains monomer droplets with a diameter of 5-15 microns, their 
concentration being 1012-1014 droplets/l, the monomer-swollen micelles with diameters of 5-
10 nm and the number of micelles 1018-1021 l-1, and a water-soluble initiator (usually 
potassium persulfate) at a concentration of 1% per monomer [8]. Only a small fraction of the 
molecules of the monomer is located in the interior of the micelles (1-2%) and is dissolved in 
the aqueous phase (0.03% for styrene). In the aqueous phase, 1014-1016 PMP / l are formed 
with a diameter in the range of 20-200 nm. Monomer droplets due to their relatively small 
surface area hardly compete with micelles in capturing radicals. 

In the polymerization process PMPs increase their size due to the diffusion of the monomer 
from droplets and monomer-swollen micelles which contains no radicals [1-3, 5, 9-15].  

Three limiting cases were considered: 

1. The number of free radicals in the particles is small compared with the total number of 
radicals, thus the average number of radicals per particle is much less that unity. 

2. The average number of radicals per particle is equal to 0.5. This case is realized under 
following conditions: the activity of the radical in the particle persists as long as the 
second radical enter the particle, and the time of chain-breaking is small as compared 
with the average time interval of successive absorption of radicals by the particle. 
The authors believe that case 2 corresponds to the emulsion polymerization of styrene 
in the presence of potassium persulfate [5]. The rate of formation of primary radicals is 
equal to 1013 radicals• ml-1s-1. The average number of polymer particles is of the order of 
1014 -1016 in 1 ml of the system. If all the radicals formed by the decay of the initiator 
enter the polymer particles, the average frequency at which a radical enters a particle is 
once per 10 - 100 sec. 
At any time, the particle contains either one radical or does not contain radicals at all, 
since it is assumed that chain termination occurs immediately in contact with the 
second radical in the particle. The particle is inactive until the next radical does not 
enter the particle, i.e. by 10-100 sec. Consequently, half of time each particle contains a 
radical and another half of time does not contain radicals, i.e. one half of the particles 
are active and each of them contains one polymer radical. Thus, the polymerization 
rate, referred to 1 ml of latex, is expressed by the equation: 
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where N is the number of PMPs in 1 ml of latex, kp is the propagation rate constant,[M] 
is the concentration of monomer in the PMP. 
The rate of polymerization is determined by the number of particles and it does not 
depend on particle size if it is not very large. 

3. If the particle size is large, they may contain several radicals at the same time, as in the 
case of suspension polymerization. This condition corresponds to the third case: the 
number of free radicals in the polymer particle is large, each particle has a certain 
steady-state concentration of radicals.  

After completion of the formation of PMPs their concentration in water remains relatively 
constant until the end of polymerization. The size of particles becomes larger due to the 
diffusion of monomers from monomer droplets which serve as reservoirs for the growing 
particles. Most of the monomer is consumed in the growth stage of particles (approximately 
10 to 60% monomer conversion). The stage of particle growth (interval II) ends with the 
disappearance of monomer droplets in the system. For case 2 the following assumptions 
were implanted: 

1. The number of particles per unit volume of water remains constant throughout the 
polymerization; 

2. The particle size distribution is relatively narrow; 
3. No desorption of free radicals from the particles; 
4. Bimolecular termination of polymer radicals, located in a particle diffusing with a 

radical from the aqueous phase is instantaneous.  

Figure 1 illustrates the evolution of the rate of emulsion polymerization. The kinetic curve 
contains three phases: a relatively short stage I, characterized by the growing 
polymerization rate, stage II of a constant rate of the process, and stage III, where the 
polymerization rate decreases.  

Stage I refers to a micellar stage of emulsion polymerization. It describes the formation of 
PMP and the increase in their number. In stage II, the formation of new particles does not 
occur, and the main process parameters: growth rate constant, kр, the number of radicals in 
the particle, n; number of particles, N, and monomer concentration [M], respectively, and 
the constant changes in the rate of polymerization not observed. Stage III begins after the 
disappearance of monomer droplets. In this case, all the monomer is contained in the 
volume of PMP and the rate of polymerization of the consumption of monomer decreases. 

Shortly after the publication of the Smith-Ewart theory, many other interpretations that 
discuss deviations from the theory were issued [8-33]. There have been many recent 
indications of change in the number of particles in the emulsion polymerization. In stage II, 
the Smith-Ewart assumption on the discreteness of the latex particles is not supported. 

Nevertheless, the consideration of the number of particles in the emulsion system as the 
main kinetic factor remains the basic idea of the Smith-Ewart theory. 
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Figure 1. Three intervals of the dependence of polymerization rate on monomer conversion (from Prog. 
Polym. Sci. 26, 2001, p. 2094) [16] 

Today it is obvious that the observed phenomena in emulsion polymerization are extremely 
diverse and can not yet be explained by a single theory. 

Kinetic description of emulsion polymerization is complicated due to the difficulty of 
establishing a place where elementary reactions proceed, and concentrations of reagents in 
these places. 

The classical theory of emulsion polymerization of the Smith-Ewart, establishing a link 
between the synthesis conditions and the basic parameters of the process, proved to be 
applicable only to a limited number of objects. It describes EP of nonpolar monomers in the 
presence of surfactants insoluble in monomer. 

Later on, these ideas have been modified by Gardon [17-23], Harada [24], Stokmayer [25], 
O'Toole [26], Ugelstad [27-29], Kuchanov [30-32], etc.  

A more general review of topochemistry and kinetics of polymerization of the latex were 
presented by Medvedev et al. [8-11, 14]. Agreeing with Harkins-Yurzhenko's ideas 
concerning particles formation, Medvedev, nevertheless, has proposed that micelles have 
properties of swarms, and an exchange of molecules and radicals between (a) micelles 
themselves, and (b) micelles and polymer particles takes place. This assumption considers 
the processes occurring with the participation of micelles as homogeneous ones averaged 
over the main parameter - the concentration of emulsifier. 

Key topochemical and kinetic features of emulsion polymerization according to Medvedev 
may be formulated as follows:  
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I. With water-soluble peroxide compounds which form initiating radicals in aqueous 
solution polymerization, depending on the nature of monomers, starts in water or micelles. 
When using oil-soluble polymerization initiators, regardless of the nature of the monomer, it 
begins in micelles since they contain both monomer and initiator. 

The process proceeds further in 10-100 nm PMP, in which monomer concentration during 
the reaction remains constant (for polymers which are soluble in their monomers, this 
concentration is 40-50%). 

It is essential that the polymerization does not start simultaneously in all the micelles, but 
only in a small part of them. This is because the concentration of initiating radicals is usually 
much lower than the number of micelles. The emulsifier contained in the polymer-free 
micelles is used to stabilize the increase in volume of PMP. Since initiating radicals are 
formed in the molecular aqueous solution or in adsorption layers of the emulsifier (which 
means in the micelles or at the surface of polymer particles), the polymer radicals occur near 
these adsorbed layers. Because of the low rate of diffusion of polymer radicals in viscous 
phase of PMP the reaction growth and chain termination take place not in the whole volume 
of the particles (especially in their relatively large volume), but in some zone near the 
surface. The volume of this zone is determined by the concentration of emulsifier in the 
process, and in some cases remains approximately constant. 

II. The total rate of emulsion polymerization is 102-103 higher than the polymerization rate 
in homogeneous systems with the same initiators (peroxides, azo compounds, radiation). 
The average molecular mass of the polymers is also much higher in emulsion 
polymerization.  

Therefore increasing the total rate of the process due to the decrease of the reaction rate of 
chain termination, leads to an increase in both rate and average length of the polymer 
molecular chains. 

Reducing rate of chain termination reactions may be due to two reasons: 1) a low rate of 
diffusion of polymer radicals in a viscous medium, as in emulsion polymerization, even in 
early stages, the process takes place in concentrated solutions of polymer in monomer, 2) the 
radical separation to individual particles. Qualitatively, these two assumptions explain the 
simultaneous increase in the speed of the process and the molecular weight of polymer in 
latex polymerization. 

Medvedev theory satisfactorily describes the quantitative relationships emulsion 
polymerization of many monomers. 

Ivanchev and Pavlyuchenko [33, 34] attempted to study the elementary reactions of 
emulsion polymerization and use the results for the synthesis of polymers with 
properties fundamentally different from those obtained in homogeneous systems. In 
their study of initiation reaction in emulsion polymerization of styrene, it was suggested 
that the adsorption layer of PMP has concentrating and orienting effect on the initiator 
molecule.  
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2.2. The mechanism of homogeneous nucleation 

According to the hypothesis of the formation mechanism of PMP for homogeneous 
nucleation [27, 35-42], the formation of particles or macromolecules derived from the 
radicals who have reached the critical length (jс), where they lose solubility and precipitate 
in the aqueous phase. Further growth of the polymer particles dropped in the water is 
treated differently. Some authors believe that these particles grow by diffusion of monomer 
from the monomer droplets, i.e. as well as in the case of micellar mechanism, other authors 
suggest that there exist their limited flocculation and, consequently, the formation of PMPs. 

First who suggested the formation of the PMP precipitated from an aqueous solution of 
polymer molecules was Khomikovsky in 1948 in his study of emulsion polymerization of 
methyl methacrylate and vinylcyanide [43]. He found that the dependence of the rate of 
polymerization of the two monomers on the emulsifier concentration is different: the rate of 
vinylcyanide polymerization decreases with increasing concentration of emulsifier and the 
rate of MMA polymerization increases, the concentration of emulsifier in these experiments 
being above the critical micelle concentration (CMC). Khomikovsky explained the results in 
such a way that vinylcyanide polymerization, initiated by potassium persulfate, begins in 
water. 

Upon reaching the length of polymer chain when oligomers became insoluble in water they 
precipitate in the aqueous phase to form particles that are stabilized by the adsorption 
emulsifier molecules on their surface. Initiation of polymerization transforms them to PMP. 
Here, the polymerization proceeds similarly to that in PMP formed from micelles during 
polymerization of monomers poor soluble in water. 

Later on, these ideas found their development in the investigations of Priest [35], Roe [36], 
Fitch and Tsai [39, 40], Yeliseyeva [37, 38], Christiansen [44], Ugelstad [27], Pepard [45] 
Wilkinson [46-48], Oganesyan [49-51], Tauer [52-57], etc. 

A quantitative description of the processes of polymerization of the monomers, partially 
soluble in water, was given by Fitch and Barrett [58]. 

Fitch proposed the theory called the theory of homogeneous nucleation. Quantitative 
analysis of this theory was based on the process of self-exhaustion of oligomeric radicals 
that have reached a critical degree of polymerization. 

Considering the theory of Fitch, Barrett has identified two possible distribution of radicals 
between the aqueous phase and particles: 

1. The equilibrium distribution of radicals between the particle and the volume of the 
aqueous phase, the radical capture rate here is proportional to the volume of the 
particle. 

2. The equilibrium distribution of radicals between the surface of the particle and the 
aqueous phase, the radical capture rate in this case is proportional to the square of the 
particle surface. 
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He showed that the second case is realized more likely, explanation being that small 
particles are more effective for the capture of oligomeric radicals than larger particles. 

The number of particles, according to the theory of Barrett, depends mainly on the 
distribution coefficient of oligomeric radicals between the surface and volume of the 
particles and the aqueous phase. 

As the number of particles increases during polymerization, the rate of radical absorption by 
particles increases, as long as all the newly formed radicals will not be absorbed by the 
particles without having to reach a critical length. 

Two variants of the flow of polymerization in the absence of coagulation of particles were 
considered: 

a. a short nucleation time (due to a high rate of initiator decomposition), here all the 
particles start to grow almost simultaneously at the same average rate, and reach finally 
approximately the same size. The result of this reaction is the large number of particles 
of small diameter and narrow particle size distribution. 

b. a long time of nucleation (due to a slow initiation), the particles are formed longer, 
which leads to a broader particle size distribution. 

The rate of flocculation of the particles can be controlled by varying the concentration of 
emulsifier, which is adsorbed on the surface of primary particles and prevents flocculation 
due to the formation of the electric double layer or due to steric stabilization factor. 

In the absence of emulsifier or at its very low concentration and a high rate of initiation,a 
rapid increase in the number of particles due to the high rate of decomposition of the 
initiator and the formation of free radicals is noticed during the first stage of polymerization. 

Further, due to flocculation, the number of particles drops sharply at the end of the 
nucleation, particles reach a certain stability by increasing the density of the surface electric 
charge. If the period of the particles nucleation is short, then, the polymer suspension is 
characterized by a narrow particle size distribution, on the contrary, the distribution is 
broad if this period is long. 

Ugelstadt and Hansen [27] consider that EP model with partially water soluble monomers 
should take into account the different stages of the diffusion of oligomeric radicals, as well 
as the reaction of oligomeric radicals with monomer in the particles. 

Using the basic assumption of Fitch that the oligomeric radicals have to reach a certain 
critical degree of polymerization at which they spontaneously precipitate from the aqueous 
phase, Ugelstadt and Hansen examined the effect of diffusion of oligomeric radicals in the 
formation of PMP on the number of particles formed by the mechanism of homogeneous 
nucleation. 

The main provisions of the model are similar to those observed in the Fitch theory and are 
as follows: 



 
Polymerization 170 

He showed that the second case is realized more likely, explanation being that small 
particles are more effective for the capture of oligomeric radicals than larger particles. 

The number of particles, according to the theory of Barrett, depends mainly on the 
distribution coefficient of oligomeric radicals between the surface and volume of the 
particles and the aqueous phase. 

As the number of particles increases during polymerization, the rate of radical absorption by 
particles increases, as long as all the newly formed radicals will not be absorbed by the 
particles without having to reach a critical length. 

Two variants of the flow of polymerization in the absence of coagulation of particles were 
considered: 

a. a short nucleation time (due to a high rate of initiator decomposition), here all the 
particles start to grow almost simultaneously at the same average rate, and reach finally 
approximately the same size. The result of this reaction is the large number of particles 
of small diameter and narrow particle size distribution. 

b. a long time of nucleation (due to a slow initiation), the particles are formed longer, 
which leads to a broader particle size distribution. 

The rate of flocculation of the particles can be controlled by varying the concentration of 
emulsifier, which is adsorbed on the surface of primary particles and prevents flocculation 
due to the formation of the electric double layer or due to steric stabilization factor. 

In the absence of emulsifier or at its very low concentration and a high rate of initiation,a 
rapid increase in the number of particles due to the high rate of decomposition of the 
initiator and the formation of free radicals is noticed during the first stage of polymerization. 

Further, due to flocculation, the number of particles drops sharply at the end of the 
nucleation, particles reach a certain stability by increasing the density of the surface electric 
charge. If the period of the particles nucleation is short, then, the polymer suspension is 
characterized by a narrow particle size distribution, on the contrary, the distribution is 
broad if this period is long. 

Ugelstadt and Hansen [27] consider that EP model with partially water soluble monomers 
should take into account the different stages of the diffusion of oligomeric radicals, as well 
as the reaction of oligomeric radicals with monomer in the particles. 

Using the basic assumption of Fitch that the oligomeric radicals have to reach a certain 
critical degree of polymerization at which they spontaneously precipitate from the aqueous 
phase, Ugelstadt and Hansen examined the effect of diffusion of oligomeric radicals in the 
formation of PMP on the number of particles formed by the mechanism of homogeneous 
nucleation. 

The main provisions of the model are similar to those observed in the Fitch theory and are 
as follows: 

An Advanced Approach on the Study of Emulsion Polymerization: Effect of the Initial Dispersion State of the 
System on the Reaction Mechanism, Polymerization Rate, and Size Distribution of Polymer-Monomer Particles 171 

1. Oligomeric radicals spontaneously precipitate when a critical degree of polymerization 
is reached; 

2. Absorption of oligomeric radicals by particles depends on the molecular weight of the 
radicals; 

3. There is a desorption of monomeric radicals from particles; 
4. The role of the emulsifier (at a concentration below CMC) is to stabilize the primary 

particles. 

According to this model, in the absence of emulsifier radicals which are formed by the decay 
of the initiator can: 

 add monomer dissolved in the aqueous phase; 
 be captured by existing polymer-monomeric particles or adsorbed on the surface of the 

PMP; 
 recombine in the aqueous phase with the other radicals; 
 associates to form micelles with other types of radicals dissolved; 
 precipitate when the oligomeric radicals critical chain length (jc). 

The tendency of dissolved oligomeric radicals to the association is small because of their low 
concentrations (<10-7 mol/l). 

Termination of oligomeric radicals in the aqueous phase may, or may not lead to the 
formation of new particles. Loss due to recombination leads to a doubling of the chain 
length of oligomeric radicals, but in this case oligomeric product contains two ionic end 
groups, resulting in a critical chain length required will increase. Therefore it is not clear 
whether the loss be oligomeric product from the solution. 

According to Fitch model, Ugelstadt determined the number of PMPs in the reaction system 
is determined by a limited coagulation process of the primary particles. 

To explain the influence of emulsifier on the nature of the stabilization process of PMPs 
Yeliseyeva et al. [12, 13] proposed to use the emulsifier adsorption isotherms at PMPs as a 
main characteristic. 

These authors believe that in EP the rate of emulsifier adsorption on the surface of PMP is a 
function of adsorption energy, which, in turn, depends on the nature of the emulsifier, and 
the nature of the surface of the PMP. Later, in the publications of Yeliseyeva et al. adsorption 
of emulsifier on the particle surface was considered as the main factor determining the 
kinetics of EP of polar monomers. 

Because of the high flow rate of the polymerization process it is difficult experimentally to 
determine the number of particles during their formation. 

Published data show that existing models of EP, based on ideas about the formation 
mechanism of PMPs homogeneous nucleation satisfactorily describe only the 
polymerization with a low content of monomer in the initial system (5-10% wt.) in the 
absence of an emulsifier, or at very low (below the CMC ) concentrations. 
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2.3. Aggregative nucleation mechanism 

Along with the micellar and homogeneous mechanisms, aggregative nucleation of particles 
in EP is widely recognized. It is carefully designed by Lichti [59-61] and Feeney [62-64] on 
the basis of the study of the size distribution of polystyrene latex particles stabilized with 
sodium dodecyl sulfate. According to them, precursor particles are formed as a result of the 
growth of oligomeric radicals in the surfactant micelles. Precursor particles are highly 
unstable and aggregate, reducing the interfacial tension at the oil / water boundary. Thus, 
there are germs of the particles. 

The rate of nucleation time is extremely high, the authors explain this fact as a result of 
coagulative (aggregative) nucleation. To describe aggregate nucleation a mathematical 
model has been used which is a combination of the kinetic theory of coagulation, and 
Muller-Smoluchowski theory of DLVO (Derjaguin, Landau, Verwey and Overbeek) [65], 
which determines the strength of the electrostatic repulsion opposing the dispersion forces 
of attraction as the main factor responsible for the stability of the colloidal particles. 

A further development of the mechanism of nucleation of aggregate particles is reflected in 
the publications of Tauer, Kuhn et al. [52-57, 66]. This theory is indeed a combination of 
ideas proposed by Fitch et al. [39-41] and Oganesyan [51] with the difference that the 
authors consider the surface energy of the particles as an adjustable parameter of the model.  

The basic assumption of aggregative mechanism is the formation of water-soluble oligomers 
of PMP with a certain chain length. The proposed mechanism can be regarded as a 
refinement of the mechanism of homogeneous nucleation of particles and act as an 
independent theory. This mechanism is similar to the mechanism of homogeneous 
nucleation, but in this case the particles are not dropped from the aqueous phase oligomeric 
radicals that have reached a critical chain length, and from particles formed by aggregation 
of several water-soluble oligomeric radicals which are called clusters [66]. 

This theory is based on the results of a study of the polymerization of styrene, methyl 
methacrylate, and vinyl acetate in the absence of surfactant [58]. Selected monomers suitable 
for this model as well studied in the literature are presented all the necessary constants and 
experimental data on the critical value (jc) the chain length of oligomeric radicals, in which 
they precipitate in the aqueous phase, in addition, these monomers differ significantly in 
their solubility in water [22, 67-70]. 

As part of this mechanism depends significantly on the over-saturation of the oligomeric 
chain length (j), which in turn depends on the polymerization conditions. The higher values 
of jc, the lower the solubility of oligomers and the lower concentration required to achieve 
saturation and the phase formation. 

For different monomers nucleation occurs at different times and for different values of j: the 
higher solubility of the monomer in water, the higher the jc and the longer time required for 
the appearance of the particles. For the three monomers selected above the calculated jc 
agree well with the experimental values. 
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The theory of Hansen and Ugelstad of homogeneous nucleation of particles is based on 
several assumptions whose validity has not yet been proved. As a main place of particle 
formation the authors consider a saturated aqueous solution of monomer and initiator and 
do not take into account the processes occurring at the monomer/water interface. 

The formation of the polystyrene suspension during emulsifier-free polymerization initiated by 
potassium persulfate and the detection of styrene oligomers with the 8-9 degree of 
polymerization in the aqueous phase are considered as an experimental proof of this theory [27]. 

Identifying the formation of particles according to the homogeneous nucleation process that 
takes place in a perfectly pure supersaturated solutions, these authors did not find the 
original monomer/water system emulsifier micelles or microdroplets of monomer. 

In these studies it is assumed that ion-radicals falls out of solution as a new phase at 
attaching a certain number of monomer molecules (up to 10). However, the size of 
oligomeric radicals is widely debated by many authors. 

Detailed studies of physico-chemical processes occurring at the interface as well as in 
separate bulk phases in monomer-water solution of potassium persulfate static systems 
were performed and described by Oganesyan et al. [49-51]. 

The authors studied the polymerization of styrene in static conditions in the absence of an 
emulsifier, using potassium persulfate as initiator at 50°C in temperature-controlled 
reactors. The system was kept in the oven for 2 hrs where decomposition of initiator and 
initiation of polymerization took place, the aqueous phase became turbid. After standing for 
more than two days, the aqueous phase transformed into stable latex. These studies were 
carried out at a volume ratio styrene/water equal to 1:7. 

The authors explained these results via the formation of particles at the droplets of the 
monomer / water interface. 

To confirm this conclusion, the authors have found conditions which allow to extend the 
residence time of particles at the interface and to enable them to build-out there. They 
increased the density of the aqueous phase by increasing the concentration of initiator. The 
experiments require a high purity and it was necessary to exclude the influence of possible 
impurities on the stability of the system under study and eventual variations in 
temperature. Experiments were carried out in batch reactors, which are attached to the cover 
of the crystallization apparatus designed for growing crystals under isothermal conditions 
and having an electronic device to provide a constant temperature with high accuracy. 

Crystals of potassium persulfate are grown up in the crystallization apparatus. They are 
used to initiate polymerization at concentrations in the range of 0.5 - 3% by weight. Aqueous 
solutions of potassium persulfate and styrene separately thermostated at a temperature of 
50°C, and carefully layered on the aqueous phase styrene. Painting turbidity of the aqueous 
phase was dependent on initiator concentration (2%), turbidity appeared at high 
concentrations of initiator in the narrow boundary layer from the aqueous phase, and then 
distributed throughout the volume. For the remaining initiator concentrations area of the 
initial turbidity of water phase was extended.  
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Authors believe that the formation of monomer droplets in static conditions is necessary to 
find the source of energy to perform work on the dispersion of the monomer, which is 
determined by temperature and chemical potential of the contacting phases. It is believed 
that if the heat of polymerization is able to transfer a certain amount of monomer in the 
aqueous phase, then the polymerization reaction at the interface can deform the surface of 
the interface and disperse system. Further, they assume that at an initial equilibrium state of 
the system the transfer of certain amount of monomer in the monomer-rich aqueous phase 
is equivalent to supersaturation of water molecules of the monomer, and nucleation of 
monomer droplets in the aqueous phase near the interface can be expected.  

2.4. Mechanism of particle formation from microdroplets of monomer 

According to the representations of micellar [1-7] and homogeneous [27, 35-40] theories of 
particles nucleation, the monomer droplets play the role of a reservoir from which the 
monomer in the polymerization process goes into growing PMP by the diffusion through 
the aqueous phase. Subsequent studies performed by Pravednikov, Gritskova, Taubman, 
Nikitina, Ugelstad and co-workers have shown that the monomer droplets may be involved 
in the formation of PMPs if their size may be reduced to the size of the order of 1 micron or 
less [28, 49-51, 71-111]. 

Droplet size of emulsions obtained by emulsification of the monomer in the aqueous 
solution with stirring may be evaluated by the equation: 
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where σ12 is interfacial tension, dwp is the density of the dispersion medium, and E is the 
energy expended to move a unit mass of the medium [80]. 

The dispersion of the monomer depends on the power consumed for mixing of the reactor 
design, the type of the mixer and mixing rate. The presence of the surfactant in the system 
has a significant influence on the dispersion of the monomer emulsion : adsorption of 
surfactant at the interface alters the interfacial tension, which facilitates the process of 
fragmentation and prevents the coalescence of droplets of the monomer when they collide. 
On the other hand, the irregular distribution of surfactant between monomer and aqueous 
phases in the initial system provokes transfer of surfactant across the interface, which can 
lead to the destruction of the border and microemulsification. Thus, in addition to 
fragmentation and coalescence processes that determine the size of the emulsion droplets in 
the presence of surfactants, microemulsification may take place. Assignment of 
microemulsification as a separate factor influencing the formation and composition of the 
initial emulsion system relates to the fact that the size of droplets produced here is 
significantly less than those determined by the direct effect of mechanical agitation (less 
than 0.2 microns). Therefore, the investigation of microemulsification goes beyond 
traditional ideas about the formation of disperse systems under mixing. 
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A significant attention in the literature was devoted to the investigation of the properties of 
microemulsions (ME) and conditions of their formation [81-94], however, the 
thermodynamic equilibrium of lyophilic systems [81, 82] was mainly considered. 

Rebinder was one of the pioneers who studied and later developed the process of 
spontaneous microemulsification [89, 90]. According to his ideas, this process results in the 
formation of lyophilic colloidal phase corresponding to such a state when an increase of free 
energy in the formation of the colloidal phase is close to the energy of thermal motion. This 
process is accompanied by an increase in entropy of the system due to the formation of a 
large number of colloidal particles. Entropy factor will compensate for the increase in free 
energy associated with an increase in the interface area. 

In contrary to the real (true) spontaneous emulsification when dispersion occurs in the total 
volume of the dispersed phase with the formation of thermodynamically stable lyophilic 
system [79, 95-100], in this case the dispersion may occur in one or both phases 
simultaneously with interfacial surface tension, far from the critical (σmin), as a result of 
hydrodynamic instability of the interfacial layer, and leading to mass transfer of one phase 
to another. As a result, only part of the dispersed phase the in the layer adjacent to the 
interface can be involved in emulsification [91-94]. 

The mechanism of interphase mass transfer of surfactant with microemulsification remains 
open. Various hypotheses are put forward, including those which are based on interfacial 
instability in the development of interfacial turbulence caused by Marangoni effect. Besides, 
local fluctuations of the interfacial tension, which lead to the movement of the surface layers 
of liquid, which, in turn, can increase the interfacial tension gradients in the presence of 
phase transfer surfactant may be also took into consideration [101]. 

Thermodynamically stable ME are translucent, lyophilic systems containing spherical 
aggregates whose size is in the range of 10 to 20 nm. The formation and the type of 
microemulsion depend on the ratio of the components in the system and the interaction 
between the surfactant molecules, hydrocarbon and water, the length of the alkyl chain in 
the molecules of surfactant and co-surfactant (if the later exists), as well as on the nature of 
the hydrocarbon [111-116]. 

It should be noted that microemulsions formed as a result of surfactant phase transfer are 
only kinetically stable and significantly different from those traditionally considered as 
thermodynamically stable ME. Again we note that the size of monomer microdroplets 
exceeds the characteristic size of the emulsifier micelles, but is much smaller than droplet 
size which can be obtained with the corresponding value of interfacial tension by 
mechanical fragmentation of the monomer. 

Mass transfer at the interface caused by the diffusion of surfactant, soluble in both phases, 
provided greater solubility of the surfactant in one phase, without stirring, bringing with 
him through the phase boundary, and enjoys a certain amount of the solvent (monomer) 
that is emulsified in the other phase. 
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The intensity of microemulsification is slowed over time and can be completely terminated 
with prolonged contact of phases. This is explained by the fact that the interface formed a 
dense layer of ME, retarding the process of mass transfer. Microemulsification observed in 
systems with sufficiently high values of interfacial tension σ12 (about 1-10 mN / m). The 
increase in interfacial surface at high values of σ12 can not be explained by thermodynamic 
factors, because the corresponding increase in free energy can not be offset by an increase in 
entropy of microdroplets. This means that the stability of such a dispersed system has a 
kinetic rather than thermodynamic in nature. 

In this case, when the surface energy of the droplets is much higher than KT, the formation 
of droplets can not be explained only by thermal fluctuations. Note that the ratio of the 
surface energy of a KT scan, depending on the size of droplets can be large, even for low 
values of σ12. So for a drop having a diameter D = 100 nm and σ12 = 10-2 mN / m, for this 
ratio, we obtain 
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This process is a kind of "quasi-spontaneous" emulsification, and once again we recall that in 
contrast to the spontaneous emulsification of the true droplets can form various degrees of 
dispersity, from colloidal particles to the droplets, significantly exceeding the size, for 
example, microscopic investigation of emulsion obtained in a glass capillary at the interface 
of 10% aqueous solution of sodium butylnaphthalenesulfonate / xylene, clearly showed that 
the formation of direct and inverse emulsions. Unstable inverse emulsion of water in coarse 
xylene - the diameter of water droplets is in the range 1-5 microns. The emulsion is xylene in 
the aqueous phase (direct emulsion) is visually observable in the form of a milky-white 
layer below the interface and is extremely stable and formed droplets whose size is beyond 
the interval of an optical microscope. Therefore, the determination of the dispersion ultra 
ME is carried out by electron microscopy [79]. The diameters of the particles according to 
electron microscopy were in 20-40 nm intervals. 

There is a proportional relationship which was noticed between the resulting number of ME 
microdroplets and the quantity of surfactant have passed through the interface. The 
effectiveness of microemulsification is associated not only with surfactant phase transfer 
caused by initial non-equilibrium distribution of surfactants between the phases. Parameters 
determining the condition of interfacial instabilities are also: a sign of the derivative dσ12/dG 
(G - surface concentration of surfactant), the relationship of diffusion coefficients D1/D2 and 
coefficients of the kinetic viscosity γ1/γ2 in different phases [77]. It should be noted that the 
surface concentration of surfactant uniquely determines the surface tension only in the 
absence of local gradients of G, leading to a surface instability. Dynamic surface tension 
measured in the presence of interfacial instability, depends on the distribution of local 
values of G, and may be substantially lower than the equilibrium value. Numerous 
experimental determination of σ12 under non-equilibrium conditions confirms this fact. 
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Interphacial transfer causing the destruction of the interface can also lead to the 
fragmentation of large monomer droplets, whose dimensions are determined mainly by 
conditions of mechanical stirring. By analogy with the effect of interphase mass transfer 
direction that depends on the surfactant distribution coefficient on the rate of 
microemulsification, we can assume that the fragmentation of large droplets of the 
monomer will depend on the way the surfactant is introduced to the system: 

 surfactant is dissolved initially in aqueous phase (traditional way); 
 surfactant is dissolved initially in monomer; 
 surfactant is formed on the interface layer (when acid and alkaline components of 

surfactant are dissolved in monomer and aqueous phase respectively) 

Investigation of polymerization of vinyl and diene monomers in the presence of a nonionic 
emulsifier, performed in [79, 95, 100] led the authors to conclude that monomer 
microemulsification is the first stage of PMP formation in EP. 

When free radicals are injected into the microdroplets of monomer, they become PMP. 
Polymer-monomer particles are microdroplets of polymer solution in monomer, on the 
surface of which the polymer sedimentate, forming a polymer film. This film is the site of 
fixation of polymer radicals and, therefore, it is the place of formation of high molecular 
mass polymer. 

Monomer to the reaction site (surface layer) of a particle diffuses as from inside this particle 
as from the outside monomer droplets, if later are present in the system and if the monomer 
concentration in microdroplets reached critical values lower than monomer/polymer 
equilibrium concentration. The authors believe that, along with the diffusion of monomer 
through the water, the transfer of the monomer can be carried out through direct contact of 
PMP with a monomer droplets. 

Thermodynamic substantiation of formation of monomer microdroplets was investigated by 
Oganesyan [49, 51, 109]. In his study of the static monomer/water system the author tried to 
find the source of energy needed to perform work on the formation of droplets. His analysis 
came from the following considerations: the minimum work necessary to create a unit of the 
interface (the specific surface free energy) is the interfacial tension. New surface can be 
created by elastic deformation of the interface, the transfer of some amount of a substance 
from one phase to another and the creation of the surface bumps or depressions, as well as 
the division of each of the phases in small particles. If both phases are liquid, the minimum 
work to create a unit surface area for all modes is the same because it is defined only by 
temperature and chemical potential of the contacting phases [79]. If the released heat of 
polymerization at the interface is able to transfer a certain amount of monomer in the 
aqueous phase, it can be assumed that the polymerization reaction can also deform the 
interface and disperse system. If we start from an initial equilibrium state of the system, the 
transfer of certain amount of monomer in the monomer-rich aqueous phase of water is 
equivalent to supersaturation with respect to monomer and nucleation can be expected in 
the monomer droplets in the aqueous phase in the vicinity of the interface. 
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Oganesyan et al. [49-51] believe that the formation of droplets of the monomer due to 
polymerization at the interface monomer - water, can also be explained on the basis of their 
dependence on the specific surface energy, γ, and temperature. 

   γ = γ0 (1 - T / Tc)n    (4) 

where n is a constant depending on the nature of the substance (for organic liquids it is 
equal to 11/9 [51]). Tc is the critical temperature (at T = Tc there is a mixture of phases). From 
equation (4) it follows that with increasing T , γ strongly decreases. Thus, for every act of the 
reaction heat release in certain areas of the interface performs a partial mixing of fluids, and 
if stabilizing agents, such as surfactants or oligomeric growing radicals, are present in the 
system this process will lead to the formation of microdroplets of the monomer. 

2.5. Mixed mechanism of PMP nucleation 

In [34, 35, 117, 118] Hansen and Ugelstad proposed to consider all three mechanisms of 
nucleation of PMP (micellar, homogeneous, and from microdroplets) when investigating EP 
at a concentration of emulsifier above CMC, assuming that the micelles containing 
solubilized monomer and monomer microdroplets compete with one another in the capture 
of oligomeric radicals from the aqueous medium. This causes that the rate of formation is 
the sum of the rate of the particle nucleation by all three mechanisms.  

 
( )p

i m h d

dN
P P P

dt
       (5) 

 where Pm and Pd - the probability of absorption of oligomeric radicals by solubilized micelles 
and microdroplets of monomer respectively, and Ph is the probability of homogeneous 
nucleation in the aqueous phase. The sum of all probabilities is equal to unity: 

   0 1 1m h d p pP P P P P         (6) 

where Pp1 and Pp0 are the probability of capture of oligomeric radicals by PMP containing 
one and zero free radical. 

On the basis of this model, several extreme cases have been investigated, such as  

a. homogeneous nucleation of particles, taking into account the possible absorption of 
oligomeric radicals by particles and nuclei of small flocculation [34];  

b. the limited flocculation of particles and nuclei, and small micellar nucleation PMP 
microdrop [34 , 35];  

c. competing homogeneous and micellar nucleation, with the possibility of desorption 
and reabsorption of free radicals with little flocculation of particles [117];  

d. homogeneous nucleation of microdrop and low flocculation of particles [118]. 

Song and Poeleyn suggested a scheme (Figure 2) of particles nucleation at the initiation of 
EP monomer and potassium persulfate developed general kinetic model that takes into 
account all the mentioned above three possible mechanisms of particle nucleation [119-120].  
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Figure 2. Paths for the formation of particle nuclei starting from persulfate initiator radicals generated 
in the continuous aqueous phase. The symbols M and S represent monomer and surfactant species, 
respectively (from Principles and applications of emulsion polymerization / by Chorng-Shyan Chern. 
John Wiley & Sons, Inc., Hoboken, New Jersey 2008) [121].  

These published data suggest that current theoretical ideas on the mechanism of PMP 
varied. This complicates the establishment of methods of synthesis of polymeric suspensions 
with regulated properties and makes it relevant and important research aimed at solving 
this problem.  

3. Model of styrene emulsion polymerization. The effect of the initial 
dispersion of the system on the polymerization rate and size distribution 
of polymer–monomer particles 

The models of latex particle nucleation described in the literature were generalized in [122]. 
These models are the “collision process” [123, 124], “diffusion process” [27, 29], 
“diffusion/propagational” model (Maxwell et al. [125]), “collision/empirical” model 
(Dougherty [126] and Penlidis et al. [127]), “surface coverage” model (Yeliseyeva and 
Zuikov [128]), and “colloidal” model (Penboss et al. [129]). 

The authors of [74] assume that the original monomer emulsion contains, in addition to 
surfactant micelles, monomer microdroplets with a size of 50–150 nm that are formed owing 
to fragmentation of monomer droplets in the initiation of polymerization and owing to the 
mass transfer of the emulsifier at the monomer/water interface. It was shown that the ratio 
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of the number of micelles and microemulsion droplets in the system depends on both the 
type of surfactant and the method of introducing it into the system [101]. The number of 
microdroplets affects the pattern of the particle size distribution and the molecular mass 
distribution of the polymer. According to the authors of [101], PMPs are formed from both 
micelles and microemulsion droplets. 

The simulation of emulsion polymerization of styrene is the subject of many publications, in 
which the authors discuss the dependence of the kinetics of the process on the emulsifier 
and initiator concentration [130], the particle size distribution [127, 131-134], and the 
molecular mass distribution [135-139] and perform a complete simulation of the kinetic 
characteristics of the process [24, 38, 130, 140-145]. However, all these studies are based on 
the Harkins–Yurzhenko qualitative theory and disregard the participation of microdroplets 
in the formation of PMPs. 

In this study, we attempt to develop a mathematical model of emulsion polymerization for a 
partially water-soluble monomer (styrene) that takes into consideration that the original 
emulsion contains microdroplets that participate in the formation of PMPs. 

The calculations are performed with disregard for homogeneous nucleation, polymerization 
in emulsion macrodroplets, and radical desorption from PMPs. In our opinion, these 
assumptions are fully justified for the polymerization of partially water-soluble monomers, 
such as styrene, and in the presence of a fairly high amount of emulsifier. 

Let us introduce the following notations: The concentration of PMPs with volume ν with 
volume fraction of the monomer in them containing i growing radicals at time t is fi(ν, φ, t), 
the total concentration of PMPs in the system is expressed through fi(ν, φ, t) as , and their 
average diameter 
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To determine the effect of the dispersion state of the original emulsion system on the 
characteristics of emulsion polymerization, we performed a model calculation of the 
polymerization rate and the PMP size distribution in systems with different initial states. 

Consider two limiting cases: 

i. A system that contains, in addition to the aqueous phase and monomer emulsion 
droplets, microdroplets of the same size (here micelles can be regarded also as a 
limiting case of microdroplets). With this aim in view, we calculate the dependence of 
the polymerization rate and the PMP size distribution on the diameter of microdroplets. 

ii. A system that contains the aqueous phase, monomer emulsion droplets, and micelles 
and microdroplets of the same size. In this case, we estimate the effect of the ratio 
between the number and size of micelles and microemulsion droplets on the 
polymerization rate and the PMP size distribution. 
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3.1. A monodisperse system consisting of monomer microdroplets 

Consider an emulsion system that contains emulsion droplets dispersed in the aqueous 
phase and microdroplets of diameter D0 (accordingly, of volume V0), the concentration of 
which is M0 particles per cubic centimeter. Monomer microdroplets will be present in the 
system if 1

0 0 (1 )M V r    , where r is the volume ratio of the aqueous and monomer phases. 
We assume that the monomer diffusion from droplets towards PMPs through the aqueous 
phase does not limit the process of emulsion polymerization. 

If the emulsifier concentration in the system is high, that is, much higher than the critical 
concentration of micelle formation (it is this case that will be discussed below), we can 
disregard the fraction of a surfactant adsorbed on droplets. In this case, M0 and D0 are 
related as follows: 

0

2
0 0 ( ) E Am DM D a S N   

where SE is the emulsifier concentration in the system (mol•cm–3), am is the area occupied by 
one surfactant molecule on the microdroplet surface, and NA is Avogadro’s number. 

In the absence of PMP coalescence and radical desorption from particles, the system of 
equations for the PMP distribution function fi(ν) for volume ν; the volume fraction of the 
monomer in them,   ; and number i of growing radicals has the form 
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In Eq. (8), the first term in the right-hand side describes the arrival of a radical to a particle 
from the aqueous phase, the second term defines the change in the number of radicals 
during termination, and the last term describes the formation of new particles after the entry 
of a radical into a microdroplet. In the left-hand side of Eq. (8), θν and  define, 
respectively, the volume growth rate and the rate of change in the volume fraction of the 
monomer for a PMP that contains one radical. These rates can vary with the particle size. In 
addition, j(ν) is the diffusion flux of radicals towards particles; kt is the chain termination 
rate constant; and 0( )v V  is the generalized Dirac function, 
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From the balance for the emulsifier, we derive the time dependence of the microdroplet 
concentration: 
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Depending on the time of PMP formation, the volume fraction of the monomer,  , of some 
particles will be higher than equilibrium volume fraction M , which is determined from the 
thermodynamic equilibrium; for some particles, M   . We divide fi into two parts: PMPs 
with M   ( ( , ))iY t and particles with M  ( ( , ))iX t ; that is, 

M 0( , , ) ( , ) ( ) ( , ) ( )i i if v t X v t Y t v V          

The total concentration of PMPs in the system is 
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The polymerization rate W is expressed in terms of the functions Xi and Yi according to the 
equation 
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Equations (12)–(14) completely describe the first and second stages of emulsion 
polymerization. To calculate the distribution function fi, we introduce dimensionless 
variables and parameters: 
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If 1  , then all iX  and iY at 2i  are equal to zero (i.e., the approximation of fast 
termination is valid for the system), and the system with an infinite number of equations 
will transform into a system of equations for fi with i = 0 and 1. The appropriateness of the 
approximation of fast termination, other things being equal, is determined by the value of 
termination constant kt. If we take the termination constant value for in bulk polymerization 
as kt, then, for typical values of the initiation rate ρ = 1011–1013 cm–3 s–1 and the emulsifier 
concentration SE ≈ 10-4 mol/cm3, the value of λ will be  ≈ 1010 for particles with a size of D0 = 
10 nm and λ ≈ 103 for particles with D0 = 150 nm. The termination constant for the emulsion 
polymerization in particles with a volume fraction of the monomer of 0.5M    is two to 
four orders of magnitude lower than that for bulk polymerization; therefore, the value of λ 
will be lower as well. Nevertheless, at the first stage of emulsion polymerization, the 
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approximation of fast termination is valid for small particles owing to 1  that is due to 
the low value of D0; for large particles (up to D0 ≈ 300–500 nm), for which M  throughout 
the first stage, the approximation of fast termination is appropriate because of the high 
value of the termination constant. However, note that, at the second stage of emulsion 
polymerization, when the volume fraction of the polymer is high in large PMPs, the 
approximation of fast termination may be inapplicable to these large particles. 

In the approximation of fast termination we obtain the following system 
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where κ is the dimensionless parameter in equations 

3.1.1. A system containing small microdroplets.  

The criterion of a small size of microdroplets is short time tM of settling of the equilibrium 
volume fraction of the 

Monomer M  in PMPs relative to the duration of the first stage t1; that is, tM < t1.  

Figure 3 shows the PMP size distribution by the end of the first stage and the time 
dependence of microdroplet concentration in the system. It is evident that the PMP 
concentration increases almost linearly with time nearly to the end the first stage (t < t1), and 
the microdroplet concentration decreases also almost linearly; only near the end of the first 
stage, a sharp decrease in the microdroplet concentration down to zero occurs. 

These results are derived under the assumption that the time of settling of the equilibrium 
volume fraction of the monomer, M , in a PMP is much shorter than the duration of the first 
stage. Using the expression for the dependence of the first-stage duration on parameters of 
the system, we find that the above calculations are valid for systems whose parameters 
satisfy the inequality 

   2/50 0
1

1ln
M

M
p

V M
t t

k
   

 
    (13)  

or, since M  ≈ 0.5 and dP/dM ≈ 1, this inequality is equivalent to inequality κ >>1. 
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Thus, if inequality (13) is fulfilled (the system consists of small microdroplets), then the PMP 
concentration will depend only on the initiator and emulsifier concentrations and will not 
depend on the size of microdroplets. 

 
Figure 3. (a) Time dependences of the concentrations of (1) microdroplets and (2) PMPs and (b) PMP 
size distribution by the end of the first stage: max 0 1 0(1 / )D D t V   , and t1 is the time of exhaustion of 
microdroplets. 

3.1.2. A system containing large microdroplets 

If the original emulsion system contains microdroplets with a large diameter (κ ≤ 1), 
throughout the first stage (at certain sizes, including a part or the entire second stage), the 
volume fraction of the monomer in PMPs formed from these microdroplets will be higher 
than equilibrium, M  . In this case, PMPs will not absorb the monomer from emulsion 
droplets and, consequently, change their volume. Thus, the surfactant adsorbed on the 
surface of microdroplets is not consumed for the stabilization of PMPs, and the finite 
number of PMPs will be equal to the number of microdroplets in the original system. 

In this system, the concentration of PMPs with M   is zero, Xi = 0, and the polymerization 
process is described by equations for functions Yi(, t), which, in the approximation of fast 
termination, in dimensionless variables, have the form 
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Let us use 0 0( )n x Y d    and 1 1( )n x Y d    to denote the fractions of dead and alive PMPs in 
the system, respectively (relative to the total number of PMPs and microdroplets equal to 
М0); 0 0W Y d    and 1 1W Y d    . The PMP concentration in the system and the 
polymerization rate are expressed in terms of functions n0, n1, W0, W1.  
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For the time dependence of conversion, from the condition of balance for the monomer, we 
have 
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Figure 4 shows the time dependence of conversion for the original system of large 
microdroplets, which is calculated through formula (15), and, for comparison, the time 
dependence of conversion for the original system of small microdroplets. It is evident that, 
in the approximation of fast termination, the polymerization occurs faster in the system with 
small microdroplets. 

  
Figure 4. Time dependence of monomer conversion in systems with microdroplets of different sizes:  
D0 = (1) 150 and (2) 10 nm, am = 0.4 nm2, SE = 2 •10–4 mol cm–3, and ρ = 1012 cm–3 s–1. 

Figure 5 shows the calculated dependence of the final concentration of PMPs in the system on 
the size of microdroplets for the case in which the rate of radical entry into particles is 
proportional to their surface. The characteristic size of microdroplets, DC, starting from which 
the PMP concentration decreases, is determined by the value of parameter κ = 1; therefore, it 
depends not only on D0 but also on the initiation rate and the emulsifier concentration. For 
typical values of concentrations of the components, this size is DC ≈ 40–60 nm. 

To determine the effect of microdroplet size on the PMP size distribution through solution 
of system of equations (12)–(13), we calculated also the PMP size distribution by the end of 
the first stage for different values of D0 and changes in the distributions during 
polymerization. Figure 6 represents the PMP diameter distribution by the end of the first 
stage; Fig. 6 depicts a change in the distribution during polymerization, it shows that the 
PMP size distribution becomes narrower as the size of microdroplets increases. 
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Figure 5. Dependence of PMP concentration in the system on the initial size of microdroplets: ρ = 1011 

(1), 1012 (2) and 5х1012 cm–3 s–1 (3) , am = 0.4 nm2, SE = 2 •10–4 mol cm–3. 

 
Figure 6. Change in the PMP diameter distribution during polymerization at conversions Р = (1) 5, (2) 
15, and (3) 50%. Initial microdroplet size of (a) 10 and (b) 50 nm, am = 0.4 nm2, SE = 2 •10–4 mol cm–3, and 
ρ = 1012 cm–3 s–1. 
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3.2. A bidisperse system of microdroplets 

To determine the mechanisms of polymerization in the case of comparable rates of PMP 
formation from micelles and microemulsion droplets, we study a bidisperse system that 
contains М0 microemulsion droplets with diameter D0 and μ0 micelles with diameter d0 and 
calculate the polymerization process in this system. 

Depending on the method of introducing the emulsifier into the system, the formation of 
new droplets of the microemulsion can occur during polymerization; however, owing to the 
absence of experimental data on the rate of microemulsification in these systems and its 
dependence on the concentration of the free emulsifier and its distribution between phases, 
we restrict ourselves to the discussion of a system with a fixed number of microemulsion 
droplets. Consideration for the finite rate of formation of the microemulsion will only lead 
to a change in the duration of the stage of PMP formation and slightly affect other 
characteristics of the process. 

To describe the rate of polymerization and the concentration of PMPs in the system under 
discussion, we introduce parameter Γ that characterizes the fraction of the surfactant 
adsorbed on the microemulsion surface: 
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where М0, D0, μ0, and d0 are related as follows 
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We shall divide all PMPs in the system into two types: PMPs formed from micelles (with 
subscript μ) and PMPs formed from the microemulsion droplets (with subscript М): 

  , ,( , , ) ( ) ( , , )i i M M if v t f f v t        

Here, we take into account that, in PMPs formed from micelles, the equilibrium volume 
fraction of the monomer, M , is settled almost immediately. By time t, the volume fraction 
of the monomer of a portion of the PMPs formed from microemulsion droplets will be equal 
to M  and that of another portion will be higher than M ; that is, fM, i can be represented as 
the sum 

. , 0( , ) ( ) ( , ) ( )M i i M if X v t Y t v V        .
 

the total number of PMPs formed from the microemulsion droplets, NM, is equal to the 
initial number of droplets, М0, and the number of PMPs formed from micelles, Nμ, is 

2/5N    at κ>> 1. The total number of PMPs per unit volume of the system by the end of 
the first stage is  
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is the total number of PMPs formed in the system if it contained only micelles. Since for 
large particles, for which the above formulas are valid, M0θ/V0ρ < 1, then the total number of 
PMPs is less than 0N . 

The PMP size distribution is the sum of two distributions: the distribution corresponding to 
PMPs formed from micelles and the distribution corresponding to PMPs formed from 
microemulsion droplets. The index of diameter polydispersity by the end of the first stage is 
derived through calculation of the average diameter and the square of the average diameter 
of PMPs: 
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   (18) 

Figure 7 shows the dependence of KD on Γ for κ = 104. It is evident that index KD by the end 
of the first stage depends on the d0/D0 ratio and has maximum. 

Figure 8 shows the dependence of the finite number of PMPs formed in the system on 
parameter Γ at different values of d0/D0. It is evident that, during an insignificant difference 
between the sizes of the two fractions, the PMP concentration hardly changes at all; 
however, when the size of large microdroplets is five (or more) times larger than the size of 
small microdroplets (solubilized micelles), the PMP concentration sharply decreases with an 
increase in Γ. Figure 9 depicts the size distributions of PMPs by the end of the first stage for 
various values of Γ and d0/D0. It is evident that the distribution is bimodal. Figure 10 shows 
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Figure 7 shows the dependence of KD on Γ for κ = 104. It is evident that index KD by the end 
of the first stage depends on the d0/D0 ratio and has maximum. 
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that the PMP size distribution by the end of the first stage is bimodal in the general case. The 
peak relating to a smaller diameter corresponds to PMPs formed from micelles; that relating 
to a larger diameter corresponds to PMPs formed from microemulsion droplets. The 
transition from the bimodal size distribution of PMPs to the unimodal size distribution of 
PMPs by the end of the first stage occurs at a ratio of the initial sizes of micelles and 
microemulsion droplets of d0/D0 ≈ κ–1/5. 

 
Figure 7. Dependence of the polydispersity index of the PMP size distribution on the amount of the 
surfactant adsorbed on the microemulsion surface (parameter Γ): am = 0.4 nm2, SE = 2 •10–4 mol cm–3, and 
ρ = 1012 cm–3 s–1. d0 = 10 nm; D0 = (1) 80, (2) 100, and (3) 150 nm. 

 
Figure 8. Dependence of PMP concentration on parameter Γ: d0 = 10 nm; D0 = 20 (1), 50 (2), 80 (3), 100 (4) 
and (5) 150 nm 
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Figure 9. PMP size distribution in systems with simultaneous PMP formation from micelles and 
microemulsion droplets. The end of the first stage. Here, d0 = 10 nm, D0 = (1, 2) 100 and (3) 50 nm, and Γ 
= (1) 0.25 and (2, 3) 0.5. 

 
Figure 10. Change in the PMP diameter distribution during polymerization: d0 = 10 nm, D0 = 50 nm, 
and Γ = 0.5. Monomer conversion: (1) 3, (2) 15, and (3) 50%. 
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So a mathematical model of emulsion polymerization of poor soluble monomers has been 
developed. It takes into account the basic physio-chemical characteristics of the system and 
enables simultaneous calculating important parameters of the system such as 
polymerization rate, the time dependence of conversion, the concentration and size 
distribution of PMPs and molecular mass distribution of polymer[105]. The models predicts 
that with increasing microdroplet size D0 above the critical value DC ~ 40–60 nm, the PMP 
concentration and the polymerization rate will decrease; at D0 < DC, both the polymerization 
rate and the PMP concentration do not depend on D0. The PMP distribution becomes 
narrower with an increase in D0. In the case of simultaneous formation of PMPs from 
micelles and monomer microdroplets, the PMP size distribution is broad or, under certain 
conditions, even bimodal. 

Analysis of experimental data shows that monomer microdroplets play an important role 
which should not be ignored neither in studying mechanism of polymer-monomer particles 
nucleation in emulsion polymerization nor in modeling this complicated process. 
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1. Introduction 

The developing history of polymer materials tells that the invention of novel polymers with 
excellent performance is generally originated from the synthesis of new polymerizable 
monomers. Among kinds of monomers, benzocyclobutene (BCB) has attracted much interest 
because of its unique molecular structure and polymer properties (1-2). The structure of BCB 
is shown as following with the numbering system, the CA name of which is 
bicyclo[4,2,0]octa-1,3,5-triene. In terms of the four-membered ring structure, BCBs are able 
to transform into the reactive o-quinodimethane, also known as o-xylylene, upon heating at 
around 200 oC. This very reactive specie readily undergoes inter- and intramolecular Diels-
Alder reaction with various dienophiles to produce polycyclic compounds with high 
stability, such as cyclooctadiene. On the other hand, the polymerization of o-
quinodimethane similar to that of 1,3-diene would give linear polymers. Additionally, the 
reaction of BCB does not require any catalyst and release any small molecules, thus hardly 
introducing any impurities into materials. These features undoubtedly offer BCB based 
materials several superiorities in several specific applications, such as microelectronic 
applications, optic applications, electrical applications, etc.  

 

Nowadays, hundreds of BCB based structures have been synthesized, which constituted 
abundant resource for producing high performance and functional materials. Varying the 
structures and properties of BCB building blocks and constructing methods would afford 
materials with tunable or attractive properties and performance. Early prepared BCB 

© 2012 Yang et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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monomers were mainly BCB-bicapped structures. As described previously, these compounds 
can be utilized to generate reactive oligomers which are processable intermediates to prepare 
polymeric materials. In its most basic statement, the concept of reactive oligomers involves in-
situ conversion of low molecular weight compounds into high molecular weight materials. 
Reactive oligomers are in fact a very old technology with the earliest examples being found in 
the preparation of organic coatings. This technology however is limited to inferior film-
forming properties. To address this problem, more recently, new structures were introduced to 
make a modification of present structures. Of them, poly (vinyl-benzocyclobutene) has 
attracted increased attention (3). In different with the polymers prepared from BCB-dicapped 
monomers, the BCB unit were placed on the side chains in poly (vinyl-benzocyclobutene). 
Thanks to their well-controllable structures, properties and performance, these polymers show 
potential application in nanoparticles preparation, surface modification, apart from 
microelectronic. On the other hand, early polybenzocylobutenes also suffer from relatively low 
thermal stability. As a respond to the requirement of high thermal resistance, a new class of 
polybenzocylobutenes, benzocyclobutene-siloxane resins, has been extensively studied. 
Through introducing of thermostable polysiloxane chains, remarkable enhancement in 
thermal resistance has attained.  

Overall, since Finkelstein reported the synthesis of a BCB derivative in 1909 for the first 
time, the research on BCB has experienced rapid development. The research field has 
extended from chemistry to materials even physics. Correspondingly, the research targets 
have also shown a transition from low molecular weight molecules to high molecular 
weight materials. Furthermore, the applications of BCB-based materials have extended from 
dielectrics to materials modification, nanostructure construction, and so on. All of these 
trends suggest a prospective future of BCB related materials. Previously, several excellent 
reviews have dealt with the development of BCB related science (1-2). More recently, 
although new reviews involving the BCB chemistry have been reported (4-5), the progress in 
BCB related polymers has not been reviewed until now. In this chapter, we will present a 
review of BCB from 1996, which will concern about two types of newly developed BCB-
based materials, poly (vinyl-BCB) and BCB-siloxane polymers.  

2. Vinyl-benzocyclobutene 

From a closer look of the structures of the classical BCB resins prepared from BCB di-capped 
monomers, it can be noted that these cross-linked polymers were prepared by directly 
taking use of intramolecular Diels-Alder reaction and the functionality of these monomers 
was more than 2. As a result, cross-linking and polymerization take place simultaneously. 
Because they lack well-defined structures, conventional BCB-based polymers are difficult to 
provide controllable properties. Consequently, their applications in many areas are limited. 
In addition, the network structures are mainly constructed by the polycyclic structure. This 
highly rigid structure is in general unfavorable for generating higher cross-linking degree.  

Polyolefins represent an important class of polymer whose structure could be conveniently 
controlled by sophisticated methods. More importantly, reactive functional groups are able 
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to be introduced into polyolefins conveniently (6-7). Such built-in cross-linkable 
functionality leads to two-step crosslinking, offering substantial advantages over alternative 
two-component mixtures or one-step formation of cross-linked, network solids. First of all, 
chain growth and cross-linking reactions become independent of one another, either 
expanding the materials application range or improving the processability of thermally 
stable polymers. Second, this cross-linking protocol provides complete control over the 
chemical structure of the primary polymer, network structures and physical/chemical 
properties of the matrix. Meanwhile, the cross-linking agent is incorporated as a comonomer 
into the backbone of the relative high molecular weight polymers, allowing the cross-linking 
density to be directly related to the monomer composition. Hence, constructing new BCB 
polymers with polyolefin backbone are expected to open a new road towards controllable 
structure of BCB-based materials.  

2.1. Preparation and properties of vinyl-BCB polymers 

2.1.1. Poly (4-vinyl benzocyclobutene)  

As a typical vinyl-BCB, 4-vinyl benzocyclobutene (4-VBCB) as shown in Scheme 1, was 
firstly synthesized by Endo et al. (8) and more recently by Hawker et al. (9). Of several well-
established polymerization protocols, free radical and anionic methods have been so far 
demonstrated available for the polymerization of 4-VBCB. Copolymerization of vinyl-BCB 
with other vinyl monomers such as styrene, methyl methacrylate, and n-butyl acrylate, were 
proved to be a controllable procedure, leading to random incorporation of the reactive BCB 
units. For example, So et al. reported the copolymerization of 4-VBCB with styrene initiated 
by benzoyl peroxide (10). As-prepared polystyrene-co-4-VBCB random copolymer contains 
26 mol % of 4-VBCB, with Mn of 23104 g/mol and PDI of 1.83. Harth et al (9, 11) employed 
nitroxide mediated living radical polymerization to prepare 4-VBCB/styrene random 
copolymers (Scheme 1). It was pointed out that at molecular weight less than 120,000 the 
PDIs for these random copolymers were 1.08-1.16, which slightly increased to 1.19-1.26 for 
molecular weights above 200,000. Using living anionic polymerization initiated by sec-
butyllithium and n-butyllithium, Baskaran et al. have prepared poly (4-VBCB) successfully 
(3). The polymerization was allowed to proceed at 25 oC for 15 h. A linear first-order 
semilogarithmic time-conversion plot was obtained, which indicated the absence of 
termination reactions during the polymerization of 4-VBCB at room temperature. The 
molecular weight of resulted poly (4-VBCB) was tailored by varying the amount of initiators 
and the maximum Mn can reach as high as 58,000 in their experiments. In addition, all of the 
prepared poly (4-VBCB)s exhibited narrow molecular weight distributions (<1.1). 

In the above examples, 4-VBCB was generally used as a reactive functional group, which 
acts as active sites for cross-linking reactions. Taking poly(styrene-r-4-VBCB) as an example, 
the crosslinking structure is composed of cyclic and linear structure (Scheme 2) as suggested 
in many reports (10, 12, 13). Moreover, the crosslinking of these polymers were fulfilled by 
the Diels-Alder reaction of BCB with high atom economy. 
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Scheme 1. Synthesis route to 1-VBCB and its nitroxide-mediate polymerization. 

 
Scheme 2. Copolymerization of styrene and 4-VBCB and the cross-linking structure of poly (St-r-4-
VBCB) 

The cross-linking of polyolefins by means of BCB presents a considerable significance in 
stabilizing the polymeric matrix, including enhancing the glass transition temperature (Tg), 
thermal stability and mechanical stability. Resulting cross-linked materials can be 
potentially exploited in the design of high voltage cable insulation, biomedical joint 
replacement parts, hot-water piping, and etc (7). Recently, it has been reported for other 
applications including generation of cross-linked/monomolecular polystyrene nanoparticles 
(9, 14, 15), modification of solid surfaces (16-17), stabilization of nanostructures, thermally 
stable diblock copolymers in data storage and nanoscale templating (11). 

On the basis of 4-VBCB and derivative poly (4-VBCB), Yang et al. have designed and 
synthesized a series of new vinyl-BCBs (Scheme 3), including 4-vinylsilylbenzocyclobutene 
(4-DMVSBCB) (18), 1-vinylsilylbenzocyclobutene (1-DMVSBCB), benzocyclobutene-4-yl 
acrylate (4-ABCB) (19-20), and benzocyclobutene-1-yl acrylate (1-ABCB). 4-DMVSBCB was 
synthesized conveniently by Grignard reaction of 4-bromobenzocyclobutene with 
vinyldimethylchlorosilane. With the same procedure, 1-DMVSBCB could be synthesized in 
good yield. 4-ABCB was synthesized through a facile esterification reaction. The detailed 
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routes are outlined in Scheme 3. These new monomers, especially 4-DMVSBCB showed 
different polymerization behavior compared with 4-VBCB, probably caused by the 
incorporation of silicon containing group. 

 
Scheme 3. Chemical structure of several new vinyl-BCBs 

2.1.2. Poly (4-vinylsilylbenzocyclobutene)  

As a vinylsilane, the polymerization of 4-DMVSBCB with different groups has been studied 
extensively. In fact, it exhibited almost the same behavior with another vinylsilane 
compound, 4-dimethylvinylphenylsilane (4-DMVSPh), which was reported to polymerize 
by the radical, anionic and coordination methods. The homo-polymerization of 4-DMVSBCB 
is sluggish when initiated by BPO or AIBN, only giving trace amount of poly(4-DMVSBCB) 
with Mn between 7500 to 8900 g/mol. Theoretically, it is probably attributed to the lack of 
conjugated structure and the electron-donating effect of silicon group. Contrastively, the 
copolymerization of 4-DMVSBCB with conventional α-olefins was successfully performed 
with low to moderate yield (< 50 %). However, the incorporation ratio of 4-DMVSBCB is still 
low (<10 mol %) and hard to increase even employing high concentration of 4-DMVSBCB 
(Table 1). Thus, alternative polymerization method to enhance polymerization activity and 
incorporation ratio in conventional polyolefins is required.  

As compared with radical polymerization, the anionic polymerization of 4-DMVSBCB 
affords well-controlled and high molecular weight, and relatively low polydispersity. 
Anionic homo-polymerization of 4-DMVSBCB was performed using n-BuLi and sec-BuLi as 
initiators (Scheme 4). White solid polymers with molecular weight (Mn) of 9800–26,000 
g/mol and PDI in the range of 1.6-1.8 were obtained in excellent yields (up to 94.5%). 
Structural studies have shown that dπ–pπ interactions in the vinyl-silicon bond give 
resonance contributions to the vinyl-silicon bond, which provides the polarization of the 
vinyl group necessary for anionic polymerization. Brooks et al. has reported that RLi adds to 
vinylsilanes so as to generate a secondary lithium compound. Furthermore, as noted before, 
the incorporation of aryl groups, especially phenyl, is more favorable to enhance anionic 
polymerization activity than that of alkyl groups. Related studies revealed that the aryl 
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groups on silicon atom could provide silicon atom with enhanced positive charge and α-
stabilizing effect due to the electron-withdrawing property of aryl groups. 
 

Entry 
Initiator 

(10-2 mmol)
4-DMVSBCB

(mmol) 
comonomer 

(mmol) 
temp
(°C) 

time 
(h) 

content of 4-
DMVSBCB 

(mol.%) 

yield 
(%) 

1 AIBN 8.64 4.28  60-65 60   
2 BPO 5.08 2.64  75-80 60   
3 AIBN 6.35 2.65 St, 2.69 60 48 5.3 45% 
4 AIBN 8.34 3.19 St, 1.61 60 48 7.3 36% 
5 AIBN 8.74 4.26 St, 1.06 60 48 9.5 29% 
6 AIBN 7.92 2.68 4-BrSt, 2.58 60 48 13 48% 
7 BPO 7.38 3.19 St, 1.73 75 36  38% 
8 BPO 8.68 2.16 MMA, 2.21 75 36   
9 BPO 11.46 3.22 VA, 3.16 75 36   

Table 1. Polymerization and Copolymerization of 4-DMVSBCB 

 
Scheme 4. Anionic homo and copolymerization of 4-DVMSBCB 

Poly (4-DMVSBCB) shows several outstanding properties. First, it shows superior film 
forming property. A problem encountered in the film forming process for the low molecular 
weight polymer is its low viscosity. One solution to this issue was to pre-crosslink the 
polymer in prior to film forming. In the film forming process of the polymer derived from 
BCB bis-capped monomer, the pre-crosslinking process is hard to control as gel formation 
occurred immediately when gel point reached. In comparison, pre-crosslinking process of 
poly (4-DMVSBCB) is controllable because its polymerization and cross-linking processes 
were separated and the incorporating ratio of BCB cross-linkable functionality into 
polyolefins was controllable. Second, TGA in air shows that the initial decomposition 
temperature (T0) and 5 wt % weight loss temperature (T5%) of poly (4-DMVSBCB) are about 
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318 oC and 400 oC, respectively. In particular, the equilibrium rate of mass loss for the cross-
linked poly (4-DMVSBCB) was 0.95 wt %/h, which is lower than that of CycloteneTM resins. 
The dielectric constant of subtle cross-linked poly (4-DMVSBCB) is in the range of 2.41~2.45 
from 5 MHz to 20 MHz. This value is lower than that of most polymeric matrix. Third, a film 
fabricated from highly cross-linked poly (4-DMVSBCB) shows a greatly small roughness. 
These properties show that it could be applied in some interconnect fabrication processes 
which are implemented at temperature as high as 350 oC.  

The copolymerization of 4-DMVSBCB with styrene and DMVSPh was also performed 
(Scheme 4). It is worth noting that the ratios of 4-DMVSBCB to 4-DMVSPh in copolymers 
showed well accordance with the feed ratios due to their similar structure and reactivity 
(Table 2). In contrast, when copolymerizing 4-DMVSBCB with styrene, the latter show 
higher reactivity and incorporation ratio than the former because of the conjugation effect of 
phenyl group. More importantly, the incorporation of styrene or DMVSPh into poly (4-
DMVSBCB) did not lead to obvious reduction in thermal resistance, even when 1:1 of 
comonomers to 4-DMVSBCB was used.   
 

Entry initiator I [I]/[M]a Mnb Mw/Mn yieldc (%) 

1 n-BuLi 1.9×10-3 13 900 1.62 92 
2 n-BuLi 1.2×10-3 14 500 1.71 89 
3 n-BuLi 9.4×10-4 22 400 1.77 93 
4 n-BuLi 5.7×10-4 - - 27 
5 n-BuLi 1.0×10-3 21 900 1.45 91 

Table 2. Results of the anionic homo-polymerization of 4-DMVSBCB 

2.1.3. Poly (1-vinylsilylbenzocyclobutene)   

In comparison with 4-DMVSBCB, where the silicon atom bonds with benzene ring (Bz), 1-
DMVSBCB exhibit a structure change that the silicon atom bonds with cyclobutene (Ct) 
(Scheme 5). This appeared slight structural change leads to a significantly alteration in 
polymerization behavior, especially for anionic polymerization. The anionic polymerization 
did occur for 1-DMVSBCB but required several days. In addition, it was noted that the 
polymerization did not proceed except using sec-BuLi with higher reactivity. The yield 
(60~70 wt.%) and molecular weight (around 10000 g/mol) of poly (1-DMVSBCB) are lower 
than that of poly (4-DMVSBCB). These results indicated a lower polymerization activity of 
1-DMVSBCB, which is possibly attributed to that the electron donating property of 
cyclobutene reducing the stability of carbon anion or radicals. DSC analysis showed that the 
initial cross-linking temperature of poly (1-DMVSBCB) is about 161 oC, which is lower than 
that of poly (4-DMVSBCB), about 180 oC. It once again supports that the substituting of 
cyclobutene would enable the tuning of ring-opening temperature of benzocyclotuene. 
Unfortunately, poly (1-DMVSBCB) shows lower initial decomposition temperature and 
thermal stability relative to poly (4-DMVSBCB). Apparently, 1-subsitution would also lead 
to a reduction in the stability of derived dibenzocyclooctadiene except for that of 
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cyclobutene. Hence, it may be a big challenge to simultaneously achieve high 
thermostability of cross-linked polymer and low cross-linking temperature.   

 
Scheme 5. Synthesis route of 1-DMVSBCB and poly (1-DMVSBCB) 

Other vinyl-BCB polymers 

Benzocyclobutene-4-yl acrylate exhibits effective homo-polymerization and co-
polymerization by free radical methods as its similar property with methyl acrylate (Scheme 
6). BCB units are able to be incorporated into a series of polyarylates or other polyolefins by 
copolymerization. Related studies (19) showed that the incorporation ratio of 4-ABCB in 
copolymer could reach 6.7 mol% when using 4.7 mol% feed ratio of 4-ABCB. This result 
indicates that 4-ABCB exhibit higher polymerization activity than MA.  

 
Scheme 6. Preparation and cross-linking of 4-ABCB/MA copolymer. 
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materials for cardiovascular applications. Particularly, the potential applications of 
polyarylates as shape memory materials, which are capable of memorizing temporary 
shapes and recovering their permanent shape upon thermal activation, have attained much 
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permanent network which can be achieved via chemical or physical cross-linking. 
Interestingly, the cross-linking of polyarylates by the reaction of BCB generates 
nanoparticles which serve as physical cross-linkers (19). As a result, physical cross-links 
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cyclobutene. Hence, it may be a big challenge to simultaneously achieve high 
thermostability of cross-linked polymer and low cross-linking temperature.   

 
Scheme 5. Synthesis route of 1-DMVSBCB and poly (1-DMVSBCB) 
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would be beneficial to broaden the list of cross-linking methods used in the production of 
SMPs.  

Benzocyclobutene-1-yl acrylate (1-ABCB) exhibits similar radical polymerization behavior 
with 4-ABCB (Scheme 7). 1-ABCB also shows higher activity than MA as 1-ABCB/MA 
copolymerization results indicate that 1-ABCB/MA ratio in copolymer is higher than 1-
ABCB/MA feed ratio.  Interestingly, the initial ring-opening temperature of poly (1-ABCB) is 
approximately 170 oC, which is lower than that of 4-subsituted BCB. 

 
Scheme 7. Synthesis route of 1-ABCB and homo/copolymers of 1-DMVSBCB. 

Benzocyclobutene-siloxane resins 

Benzocyclobutene-linear siloxane  

The purpose of designing benzocyclobutene-siloxane structure is to introduce the excellent 
thermostability of siloxane materials into BCB structure. The benzocyclobutene-siloxane 
materials are expected to possess integrated properties of polysiloxane and BCB related 
materials. As described above, one representative resin developed earlier is poly (DVS-
BCB). However, poly (DVS-BCB) shows poor controllability of the property of pre-
crosslinked polymer used for film-forming. To solve this problem, Yang et al. have prepared 
a mixture of poly (4-VBCB-co-St) and poly (DVS-BCB) (22). Cross-linking of this blend 
generates a complicated network (Scheme 8). By incorporating poly (4-VBCB-co-St), the 
viscosity was improved and slight cross-linking would afford polymers with adequate 
viscosity for film-forming. In this work, two poly (4-VBCB-co-St)s with 4-VBCB/St ratios of 
1:3 and 1:5 were used. Correspondingly, the 5 % weight loss temperature of the resulted 
cross-linked polymers is around 410 oC and 400 oC, respectively. 

On the other hand, the application of poly (DVS-BCB) have been limited largely in several 
standard interconnects due to their lower thermal stability and higher fragility relative to 
polysiloxanes. It implies that a simple combination of siloxane and BCB structure scarcely 
affords materials with high performance as expected. Structural analysis shows that the 
relatively low thermostability of poly (DVS-BCB) may be due to the incomplete crosslinking 
of DVS-BCB, the presence of residue ethylene moieties which are prone to take oxidation 
reaction, or the BCB-siloxane alternating copolymerization structure which destroys the 
thermally stable Si-O-Si backbone. Yang et al. have prepared a new siloxane-BCB monomer,  
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Scheme 8. Preparation of poly (4-VBCB-co-St) and the conetwork structure with DVSBCB. 
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Scheme 9. Synthesis route to DES-BCB and the cross-linked poly (DES-BCB) 

1,1,3,3-tetramethyl-1,3-bis[2’-(4’-benzocyclobutenyl)]vinyldisiloxane (DES-BCB) (Scheme 9). 
Ethyl was introduced instead of vinyl in DVS-BCB, which might enhance the thermal 
oxidation stability and decrease the fragility of cross-linked polymers simultaneously. 
However, TGA of poly (DES-BCB) shows a relatively inferior thermal stability with 5 % 
weight loss temperature of 380 oC, indicating that alkene oxidation would not be responsible 
for the inferior thermal stability of poly (DVS-BCB).  

In their further work, a new BCB-siloxane polymer with polysiloxane backbone and BCB 
pendant groups was reported. This polymer was prepared by Pt/C or H2PtCl6 catalyzed 
hydrosilylation between poly (methylhydrosiloxane) and 4-DMVSBCB or poly 
(methylvinylsiloxane) and 4-dimethylhydrosilylbenzocyclobutene (4-DMHSBCB) (Scheme 
10). The incorporation ratio of 4-DMVSBCB pendant groups is tunable, and the maximum 
ratio is up to 72 %. The corresponding cross-linked BCB-siloxane resins exhibit an initial 
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decomposition temperature of 429 oC, showing a superior thermal resistance over poly 
(DVS-BCB) resins and other common polysiloxanes.  

 
Scheme 10. Preparation of polysiloxane with BCB containing pendant groups. 

Fan et al (23) have prepared two novel siphenylene-siloxane copolymers bearing latent 
reactive BCB groups by polycondensation procedure of 1,4-bis 
(hydroxydimethylsilyl)benzene with bis (dimethylamino) methyl (4’-
benzocyclobutene)silane and bis(dimethylamino)methyl[2’-(4’-
benzocyclobutenyl)vinyl]silane (Scheme 11). The BCB-based monomers were synthesized 
from Grignard and Heck reaction, respectively. Copolymers with high molecular weight 
(Mw) of 1.96 and 1.61×105 g/mol have been obtained which were readily converted to cross-
linked films upon heating. The copolymer originated from SiViBu showed a big exotherm 
peak starting at about 230 oC. This temperature is similar with DVS-BCB but is higher than 
that of copolymer originated from SiBu. It may be attributed to their different cure 
mechanism. The cross-linking of SiBu proceeds via a Diels-Alder reaction of two o-
quinodimethanes, while that of SiViBu and SiBu proceeds via a Diels-Alder reaction of o-
quinodimethane as a diene and vinyl group as a dienophile. The final resins exhibited 
excellent thermal stability with high temperatures at 5 % weight loss (553 and 526 oC in N2, 
530 and 508 oC in air) owing to the incorporation of the benzene unit into the mainchains of 
the copolymers. The films of cured copolymers also demonstrated low dielectric constants of 
2.66 and 2.64 and low dissipation factors of 2.23 and 2.12×10-3.  

In their further work (24), two new methylphenylsiloxane monomers terminated with cross-
linkable benzocyclobutene functionalities, 1,1,5,5-dimethyldiphenyl-1,1,5,5-di[2’-(4’-
benzocyclobutenyl)vinyl]-3,3-diphenyltrisiloxane (BCB-1) and 1,1,3,3-dimethyl-diphenyl-
1,1,3,3-di[20-(40-benzocyclobutenyl)vinyl]disiloxane (BCB-2), were prepared (Scheme 12). 
These two monomers possess similar structure with DVS-BCB. Correspondingly, they show 
a simultaneous polymerizing and cross-linking process. Cured BCB-1 and BCB-2 exhibited 
good thermal stability (T5% > 472 oC both under N2 and air), which is better than that of DVS-
BCB resins and poly (4-DMVSBCB). From the comparison among DVS-BCB, BCB-1 and 
BCB-polysiloxane resins, it can be seen that elongating the length of polysiloxane chains and 
incorporating rigid functional groups on Si are beneficial for enhancing thermal stability. 
BCB-1 and BCB-2 resins also demonstrated low dielectric constants (2.69 and 2.66) and low 
dissipation factors of 2.23 and 2.12×10-3.  
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Scheme 11. Synthesis route to copolymers originated from SiViBu and SiBu, respectively. 

 

 
Scheme 12. Synthesis route to the monomers BCB-1 and BCB-2. 
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3. The application of BCB-based materials 

3.1. Low dielectric materials  

The performance of integrated circuit devices, historically limited by characteristics of the 
transistors, has become limited by the back-of-end-of-line (BEOL) signal delay of 
interconnect caused by wire capacitance, crosstalk and power dissipation. As one of the 
major technological strategy to decrease signal delay, developing new generation of low 
dielectric materials as alternatives of SiO2 have received much attention in recent years. 
Besides low dielectric constant, a qualified dielectric materials must satisfy other 
requirements, including high thermal stability, high mechanical strength, high breakdown 
field above 2 MV cm-1, low moisture absorption, low thermal swelling coefficient or film 
stress, good adhesion to various matrix, ease of damascence processing or etching, reactive 
inertness, good film forming property, etc. Among kinds of the accessible alternatives, some 
polymers with outstanding and promising mechanical and physicochemical properties have 
been widely studied (25). In the past few years, the studies were mainly concentrated on the 
following polymers: polyimides, BCB resins, poly (binaphthylene ether), polydiphenyl, 
polyquinolines, polynorbornene, silicon-containing polymers and fluorinated polymers.  

Although several potential applications were discovered for BCB-based materials, only the 
use as low dielectric materials was accessible for application until now. One of the reasons 
for the intense research on BCB-based low dielectric materials is that the thermal activation 
would generate a highly reactive intermediate to form clean products, which are beneficial 
for designation of high precision curing processes. The application of BCB resins in 
microelectronic should start from Cyclotene (26). So far, several formulations of these BCB-
based resins have been commercialized for thin-film dielectric applications and are currently 
used in the fabrication of liquid crystal displays, GaAs integrated circuit interconnect, 
interlayer connection and chip bumps. Although BCB-based resins displayed several 
advantages over many other polymeric materials, their use in standard interconnect is 
limited by their relatively low thermal stability than the required process temperatures.  

Table 2 lists the thermal and dielectric performances of BCB-based materials reported in the 
past few years. Most of them show low dielectric property with dielectric constant below 
2.65, it is worth noting that poly (4-DMVSBCB) possesses the lowest dielectric constant 
probably due to the absence of polar atoms in this carbosilane structure. Moreover, these 
new BCB-based materials show higher thermal stability except poly (4-vinylBCB). Most of 
them could be considered as potential alternatives of poly (DVS-BCB).  

3.2. Vinyl-BCB used for the functionalization of Carbon Nanotube  

The methods that have been explored for the functionalization of the sp2 network of the 
carbon nanotubes (CNTs) include addition reactions of azomethine ylides, bromomalonates, 
nitrenes, nucleophilic carbenes, and free radicals. In 2007, Baskaran et al. prepared 
functionalized CNTs by [4+2] cycloaddition of BCB for the first time (27). The stained ring of  
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T0 

(oC) 
T5% 
(oC) 

Dielectric 
constant 

Poly (DVSBCB) 370  2.65 
Poly (4-vinylBCB) ~350  2.58 
Poly (4-DMVSBCB) 380 428 < 2.45 
Poly (DES-BCB)  380  
Trisiloxane-BCB  > 472 2.66~2.69 
poly (SiViBu)   553 2.66 
poly (SiBu)  526 2.64 
Polysiloxane-BCB 427 493  

Table 3. Thermal and dielectric performance of several BCB-based materials. 

the BCB is susceptible to thermal ring opening to form o-quinodimethane, which can 
undergo [4+2] cycloaddition exclusively with 6-6 bonds of fused aromatic rings. In an 
attempt to add reactive organic groups on the surface of CNTs, several substituted BCBs 
were reacted with CNTs (28-29). Vinyl substituted BCBs, typically1-phenyl-1-
benzocyclobutene ethylene (BCB-DPE), are of particular useful because they can be attached 
on the surface of CNTs serving as anionic initiators for olefins polymerization. In a further 
work of Baskaran et al (28), the surface of multi walls carbon nanotubes (MWNTs) was 
modified via covalent attachment of BCB-polyethylene (BCB-PE) through Diels-Alder 
reaction at 235 oC (Scheme 13). TGA shows that MWNTs-g-(BCB-PE)n has 54 wt % precursor 
initiator. Anionic surface-initiated polymerization of styrene has been performed using such 
MWNTs functionalized with anionic initiators. Polymer grafted nanocomposites, MWNTs-
g-(BCB-PS)n, contains a very high percentage of hairy polymer with a small fraction of 
MWNTs (< 1 wt %). Size exclusion chromatography revealed a broad molecular weight 
distributions (1.3~1.8) of the polymer grafted MWNTs.  

 
Scheme 13. Surface functionalization of CNT by 1-phenyl-1-benzocyclobutene ethylene which initiates 
anionic polymerization of styrene. 
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3.3. Applications in Organic Light Emitting Diodes (OLED) 

OLEDs have attained much research interest in the past few decades due to their promising 
applications in full color displays and solid-state lighting. Device fabrication, involving the 
construction of hole-transporting layer (HTL), phosphorescent emitting layer (EL), and 
electron-transporting layer (ETL) multilayers structure, shows great impact on the ultimate 
performance. There are usually two methods to fabricate the layers. One is high vacuum 
vapor deposition of small molecules, and another is solution processing of polymers or 
dendrimers. The solution processing technique presents advantages in thermostability. 
However, it requires that each deposited layer must resistant to the solvent that used to 
deposit subsequent layers. Perhaps the most elegant strategy to address these issues 
involves the development of cross-linkable materials. To date, most of the reported 
thermally cross-linkable hole-transport materials are based on perfluorocyclobutane (PFCB) 
cross-linking unit. Recently, a novel thermally cross-linkable hole-transporting polymer for 
solution processible multilayer OLEDs was designed (30). This amorphous polymer was 
prepared from the radical copolymerization of vinyl-BCB with 4-[N-(4-Vinylphenyl)-N-(4-
methylphenyl) amino]-4’-[N-phenyl-N-(4-methylphenyl) amino]biphenyl initiated by AIBN  
(Scheme 14). It contains ~9 mol % of BCB with the Tg of near 175 oC. Cross-linking of the 
copolymer at 200 oC led to insoluble polymer films with a smooth surface. Solution 
processed multilayer light emitting diodes were prepared using this new BCB-inducing 
cross-linked polymer as a hole-transporting layer. These light emitting diodes exhibited 
high performance with 10.4 % external quantum efficiency at a brightness of 350 cd/m2.  

 
Scheme 14. Preparation and cross-linking of TPD-BCB copolymers. 
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3.4. Applications in organic field-effect transistors 

Organic field-effect transistors (FETs) are promising in enabling disposable electronics and 
flexible electronics technologies. Fabricating ultrathin defect-free gate dielectric layer with a 
high quality interface to the semiconductor layer is crucial for polymeric FETs. In recent 
years, several polymer dielectric materials including spin-on silesquioxanes, photoresist, 
polyimide and poly (vinylphenol) (PVP) were investigated. However, these polymers are 
not wholly satisfactory because they still cannot give conformal and pinhole-free films in the 
sub-100-nm regime. Consequently, present spin-on polymer dielectrics are typically limited 
to more than 300 nm in thickness, thus demanding a large gate voltage to operate. Recent 
works show that DVS-BCB possesses most of the requisite gate dielectric properties (31). 
Furthermore, defect-free films down to a few tens of nanomaters in thickness are attainable 
by a simple solution casting technique. The fabricated devices can operate at a low voltage 
with a field-effect mobility of few 10-4 cm2/Vs. They can be continuously operated at 120 oC, 
showing a good operating stability.  

4. Perspective of BCB related chemistry and materials 

4.1. Potential polymerization methods 

Although most of the vinyl-BCBs can be polymerized by anionic and radical polymerization 
methods, their copolymerization with styrene, MMA, ethylene and so on encountered a big 
challenge as the great difference polymerization activity between them. Coordination 
polymerization method as a powerful tool has promoted a great development of polymer 
chemistry in the last decades. However, the coordination polymerization of vinyl-BCB 
monomers has not been reported yet. In fact, most of these monomers mentioned above are 
capable of polymerizing through coordination polymerization in terms of its similar 
structure with styrene and acrylate. Of course, the coordination polymerization of vinyl-
silylBCB, such as 4-DMVSBCB and 1-DMVSBCB, is more difficult due to the Lewis acid 
property of silicon element and the large steric hindrance. The coordination polymerization 
of several simple vinylsilane compounds, indeed, has been studied. The firstly used 
catalysts were Ziegler-Natta catalysts, which however failed to induce accepted 
polymerization performance. An acceptable result was obtained till 2008 when Nomura et al 
has demonstrated a successful copolymerization of vinyltrialkylsilanes with ethylene 
catalyzed by nonbridged half-titanocenes (32). Thus, in this regard, a large number of works 
including new high-efficiency catalysts developing and in-depth polymerization behavior 
and mechanism studying are highly desired in the field of vinyl-BCB related polymer 
chemistry.   

Earlier work demonstrated that free radical method could not initiate the polymerization of 
vinyl-silylBCB. Nevertheless, it does not mean that the radical polymerization definitely 
fails to give products with high molecular weight and poor yields. Theoretically, the living 
free radical method could stabilize the initiated monomer free radicals, thus extending the 
lifetime of them and consequently enhancing polymerization activity. In addition, living 
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radical polymerization of silyl-functionalized vinyl monomers with large steric hindrance, 
for example vinylcyclicsilazane, has been indeed reported (33). The use of RAFT agents with 
anionic characteristic displayed excellent activity, giving the product with molecular weight 
up to 11300 g/mol. Thus, further studies regarding the radical polymerization of vinyl-
silylBCB should include the investigation of living polymerization, such as RAFT and 
ATRP. Moreover, these methods can also be used for the polymerization of vinyl-BCB to 
afford improved and controlled molecular weight, enabling the generation of random even 
block copolymers.  

4.2. Low temperature cross-linking  

Although the cross-linking by BCB ring-opening reaction presents several superiorities over 
common cross-linking ways, its high ring-opening temperature would induce the deformation 
of films due to the generally low Tg of the linear BCB precursors, thus limiting its use in some 
extent. Previous work demonstrated that the ring-opening temperature of cyclobutene is 
tunable by incorporating variety of substituents on cyclobutene (34). In particular, when 
utilizing the electron-donating substituents, the stability of cyclobutene and the ring-opening 
temperature was pronounced decreased. Recent work (35) even reveals that when placed 
within long polymer strands, the trans and cis isomers of a 1, 2-disubstitued benzocyclobutene 
undergo an ultrasound-induced electrocyclic ring opening at 6-9 oC (Scheme 15). Overall, 
developing new BCB structures, which enable lower opening temperature, is great important 
for improving the performance and expanding the application range of the vinyl containing 
BCB polymeric resins and also other BCB resins. Moreover, the cross-linking structure ascribed 
from the ring-opening reaction of 1-substitued or 1, 2-disubstituted benzocyclobutene is still 
unclear and needs to be further studied.  

 
Scheme 15. Preparation and reaction of mechanosensitive polymers. 

4.3. Nanomaterials 

Currently, the nanomaterials with unique chemical structure and corresponding high 
performance and attractive functions have been attracted increased attention. Hence, 
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exploiting vinyl-BCB based materials with nanostructure would be an interesting research 
topic because of the cross-linkable characteristic upon heating and the unique cross-linking 
behavior of BCB. Based on the well-established in-situ methods to construct nanostructures 
from polymerization of olefins, similar nanostructures based on poly (vinyl-BCBs) could be 
easily constructed. These BCB-based nanomaterials can be potentially used as adsorption 
materials, optic-electronic materials, coating materials, and so on.  

More recently, Harth et al. present a new BCB based cross-linking structure that allows a 100 
oC lower ring-opening temperature in comparison with conventional ones (36). They found 
that the incorporation of BCB based cross-linking unit by copolymerization shows a limited 
molecular weight control. Thus, as an alternative, they explored a grafting-on method by 
grafting a low-temperature cross-linking unit, 2-(1,2-dihydrocyclobutabenzen-1-
yloxy)ethanol, onto a linear acrylate polymer backbone (Scheme 16). To afford the required 
end group functionality, a convenient method was adopted to convert the alcohol to an 
amine for grafting onto the polymer. The polyacrylate was prepared via reversible addition-
fragmentation transfer (RAFT) polymerization. A polymeric precursor with a 75,000 Mw 
polyacrylate with a PDI of 1.21 was obtained using AIBN catalyst towards the RAFT 
initiator. The amine was grafted to poly (acrylic acid) through chloroformate activation 
chemistry and the 5 % conversion ratio of the carboxylic acid functional groups to 
functionalized benzocyclobutene units was obtained. Monitoring by 1H NMR show that the 
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exploiting vinyl-BCB based materials with nanostructure would be an interesting research 
topic because of the cross-linkable characteristic upon heating and the unique cross-linking 
behavior of BCB. Based on the well-established in-situ methods to construct nanostructures 
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temperature is above 130 oC at which the polymeric precursor could be fully converted. 
Dynamic Light Scattering (DLS) and TEM confirmed the formation of nanoparticles from 
the cross-linking of linear copolymers. TEM and DLS suggest that the mean diameter of 
nanoparticles is approximately 4.3 ± 0.8 and 7.3 ± 0.5 nm, respectively.  

5. Conclusions 

In the past few years, the approach to the utilization of benzocyclobutenes to construct 
polymers has experienced significant change. BCB-related polymers based on two-step 
cross-linking technology, represented by poly (vinyl-BCB)s, has brought remarkable 
improvement in controllability of materials structures and properties. Apart from this, their 
excellent polymerization compatibility with traditional olefins allows the convenient 
incorporation of BCB functionalities, significantly improving properties of original polymers 
and extending the potential application of BCB-related polymers. Besides, a series of BCB-
siloxane polymers with novel structures exhibiting excellent thermal stability and low 
dielectric properties have been prepared. Indeed, some of these polymers are promising 
alternatives of poly (DVSBCB) and would be widely used in microelectronic devices. These 
exciting works are just a beginning. A new window has been opened for BCB related science 
and technology. The future development will mainly focus on the following areas: 1) 
searching for more suitable BCB-related dielectric materials; 2) utilizing BCB to construct 
novel structures and improve performance of original materials; 3) exploiting more 
applications suitable for BCB-related polymers. 
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1. Introduction 

Historically, the development of highly active olefin polymerization catalysts has been a 
trigger for creating new polymers which impact on our daily lives in countless beneficial 
ways [1-5]. A recent instance is the development of group 4 metallocene catalysts that 
exhibit very high ethylene polymerization activities [2,3]. Based on the highly active group 4 
metallocene catalysts, high performance linear low-density polyethylene (LLDPE), isotactic 
poly-(propylene) (iPP) and syndiotactic polystyrene (sPS) etc., have been developed [6]. 
Therefore, much effort has been directed towards the development of highly active 
catalysts, following the group 4 metallocene catalysts. In consequence, quite a few highly 
active catalysts based on both early and late transition metal complexes have been 
developed [7-14]. There are, however, only a few examples of titanium complexes 
displaying high ethylene polymerization activities [15-19], though titanium metal is the 
major player in highly active heterogeneous Ziegler-Natta catalysts. Accordingly, further 
researches have been conducted on titanium catalysts with the intention of developing the 
highly active titanium catalysts and applying them to the polymerization of ethylene. 

As a result of ligand-oriented catalyst design research, Sandaroos and coworkers [19-21] 
described the catalytic performance of new titanium complexes 1–9 containing 
aminotropone chelate ligands for ethylene polymerization (Scheme 1). The following 
subsections detail the results observed in these works. 

2. Search for acquiring the fundamentally active ligand 

Among the typical catalyst components, ligands play a predominate role in the 
polymerization process. During electron exchange between metal and monomer, ligands help 
the metal to balance its electron density with receiving electrons from the coordinated 

© 2012 Sandaroos et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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ethylene through the metal and releasing electrons whenever required to facilitate the 
ethylene insertion process (Figure 1). Accordingly, to obtain a highly active catalyst, the 
existence of ligands with a notable balance between their electron donating and withdrawing, 
evidenced by calculation of energy gap between the HOMO (the highest occupied molecular 
orbital) and LUMO (the lowest unoccupied molecular orbital) of them, is a predominate 
requirement [22]. For comparison, the energy gap between the HOMO and LUMO of three 
well-known ligands, namely phenoxy-imine [15,23-29], pyrrolide-imine [15,27-29], indolide-
imine [30] and the new aminotropone chelate ligand [19] was studied using density-
functional theory (DFT). Because of the reasonable energy gap between the HOMO and 
LUMO of aminotropone (2.6 eV), it was theoretically offered as a fundamentally active ligand 
(Scheme 2). 

 

 
 

Catalyst R' R Refrence(s) 
1 phenyl H 19-21 
2 2,6-dimethylphenyl H 19 
3 cyclohexyl H 19 
4 4-(t-Buyl)cylohexyl H 19 
5 cyclooctyl H 19 
6 Ethyl H 19 
7 isoporpyl H 19 
8 phenyl methyl 19,20 
9 phenyl t-Butyl 19,20 

Scheme 1. Titanium (IV) complexes based on anilinotropone ligands 1–9. 

 

 
Figure 1. Presentation of the olefin coordination on the transition metal [19]. 
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Scheme 2. Energy gap (eV) between HOMO and LUMO of aminotropone compared to those related to 
phenoxyimine, pyrrolide-imine and indolideimine [16,19]. 

3. Substituent effects  

This section concentrates on the steric features of bis(aminotropone)Ti complexes compared 
with those of bis(phenoxyimine) Ti complexes (Ti-FI catalysts). Unlike Ti-FI catalysts, which 
require sterically demanding substituents in ortho position to the phenoxy oxygen atom in 
order to exhibit high ethylene polymerization activity [23-26], the activity of bis(pyrrolide-
imine) Ti catalysts (Ti-PI) decreases with more congestion adjacent to the anionic N of the PI 
ligand because there is not enough space for monomer insertion [16]. The steric bulk in Ti-FI 
catalysts is thought to afford effective ion separation between the cationic active species and an 
anionic co-catalyst, resulting in enhancement of the catalytic activity. Accordingly, 
bis(aminotropone) Ti complexes 1, 8 and 9 with a series of subtituents (H, methyl and t-Butyl) 
adjacent to the carbonyl were prepared and examined as ethylene polymerization catalysts 
(Figure 2; Table 1, entries 1, 37 and 40) [19]. The polymerization results provided information on 
the potential of bis(aminotropone) Ti complexes for ethylene polymerization, and additional 
information about the effect of the substituent adjacent to the carbonyl on catalytic performance. 

 
Figure 2. Investigation of substituent effects in bis(aminotropone) Ti complexes in comparison with a 
typical Ti-FI catalyst 10 [19]. 

The bis(aminotropone) Ti complex 9, which possesses the t-Butyl group, proved to be a poor 
catalyst for ethylene polymerization under the conditions employed (activity < 100 Kg PE 
mol cat-1 h-1). Instead, the bis(aminotropone)Ti complex 1 with an H atom adjacent to the 
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carbonyl formed polyethylene (PE) with Mw 98000 and a high activity of 8000 Kg PE mol  
cat-1 h-1. Additionally, catalyst 8, which possesses the methyl group, exhibited almost 
moderate activity (activity 3520 kg PE mol cat-1 h-1). These facts show that, for 
bis(aminotropone) Ti complexes 8 and 9, the methyl and t-Butyl groups in close proximity to 
the carbonyl evidently provide unfavorable steric hindrance to ethylene polymerization. 
This is in sharp contrast to Ti-FI catalysts, which require steric congestion near the 
polymerization center in order to display high activity. The activity obtained with complex 1 
(8000 Kg PE mol cat-1 h-1) is extremely high for a Ti complex with no cyclopentadienyl (Cp) 
or PI ligand(s) [16,23-26]. In fact, the activity exceeds that displayed by Ti-FI catalyst 10 
under analogous conditions (3480 Kg PE mol cat-1 h-1) (Figure 2) [22]. Since the substituent 
on the amine-N is situated near the active site, the bis(aminotropone)Ti complexes 1–7, 
containing three types of substituents, aromatic ring (catalyst 1-2), aliphatic ring (catalyst 3-5) 
and alkyl groups (catalyst 6-7) on amine-N were prepared and evaluated, with 
methylaluminoxane (MAO) activation, for the polymerization of ethylene to find a correlation 
between the N-aryl substituent and ethylene polymerization behavior. The polymerization 
results are presented in Table 1 which also includes the results for Ti-FI catalyst 10, Cp2TiCl2 
and Cp2ZrCl2 as references (compare entries 1, 7, 12, 17, 35-36 and 40-43). The basic trend 
observed is that an increase in the steric bulk of the substituent in each of the three types of 
catalyst enhances catalytic activity. A reasonable hypothesis is that the sterically more 
encumbered substituent on the amine-N part of bis(aminotropone) Ti complexes induces more 
effective ion separation between the cationic active species and an anionic cocatalyst. In 
addition, it gives better steric protection to the anionic N from Lewis acidic compounds 
present in a polymerization medium, leading to increased catalytic activity. 

Comparison of catalysts 1-2 with 3-5 revealed dramatically increased activities for 3-5, 
which is thought to be due to a good match between electronic and steric effects of them. 
Therefore, it can be concluded that the catalytic activity is influenced by both electronic and 
steric effects. In other words, a good integration between the steric and electronic properties 
of the catalyst is needed to reach the highest activities. It should be noted that catalyst 5, 
which includes a cyclooctyl group on the amine-N, gives an activity of 27200 Kg PE mol cat-1 
h-1, which compares favorably with Cp2TiCl2 or Cp2ZrCl2 combined with MAO. 
Additionally, in each of catalysts presented in Table 1, sterically more encumbered 
substituents on the amine-Ns generally afford higher-molecular-weight PEs (compare 
entries 1, 7, 12, 17 and 35-36). The steric congestion provided by the substituent, which 
probably reduces the rate of chain transfer more significantly than that of chain propagation, 
is responsible for the enhancement of the product molecular weight [30]. 

4. Effects of polymerization conditions 

Ethylene polymerization behavior using catalysts 3, 4 and 5 were studied under different 
reaction times (Table 1, entries 20-34) and temperatures (entries 5-19). The highest activity of 
catalyst 5 was obtained at 10 °C (31200 Kg PE mol cat-1 h-1). However, the highest activity of 
catalysts 4 and 3 occurred at about 35 °C (24500 and 18200 Kg PE mol cat-1 h-1, respectively). 
The reduction in catalyst activity in the polymerization performed at the lower and upper 
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temperature than the optimum value could be attributed to a low propagation rate and 
catalyst irreversible deactivation respectively. Ethylene polymerization carried out at 
different reaction times showed catalyst 5 had a shorter lifetime, but catalysts 3 and 4 
showed more stable activities during the polymerization. 

Additionally, the activity of the catalysts 1 and 8 and Mw values of resultant polymers 
increased with increasing the monomer pressure (entries 1-3 and 37-39). This behavior is 
mainly due to the high concentration of the monomer close to the catalyst active centers. 

As could be predicted, as molar ratio of [Al]/[Ti] increased, activity of catalysts increased, 
but Mw values of resultant polymers decreased [19-21].    

The large amount of hydrogen concentration could slightly increase the activity of the 
catalyst 1, 8 and 9 (Figure 3) [20]. A reasonable explanation for this effect might be increase 
of homogeneity of polymerization system and return of catalytically less reactive species, 
such as those resulting from 2,1-insertions, to the catalytic cycle through their fast 
hydrogenation [20]. 

Moreover, as it can be seen in Figure 4 [20], polydispersity and Mn of the polymer obtained 
using the catalyst 1 increases with time. 

5. DFT studies of catalyst 

Since a bis(aminotropone) Ti catalyst contains a pair of non-symmetric bidentate ligands, it 
potentially displays five isomers (A–E) arising from the coordination modes of the two 
ligands in an octahedral geometry (Scheme 3) [19]. DFT studies suggested that 
bis(aminotropone)Ti catalyst 1 assumed isomer A, with a trans-carbonyl-Os, cis-amine-Ns 
and cis-Cls disposition. Additionally, DFT calculations were performed on a methyl cationic 
complex (an initial active species generated from bis(aminotropone) Ti catalyst 1 with MAO) 
in the presence of ethylene, to obtain information about the structure of the catalytically 
active species (Figure 5) [19] .The calculations revealed that an ethylene-coordinated cationic 
species assumed an octahedral geometry with a trans-carbonyl-Os, cis-amine-Ns and cis-
Me/coordinated ethylene disposition, which fulfills the pivotal requirement for a high 
efficient catalyst, i.e., a growing polymer chain and a coordinated-ethylene group in the cis-
position. An inspection of the calculated structure indicated that the phenyl group on the 
amine-N was located in close proximity to the active site, suggesting the substituent on the 
amine-N is the strategic substituent vis-a`-vis catalyst design. 

As discussed, unlike catalyst 1, catalysts 8 and 9, with the methyl and t-Butyl groups 
adjacent to the carbonyl-Os, display very low productivity in the polymerization of 
ethylene. The calculated structure of methyl cationic complexes originating from 1 and 9 is 
displayed in Figure 6 [19]. The t-Butyl group of complex 9 seems to provide steric 
congestion near the polymerization center, which diminishes the rate of chain propagation. 
This is probably because it obstructs ethylene from gaining access to the active site and 
subsequent insertion into the Ti-carbon bond. On the other hand, DFT studies show that the 
active species derived from bis(aminotropone) Ti catalyst 1 possesses higher electrophilicity  
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Entry Cat. Cat. 
(µ mol)

MAO
(mmol) Time (min) T (°C) P (bar) TOF a

Mv 
(×103) b Refs. 

1 1 1 1.25 15 25 1 8000 260 19-21 
2 1 1 1.25 15 25 3 9100 450 20 
3 1 1 1.25 15 25 5 9800 630 20 
4 2 1 1.25 15 25 1 9650 530 19 
5 3 1 1.25 15 0 1 10450 2600 19 
6 3 1 1.25 15 10 1 11800 2580 19 
7 3 1 1.25 15 25 1 15200 2300 19 
8 3 1 1.25 15 35 1 18200 1860 19 
9 3 1 1.25 15 45 1 18000 1740 19 

10 4 1 1.25 15 0 1 14650 3500 19 
11 4 1 1.25 15 10 1 18000 3120 19 
12 4 1 1.25 15 25 1 22600 2950 19 
13 4 1 1.25 15 35 1 24500 2560 19 
14 4 1 1.25 15 45 1 14650 2240 19 
15 5 1 1.25 15 0 1 26400 5620 19 
16 5 1 1.25 15 10 1 31260 4950 19 
17 5 1 1.25 15 25 1 27200 3540 19 
18 5 1 1.25 15 35 1 21100 3140 19 
19 5 1 1.25 15 45 1 14560 2800 19 
20 3 1 1.25 5 25 1 5800 - 19 
21 3 1 1.25 10 25 1 10400 - 19 
22 3 1 1.25 15 25 1 15200 2300 19 
23 3 1 1.25 25 25 1 22500 - 19 
24 3 1 1.25 40 25 1 19500 - 19 
25 4 1 1.25 5 25 1 7200 - 19 
26 4 1 1.25 10 25 1 13600 - 19 
27 4 1 1.25 15 25 1 22600 2950 19 
28 4 1 1.25 25 25 1 26500 - 19 
29 4 1 1.25 40 25 1 17300 - 19 
30 5 1 1.25 5 25 1 8200 - 19 
31 5 1 1.25 10 25 1 15240 - 19 
32 5 1 1.25 15 25 1 27200 3540 19 
33 5 1 1.25 25 25 1 21550 - 19 
34 5 1 1.25 40 25 1 10500 - 19 
35 6 1 1.25 15 25 1 410 285 19 
36 7 1 1.25 15 25 1 680 340 19 
37 8 1 1.25 15 25 1 3520 271 19,20 
38 8 1 1.25 15 25 3 3750 320 20 
39 8 1 1.25 15 25 5 4500 390 20 
40 9 1 1.25 15 25 1 <100 352 19,20 
41 10 1 1.25 15 25 1 3480 368 18 
42 Cp2TiCl2 1 1.25 15 25 1 16700 1253 18 
43 Cp2ZrCl2 1 1.25 15 25 1 20000 1000 18 

 

kg PE mol cat-1 h-1, b) Calculated from intrinsic viscosity 

Table 1. Ethylene polymerization results with catalysts 1–9, Ti-FI catalyst 10, Cp2TiCl2 and Cp2ZrCl2 
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Table 1. Ethylene polymerization results with catalysts 1–9, Ti-FI catalyst 10, Cp2TiCl2 and Cp2ZrCl2 
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Figure 3. Influence of H2 concentrations on the catalyst activity. Polymerization conditions:                 
[Al]/[Ti] = 1250, polymerization time = 15 min, temperature = 25 °C, monomer pressure = 1 bar,       [Ti] = 
1 mmol, toluene = 250 mL [20]. 

 

 
Figure 4. PDI and Mn versus time for the polymer obtained by catalyst 1. Polymerization conditions: 
[Al]/[Ti] = 1250, temperature = 25 °C, monomer pressure = 1 bar, [Ti] = 1 µmol, toluene =250 mL. Mn and 
PDI were obtained from GPC [20]. 
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at the Ti center compared with that of Ti-FI catalyst 10 (Mulliken charge of the Ti in atomic 
unit, catalyst 1=2.212 [19], catalyst 10=2.005 [16]). Considering that the active species derived 
from a typical metallocene (Cp2TiCl2) has a Mulliken charge (Ti) of 1.308 [16], 
bis(aminotropone) Ti catalyst 1 exhibits particularly high electrophilicity. Therefore, a 
bis(aminotropone) Ti catalyst generates a catalytically active species that has higher 
electrophilicity than a Ti-FI catalyst. 

 
Scheme 3. The relative formation energies of the isomers [19]. 

 
Figure 5. Calculated structure of ethylene-coordinated cationic species derived from bis(aminotropone) 
Ti catalyst 1. The hydrogen atoms are omitted for clarity [19]. 
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Figure 6. Calculated structures of cationic active species generated from catalyst 1 (A) and catalyst 9 
(B). Some of the hydrogen atoms are omitted for clarity [19]. 

6. Nickel (II) catalysts based on anilinotropone ligands 

6.1. Introduction 
Olefin polymerization catalysts based on early-metal metallocene complexes were 
introduced nearly two decades ago and are seeing increasing commercial utilization [31-33]. 
Their single-site nature makes them attractive for ligand tailoring, and as a result these 
catalysts have been modified in innumerable ways to enhance polymerization activity, 
improve catalyst lifetime, increase the α-olefin/ethylene reactivity ratio in 
copolymerizations, and control microstructures of polypropylene and other poly-α-olefins 
[31-33]. A drawback of metallocene and classical Ziegler catalysts is the extreme oxophilicity 
of the early-metal center. This oxophilicity renders metallocenes inactive toward most 
functionalized monomers and highly sensitive to polar solvents and impurities. The 
sensitivity of metallocenes to polar substituents is largely responsible for an increase in 
interest in late-transition-metal complexes as olefin polymerization catalysts over the past 
several years [34-37]. Late-metal catalysts complement early-metal catalysts in several ways. 
(1) Polymers exhibiting quite different microstructures are frequently obtained [36,38-41]. 
This arises from the ability of the metal to walk along the growing polymer chain via a series 
of β-elimination and reinsertion reactions which can occur at rates competitive with or faster 
than olefin insertion. This process results information of branched polymers from ethylene 
and “chain-straightened” polymers from α-olefins [36,38]. (2) Certain monomers such as 
trans-2-butene, which cannot be polymerized by early-metal systems, can be successfully 
polymerized with late-metal systems [42]. (3) Many late-metal catalysts are compatible with 
protic solvents and nucleophilic impurities. Water compatibility has led to successful 
emulsion polymerization of ethylene [43-46]. (4) Expanded functional group tolerance has 
permitted the copolymerization of alkyl acrylates (polar monomers) with ethylene and α-
olefins (non polar monomers) [47-50]. 

Much of efforts has focused on cationic systems of α-diimine ligands (Figure 7) as well as 
catalysts incorporating closely related neutral ligands [38,40-42,48,49,51-53]. The α-diimine 
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Ni complexes are very reactive toward ethylene and α-olefins and, as noted above, produce 
polymers with unique microstructures. The cationic Ni catalysts are electrophilic and 
sensitive to protic solvents. Functional group compatibility is diminished relative to Pd 
analogues; however, it should be noted that copolymerization of ethylene and alkyl 
acrylates has been achieved at high ethylene pressures (> 500 psig) and temperatures above 
80 °C [47,54]. 

 
Catalyst 11; M = Ni and Pd 

Figure 7. The α-diimine complexes [38,40-42,48,49,51-53]. 

In view of the high sensitivity of the cationic Ni and Pd catalysts, there has been substantial 
interest in developing neutral Ni catalysts to overcome these limitations. Several examples 
of neutral Ni catalysts based on SHOP-type (Shell Higher Olefin Process) ligands have been 
reported, although productivities and molecular weights are often low [45,50,55,56]. Neutral 
Ni catalysts modeled after α-diimine complexes, containing bulky ortho-disubstituted 
arylimine functionality, have been reported. Catalysts based on salicylaldimines (Figure 8), 
have been described by both the DuPont [57] and the Grubbs groups [58,59]. The most 
active systems contain either electron-withdrawing nitro substituents in the aromatic ring 
[57] or bulky substituents at C-3, with a 9-anthracenyl group being most effective [58,59]. In 
the latter case, activities of 1.3 ×105 kg PE mol Ni-1 h-1 and lifetimes in excess of 6 h have been 
observed at 45-50 °C [58].  

 
Figure 8. The salicylaldimines catalysts [57-59]. 

Brookhart [60,61] designed a ligand which incorporated the key elements of the six-
membered chelate salicylaldimine ligand but which would lead instead to a five-member 
chelate. He chose for this purpose the 2-anilinotropone moiety because it contained the 
desired anionic N,O chelate, a hindered N-aryl group, and complete conjugation between 
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the N and O. Several variations can be introduced by using hindered or electron-poor N-
aryl group and modified tropone skeleton. This family of ligands were synthesized using 
the palladium catalyzed cross-coupling of aniline with 2-triflatotropone [60-62]. The 
corresponding highly neutral nickel catalyst is almost high active in ethylene 
polymerization and it does not require an activator (Figure 9).  

 
Figure 9. Anilinotropone ligands (a) and Ni (II) catalysts based on Anilinotropone (b) [60,61]. 

To determine the effects of varying the ortho-aryl substituents on ethylene polymerization, 
in an effort a series of anilinotropone ligands and corresponding nickel complexes was 
synthesized (Scheme 4). Among these catalysts, they incorporating alkyl substituents at the 
2- and 6-positions of the N-aryl ring generated high-molecular weight polyethylenes with 
monomodal molecular weight distributions of ca. 2 (or less at low temperatures). 

Under optimized conditions (Table 2), catalyst 14 bearing isopropyl substituents at the 2- 
and 6-positions of the N-aryl ring can produce PE, without the addition of a cocatalyst, with 
a TOF of 8.8 ×103 kg of PE mol Ni-1 h-1 in a 10 min run. Additionally, 14 produced PE with a 
substantially higher Mn when compared with the salicylaldimino type bearing the anthryl 
substituent in the ortho position (89.6 vs. 54 kg mol-1). Nevertheless 14 showed a short 
lifetime when compared to 2-salicylaldimino type bearing the anthryl substituent [62].  

As can be seen in Table 3, with the exception of the run at 40 °C, the Mn value of the 
resultant polymers decreases with increasing temperature. The degree of branching steadily 
increases from 40 to 100 °C (8-67 branches per 1000 carbon atoms). This implies that the 
lower molecular weights obtained at higher temperatures are the result of an increase in the 
ratio of the chain transfer rate relative to the chain propagation rate, a normal feature of 
such polymerizations. The catalyst TOF is at a maximum at 80 °C. Ethylene pressure has 
also been shown to have dramatic effects on the resultant PE. Increasing the pressure from 
1.01 to 41.34 bar at 80 °C caused a decrease in the branching number from 113 to 41 branches 
per 1,000 C [62]. 

Unlike salicylaldimine catalysts whose activates dramatically increase [58,63], no significant 
changes take placed in TOF, Mn, PDI, or branching numbers for catalyst 14 in the presence 
of added PPh3. The observation that scavengers do not increase turnover numbers suggests 
that under the reaction conditions PPh3 is essentially fully dissociated from the active nickel 

(a)  (b)
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catalyst. Additionally, addition of polar solvent to the polymerization media decreased 
catalytic activity, but didn’t change branching numbers [62]. 

 

 
 

Catalyst R1-R5

13 R1 = R4 = R5 = H; R2 = R3 = Me 
14 R1 = R4 = R5 = H; R2 = R3 = iPr 
15 R1 = R4 = R5 = H; R2 = R3 = tBu 
16 R1 = R4 = R5 = H; R2 = Me; R3 = tBu 
17 R1 = R4 = R5 = H; R2 = R3 = Ph 
18 R1 = R4 = R5 = H; R2 = R3 = Cl 
19 R1 = R4 = R5 = H; R2 = R3 = Br 
20 R1 = H; R2 = R3 = R4 = R5 = F 
21 R1 = R2 = R3 = R5 = H; R4 = CF3 
22 R1 = R3 = R4 = R5 = H; R2 = Me 
23 R1 = R4 = R5 = H; R2 = Me; R3 = CF3 
24 R1 = R4 = R5 = H; R2 = R3 = F 
25 R1 = Ph; R2 = R3 = iPr; R4 = R5 = H 
26 R1 =  1-naph; R2 = R3 = iPr; R4 = R5 = H 

Scheme 4. Ni (II) catalysts based on anilinotropone [62]. 

Replacement of the standard 2,6-diisopropyl substituents on the aryl group with 2,6-
dimethyl (13), 2,6-dichloro (18), 2,6-dibromo (19), and 2-methyl-6-trifluoromethyl(23) 
substituents had little effect on productivity. A slight increase in TOF was observed for the 
2,6-diphenyl-substituted catalyst (17). Significant reduction in TOF was observed for the 2-
methyl-6-t-Butyl (16), 2-methyl-(22), 2-t-Butyl-(15), and 2,3,4,5,6-pentafluoro-substituted (20) 
catalysts. Molecular weights generally increase with increasing steric bulk of the ortho 
substituents (Table 2) [62]. 

Substitution of the 2-(2,6-diisopropylanilino)tropone ligand with either phenyl (25)  
or naphthyl (26) groups resulted in a small increase in productivities and lifetimes at  
80 °C and 13.78 bar. However, at 40 °C these catalysts exhibited much longer lifetimes  
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Substitution of the 2-(2,6-diisopropylanilino)tropone ligand with either phenyl (25)  
or naphthyl (26) groups resulted in a small increase in productivities and lifetimes at  
80 °C and 13.78 bar. However, at 40 °C these catalysts exhibited much longer lifetimes  
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(t1/2›1 h) and higher total turnover numbers could be achieved relative to 80 °C 
polymerizations [62].  
 

Catalyst P (bar) T (°C) TOF b Mw Mw/Mn Br/1000 C 

13 13.78 80 5424 73.1 1.7 61 

14 13.78 80 8800 165.6 1.8 61 

16 13.78 80 1014 230.0 2.0 73 

17 13.78 80 10038 171.0 1.8 53 

18 13.78 80 3924 20.0 2.0 53 

19 13.78 80 4152 41.8 1.9 56 

20 13.78 80 1152 4.8 3.0 49 

21 13.78 80 936 112.8 2.4 57 

23 13.78 80 6924 167.2 1.9 59 

25 13.78 80 2338 184.8 2.1 63 

26 13.78 80 2461 151.2 2.7 62 

a  Polymerization time = 10 min , Catalyst = 5.2 µmol; b  Kg PE mol cat-1 h-1 

Table 2. Selected ethylene polymerization data of the Ni (II) catalysts based on anilinotropone a [62] 

Molecular weights of the polyethylenes increased with pressure, which suggests that chain 
transfer at least in part occurs through classical β-H elimination rather than chain transfer to 
monomer. The catalyst decay product is the Ni (II) bis-ligand complex, whose formation 
must be initiated by reductive elimination of the ligand from a Ni (II) species [62]. 

Similar to other natural nickel ethylene polymerization catalysts which have already  
been reported for oligomerization of α-olefins [64,65], oligomerization of 1-hexene at 40  
and 60 °C by catalyst 14 led to low yields of oligomers with degrees of polymerization of 21 
and 16, respectively [62]. Branching numbers are 147 and 152 branches per 1000 carbon 
atoms, indicating a very minor amount of chain straightening via a 2,1-insertion and  
chain walking [39]. 

Salicylaldimine-based neutral Ni (II) catalyst bearing electron-withdrawing NO2 group 
displayed high activity for polymerization of ethylene and resulted in high MW polymer 
with fewer branches than the unnitrated catalysts [63]. Accordingly, Brookhart [66] 
prepared anilinotropone-based neutral Ni (II) catalysts 27-29 (Scheme 5) to examine the 
effect on catalyst activity and stability of adding strong electron-withdrawing NO2 groups to 
the tropone and N-aryl ring. 

As can be seen in Table 4, in comparison with unnitrated catalyst  13, the addition of two 
NO2 groups dramatically enhances catalytic activity of 27 at 80 °C (entries 6 vs 4) from a 
TOF of 5423 to 27428 while the MW of PE were comparable. 
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entry Cat. 
(µmol) P (psig) T (°C) TOF b Mn 

(×103) Mw/Mn Br/1000 C 

1 14.8 400 60 5554 57 2.8 64 
2 7.6 400 40 947 204 2.8 8 
3 7.6 400 60 5368 292 2.0 27 
4 7.6 400 80 9000 119 1.8 49 
5 7.6 400 100 3157 61 1.9 67 
6 5.2 1 atm 80 173 6.7 2.0 113 
7 5.2 50 80 4615 50 1.7 90 
8 5.2 100 80 7629 63 1.9 76 
9 5.2 200 80 10615 90 1.8 61 
10 5.2 200 80 8769 92 1.8 61 
11 5.2 400 80 8192 104 2.0 45 
12 5.2 600 80 3000 120 2.0 41 
13 5.2 200 80 8653 78 1.9 66 
14 5.2 400 80 12576 108 1.9 48 
15 5.2 600 80 10153 111 2.0 43 

a Polymerization time = 10 min, b Kg PE mol cat-1 h-1 

Table 3. Ethylene polymerization with 14 a [62] 

 
 

Catalyst G, G´ and R R
27 R = Me, G = 5,7-NO2, G´ = Me H 
28 R = iPr, G = 5,7-NO2, G´ = H H 
29 R = iPr, G = 5,7-NO2, G´ = NO2 H 

Scheme 5. Nitrated catalysts based on anilinotropone 27-29 [66] 

Moreover, catalyst 27 exhibited higher thermal stability than salicylaldimine-based Ni (II) 
catalysts [58] as well as higher lifetime than catalyst 13 (entries 3, 4 vs. 5, 6). As the 
polymerization temperature was increased from 60 °C to 80 °C, the polymer MW decreased 
while catalytic activity and branching increased for catalyst 27. 

Similar to 27, the addition of two or three NO2 groups led to dramatically enhanced catalytic 
activities of diisopropyl analog 28 and 29, with a TOF of 80666 for 28 (entry 9) and 39600 for 
29 (entry 10) compared with unnitrated parent catalysts 13 and 14. 
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Moreover, catalyst 27 exhibited higher thermal stability than salicylaldimine-based Ni (II) 
catalysts [58] as well as higher lifetime than catalyst 13 (entries 3, 4 vs. 5, 6). As the 
polymerization temperature was increased from 60 °C to 80 °C, the polymer MW decreased 
while catalytic activity and branching increased for catalyst 27. 

Similar to 27, the addition of two or three NO2 groups led to dramatically enhanced catalytic 
activities of diisopropyl analog 28 and 29, with a TOF of 80666 for 28 (entry 9) and 39600 for 
29 (entry 10) compared with unnitrated parent catalysts 13 and 14. 
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entry Cat. Cat. (µmol) t (min) T (°C) ToF b MW Mw/Mn Br/1000 C 
1 27 5.5 60 60 800 289000 2.9 10 
2 27 6.9 10 60 2260 230000 2.7 8 
3 27 2.0 60 80 9650 128000 2.4 18 
4 27 2.1 10 80 27428 65000 - 16 
5 13 7.6 30 80 1657 - 1.7 - 
6 13 5.2 10 80 5423 73000 - 61 
7 28 0.9 10 60 4000 - - - 
8 28 0.45 60 80 6666 - - - 
9 28 0.9 10 80 80666 - - 2 

10 29 0.5 10 80 39600 - - 7 
11 14 5.2 60 80 1769 162000 1.8 61 
12 14 5.2 10 80 8769 165000 1.8 61 

a Ethylene pressure  = 13.78 bar. b Kg PE mol cat-1 h-1 

Table 4. Ethylene polymerizations with 27-29 a [66] 

All PEs produced by nitro-substituted catalysts 27-29 had monomodal GPC traces (PDIs 
between 2 and 4) and lower branching densities than those of parent catalysts 13 and 14 
(entry 4 vs 6 and entries 9,10 vs. 12).  

Catalyst 27 was able to incorporate vinyltrimethoxysilane or 1-hexene into polyethylene, but 
at a reduced rate compared to ethylene homopolymerization [66]. 1-Hexene or 1-octene 
oligomerization was also studied with catalysts 27 or 28 [66]. The oligomers were produced 
with low activities and lower amount of branching than expected (for 1-hexene, the 
expected number of branches after 2,1-insertion without chain walking is 166 
branches/1000C and for 1-octene is 125 branches/1000C), indicating minor chain walking of 
catalysts during oligomerization. 

7. The mechanistic investigation of the polymerization of ethylene 

Combined DFT/stochastic studies were undertaken on the mechanism of ethylene 
polymerization catalyzed by the neutral Ni-anilinotropone catalysts [67]. Chain propagation 
and isomerization as well as influence of reaction conditions on the branching formation 
were investigated. Similarly to the case of nickel-salicylaldiminato catalysts the activation 
barriers for the insertion of ethylene in complexes with the trans alkyl group to the oxygen 
donor were found higher than those encountered in cis/trans isomerization. Interestingly, 
stochastic simulation allowed for establishing temperature and pressure dependence of the 
polymer microstructure. In agreement with experimental evidences the model predicts a 
decrease with the number of branches with the increase of pressure. Temperature 
dependence behaves oppositely as a result of an increase in secondary insertions with the 
temperature. 

To get a full mechanistic picture of a typical neutral catalyst system, an elegant and in-depth 
NMR study of ethylene polymerizations catalyzed by the anilinotropone complexes was 
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also performed [67]. Detailed information concerning the chain propagation process, the 
barrier to ethylene insertion, the nature, and dynamics of the intermediate Ni alkyl 
complexes, and the chain transfer and catalyst decay processes were obtained. The rate of 
insertion of ethylene into the Ni-phenyl bonds of both unsubstituted and aryl-substituted of 
anilinotropone nickel (II) complexes (14 and 25) was monitored by low temperature NMR 
spectroscopy. The ethylene insertion, initially, forms the corresponding 
[Ni(L)(PPh3)(CH2CH2Ph)] complexes determined by monitoring the change in 
concentrations of starting complexes. First-order rate constants were measured as a function 
of temperature and ethylene concentration.  

Even at high ethylene concentrations, only PPh3 complexes were observed (no ethylene 
complexes were detected). As expected, rates accelerate with temperature, increasing about 
an order of magnitude between -10 and 10 °C. Insertion is dramatically inhibited by 
phosphine concentration. Thus, it was concluded that for these systems, the catalyst resting 
state(s) are an equilibrium mixture of phosphine and ethylene complexes (Figure 10). 
Nevertheless, at high ethylene pressures, the equilibrium is shifted nearly completely to the 
side of the ethylene complex and TOF becomes independent of ethylene pressure 
(saturation conditions). 

 
Figure 10. Ethylene polymerization catalyzed by Ni-anilinotropone catalysts [66]. 

The barriers to migratory insertion in (N–O)Ni(R)-(C2H4) complexes, from measurements of 
TOFs under saturation conditions, were determined to lie in the range of 16–17 kcal mol-1, 
that is only about 2–3 kcal mol-1 greater than those observed for cationic diimine complexes. 

The intermediate alkyl complexes have α-agostic interactions with dynamic behavior similar 
to the cationic alkyl diimine complexes. The barrier to β-H elimination and reinsertion is 
estimated in ca. 17 kcal mol-1. Free energy barrier to nickel–carbon bond rotation in these 
complexes occurs with a barrier of 11.1 kcal mol-1. These isomerization processes account for 
branched polyethylenes generated from these catalysts and resemble those previously 
observed with diimine catalysts. 

Thermolysis of (N,O)Ni(hexyl)(PPh3) generates the nickel hydride complex and 1-hexene via 
β-H elimination, through two pathways, one (dominant) independent of phosphine 
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concentration and one involving reversible loss of phosphine, and thus inhibited by PPh3. 
This process is a model for chain transfer and clearly explains why polymer molecular 
weights decrease with increasing phosphine concentration. The rate of propagation is 
retarded by increasing [PPh3], while the rate of chain transfer is unchanged, resulting in an 
increase in Rct/Rprop. Since chain transfer to monomer would exhibit a rate inhibition equal to 
that for Rprop with added PPh3 it was concluded that the major chain transfer route is a 
simple β-elimination process, and not chain transfer to monomer. 

At much slower rates, reductive elimination of the free ligand occurred from the hydride 
complex, and is inhibited by added phosphine. Catalyst decay under polymerization 
conditions was shown to occur by a similar process to generate free ligand and a bis-ligand 
complex formed by reaction of free ligand with an active catalyst species (Figure11). 

 
Figure 11. Deactivation of the anilinotropone nickel catalysts [67] 
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1. Introduction 

The most part of known metalorganic compounds with Metal-carbon bond of -p type 
belongs to Lewis acid class. These compounds are the most effective catalysts of cationic 
polymerization of metalorganic monomers. Explanation of initiative action of such systems 
is very complicated because of their complex structure as well as contaminations in the 
reaction mixture. 

Formation of active site is the main process in all initialization reactions (including 
metalorganic Lewis acid action). The process of interaction of vinyl monomers with 
metalorganic Lewis acid (MLA) consists of several equilibrium stages [1], such as formation 
of active charged particles and their counter ions and subsequent addition of the charged 
pair to the monomer. The initial equilibrium is usually slow process while the further attack 
of the monomer (initialization) is very fast and is comparable with the rate of the reaction of 
chain growth. Moreover, presence of the cationogenic contaminations in the reaction 
mixture causes a lot of confusion to chemistry of cationic processes. Now we can consider 
more or less confidently only two possible ways of initialization of polymerization of vinyl 
monomers by MLA: direct initialization and co-initialization [2-5]. 

2. Initiators and co-initiators 

During co-initialization the charged particles are formed as e result of bimolecular reaction 
or heterolytic decomposition of a molecule: 

SR AlR'2Cl+ R+AlR'2ClS-
 

where SR – cationogen (H2O, HHal, R-Hal, etc.). 

© 2012 Lyapkov et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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After injection of cationogen into the last stage the complexing between the monomer and MLA 
is completing; and initialization in this case consists in the cationogen attack on the complex: 

CH2

C
H R

AlR2Cl
CH2

C
H R

AlR2Cl
OH2

CH3

C
+

H R
+ AlR2ClOH-

-complex  

The π-complex can cause the initialization if it is transformed to isomeric carbenium ion: 

CH2

C
H R

AlR2Cl C
+

C
H2

R

H
AlR2Cl
-

 

Such regrouping is possible if the electronic density of the double bond is small. Therefore, 
the heightened electronic density of the double bond of asymmetric substituted alkenes has 
to decrease significantly at interaction with MLA. 

MLA can be divided into 2 types. The first type is presented by MLA of B and Al who has 
no d-electrons in the valence sphere of the central atom. The second one consists of 
compounds containing heavier atoms with d-electrons. Usage of MLA of the 2nd type makes 
possible formation of the π-complex from monomer and its further interaction due to 
overlapping of full d-orbitals of MLA and empty antibonding orbitals of vinyl monomer. 
Such interactions strengthen the complex and complicate transformation into the carbenium 
ions because of increasing the electron density of the double bond. 

Thus, to start the initialization process it is usually necessary presence of cation donor. Role 
of MLA consists in assistance to cationogen to form the initiating particle by the way of 
complexing [6]. According to Ref. [7] MLA allows stabilizing and removing the anion; and 
initialization is caused by cationogen who is a principal initializer while MLA is only co-
initializer. 

A mechanism of initialization by alkylhalogenides is the most studied now. Role of R-Hal 
was cleared on the example of styrene polymerization because intermediate carbenium ion 
of styrene is rather stable [8]: 

RCl AlEt2Cl

R+AlEt2Cl2
- CHCH2 C

+
RCH2

+ 1.1

+

R+AlEt2Cl2
-

AlEt2Cl2
- 1.2

 

Efficiency of the initialization reaction (1.2) depends on stability of the carbenium ion and its 
availability. According to equation (1.1) the initialization has to be favored by R-Hal (or Ar-
Hal) having low bond dissociation energies and low ionization potentials of alkyl groups 
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[9,10] as well as by solvatation of the formed ions [11]. In the case of R-Hal producing 
primary or secondary carbonium ions (e.g., n-butylchloride or isopropylchloride) the direct 
reaction is not observed. If such very active ions can be formed they have to initiate styrene 
polymerization and produce comparatively stable styrene cations: 

C
+

CH2R

H

 

Tret-butylchloride forms rather stable tertiary carbonium cation. However, it is less stable as 
compared with styrene cation; that is why fast initialization takes place. In contrast, 
triphenylchloromethane forms very stable tret-cation which cannot cause styrene 
polymerization [9]. Thus, carbonium ion has to be less stable as compared with styrene 
cation, but not very unstable to exclude its formation from R-Hal and MLA.  

Application of suitable R-Hal and Ar-Hal (together with MLA co-initiators) gives 
opportunity to control the initialization process [12,13]. In this case a type of alkylhalogenide 
influences structure of head group of the polymer: 

ClC
CH3

CH3

CH3

AlEt2Cl C
+

CH3

CH3

CH3

+ AlEt2Cl2
-

 

C
+

CH3

CH3

CH3

CH2 C
CH3

CH3

C C
H2

C
+

CH3

CH3

CH3

CH3

CH3

AlEt2Cl2
- + AlEt2Cl2

-

 

Now it is known a great number of cationogens which can efficiently initiate cationic 
polymerization of vinyl monomers and ensure production of polymers with certain head 
group. 

In the case of absence of cation donors (e.g., at high pure conditions) other mechanisms of 
initialization of polymerization of vinyl monomers may be realizes under the action of 
MLA. For example, if the monomer contains allyl hydrogen tearing off hydride-ion from the 
monomer may be one of possible ways of initialization [14]: 

C C C H AlEt2Cl C C C
+

AlEt2ClH+ + -

 

In this case the monomer is a donor of cations that is one of self-initialization mechanisms. 

3. Direct initiation 

The formation of the metal-carbon bonds in the polymer can occur in various ways: 
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1. Direct conjunction of MLA to the double bond of monomer followed ejection of 
cationogen and the formation of complex counter ion [15]  

HRC CH2 AlR'Cl2 HRC C
H2

AlR'Cl2+
+ -

 

AlR'Cl2HRC C
H

HRC C
H2

AlR'Cl2 ClH++ - -+

 

ClH AlR'Cl2 CH2 CHR CH3 CHR AlR'Cl3+ +
+

+ -
 

2. Electrophilic addition to the monomer cation, formed as a result of MLA ionization 
itself [16–18] 

AlR2Cl AlR2AlR2Cl2
+ -

2  

CH2 CHR'AlR2AlR2Cl2 R2Al C
H2

C
+

H

R'

AlR2Cl2++ - -

 

The requirement of initiation according to the scheme 1 is a possibility of formation of 
cationogen at zwitterionic decay; according to scheme 2 – the presence of a polar solvent or 
electron-donating compounds such as ethers, thioethers, tertiary amines, etc. MLA easily 
adds such compounds forming a rather stable complexes [19]. Such complexes usually have 
a composition of 1:1. The NMR study of complexation of organoaluminum compounds with 
methylpyridine (D) in solutions of 1,2-dichloroethane and dichloromethane showed, that 
the solution may contain the following complex compounds [20]: 

Al
R

R
D

 

Al
R

Cl

Cl

R
 

Al
Cl

Cl
Al

D

Al
D

или 2D

+ -
A

Б В

 

The presence in the solution structures of type A is also confirmed by determination of 
electrical conductivity. 

By Wittig [21], one of the possible states of the MCL in the solutions are structures of 

1 1MeR MeRn n
 
  . Hypothesis about the possibility of ionization of the MLA to form complex 
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ions, including metal atom, is consistent with a number of electrochemical studies. The 
corresponding ionization schemes are proposed, for example, magnesium-organic compounds 
[22]: 

RMgX RMg
X

X
MgR RMg MgRX22 + -

 
or  

RMgX Mg MgR2X22
2+ -

 

Such MLA ionization is characteristic not only for the individual MLA, but also for their 
mixtures. It was found that polymerization of butadiene in the presence of alkylaluminum-
cobalt initiators is the most affective only in the presence of ion-pair Et2AI+EtCI3AI–. This ion 
pair is formed by mixing either AIEt2CI with AIEtCl2, or AlEt3 with AlCI3 [6]: 

AlEt2Cl AlEtCl2 Et2Al AlEtCl3+ + -
 

AlEt3 AlCl3 Et2Al AlEtCl3+ + -
 

At present, the mechanism of the formation of MCL self-ionization ion pair is widespread 
[4, 23]. However, the equilibrium constant for the reaction 

AlEt2Cl Et2Al AlEt2Cl2
+ -2

 

Is much lower than in the case of interaction of MLA with a suitable donor of cations. For 
example: 

AlEt2Cl AlEtCl3C
CH3

CH3

CH3

Cl C
+

CH3

CH3

CH3

+ -

 

In this case a more stable carbonium ion is formed. Therefore, in order to a direct initiation 
we need to create conditions for guarantee the complete absence of cationogen impurities in 
the system. Only in this case MLA themselves can play a role of initiators. 

Nevertheless, the polymerization of highly active monomers by initiation of the MCL self-
ionization is possible. One of these monomers is a 9-vinylcarbazole (VC), it is very easy 
polymerizing for cationic mechanism [24−26]. Authors of Ref. [27] showed that the rate of 
chain growth in cationic polymerization of VC under the action of stable organic cations in 
more than 100 times higher than the corresponding value for vinyl ethers. 

Authors [28] studied kinetics of polymerization of VC in toluene solution under the action of 
titanium tetrachloride by thermometric method [29-33] and found that the polymerization 



 
Polymerization 250 

process begins with the formation of complex compounds TiCl4 with 1-6 solvent molecules 
forming the solvation shell. It was established that complex formation is accompanied by a 
large thermal effect, which is reflected in the curve recorded a sharp jump in temperature at 
the initial time of polymerization. Since the system contains monomer (VC) with a 
developed system of π-electrons, the latter one competes with toluene and partially 
displaces it from the solvation shell of TiCl4. As a result of new resolvation a complex 
compound of a rather complex structure is formed where the vinyl bond of the monomer is 
partially polarized. This facilitates the subsequent process of opening the double bond and 
leads to increasing reactivity of the monomer. 

The active particle is formed by the further polarization of the monomer vinyl bond in the 
solvation shell of titanium tetrachloride. This is followed by the accession of the last one to 
the monomer double bond forming the corresponding ion (direct initiation). Direct 
connection TiCl4 to monomer is confirmed by data of X-ray fluorescence analysis of the 
polymer samples. Diffractogram shows that the polymer contains a small amount of 
titanium chloride as terminal groups (Fig. 1). 

 
Figure 1. X-ray Fluorescence Spectrum of the sample Polyvinylcarbazole obtained under the action of 
TiCl4 in toluene solution 

Concentration of active sites may increase during the slower stage; it causes S-shaped 
kinetic curves. The chain growth on contact or separated ionic pairs is the most probable 
mechanism of the polymerization in the studied system. It is confirmed by permanency of 
the chain growth constant depending on the initial concentration of the initiator. 

Initialization of the monomer polymerization by the way of ionization of complex Lewis 
acids can be illustrated by oligomerization of dicyclopentadiene (DCPD) under the action of 
catalytic system TiCl4 : Et2AlCl [34–35]. This catalyst (similar to individual TiCl4 [30]) causes 
process of cationic polymerization of DCPD. Lower value of kP as compared with the 
process based on individual TiCl4 can be explained by the presence of less hard counter ion 
on the base of AlEt2Cl.  
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the monomer double bond forming the corresponding ion (direct initiation). Direct 
connection TiCl4 to monomer is confirmed by data of X-ray fluorescence analysis of the 
polymer samples. Diffractogram shows that the polymer contains a small amount of 
titanium chloride as terminal groups (Fig. 1). 

 
Figure 1. X-ray Fluorescence Spectrum of the sample Polyvinylcarbazole obtained under the action of 
TiCl4 in toluene solution 

Concentration of active sites may increase during the slower stage; it causes S-shaped 
kinetic curves. The chain growth on contact or separated ionic pairs is the most probable 
mechanism of the polymerization in the studied system. It is confirmed by permanency of 
the chain growth constant depending on the initial concentration of the initiator. 

Initialization of the monomer polymerization by the way of ionization of complex Lewis 
acids can be illustrated by oligomerization of dicyclopentadiene (DCPD) under the action of 
catalytic system TiCl4 : Et2AlCl [34–35]. This catalyst (similar to individual TiCl4 [30]) causes 
process of cationic polymerization of DCPD. Lower value of kP as compared with the 
process based on individual TiCl4 can be explained by the presence of less hard counter ion 
on the base of AlEt2Cl.  
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In both cases dicyclopentadiene polymerization goes according to the following mechanism: 

Firstly, active complex (solvated ion pair) is formed as a result of self-ionization of Lewis 
acids: 

TiCl4 TiCl3 TiCl3Al Cl
Et

Et
AlEt2Cl2 AlEt2Cl2

+ +M+ + +M- -
 

Also, we can suppose formation of π-complex (I) MLA with cyclopentadiene which is 
present at the system in small amount: 

. 

Then sandwich-complex is formed (II): 

. 

Complex equilibrium during initialization may be completed by regrouping the π-complex 
to σ-complex and isomer carbonium ion or by transformation of the sandwich-complex to 
semi-sandwich-complex (I): 

Cp2TiCl2 : AlEt2Cl2 + TiCl4 + AlEt2Cl 2CpTiCl3 : AlEt2Cl2 . 

Then the reaction is also completed by regrouping the π-complex to σ-complex and isomer 
carbonium ion. Further chain growth occurs using one of two unsaturated bonds of DCPD – 
norbornene or cyclopentene [36]. 

In the case of initiation of olygomerization of vinyltoluene by TiCl4 the active particle is 
formed due to further polarization of vinyl bond of the monomer in solvate shell of TiCl4. 
Finally it adds to the double bond forming the respective ions (direct initialization). The 
obtained carbocation transfers to indane dimer and oligomeric products. At room 
temperature of the reaction mixture the indane dimer finally decomposes into toluene and 
indanyl cation [37, 38]: 
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Then the cationic oligomerization of vinyltoluene takes place. In the case of use of catalytic 
system TiCl4 : Et2AlCl (1:1) oligomerization of vinyltoluene occurs under similar conditions 
and is characterized by the presence of counter-ion of more complex composition. 

4. Initiation of polymerization by electron transfer 

Initiation of the polymerization by complete or partial electron transfer from the monomer 
to the initiator is a special case of interaction of the initiator with the monomer. This process 
is usually accompanied by the formation of intermediate charge-transfer complexes (CTC): 

Monomer Initiator CTC Monomer Initiator   
 

     

The last scheme is the most universal and attracts increasing attention in the field of 
polymerization of the polar electron-donor monomers. The phenomenon of charge transfer 
is evident not only in initiating the polymerization of such monomers with organic electron 
acceptors, but also occurs at the interaction with typical cationic polymerization initiators 
such as Lewis acids (including MLA) and stable organic cations, which act as acceptors 
relative to the electron-donating monomers [39, 40]. For example, in Ref. [41] it was shown 
that the initiation of polymerization of 9-vinylcarbazole under the action of 3 6Ph C AsF   
proceeds through the stage of formation of cation-radical: 

N
CH CH2 AsF6Ph3C

N
CH

+
CH2

  AsF6 Ph3C+ ++- [КПЗ] - +
 

Then dication 9-vinylcarbazole is formed; and it is responsible for the polymerization: 

N
CH

+
CH2

  AsF6 AsF6

N
CH

+
CH2

N
CH

+
CH2AsF6

-2 --
 

As MCL are very strong v-acceptors, their lowest molecular orbital is vacant v-valence 
orbitals of the metal atom. We can assume that stage of electron transfer from the monomer 
to a v-orbital of the MLA precedes the initiation process. Till now there is no adequate 
attention to the question of which kind of orbital electron-donating monomer delivers its 
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electron acceptor. It is usually assumed that π-complex is formed as a result of this 
interaction [42, 43]. However, data concerning formation of π-complexes of vinyl monomers 
with MCL are practically absent, that is probably associated with their rapid transition to the 
-complexes, ionic and radical products.  

In [44] VC polymerization was studied in the presence of Ph3C+AlEt2Cl2– in CHCl3 solution 
at 20 °С. Process kinetics was studied using the stopped flow method with the registration 
in the IR range [2, 45–47]. In this case, the active site of polymerization is a stable organic 
cation Ph3C+, which is formed from the reaction of equivalent amounts of Ph3CСl и AIEt2CI. 
However, counter-ion AlEt2Cl2–, in contrast with hexa-fluoro-arsenate, hexa-chloro-
antimonate and the like inorganic counter-ions of low nucleophilicity [27, 41, 47–50], 
associates with the organic cation. It allows concluding that the most likely type of active 
sites are separated solvate-ion pairs or even complex between VC and the contact ion pair.  

The first reaction order was observed until complete consumption of the monomer. It 
indicates the absence of the chain break reactions. Moreover, when new portion of the 
monomer is added the reaction rate is not changed. It indicates the presence of the “live 
chains” in this system [51–54]. The behavior of this system is similar to the system VC – 
DEAC – chloroform studied earlier [46]. However, kinetic correlations have some 
differences which mean other mechanism of the active site formation. Kinetic measurements 
revealed that the most probable polymerization mechanism in the studied system 
CHCl3…Ph3C+Et2AlCl2–…VC is the chain growth on contact or solvate-separated ion pairs. It 
is confirmed by permanency of the kP value depending on the initial concentration of the 
initiator as well as its similarity to the ones known from literature. 

For assessing reactivity of VC in the cationic polymerization the kinetics of its polymerization 
in solution under the action of diethylaluminum chloride was studied [46]. It was shown 
that the reaction is greatly influenced by the complexation among the monomer and  

 
Figure 2. The absorption spectra of solutions in chloroform BK (1) AIEt2CI (2) and complex of BK–AIEt2CI (3) 
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initiator. In particular, this leads to the fact that the polymerization process in general is 
limited by the formation of active particles that are supposed to be dication of VC. 
Appearance of new charge-transfer band in the electronic spectrum of the products of their 
interaction is clear evidence of the formation of donor-acceptor complexes between AIEt2CI 
and VC (Fig. 1, curve 3). 

Figure 2 shows that the spectra of the initial VC (curve 1) or AIEt2CI (curve 2) similar band is 
absent, and the observed charge-transfer band actually consists of two bands with maxima 
at λ = 584 and 614 nm. One of them, apparently, is associated with the transition of π-
electron VC to the d-orbital AIEt2CI, and another one - with the transition of n-electron. The 
obtained data reveal that the interaction of VC with a molecule of the initiator in the initial 
phase of the formation of donor-acceptor complex of medium strength; and degree of 
charge transfer from donor to acceptor is 0.29 of electron charge. The resulting donor-
acceptor complex between VC and AIEt2CI has λmax = 584 and 614 nm. It is close to the form 
shown in the literature for the complex value of λmax VC with tetra-cyano-ethylene (590 nm, 
[55]). The interaction between VC and AIEt2CI leads to the fact that the effective charge on 
the β-carbon atom of the vinyl group BK significantly decreases; the length of the vinyl 
connection increases and its order is reduced. This greatly facilitates the subsequent process 
of formation of the active particles. 

Formation of VC cation-radical followed by merge of two these cation-radicals to the 
dication may be such process. In this case evidence of formation of the latter one is the 
appearance in the electron spectrum of products of interaction and VC AIEt2CI a band at 
λmax = 820 nm attributable to the long-wavelength absorption maximum dication VC 
(curve 3, Fig. 2). Authors [56] gave a value of λmax = 850 nm for the cation formed by the 
interaction of ethyl-carbazole with SnCl4. Further cationic polymerization of VC 
mechanism takes place.  

In all cases the polymerization of VC under the action of DEAC occurred until complete 
consumption of the monomer and accompanied by formation of colored intermediate. This 
color did not disappear after complete monomer consumption. 

Such polymerization character indicates the absence of the chain break reaction in the 
system. It is confirmed by the fact that after contact of the reaction mixture with moisture in 
air the color disappeared and did not appear after addition of new portion of the monomer. 
However, stopping the growth of the molar weight of the polymer at repeated addition of 
the monomer proofs availability of the chain transfer reactions in the system. 

In some cases, the problem of donor site in the monomer molecule requires special study. 
For example, vinyl compounds containing a hetero atom in the structure (such as vinyl 
ethers, N-vinyl heterocyclic monomers, etc.) can function as both n-donors and π-donors, 
giving unshared electron pair of heteroatoms or electrons of the highest π-level for the 
intermolecular bond [57, 58]. It is largely dependent on the properties of an electron 
acceptor. When interacting with stronger acceptors (e.g., MCL metals of the third group of 
the Periodic table) sufficiently strong high polar nv-complexes are formed [59]: 
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This will undoubtedly influence the formation of active particles in the system. 

Thus, the generation of primary cations can pass through a series of relatively slow 
equilibrium stages, especially in the case of polymerization of monomers containing hetero 
atoms in the structure with an unshared electron pair. So often the formation of active sites 
becomes the limiting stage of the polymerization process as a whole, exerting a strong 
influence on the rest of the process. 

5. Effect of reaction medium on the polymerization process 
It is known that the influence of the reaction medium is a decisive factor, which determines 
the rate constants of individual stages of ionic polymerization [60]. We can distinguish two 
effects of medium influence: change of reactivity of the active sites and the stabilization of 
the formed ionized particles. 

Process rate and reactivity of the active sites in various media will be determined by a 
number of factors: the influence of the polarity of the medium, co-catalytic action of 
solvents, specific solvation, and the formation of complexes with components of the reaction 
system. Experimental results show that the major factor is the polarity of the medium. It 
plays particularly noticeable role at the stage preceding the initiation and growth of the 
polymer chain. This is expected, since the processes occurring at the same time are due to 
the formation of intermediate active particles: free ions, contact and solvate-separated ion 
pairs, as well as other more complex aggregates: 

R X R
+
X R

+
X R

+
X

R XD R
+

D X R
+

D X R
+

D X

Bond polarized donor

solv solv solv

D+

solv solv solv

a covalent
bond

Contact ion
pair

Ion pair, solvent separated The free solvated ions

The complex of the
donor / contact ion

pair

Ion pair,
separated by a

donor

The free solvated ions with
parallel donor stabilization

(solvation by the monomer)
 

The main problems associated with these particles in the initiation of polymerization were 
discussed at 6th International Symposium on cationic polymerization [61–67]. 

Large dipole moment of the ion pairs leads to a strong interaction with polar molecules 
including molecules of polar solvents. Solvate separated ion pairs exist only in mediums 
where at least one of the ions in a free state is coordinated with solvent molecules. In the 
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case of a slightly solvating solvents their function can be performed by the monomers, 
changing the dielectric constant of the medium, or other components that are directly 
involved in the polymerization. It results in a change in the kinetic order of reaction with 
respect to these components. This is explained by the fact that in media not providing the 
necessary solvation energy the ion pairs are stabilized by most polar or polarizable 
molecules from those ones presented in the system, i.e. monomer and initiator. They can be 
incorporated into the kinetic equation corresponding to the reaction, although they do not 
take direct part in it [8]. 

The existence of free ions in organic media because of their low stability is possible only 
under the following conditions [7]: 

 ionization equilibrium is shifted toward preferably a covalent bond, i.e. there is a rapid 
reverse stabilization of charge; 

 active formation of stabilized specific solvation of cations and anions with suitable 
solvents; 

 nucleophility of the counter-ion is strongly reduced by acceptors in solvents with the 
prevailing acceptor character (H2CCI2, 1,2-diloretan, etc.); and there is no exchange with 
the cation except its electrostatic compensation. 

The last condition, which would correspond to an almost "naked" cation takes place only at 
a strong intramolecular stabilization by delocalization of the charge (exchange interaction 
with the aromatic rings with a high density of π-electron, oxo-carbonium acids, allyl 
cations). Otherwise inductive effect of the ion carbenes on adjacent carbon atoms is so strong 
that the isomerization and cleavage for example, β-H-atoms will go faster than the reaction 
of chain growth: 

R C
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H R
X R C

H
CH2

R

H
+

X+ раств + + раств

 

In such hard conditions the monomer itself is the strongest π-donor in the reaction system, 
which can reduce the high electrophilicity of carbonium ion. Therefore, the literature points 
to the special role the monomer solvation as a stabilizing factor for the active particles, 
helping them to implement the reaction growth [68]. 

Obviously, the ion pairs and free ions may have a different activity, and ion pairs are 
usually less active as compared with free ions. For example, for the polymerization of 9-
vinylcarbazole in H2CCI2 solution under the 3 6Ph C SbCl 

 action at 20 С a growth rate 
constants of the free ion and ion pair are equal 6105 и 5104 Lmol-1s-1 [69]. According to data 
of other authors [49] the corresponding values can differ by several orders of magnitude. 
This is due to the higher effective charge density of the free cation in comparison with the 
corresponding ion pairs [1]. 

In real systems the situation is complicated by the fact that the reaction of chain growth can 
be represented as the competition of the monomer, solvent, and counter-ions around the 
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electrophilic center [7]. The exchange interaction of solvent separated ion pair with the 
monomer leads to resolvation of the ion pair and its expansion in order to the counter-ion: 
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The exchange interaction between the counter-ion and the growing carbonium ion can be 
controlled by charge and must depend on the effective electrophilicity of the latter one. 

According to current ideas about the mechanism of chain growth in cationic polymerization 
at high electrophilicity of the cation (aliphatic vinyl monomers) and the high nucleophilicity 
of the counter-ion  6CF Cl Br I      polymerization does not take place. Monomers 
forming a resonance-stabilized cations with low electrophilicity (e.g., vinyl esters, 9-
vinylcarbazole, dienes, p-methoxy-styrene) with counter-ions having low nucleophilicity 
(e.g., 6 6AsF , SbCl  ) at least at low temperatures are able polymerizing with a relatively 
small transfer chain. The growth occurs mainly through the free solvated ions. In the 
presence of counter-ions with the relatively high nucleophilicity (e.g., 1 3 2Br ,  I ,  F CCOn

  
  

and others) these monomers are also capable for polymerization. Probably, the overall 
structure of the solution (scheme 1.3) reduces the potential energy [53], and wedging the 
monomer into an ion pair becomes favorable as compared with the monomer transfer to the 
chain. 
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1. Introduction 

Oxide powders have been synthesized by solid-state reaction, using binary oxides or 
carbonates as precursors have been reported. The reaction with necessity of high 
temperatures and longer reaction times are obstacles in materials synthesis process because 
of yours high cost and because the use of high temperatures [1,2].  

In the Complex Polymerization Method (CPM) theses problems are reduced because the 
synthesis occurs at low temperature and reduced reaction times are required, and, the 
immobilization of the metal complexes in such rigid organic polymeric networks can reduce 
the metal segregation, thus ensuring the compositional homogeneity at the molecular scale 
[3]. 

Organic polymer precursors are often utilized in the synthesis of multicomponent oxide 
powders. In the Pechini process, an aqueous solution of ethylene glycol, citric acid, and 
metals ions is polymerized to form a polyester resin. The compositional homogeneity is of 
vital importance for the synthesis of multicomponent oxides with complicated 
compositions, since the chemical homogeneity, with respect to the cation distribution 
throughout the entire gel system, often determines the compositional homogeneity of the 
final multicomponent oxides [4]. This method has been used to synthesize nanoparticles and 
thin films of several ferroelectric materials. The development of new semiconductor 
materials with wide band gaps (2.0–4.0 eV) may give rise to newoptoelectronic devices, 
particularly to materials for application in the development of green or blue light emission 
diodes (LED) or laser diodes. In many optoelectronic devices, amorphous semiconductors 
can replace single crystal semiconductors, particularly when cost is an important factor [5].  

© 2012 Motta et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The CPM achieves molecular mixing of the starting materials and has been successfully 
used to synthesize several compounds, including BaTiO3, Pb(Zr,Ti)O3 and BaMoO4 [6-10]. 
The barium titanate (BaTiO3) perovskite, that is one ferroelectrics material, have been 
extensively studied due several possible applications such as electronic and optical 
devices [11-15]. The substitution of Ba by Ca in the BaTiO3 perovskite results in an 
improvement of the stability of the piezoelectric properties, consequently the barium 
calcium titanate (Ba1-xCaxTiO3) solid solution has attracted great attention for use in the 
laser systems, eletro-optic material for various photorefractive and holographic 
applications [16-18]. The production of Ca-doped BaTiO3 compounds by solid state 
reaction method the mixture of BaCO3, CaCO3 and TiO2 is heat treated at high 
temperatures for long times and requires two successive calcinations to get high solubility 
of Ca2+ in the BaTiO3 matrix [19-21]. It has been observed that Ca2+ replaces Ba2+ in Ba1-

xCaxTiO3 to form tetragonal BCT solid solutions when x is less than ~0.23 [22, 23]. 
Moreover, Cheng et al. [23] obtained pure tetragonal phase for x ≤ 0.25 and mixture of 
phases for x in the range of 0.3-0.85. 

Photoluminescence (PL) property at room temperature occurs due to structural disorder 
existing in the perovskite system [24, 25]. However, the system can not be fully 
disordered owing to present a minimal order in the structure. This means that there is an 
order-disorder rate which favors the PL phenomenon in the system. Disorder in 
materials can be manifested in many ways: some examples are vibrational, spin and 
orientation disorder (all corresponding to a periodic lattice) and topological disorder. We 
will concentrate principally on the latter, which is the type of disorder associated with 
the structure of glassy and amorphous solids, a structure that cannot be defined in terms 
of a periodic lattice. Photoluminescence (PL) is a powerful probe of certain aspects of 
short-range order in the range of 2–5 Å and medium range of 5–20 Å, such as clusters, 
where the degree of local order is such that structurally inequitable sites can be 
distinguished because of their different types of electronic transitions and are linked to a 
specific structural arrangement [26]. The order was related to the presence of [TiO6] 
clusters, whereas the disorder was related to the presence of [TiO5] clusters. It is believed 
that PL occurs due to interaction of TiO5-TiO6 [27]. This PL emission was attributed to 
localized levels above the valence band (VB) and below the conduction band (CB). It has 
been demonstrated that a series of structurally disorder titanates synthesized by a soft 
chemical process have shown intense photoluminescence (PL) at room temperature [28-
30]. In such cases, a minimal order in the system is necessary for the material exhibit PL 
property at room temperature.  

Considering that the CPM is efficient to promote produce structural order-disorder 
complexes oxides powders and few have has been reported about the property PL of the 
barium calcium titanate (BCT). In this chapter, we present a detailed the synthesis and the 
effect structural of Ca2+ in the BaTiO3 matrix powders of the conditions that favor the PL 
emission at room temperature.  
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2. Experimental section 

2.1. Materials 

The starting chemicals included titanium (IV) isopropoxide [Ti[OCH(CH3)2]4 (Aldrich 97%), 
citric acid (H3C6H5O7) (Merck 99.5%), CaCO3 (Aldrich 99 +%), BaCO3 (Aldrich 99 +%), 
NH4OH (Merck 99%) and ethylene glycol (HOCH2CH2OH) (J. T. Baker 99%). All of the 
chemicals were used without further purification. 

2.2. Synthesis 

Ba1-xCaxTiO3 (x = 20 % mol) was prepared by the Complex Polymerization Method (CPM) 
using barium carbonate (BaCO3), calcium carbonate (CaCO3) and titanium (IV) isopropoxide 
[Ti[OCH(CH3)2]4 as starting materials. A flow chart representing of the synthesis by the 
CPM of BCT20 is outlined in Figure. 1. In this synthesis, the titanium citrate (TC) was 
formed by dissolution of titanium (IV) isopropoxide in aqueous solutions of citric acid (CA). 
The molar ratio of (CA) to titanium (IV) isopropoxide was 4:1. The citrate solution was well 
homogenized under constant stirring at a temperature of ~ 60-70°C, pH ~ 1.5. After 
achieving complete dissolution was add stoichiometric amounts of barium carbonate and 
calcium. The complex was well stirred for several hours at 60–70°C to produce a clear, 
homogeneous solution. After the solution was homogenized, ethylene glycol was added to 
promote the polyesterification. The citric acid/ethylene glycol mass ratio was set at 60:40. 
With continued heating at 100–120°C, the viscosity of the solution increased, albeit devoid 
or any visible phase separation. After partial evaporation of the water, the resin was heat  

 
Figure 1. Flowchart representing the procedure for the synthesis of BCT20 powders. 
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treated at 350°C for 2 h, in a static oxidizing atmosphere, leading to the partial 
decomposition of the polymeric gel, forming an expanded resin, constituted of partially 
pyrolyzed material. This pre-pyrolyzed material (dark-brown powders) was removed from 
the beaker and deagglomerated using mortar. The powders were annealed at 400, 450, 500, 
550, 575 and 600°C for 2 h. 

2.3. Characterizations 

FTIR transmittance spectroscopy and Liquid-state 13C NMR at room temperature were 
performed on chemical solutions of TC (Ti-CA) and BCT (Ti-CA-Ba-Ca) at the initial 
reaction stage, before the polyesterification reaction by (EG). This study was carried out in 
order to compare the structures of complex species in these initial phase. The 13C NMR 
characterization was conducted with a 13C resonance at room temperature on a Bruker DRX 
100Mz, 9.4T. These initial solutions and the calcined powder of BCT compounds (400°C  T 
 900°C) were characterized by Fourier transformed infrared (FTIR) spectroscopy. The FTIR 
transmittance spectra were taken in the frequency range of 400–4000 cm-1 using an 
Equinox/55 (Bruker) spectrometer after disk samples was formed with KBr. 

The thermal properties of the calcined dark-brown powders were investigated by 
simultaneous thermogravimetric analysis (DTA and TG) using a TA Instruments machine 
under oxygen flow (100 cm3/min) and subjected to heating rate of 5°C/min at room 
temperature (~ 20°C) to 900°C. Samples were placed in platinum crucibles, weighing 
typically 8 mg, and a calcined alumina crucible was used as the reference material.  

Powder X-ray Diffraction (XRD) patterns were collected from the heat-treated samples using 
a Rigaku diffractometer, model D/max-2500/PC with Cu K radiation. The X-ray diffraction 
data for the 1200°C sample were analyzed by the Rietveld method as implicated in the 
FULLPROF program, taking tetragonal perovskite (P4mm) as the starting model. A pseudo-
Voigt function was fitted by refinement of the scale factor, background, peak width, peak 
asymmetry, atomic positions and lattice constants. 

The Raman spectra for powders were obtained at room temperature using a RFS/100/S 
Bruker FT-Raman equipment over the scan range of 100-1400 cm-1, using the 1064 nm 
exciting wavelength of a Nd:YAG laser. The infrared (IR) spectra were taken to characterize 
the lattice vibration of powders calcined at the different temperatures. 

The PL spectra were collected with a digital monochromator internally integrated to a CCD 
with optical resolution of 1 nm and accuracy of 0.1 nm (Newport, OSM-400UV/VIS-U), 
using a time integration of 4 s (2.9 x 10-17 W per count/s) coupled to a optical fiber. The 355 
nm exciting wavelength of a third harmonic of a Nd:YAG Q-switched laser (Brilliant B from 
Quantel) with a pulse duration of 4 ns and a repetition rate of 10 Hz was used, with an 
average energy of 4 mJ per pulse. The 488 nm exciting wavelength of a tunable optical 
parametric oscillator (OPO) pumped by 355 nm (3W) of a Q-switched Nd-YAG laser was 
also used, with an average energy of 4 mJ per pulse. All the measurements were taken at 
room temperature. 
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FULLPROF program, taking tetragonal perovskite (P4mm) as the starting model. A pseudo-
Voigt function was fitted by refinement of the scale factor, background, peak width, peak 
asymmetry, atomic positions and lattice constants. 

The Raman spectra for powders were obtained at room temperature using a RFS/100/S 
Bruker FT-Raman equipment over the scan range of 100-1400 cm-1, using the 1064 nm 
exciting wavelength of a Nd:YAG laser. The infrared (IR) spectra were taken to characterize 
the lattice vibration of powders calcined at the different temperatures. 

The PL spectra were collected with a digital monochromator internally integrated to a CCD 
with optical resolution of 1 nm and accuracy of 0.1 nm (Newport, OSM-400UV/VIS-U), 
using a time integration of 4 s (2.9 x 10-17 W per count/s) coupled to a optical fiber. The 355 
nm exciting wavelength of a third harmonic of a Nd:YAG Q-switched laser (Brilliant B from 
Quantel) with a pulse duration of 4 ns and a repetition rate of 10 Hz was used, with an 
average energy of 4 mJ per pulse. The 488 nm exciting wavelength of a tunable optical 
parametric oscillator (OPO) pumped by 355 nm (3W) of a Q-switched Nd-YAG laser was 
also used, with an average energy of 4 mJ per pulse. All the measurements were taken at 
room temperature. 
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3. Results and discussion 

3.1. Characterization of the precursor solution 

CA-metal chelation in the precursor was accompanied by IR and NMR spectroscopy, in 
order to analyze the barium-calcium-titanium-citric acid complexes. Figure 2 shows the 
FTIR absorption spectra of TC and precursor solution of BCT. In the pH range 1–2, two 
peaks of asymmetric carboxyl groups are evident for the Ti-CA resin (TC) spectra; one at 
1724 and the other at 1635 cm-1 referent to as(COOH) and as(COO-), respectively. 
Symmetric stretching frequencies occurred at 1445 and 1389 cm-1 for the same carboxyl 
groups [31, 32]. BCT resin spectra do not display a unionized carboxyl group in the region 
close to 1720 cm-1, indicating that all carboxyl groups were ionized in ph ~8.5 [33]. In the 
BCT spectra, two bands belonging to asymmetric and symmetric stretching are attributed, 
according to Rajendran et al. [31] and Yasodhai et al. [32], to the presence of a mixed-metal 
CA complex in BCT, which creates different types of carboxyl groups. In all complexes, the 
carbonyl asymmetric and symmetric stretching frequencies were in the range of 1665-1565 
cm-1 and 1445-1389 cm-1, respectively. The difference between the asymmetric (νas) and 
symmetric (νs) COO stretching modes ((νas-νs)) of the coordinated carboxyl groups varied 
from 220 to 176 cm-1, suggesting that the carboxyl groups present an unidentate 
coordination in these resins [31, 32]. If the carboxyl groups were involved in bridging in the 
chelation of CA complex, the value for ν would be expected to be lower than (νas-νs) ~ 
170 cm-1 [32]. In the region below 1000 cm-1 a broad band that was attributed to stretching of 
the bond M-O appears, where M is Ti, Ba or Ca [34]. Similar bonds were verified by 13C 
NMR measurements performed on this solution, as discussed below.  

 
Figure 2. FTIR absorption spectra of free citric acid (CA), titanium citrate (TC), and precursor resin 
(BCT). 

Figure 3(a) illustrates the 13C NMR spectra for the Ti-CA solution with pH value close to 1.5. 
This figure revealed the presence of eight resonance signals, which were assigned to the free 
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CA and Ti-CA complex. The free CA is characterized by the four typical signals at 45.5, 75.5, 
175.6, and 178.9 ppm. These four peaks represent the carbon centers in the methylene 
groups (CH2 – C2 and C3 carbons), the alcoholic groups (COH – C1), the terminal carboxylic 
acid groups (t-COOH – C4 and C5), and the middle carboxylic acid groups (m-COOH – C6) 
of free CA, respectively [4, 33]. The other four signals are weak and the broad absorption 
signal is compared to the same peak of the free CA, this is a characteristic of coordination 
compounds with transition metals. The binding of Ti with CA can occur at different points 
of the CA chain, -COH, -mCOOH and -tCOOH. As the Ti ion is electron deficient, it can 
promote dislocations of the electronic density, possibly causing strengthening in bindings 
near Ti (C1’, C5’ and C6’). The resonance signal referent to C1’, C5’ and C6’ are 90.4, 175.9 
and 187.8 ppm, respectively [4, 33]. The shifts of the alcoholic groups ( 14.9 ppm) at 75.5 
ppm and the middle carboxylic acid group ( 8.9 ppm) at 178.9 ppm indicate that the –
COH and –mCOOH groups in citric acid simultaneously coordinate the titanium atom. A 
small shift ( 0.3 ppm) is observed for the uncoordinated –tCOOH, according to Deng et al. 
[35]. The resonance signal of the C2’, C3’ and C4’ in Ti-CA complex is not affected, 
consequently resonance signals of these carbons with the metals are similar to the free CA. 
Figure 3(b) shows a typical 13C NMR spectrum of BCT solution, with the pH value at around 
8.5. This figure revealed that all resonance signals belonging to BCT appear in larger ppm 
values (deshielding) than Ti-CA. This is related to the pH value of the BCT and Ti-CA 
solutions that are close to 8.5 and 1.5, respectively. Higher pH values (8-9) promote the 
deprotonation of the CA, in which the carbons of the acid groups are strongly linked with 
oxygen and come back more unprotected, the outcome is that more energy is necessary to 
make these carbon resonates and resonance signals to be shifted to larger ppm values 
(unshielded) compared to the systems with lower pH values [33]. The -tCOOH carbon 
group exhibits signals at around 180.9 and 180 ppm for Ba-C5” and Ti-C5”, respectively [4, 
33]. Resonance signals at around 77.7, 86.4, 91.5, 183.9, 189.3 and 190.3 belong to COH (C1), -
COHBa (C1’’), -COHTi (C1’), -mCOOH (C6), -mCOOBa (C6’’) and -mCOOTi (C6’), 
respectively [4, 33]. The 13C NMR spectra of BCT resembled that of Ti-CA complex. Large 
downfield of the –COH ( 8.7 and 13.8 ppm) and -mCOOH ( 5.4 and 6.4 ppm) carbons 
groups related to the free citrate are observed for the complexation of CA with Ba2+ and Ti4+, 
respectively [35]. The resonance signal around 47.8 ppm is attributed to the carbon center in 
the methylene groups (CH2 – C2 and C3 for the free CA and C3 for the BCT). The resonance 
signal of the carbon center C2 in BCT is close to 47.1 ppm [4, 33]. 

3.2. Characterization of the calcined powders (BCT20) 

The thermal decomposition of the pre-pyrolyzed (300°C for 2 h) BCT sample in synthetic air 
atmosphere is shown in Figure 4. The thermogravimetric analysis (TGA curve) shows four 
decomposition stages. First, TGA indicated a weight loss of ~ 15 % in the range of 25-120°C, 
which is related to the elimination of water and ethylene glycol. Second, it denoted a weight 
loss of ~ 62 %, as can be observed in the temperature range of 120 to 480°C, which is 
probably related to the decomposition of polymeric chains and the elimination of CO2 and 
H2O. A third weight loss of ~ 5 % occurs in the temperature range of 480-558°C and is 
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The thermal decomposition of the pre-pyrolyzed (300°C for 2 h) BCT sample in synthetic air 
atmosphere is shown in Figure 4. The thermogravimetric analysis (TGA curve) shows four 
decomposition stages. First, TGA indicated a weight loss of ~ 15 % in the range of 25-120°C, 
which is related to the elimination of water and ethylene glycol. Second, it denoted a weight 
loss of ~ 62 %, as can be observed in the temperature range of 120 to 480°C, which is 
probably related to the decomposition of polymeric chains and the elimination of CO2 and 
H2O. A third weight loss of ~ 5 % occurs in the temperature range of 480-558°C and is 

 
Synthesis of Ba1-xCaxTiO3 by Complex Polymerization Method (CPM) 267 

attributed to the formation of (Ba0.8Ca0.2)2Ti2O5.CO3 [36]. Lastly, from 558-675°C onward, the 
decomposition of intermediate phases occurs with a ~ 3 % weight loss during crystallization 
of pure BCT20 as the final reaction product. Above 675°C, no obvious weight loss was 
observed. Kumar and Messing [36] reported that the following two-stage process could 
represent such transformation. 

 
Figure 3. 13C NMR spectra of: Ti-CA solution with pH ~1.5 (a); and BCT solution with pH ~ 8.5 (b). Here 
C = carbon centers in a citric acid free; C’ = carbon centers in a citric acid affected by Ti, and C’’ = carbon 
centers in a citric acid affected by Ba. 

 Ba, Ca, Ti precursor(s) + air(g)  Ba, Ca,Ti oxycarbonate(s) + CO2(g) (1) 

 Ba, Ca, Ti oxycarbonate(s)  2 Ba0.8Ca0.2TiO3(s) + CO2(g) (2) 

DTA revealed the presence of a peak at temperatures close to 450 °C (Figure 4). This 
exothermic peak is assigned to organic species pyrolysis, during rupture of the 
polymeric chain. The low loss mass of the TG/DTA curves above T ~ 500°C suggests the 
beginning of the crystallization process. Moreover, it is important to notice the presence 
of two low intense exothermic peaks at 520 and 650 °C, which could indicate the 
formation and decomposition of intermediate phases as, for example, complex Ba, Ca 
and Ti carbonates. 

Figure 5 shows the XRD patterns of the BCT20 powders heat treated at different 
temperatures, from 400 to 600°C. In this figure it is observed that the BCT20 heat treated at 
400°C is disordered. This result is in agreement with the previous TG/DTA analysis and 
with those described in literature, indicating that the crystallization process occurs at 
temperatures higher than 450°C. The materials heat treated between 450-550ºC present only 
broad diffraction reflections at 2 ~ 24.3°, 26.7º and 34.7º referent to the barium titanium 
oxycarbonate, (Ba0.8Ca0.2)2Ti2O5.CO3 [37].  
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The X-ray patterns of heat-treated samples at 575°C display the Bragg reflections of this 
intermediate phase and two peaks at 2 ~ 22º and 31.6º, which can be indexed as being 
characteristic of the perovskite BCT phase. 

 
Figure 4. TGA/DTA range 25 - 900°C in synthetic air atmosphere of BCT pre-pyrolyzed at 300°C for 2 h. 

 
Figure 5. XRD patterns of the BCT powders calcined at temperatures: (a) 400°C; (b) 450°C; (c) 500°C; (d) 
550°C; (e) 575°C and (f) 600°C. 

The crystallization and decomposition process of this intermediate phase can be related to 
the presence of both exothermic peaks in the DTA curve. All samples heat-treated at 600°C 
are single-phased, with all Bragg reflections belonging to the perovskite BCT20. The pure 
BaTiO3 (BT) ceramic shows a tetragonal phase as identified and indexed using the standard 
XRD data of the corresponding BCT20 powders [19, 22]. The lattice parameters and the 
mean crystallite sizes were calculated from the peak positions displayed in Figure 5. The 
ordered BCT20 calculated crystallite sizes were around of 17 nm. The lattice parameters a 
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and c were obtained using the least square refinement from the REDE93 program. The 
lattice parameters a and c were around of 3.9607(3) Å and 3.9941(3) Å, respectively; similar 
to the values reported for Ba0.773Ca0.227TiO3 crystals (a = 3.962 Å and c = 3.999 (Å) [22]. The 
absence of the CT phase in the X-ray patterns of the BCT powders also suggests that 
samples prepared by this method present effective complexation of the Ca2+ ions in the 
matrix of BaTiO3. 

The Figure 6 depicts spontaneous Raman spectra of BCT20 powders recorded at the room 
temperature for samples calcined from 400-600°C. The samples heat treated at 400 and 
450°C no present well-resolved sharp peaks in the Raman spectra, indicating that the 
material is structurally disordered at short range. The Raman spectra of powders heat 
treated between 500 and 575°C exhibited a fluorescent-like background. The band around of 
1061 cm-1 (marked with a  in Figure 6) were attributed to the (Ba0.8Ca0.2)2Ti2O5.CO3 
intermediate phase [34]. Bands of the intermediate phase disappear completely in the 
powders heat treated at 600°C, agreeing with XRD data. These alterations were 
accompanied by appearance of five distinct broad bands referent to the BaTiO3 P4mm 
tetragonal phase: 726, 526, 304, 256 and 186 cm-1 with its respective vibration modes A1(LO3), 
A1(TO3), E(TO), A1(TO2 and A1(TO1) (marked with a  in Figure 6) [2, 34]. The Raman peaks 
at 153 and 640 cm-1 (marked with a ◊ in Figure 6) were attributed to the satellite peaks, 
according to Cho et al. [2], however these peaks can be attributed too the BaTiO3 hexagonal 
phase. 

 
Figure 6. Spontaneous Raman spectra of BCT20 powders heat treated at (a) 400oC, (b) 500oC, (c) 550oC, 
(d) 575oC and (e) 600oC 

The morphology of the BCT20 powders was investigated using HR-SEM. Figure 7 presents 
micrograph of powders heat treated at (a) 500°C and (b) 600°C. The powders calcined in the 
400 - 575°C range for 2 h show free particles agglomerate with irregularly shaped Figure 
7(a). The Figure 7(b) shows an agglomerate grain growth into of individual particles with 
irregularly forms developed as a result of the massive organic burn-off and consequent gas 
evolution, these characteristic were analogous to the powders treated at 600°C. 
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Figure 7. HR-SEM micrograph of BCT20 powders heat treated at (A) 500 °C and (B) 600 °C for 2 h. 

Additional structural characterization was performed by infrared spectroscopy on the 
BCT20 sample. Figure 8 shows the FTIR spectra of the BCT20 treated at 400-600°C. From the 
spectrum of BCT annealed at 400-575°C, it is clear that undecomposed organic ligands are 
still present in the powders, both display a band at 1758 cm-1 attributed to C=O stretching 
mode [34, 38]. The broad absorption band corresponding to the O-H stretching modes in 
crystallization water occurs close to 3448 cm-1 to the BCT. The disordered compounds 
treated at 400-575°C showed a peak at ~ 1385 cm-1, which was associated to the carboxylate 
group stretching mode [34, 38]. The spectra of compound heat-treated at 400-575°C present 
peaks at around 1060, 863, and 690 cm-1 that were attributed to carbonate ions (BaCO3) [34]. 
These peaks seem to have lower intensity as the temperature increases, and in compounds 
treated at 600°C these peaks are absent. The band related to the carbonate ions were clearly 
observed for heat treatment up to 575°C (band at around 1450 cm-1) reducing at higher 
temperatures and almost disappearing at 600°C [34]. In the BCT treated at 500 to 575°C, the 
peak related to the antisymmetric COO- stretching mode of unidentate complex is observed 
at 1631 cm-1, although for the samples heated treated at over 575°C, this peak is absent [34, 
38]. The spectrum of the BCT heat-treated at 575-600°C, displays a very broad absorption 
band at around 522 cm-1, referent to F2(3) antisymmetric stretch vibrations, ascribed to the 
Ti–O stretching vibration in BaTiO3, as reported in literature [34, 38]. By increasing the heat 
treatment temperature, the crystalline structure seems to be more ordered and the band 
attributed to the Ti-O bonds, which are more defined. Also, the band at 2350 cm-1 refers to 
the adsorbed CO2 from atmosphere [8, 9]. Such features are in good agreement with XRD 
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attributed to the Ti-O bonds, which are more defined. Also, the band at 2350 cm-1 refers to 
the adsorbed CO2 from atmosphere [8, 9]. Such features are in good agreement with XRD 

 
Synthesis of Ba1-xCaxTiO3 by Complex Polymerization Method (CPM) 271 

and Raman Spectroscopy data and also indicate that CPM is effective in the synthesis of 
BCT powders. 

 
Figure 8. FTIR absorption spectra of dehydrated BCT powders heat treated at (a) 400oC, (b) 450oC (c) 
500oC, (d) 550oC, (e) 575oC and (f) 600oC 

The photoluminescence spectra recorded at room temperature for BCT20 powders heat 
treated at 400-600°C in two different excitation wavelength: the 355 nm (Figure 9a) and 488 
nm (Fig. 9b) of an Nd:YAG laser system. BCT20 heat treated at 400-575°C presented PL 
emission. The BCT20 powder annealed at 500oC displays the most significant PL intensity 
when excited with these two wavelengths laser beam. The system has a totally ordered 
structure (samples annealed at 600oC), the PL emission is not observed. 

This profile of the emission band is typical of a multiphonon process, i.e. a system in which 
relaxation occurs by several paths, involving the participation of numerous states within the 
band gap of the material [27]. This behavior is related to the structural disorder of BCT20 and 
indicates the presence of additional electronic levels in the forbidden band gap of the material.  

The complex PL band spectra may be due to several components and generally can be 
decomposed in individual components. The spectrum is decomposed based on the nature of 
the process governing each component. The luminescence process is generally described by 
a Gaussian line broadening mechanism in which case, the luminescence intensity can be 
expressed in terms of a Gaussian (amplitude version) line-shape function and can be written 
by the following equation:  
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where hv is the energy of the radiation emitted, I0 is the offset intensity, Ai is the amplitude 
of each component, E0i is the energy of each component in which the intensity is maximum, 
and i is the standard derivation for each component (FWHM) [39]. 
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Figure 9. Room-temperature photoluminescence spectra of BCT powder samples annealed at 400, 450, 
500, 550, 575 and 600oC for 2 h in an oxygen flow: (a) excitation with 355 nm wavelength of an Nd:YAG 
laser and (b) excitation with 488 nm wavelength of an Nd:YAG laser 

The BCT20 powder annealed at 500ºC displays the most significant PL intensity when 
excited with these two laser beam wavelengths. Using the Gaussian method, the PL curves 
of the BCT20 sample annealed at 500ºC were decomposed into components, each of which 
refers to the region in the visible spectrum where its maximum peak intensity appears. Each 
color represents a different type of electronic transition and can be linked to a specific 
structural arrangement. To gain a better understanding of the properties of PL and its 
dependence on the structural order-disorder of the lattice, the PL curves were analyzed 
using the PeakFit deconvolution program [40]. Based on the Gaussian line broadening 
mechanism for luminescence processes, the fine features in the PL spectra of samples 
annealed at 500oC were deconvoluted and extracted from the deconvolution curves. Figure 
10a and 10b illustrates such decompositions, while Table 1 lists the areas under the curve of 
the respective transitions. 

The decomposition band indicated the presence of different intermediate levels in the band 
gap. More energetic excitation wavelengths favor the transition of more energetic levels in 
the band gap. Thus, broad band PL emission consists of the sum of individual emissions. 
Such emissions arise from a radiative recombination between electrons and holes trapped in 
the gap states. The transitions of disordered titanates therefore occur at energies far below 
the band gap of these materials. The violet component is associated with more energetic 
transitions and is observed only after excitation with a laser beam wavelength of 355 nm. 
Otherwise, the green component is associated with a less energetic transition and is 
observed after excitation with a laser beam wavelength of 488 nm [16, 26]. 

In the structure perovskite-type the lattice former titanium is at the center of the cube, 
surrounded by six oxygens that occupy the middle of the faces, in a regular octahedral 
configuration. However, the structure before of get its ideal configuration (totally ordered) 
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is a mixture of TiO5-TiO6 clusters intercalated by Ba and Ca atoms. The higher the heat 
treatment temperature, the more frequent the TiO6 conformation and the more ordered the 
structure [10, 41]. According XRD results the BCT20 powders are ordered annealed at 600°C. 
The ordered powders where only TiO6 clusters tend to exist does not allow the creation of 
point defects and do not presents PL emission at room temperature [10]. Similar to the 
CT:Sm studied by de Figueiredo et al. [10], the compound with intermediary range disorder 
(500°C) presented intense PL emission while compared to the compound disordered (400 
and 450°C) and the ordered compound no PL property was showed. 

 
Figure 10. Deconvolution of PL curve fitted for the sample annealed at 500oC: (a) excitation with 355 
nm wavelength and (b) excitation with 488 nm wavelength. 
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Table 1. Fitting parameters of Gaussian peaks. 
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X-ray Absorption Near Edge Structure (XANES) experimental results [42] pointed that the 
oxygen vacancies in titanates can occur in three different charge states: the [TiO5. 0

xV ] 
complex states, which is neutral relative and presents two electrons paired, the singly 
ionized [TiO5. 0V  ] complex state, that has one electron despaired, and the doubly positively 

charged [TiO5. 0V  ] complex state, which did not trap any electrons. Before donor excitation, 
a hole in the acceptor and an electron in a donor are created, according according to 
equations (2-4) using Kröger-Vink notation [43]: 

 6 5 6 5x
TiO  [TiO . ] TiO   [TiO . ]x

O OV V            (4) 

 6 5 6 5x
TiO  [TiO . ]  TiO   [TiO . ]O OV V            (5) 

  5 2 6[TiO . ] 1 / 2 O TiOOV        (6) 

where [TiO6]′ is donor, [TiO5. OV  ] is donors-acceptor and [TiO5. OV  ] is acceptor.  

These equations suggest that to the transition of a valence-band hole in the conduction band 
is a necessary requirement the oxygen-vacancy-trapped electron in the valence band. This 
means that most of electrons around oxygen vacancies are released and, therefore, such 
oxygen vacancy complex site is relatively positive charged. Moreover, oxygen vacancies 
tend to trap photo-generated electrons. The charge transfer occurring as proposed in the 
equations (2-4) create electrons and hole polarons that can be designed as bipolarons. After 
the photon excitation, the recombination and decay process follow the many valid 
hypotheses presented in the literature [44]. The present work shows that the emission 
process leading to PL is facilitated by previous existence of these complex clusters in the 
ground state. The order-disorder BCT20 powders thus intrinsically possess the necessary 
condition for creating PL at room temperature.  

4. Conclusion 

Ba0.8Ca0.2TiO3 (BCT) compounds prepared by Complex Polymerization Method (CPM) 
showed effective chelation processes of the Ba-Ca-Ti-CA in initial precursor. The CPM 
shown is one advantageous method because in your simple procedure is used lower 
temperature and smaller reaction time. The other advantage of CPM is the low cost for the 
production of BCT powders. 

The ordering system at short and long range was accompanied for the Ba0.8Ca0.2TiO3 using 
Raman, PL band and XRD characterization. Raman data related to short-range and XRD 
results at long-range order shows that the material is organized at 600°C. However, the 
phenomenon of PL at room temperature is not observed in the order structure at 600°C. The 
introduction of Ca2+ ion in BaTiO3 proportioned intrinsic defects. These intrinsic defects, 
linked to structural disorder, facilitate the main emission process to PL. Disorder in solids 
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provokes degeneracy and destabilization in the localized states of the atoms acting as 
electron-hole pairs and supporting the broad PL band phenomena and electronic levels are 
fundamental to understanding the order-disorder process in the solid state. These optical 
properties exhibited by disordered BCT20 suggest that this material is a highly promising 
candidate for photoluminescent applications. 
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1. Introduction 

Copolymerization is a versatile synthetic tool for controlling the functionality and, therefore, 
tailoring of the physical and mechanical properties of macromolecules. Block copolymers 
are one of the most important polymeric materials in technological applications and 
theoretical research because of their exceptional properties due to the microphase separation 
[1]. Many basic characteristics of block copolymers and graft copolymers are similar. Graft 
copolymers also exhibit good phase separation and are used for a variety of applications, 
such as impact-resistant plastics, thermoplastic elastomers, compatibilizers and polymeric 
emulsifers. Because of their branched structure they generally have also lower melt 
viscosities, which is advantageous for processing. They have great potential to realize new 
properties because of their structural variables (composition, backbone length, branch length, 
branch spacing, etc.) [2,3]. Various polymerization methods have been used to synthesis 
block and graft copolymers, such as free radical, anionic, cationic, coordination, group 
transfer, coupling, changing polymerization mechanism, step growth, macroinitiators, 
metathesis and many books [4,5], chapters of encyclopaedia [6-10], papers [11,12] offer 
excellent reviews of research on synthesis block and graft copolymers by these methods.  

According to literature, the most common and widely used approach is free-radical 
polymerization method. Free-radical polymerization is particularly interesting because of its 
adaptability to a wide range of functinal monomers under less stringent synthesis 
conditions. Unfortunately, uncontrolled nature of conventinal free-radical polymerization 
leads to homopolymerzation during the polymerization resulting in a product that is a 
mixture of homopolymer and copolymer. A major drawback of conventional radical 
polymerization is that almost no control over the molecular weight, molecular weight 
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distribution and architecture of the polymer is possible, making its macroscopic properties 
very difficult to be tailored. Living ionic polymerizations can provide a methodology for 
preparation of copolymers with well-defined structures, such as controlled molecular 
weights and narrow molecular weight distribution, defined copolymer compositions, 
branching and end-group functionalities. There are various drawbacks that often retard the 
practical application of living ionic systems to prepare copolymers. These drawbacks are 
limitation of the method to certain monomers and their sensitivity to moisture, carbon 
dioxide, and numerous other acidic or basic compounds.  

Polymer chemists have long tried to combine the advantages of both radical and ionic 
polymerizations in a single polymerizations process. These attempts have been principally 
successful by controlled/living radical polymerization (CRP) techniques. Controlled/living 
radical polymerization in brief is based on an understanding and integration of chemistry 
developed over 60 years in the fields of organic chemistry, conventional radical 
polymerization and living ionic polymerizations. Recently, extensive research has been 
carried out in the field of controlled/living radical polymerization (CRP), because it can be 
employed for the polymerization of numerous vinyl monomers under mild reaction 
conditions and these methods enable the synthesis of well-defined polymer structures with 
controlled molecular weight and narrow molecular weight distribution. CRP includes atom 
transfer radical polymerization (ATRP), nitroxide-mediated polymerization (NMP), and 
reversible addition-fragmentation chain transfer (RAFT) polymerization. Each of these 
methods relies on establishment of a rapid dynamic equilibrium between a low 
concentration of active propagating chains and a predominant amount of dormant chains 
that are unable to propagate or terminate, and is more tolerant towards functional groups 
and impurities. Recently, many studies have been reported in the literature about the 
synthesis of macromolecules with various compositions (homopolymers, random, periodic, 
block, graft and gradient copolymers) and novel topologies (linear, star, comb, branched, 
hyper branched, networks, brushes etc.) using CRP techniques [13-30]. It is observed that 
the significant improvement in block and graft copolymer synthesis has become with 
development of controlled/living radical polymerization (CRP) techniques. This chapter 
focuses on the preparation of block and graft copolymers via controlled/living radical 
polymerization (CRP) techniques which are new and efficient synthetic strategies. 

2. Controlled/living radical polymerization (CRP) 

CRP can be described as “A radical polymerization that can be stopped and re-initiated 
under external control” and shown schematically in Figure 1. 

General CRP mechanism can be summarized as follows; 
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Figure 1. Schematic representation of CRP 

Equilibrium is established between dormant, end-capped chains, unable to propagate or 
terminate, and the active species. The equilibrium should be shifted towards the dormant 
species and exchange between active and dormant species should be fast relative to 
propagation. CRP distinguishes itself from conventional radical polymerization by 
involving a reversible activation process. 

2.1. Historical evolution of CRP 

Table 1 illustrate development of fundamental concepts in organic radical processes, some 
concepts in living ionic polymerization and advances in radical polymerizations which all 
have contributed to controlled/ “living” radical polymerization. The success of controlled/ 
“living” radical polymerization is an integration of advances in synthetic organic chemistry, 
living ionic polymerization and conventional radical polymerization (Figure 2) [31,32]. 

 
Figure 2. Development of CRP by integration of advances in several fields of chemistry 



 
Polymerization 282 

Organic synthesis Living ionic 
polymerization 

Conventional radical 
polymerization 

Controlled/ 
“living” radical 
polymerization 

1940s 
Kharash: First ATRA 
(hv) 
 
1960s 
Minisci, Vosfi: 
CuX/RX/Olefin 
Rosantsev: Nitroxide 
Kochi: Free radicals&Mt
 
1980s 
Fischer: Persistent 
Radical Effect (PRE) 
 
1990s 
Many groups: ATRA 
(Mt) 

1950s 
Szwarc: Living anionic 
polym., block 
copolymers 
 
1970s 
Penczek/Matyjaszewski:
Reversible deactivation 
in Cationic Ring 
Opening 
Polymerization (CROP) 
 
1980s 
Kennedy: Inifers,  
Kennedy, Higashimura, 
Sawamoto, Sigwalt, 
Matyjaszewski: 
Carbocationic 
 
1990s 
Matyjaszewski, Mueller:
Exchange reactions 

<1960s 
Bambord: 
Inhibition/retardation 
Starks: Telomerization, 
block copolymers 
1970s 
 
Minoura: 
Cr(II)acetate/MMA 
 
1980s 
Otsu: “1st” Living radical 
polym., Iniferters 
Solomon, Rizzardo, Cacioli: 
Stable Free Radical 
Polymerization (SFRP)-
Synthesis of oligomers with 
nitroxide (TEMPO) 
Rizzardo: Addition-
fragmentation (RAFT) 
 
1990s 
Georges: TEMPO mediated 
styrene polym. (NMP) 
Wang and Matyjaszewski: 
ATRP 
Sawamoto: ATRP 
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Otsu: Iniferters 
Solomon, Rizzardo, 
Cacioli: (SFRP)- 
(TEMPO) 
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1990s 
Georges: 
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(NMP) 
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ATRP 
Sawamoto: ATRP 

Table 1. Evolution of controlled/ “living” Radical Polymerization [31,32] 

Radical addition reactions have for a long time been considered to be very difficult to 
control due to termination reactions which not be avoided. Probably the first example of a 
successful addition of halogenated compounds to alkenes via radical intermediates (atom 
Transfer Radical Addition, ATRA) was provided by Kharash under photochemical 
conditions. This atom transfer radical process was subsequently converted to metal 
catalyzed reactions by Minisci, Vosfi and others during the 1960s.  

In 1982 Otsu et al., for the first time, used the term living radical polymerization to describe a 
free radical polymerization in the presence of dithiocarbamates. In analogy to the inifer used 
in carbocationic systems, they proposed that dithiocarbamates acts as iniferters, i.e. agents 
which initiate, transfer and terminate. Unfortunately, as in the previously discussed 
systems, polydispersities were always relatively high, molecular weights did not evolve 
linearly with conversion and initiation efficiency was low. A new system for controlling 
radical polymerization based on nitroxides as stable free radicals is developed by Solomon, 
Rizzardo and Cacioli in 1986. They synthesized methyl acrylate oligomers via reversible 
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capping of growing radical chain by using 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as 
a stable free radical. The reversible capping of growing chains defined the first mechanism 
of three general routes to controlled/ “living” radical polymerization. This route was named 
as “Stable Free Radical Polymerization (SFRP)” by its discovers. Three main types of 
techniques have been developed over the years: 1) stable free radical polymerization (SFRP) 
with nitroxide-mediated radical polymerization (NMP), 2) atom transfer radical 
polymerization (ATRP) and 3) reversible addition-fragmentation transfer polymerization 
(RAFT).  

2.2. Equilibrium (reversible activation/deactivation) for the three major CRP 
processes 

The reversible activation/deactivation reactions (dynamic equilibrium) in the most effective 
CRP process may be classified mechanistically into three types, which are (a) dissociation-
combination (DC) (coupling), (b) atom transfer (AT) and (c) degenerative chain transfer 
(DT).  

(a) Reversible deactivation by dissociation-combination (coupling). e.g. Nitroxide-mediated 
polymerization (NMP) 

 

Pn-T Pn* + T*

kp
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kdeact
 (2) 

(b) Reversible deactivation by atom transfer. e.g. ATRP 
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(c) Degenerative chain transfer. e.g. RAFT 
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Each of these methods relies on establishment of a dynamic equilibrium between a low 
concentration of active propagating chains and a predominant amount of dormant chains 
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that are unable to propagate or terminate as a means of extending the lifetime of the 
propagating chains. 

2.3. General features of CRP  

It is widely accepted that a controlled polymerization process should display the following 
features: 

1. First-order Kinetic Behavior 
2. Pre-determinable Degree of Polymerization 
3. Designed (Usually) Narrow Molecular Weight Distribution 
4. Long-lived Polymer Chain with Preserved End Functionalities 

2.3.1. First-order kinetic behavior: 

The polymerization rate (Rp) with respect to the log of the monomer concentration ([M]) is a 
linear function of time. This is due to the negligible contribution of non-reversible 
termination, so that the concentration of the active propagating species ([P*]) is constant. 

 
 p

[ ]R [ ][ ]p
d M k P M
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kp is the propagation constant. The consequence of equation (6) and the effect of changes in 
P* are illustrated in below: 

 
Figure 3. Illustration of the dependence of ln([M]0/[M]) on time 

This semi logarithmic plot is very sensitive to any change of the concentration of the active 
propagating species. A constant [P*] is revealed by a straight line.  A steady [P*] in a CRP is 
established by balancing the rates of activation and deactivation and not by balancing the rates 
of initiation and termination as in a conventional radical polymerization.  An upward curvature 
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in the kinetic plot indicates an increase in [P*], which occurs in case of slow initiation. On the 
other hand, a downward curvature suggests a decrease in [P*], which may result from 
termination reactions increasing the concentration of the persistent radical, or some other side 
reactions such as the catalytic system being poisoned or redox processes on the radical.  

It should also be noted that the semi logarithmic plot is not sensitive to chain transfer 
processes or slow exchange between different active species, since they do not affect the 
number of the active propagating species. 

2.3.2. Pre-determinable degree of polymerization: 

Degree of polymerization (DPn), i.e. the number average molecular weight (Mn) is a linear 
function of monomer conversion. 

 
   0

0 0 0

M [M][M] ( conversion)
M [I] [I]

n
nDP  (7) 

This result comes from maintaining a constant number of chains throughout the 
polymerization, which requires the following two conditions: 

1. initiation should be sufficiently fast so that essentially all chains are propagating before 
the reaction is stopped; and 

2. an absence of chain transfer reactions that increases the total number of chains. 

Figure 4 illustrates feature 2 and shows the ideal growth of molecular weight with conversion, 
as well as the effects of slow initiation and chain transfer on the molecular weight evolution. 

 
Figure 4. Illustration of the dependency of molecular weight on conversion 

It is important to recognize that the evolution of molecular weight is not very sensitive to 
chain termination, since the number of chains remains unchanged. The effect of termination 
is only observable on the plot when coupling reactions, forming higher molecular weight 
polymers, start to play a significant role. 
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2.3.3. Designed, usually narrow, molecular weight distribution: 

Although this feature is often desirable, it is not necessarily the result of a controlled 
polymerization, which only requires the absence of chain transfer and termination, but 
ignores the effect of rate of initiation, exchange and depropagation.  

In order to obtain a polymer with a narrow molecular weight distribution, each of the 
following requirements should be fulfilled. 

i. The rate of initiation is fast in comparison to the rate of propagation. This condition 
allows simultaneous growth of all the polymer chains. 

ii. The exchange between species of different reactivity is fast in comparison with the 
rate of propagation. This condition ensures that all the active chain termini are equally 
susceptible to reaction with monomer allowing uniform chain growth. 

iii. There must be negligible chain transfer or termination. 
iv. The rate of depropagation is substantially lower than propagation. This guarantees 

that polymerization is essentially irreversible. 

This should yield a Poisson distribution, as quantified in equation (8). 
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According to equation (8), polydispersity (PDI = Mw/Mn) decreases with increasing 
molecular weight. 

2.3.4. Long-lived polymer chains with preserved end-functionalities: 

This is a consequence of negligible irreversible chain transfer and termination. Hence, all the 
chains retain their active centers after the full consumption of the monomer. Propagation 
resumes upon introduction of additional monomer. This unique feature enables the 
preparation of block copolymers by sequential monomer addition. The significance of 
controlled polymerization as a synthetic tool is widely recognized and polymers having 
uniform predictable chain length are readily available. Controlled polymerization provides 
the best opportunity to control the bulk properties of target materials through control of the 
multitude of possible variations in composition, functionality and topology now attainable 
at a molecular level. Through appropriate selection of the functional (macro) initiator, 
copolymers formed in a controlled/"living" polymerization process can have essentially any 
desired topology. Further, the nature of the mechanism enables specific end 
functionalization and addition of a second monomer to make a block copolymer.  

2.4. Potential applications of CRP processes 

The development of CRP has allowed the preparation of many new materials with vastly 
differing properties simply by varying the topology of the polymer (i.e., comb, star, 
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dendritic, etc.), the composition of the polymer (i.e., random, periodic, graft, etc.), or the 
functional groups at various sites on the polymer (i.e., end, center, side, etc.) (Figure 5) [33]. 

 
Figure 5. A schematic representation of how new polymers and materials can be prepared using 
controlled/living radical polymerizations 

3. Blok copolymerization 

Polymers which are composed of two different monomers are usually referred to as 
copolymers. The sequential arrangement of these different monomers determines the type 
of copolymer that is formed. In the case of a random distribution of the two monomer over 
the polymer chain, the product is called a random copolymer. In a linear block copolymer, 
the monomeric residues are arranged in such a way that one block consists of monomeric 
residue A and another block of monomeric residue B. Block copolymers are defined as 
having a linear arrangement of blocks of varying monomer composition. That is, a block 
copolymer is a combination of two or more polymers joined end-to-end. Moreover, one can 
synthesize more exotic structures such as four- or six-arm starblock copolymers and comb-
like block copolymers. These have branched structures. 

The increasing importance and interest in block copolymers arises mainly from their unique 
properties in solution and in the solid state which are a consequence of their molecular 
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structure. In particular, sequences of different chemical composition are usually 
incompatible and therefore have a tendency to segregate in space. Amphiphilic properties in 
solution and microdomain formation in solid state are directly related to this specific 
molecular architecture, which can be designed by using existing monomers or polymers. 
Block copolymers are generally applied as adhesives (e.g. surfactants and viscosity 
improvers), compatibilizers, thermoplastic elastomers, etc.  

The concept of block copolymer synthesis started in 1956 when Szwarc discovered living 
anionic polymerization. A living process implies that all polymer chains start growing 
simultaneously; while during chain growth no termination or chain transfer takes place. 
Consequently, all chains grow for a similar period, and a narrow molecular weight 
distribution is obtained. When all monomer has been consumed, the active center persists, 
and upon addition of a new batch of monomer, polymerization continues to form a block 
copolymer. Anionic polymerization however requires very stringent reaction conditions, as 
the carbon-centered anion is very sensitive to traces of impurities. Industrially, anionic 
polymerization is therefore not frequently used. Later, block copolymer synthesis was also 
achieved by other living polymerization techniques, such as ring opening polymerization 
and cationic polymerization or by pseudo-living techniques like Ziegler-Natta catalysis. 
These polymerization techniques, however, suffer from a number of disadvantages: most of 
them do not tolerate even extremely low levels of impurities (like e.g. moisture or oxygen), 
and are compatible only with a limited number of monomers. Also these processes are very 
expensive, due to the special equipment and the reaction conditions that are needed to 
perform these reactions. This obviously leads to an expensive polymer product. An entirely 
different synthetic concept towards (multi)block copolymers makes use of the 
polycondensation principle. Since the early 1980s, there were several early attempts to 
synthesize block copolymers via regulated free-radical polymerizations. These methods 
utilized so-called iniferters, i.e. compounds which could serve as INItiators, transFER agents 
and TERminating agents. However, while useful, these techniques did not offer the desired 
level of control over macromolecular structure, due to poor molecular weight control, high 
polydispersities, and low blocking efficiency. This was attributed to slow initiation, slow 
exchange, direct reaction of counter radicals with monomers, and thermal decomposition of 
the iniferter. In the last decade, some polymerization techniques that combine the versatility 
of free radical polymerization with the control of anionic polymerization emerged. These 
techniques are referred to as controlled radical polymerizations, such as Nitroxide-Mediated 
Polymerization (NMP), Atom Transfer Radical Polymerization (ATRP) and Reversible 
Addition-Fragmentation chain Transfer (RAFT) and are based on two principles: reversible 
termination and reversible transfer. These techniques have enabled researchers to synthesize 
block copolymers under less stringent conditions than those necessary for living ionic 
polymerizations: it is possible to work under similar conditions as used in free-radical 
polymerizations. The synthesis of block copolymers by general polymerization methods 
such as free radical, anionic, cationic, coordination, coupling, step growth, ring opening, 
changing polymerization mechanism (active centers transformation reactions), have 
summarized several times in the literature [1,4,6-10, 34]. In this chapter we will focuses on 
the preparation of block and graft copolymers via controlled/living radical polymerization 
(CRP) techniques which are new and efficient synthetic strategies. 
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polydispersities, and low blocking efficiency. This was attributed to slow initiation, slow 
exchange, direct reaction of counter radicals with monomers, and thermal decomposition of 
the iniferter. In the last decade, some polymerization techniques that combine the versatility 
of free radical polymerization with the control of anionic polymerization emerged. These 
techniques are referred to as controlled radical polymerizations, such as Nitroxide-Mediated 
Polymerization (NMP), Atom Transfer Radical Polymerization (ATRP) and Reversible 
Addition-Fragmentation chain Transfer (RAFT) and are based on two principles: reversible 
termination and reversible transfer. These techniques have enabled researchers to synthesize 
block copolymers under less stringent conditions than those necessary for living ionic 
polymerizations: it is possible to work under similar conditions as used in free-radical 
polymerizations. The synthesis of block copolymers by general polymerization methods 
such as free radical, anionic, cationic, coordination, coupling, step growth, ring opening, 
changing polymerization mechanism (active centers transformation reactions), have 
summarized several times in the literature [1,4,6-10, 34]. In this chapter we will focuses on 
the preparation of block and graft copolymers via controlled/living radical polymerization 
(CRP) techniques which are new and efficient synthetic strategies. 
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Block copolymers can be prepared by controlled polymerization routes in two strategies 
which are the sequential monomer addition strategy and the use of a difunctional initiator. 
In the sequential monomer addition strategy, certain experimental conditions governing the 
growth of the first block should be handled carefully to increase the blocking efficiency. It is 
essentially important to stop the polymerization of the first monomer before it is used up 
completely for the fact that end functionalities might be lost, resulting in the formation of 
dead blocks. Another feature to be considered, as in all sequential monomer additions, is the 
order of introducing each monomer [35]. In brief, the very active monomer should be 
polymerized first, which is valid for either of the controlled polymerization mechanisms. 
Different from sequential monomer addition technique utilized in anionic living 
polymerization, controlled routes allow for the polymerization of monomers A and B to be 
performed separately in two distinct steps, allowing chain functionalities to be preserved. 
The first block functions as a macromolecular initiator, a so-called macroinitiator, in the 
preparation of the second block.  

*
An

macroinitiator

+ m B

An Bm

*

 
By this way AB type diblock copolymers can be prepared. Further, the nature of the 
mechanism of CRP enables specific end functionalization and addition of a another 
monomer (C) to make ABC type triblock copolymer:  

An Bm

*

macroinitiator

+ k C

An Bm

*
Ck

 
Another route involves the use of a difunctional initiator and has been employed in the 
preparation of ABA type symmetric triblock copolymers. In this methodology, a compound 
possessing two initiating sites is utilized in the formation of the middle block first, followed 
by the polymerization of the second monomer to synthesize the first and the third blocks. 
This allows the preparation of the ABA type triblock copolymer in two steps, instead of 
three steps:  

**
difunctional macroinitiator

*R*
difunctional initiator

+ nB

difunctional macroinitiator

+ mA

BnAm Am

**
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3.1. Block copolymerization via Nitroxide Mediated Radical Polymerization 
(NMP) 

Two basic strategies have been applied to initiate NMP. The first method involves use of a 
conventional initiator (e.g. AIBN, BPO) in the presence of a nitroxide and this system is 
called as “bimolecular NMP” (Scheme 1).  

 
Scheme 1. Bimolecular initiation in NMP 

The second method is called as “unimolecular NMP” (Scheme 2) and it is possible when the 
initiator is a low molecular weight alkoxyamine. In this system the free radical initiator is 
not required and the C-O bond of the small molecule alkoxyamine derivative is therefore 
expected to be thermolytically unstable and decompose on heating to give an initiating 
radical [27]. 

Bosman et al. reported the preparation of poly(ethylene glycol)-based block copolymers by 
initial reaction of mono-hydroxy terminated poly(ethylene glycol) with sodium hydride 
followed by the chloromethyl-substituted alkoxyamine. The PEG-based macroinitiator is 
used in the nitroxide mediated radical polymerization of styrene to give amphiphilic block 
copolymer (Scheme 3) [36]. 
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Scheme 2. Unimolecular initiation in NMP 
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Scheme 3. The synthesis of PEG-b-PS by NMP 
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Choi et al. reported the preparation of functional segmented block copolymers containing 
localized pyrene groups through convenient NMP processes for the versatile non-
destructive functionalization of carbon nanotubes (CTAs). Polystyrene was employed as an 
organic tail to improve the solubility and dispersibility of CTA in organic mediums and 
polystyrene compatible polymer matrices (Scheme 4) [37]. 

 
Scheme 4. Schematic representation for the preparation of pyrene functionalized poly(styrene-co-
maleic anhydride)-b-polystyrene (PMAS) 

Britze et al. reported the synthesis of poly(para-phenylene)-b-polystyrene (PPP-b-PS) block 
copolymers using a combination of Suzuki-polycondensation (SPC) and NMP. Alkoxyamine-
functionalized poly(para-phenylene)s were initially synthesized by SPC and then its block 
copolymer with styrene by NMP (Scheme 5) [38]. 

Groison et al. reported the synthesis of well-defined P(MAA41-co-SS10)-b-P(MMA-co-St)-SG1 
amphiphilic block copolymer nanoobjects via nitroxide-mediated emulsion polymerization by 
using water-soluble macroalkoxyamine (P(MAA41-co-SS10)-SD1) as macroinitiator (Scheme 6) 
[39]. 
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Scheme 5. Synthesis of PPP-b-PS under NMP-conditions 

 
Scheme 6. Synthesis of P(MAA41-co-SS10)-b-P(MMA-co-St)-SG1 amphiphilic block copolymers by using 
water-soluble macroalkoxyamine (P(MAA41-co-SS10)-SD1) via nitroxide-mediated emulsion 
polymerization 

Ruehl et al. reported the synthesis of bidirectional alkoxyamine initiator (Scheme 7) and the 
preparation of a variety of symmetrical ABA type triblock copolymers based on styrene, n-
butyl acrylate, t-butyl acrylate, isoprene and dimethylacrylamide by using bidirectional 
alkoxamine as bifunctional initiator for NMP [40]. 
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Scheme 7. Sythesis of bidirectional alkoxamine initiator for the preparation of ABA type triblock 
copolymer via NMP 

 
Scheme 8. Synthesis of Phosphonium-Containing Triblock Copolymers and Schematic Representation 
of Polymer Structures 
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Scheme 7. Sythesis of bidirectional alkoxamine initiator for the preparation of ABA type triblock 
copolymer via NMP 

 
Scheme 8. Synthesis of Phosphonium-Containing Triblock Copolymers and Schematic Representation 
of Polymer Structures 
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Phosphonium ion-containing acrylate triblock (ABA) copolymers were synthesized by Long 
and coworkers using NMP [41]. The polymerization of styrenic phosphonium-containing 
ionic liquid monomers using a difunctional alkoxyamine initiator, DEPN2, afforded an ABA 
triblock copolymer with an n-butyl acrylate soft center block and symmetric phosphonium-
containing external reinforcing blocks (Scheme 8).  

The synthesis of amphiphilic triblock copolymer of polystyrene and poly(4-vinylbenzyl 
glucoside) via TEMPO-mediated living radical polymerization was reported by Kakuchi 
and coworkers [42]. 4-Vinyl benzyl glucoside peracetate 1 was polymerized with 
difunctional NMP initiator 2 and thus poly(4-vinylbenzyl glucoside peracetate) having 
TEMPO moieties on both sides of chain ends 3 was obtained. Then the polymerization of 
styrene was carried out using 3 as a difunctional nmp macroinitiator in order to obtain 
polystyrene-b-poly(4-vinylbenzyl glucoside peracetate)-b-polystyrene triblock copolymers 
(Scheme 9). 

 
Scheme 9. Synthesis of glycoconjugated triblock copolymer via NMP 

Some of block copolymers derived using NMP is given in Table 2.  

3.2. Block copolymerization via Reversible Addition Fragmentation Chain 
Transfer polymerization (RAFT) 

The key component in controlled RAFT polymerization is the chain transfer agent (CTA) 
(Scheme 10). The CTAs used are thiocarbonylthio compounds and have the general structure 



 
Polymerization 296 

RSC(=S)Z. Examples of RAFT agents (CTA) span all thiocarbonylthio families including 
dithioesters, xanthates, dithiocarbamates and trithiocarbonates. Z and R groups in the 
thiocarbonylthio compounds represent the activating group and homolytically leaving group, 
respectively. These determine the rates of addition and fragmentation. In fact, the choice of 
RAFT agent for a specified monomer is rather significant and affects the degree of control.  
 

1st Segment 2nd Segment 3rd Segment Type of block Ref. 

PS 
PS 
PVAc 
PVAc 
PVAc 
P(MMA-ran-S) 
PEO 
PS 

PMS 
PBA 
PAN 
PAN 
PAN 
P(MMA-ran-AS) 
PS 
PSSA 

- 
- 
PS 
PBA 
PVP 
 
 

AB  
AB 
ABC 
ABC 
ABC 
AB 
AB & ABA 
AB 

[43] 
[43] 
[44] 
[44] 
[44] 
[45] 
[46] 
[47] 

Polystyrene (PS), Poly(p-methylstyrene) (PMS), Poly(n-butyl acrylate) (PBA), Poly(vinyl acetate) (PVAc), Poly(acrylonitrile) 
(PAN), Poly(4-vinylpyridine) (PVP), Poly(methyl methacrylate-ran-styrene) (P(MMA-ran-S)), Poly(methylmethacrylate-
ran-4-aminostyrene) (P(MMA-ran-AS)), Poly(ethyleneoxide) (PEO), Polystyrenesulfonic acid (PSSA). 

Table 2. Some of block copolymers prepared using NMP 
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Scheme 10. General scheme for the RAFT process 
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The first and most thoroughly studied route towards block copolymers via the RAFT 
process, employs monofunctional RAFT agents (Scheme 11). The block copolymers that 
have been synthesized in this way all carry the RAFT functionality at the end of the chain. In 
the first polymerization step, monomer is inserted between the -(C=S)S moiety and the 
leaving group R. After polymerization is complete, the second monomer is added, 
polymerization is started by addition of a fresh amount of initiator, and monomer is inserted 
between the -(C=S)S- moiety and the end of the first block, with the RAFT functionality 
remaining at the chain end. Repeating this cycle of monomer addition and polymerization, 
it is possible to produce block copolymers. However, with this method the blocks have to be 
introduced in the chain step-by-step, which obviously means that to produce an n-block 
copolymer, a series of n polymerization steps is needed. To avoid inefficient blocking, this 
procedure should be performed starting with the monomers having the highest transfer rate 
to the RAFT agent. For the production of multiblock copolymers, this obviously is not the 
preferred route. 

 
Scheme 11. Block copolymer synthesis via a monofunctional RAFT agent 

A second route towards block copolymers via RAFT comprises the use of symmetrical, 
bifunctional RAFT agents as well as symmetrical trithiocarbonates (Scheme 12 (a)). The 
symmetry in these compounds ensures that both arms are of approximately the same length 
and composition. With these RAFT agents, the number of polymerization steps required for 
(multi)block copolymer synthesis can be reduced. Scheme  clearly demonstrates that for the 
synthesis of n-block copolymers, (n+1)/2 polymerization steps are required. Note that only 
block copolymers with an odd number of blocks can be synthesized with these compounds. 
The major difference between a trithiocarbonate and a bifunctional RAFT agent is the way 
the monomer is inserted into the RAFT agent. Using a bifunctional RAFT agent, monomer is 
inserted into the RAFT agent at both sides of leaving group R, while both dithiocarboxylate 
moieties will remain at the chain ends. In block copolymerization, the second block is thus 
built at the chain ends of the first block, see Scheme 12 (a). Using trithiocarbonate, monomer 
is inserted between both A groups and the trithiocarbonate moiety, and the trithiocarbonate 
moiety remains in the middle of the chain. When chain extending the first block, the second 
block is built in the middle of the chain, and the first block will shift to the outside of the 
chain as is depicted in Scheme 12 (b). In the case of trithiocarbonates, the R-S- moiety 
functionsas the activating group Z. [34] 

The well-defined block copolymer of poly[ethylene oxide)-b-poly(N-isopropylacrlamide) 
(PEO-b-PNIPAM) was synthesized by Liang and coworkers via RAFT polymerisation using 
monofunctional PEO macro-RAFT agent [48] (Scheme 13). 
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Scheme 12. Block copolymer synthesis via a bifunctional RAFT agent 

Stenzel and coworkers reported the synthesis of amphiphilic block copolymers based on 2-
methacrylamido glucopyranose (MAG) and 5’-O-methacryloyl uridine (MAU) via RAFT 
copolymerization using monofunctional macro-RAFT agent (Scheme 14) [49]. 

Block copolymers of methyl methacrylate (MMA) and tert-butyldimethylsilyl methacrylate 
(TBDMSMA) have been synthesized by Bressy and coworkers via RAFT polymerization 
technique (Scheme 15) [50]. 

New block copolymers with narrow molecular weight distribution (MWD=1.04-1.14) based 
on (2,3-epithiopropylmethacrylate) (ETMA), methyl methacrylate (MMA) and n-
butylmethacrylate (nBMA) have been synthesized by Petzhold and coworkers via RAFT 
polymerization (Scheme 16) [51] 
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Scheme 13. Synthetic procedure for PEO-b-PNIPAM by RAFT 

 

 
 
Scheme 14.  (a) Synthesis of poly(2-methacrylamido glucopyranose) as a macroRAFT agent (b) 
synthesis of poly(2-methacrylamido glucopyranose)-b-poly( 5’-O-methacryloyl uridine) via RAFT using 
monofunctional macro-RAFT agent 

(a)

(b)
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Scheme 15. Block copolymerization of TBDMSMA and MMA by the RAFT process 

 

 
Scheme 16. Schematic representation of the synthesis of the diblock copolymer via RAFT polymerization  
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Scheme 16. Schematic representation of the synthesis of the diblock copolymer via RAFT polymerization  
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Nanogel particles and double hydrophilic block copolymers were prepared by Hawker and 
co-workers using hydrophilic as well as amphiphilic poly(dimethylacrylamide) (PDMA) 
chain transfer agents (CTA) in RAFT precipitation polymerization (Scheme 17) [52].  

 
Scheme 17. Precipitation RAFT polymerization of NIPAM using a PDMA macroCTA followed by 
cross-linking with BIS 

Guan et al. reported the synthesis of poly(dimethylsiloxane)-b-poly(2,2,3,3,4,4,4-
heptafluorobutyl methacrylate)-b-poly(styrene) (PDMS-b-PHFBMA-b-PS) triblock 
copolymers by two-step RAFT polymerization [53]. For this purpose, firstly xanthate-
capped PDMS was prepared as the PDMS-macro-RAFT agent. Then triblock copolymers 
were prepared by two step RAFT polymerization using the PDMS-macro-RAFT agent 
(Scheme 18). 

Zhang and co-workers reported the synthesis of polystyrene-b-poly(acrylic acid)-b-
polystyrene (PS-b-PAA-b-PS) tri block copolymers by RAFT polymerization using S,S’-
Bis(α,α’-dimethyl-α’’-acetic acid)-trithiocarbonate (BDATC) as chain transfer agent (Scheme 
19) [54].  

Qupicky and co-workers reported the synthesis of dually responsive (temperature- and 
redox-responsive) multiblock copolymers of poly(N-isopropylacrlamide) (PNIPAAM) and 
poly(dimethylaminoethylmethacrylate) (PDMAEMA) by RAFT polymerization [55]. Well-
defined bis(dithioester)-functionalized PNIPAM 3 and PDMAEMA 4 were prepared using 
1,4-bis(thiobenzoylthiomethyl)benzene 1 and 1,4-bis(2-(thiobenzoylthio)prop-2-yl)benzene 2 
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as RAFT agents, respectively. Multiblock copolymers were synthesized in a single 
aminolysis/oxidation step from the bis(dithioester)-terminated PNIPAAM and PDMAEMA 
(Scheme 20). 
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Scheme 18. The synthesis of PDMS-b-PHFBMA-b-PS triblock copolymers by two-step RAFT 
polymerization 

Baum and Brittain reported the synthesis of surface immobilized diblock copolymer brush 
(Si/SiO2//PS-b-PDMA) using RAFT [56]. Styrene, methyl methacrylate, and N,N-
dimethylacrylamide brushes were prepared under RAFT conditions using silicate surfaces 
that were modified with surface-immobilized azo initiators. Films with controlled 
thicknesses were produced. RAFT was also used to synthesize PS-b-PDMA and PDMA-b-
PMMA block copolymer brushes that displayed reversible surface properties upon 
treatment with block-selective solvents. (Scheme 21). 
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Baum and Brittain reported the synthesis of surface immobilized diblock copolymer brush 
(Si/SiO2//PS-b-PDMA) using RAFT [56]. Styrene, methyl methacrylate, and N,N-
dimethylacrylamide brushes were prepared under RAFT conditions using silicate surfaces 
that were modified with surface-immobilized azo initiators. Films with controlled 
thicknesses were produced. RAFT was also used to synthesize PS-b-PDMA and PDMA-b-
PMMA block copolymer brushes that displayed reversible surface properties upon 
treatment with block-selective solvents. (Scheme 21). 
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Scheme 19. The synthesis of PS-b-PAA-b-PS tri block copolymers by RAFT polymerization 

 
Scheme 20. The synthesis of dually responsive multiblock copolymers of PNIPAM and PDMAEMA by 
RAFT polymerization 

Some of block copolymers derived using RAFT polymerization is given in Table 3.  
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Scheme 21. Synthesis of surface immobilized diblock copolymer brush (Si/SiO2//PS-b-PDMA) using RAFT. 

 

1st Segment 2nd Segment 3rd Segment Type of block Ref. 
PMAOEGlc 
PMAOEGlc 
PNIPAAM 
PNIPAAM 
PNIPAAM 
PVAc 
PVAc 
P(6-O-MAMGlc) 

P(6-O-MAMMan) 
P(6-O-MAMGlc) 
PMAGlcC5 

PDEAEMA 
PAGA 
PVPv 
PVBz 
PHEMA 

- 
- 
- 
- 
- 
- 
- 
- 

AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 

[57] 
[57] 
[58] 
[59,60] 
[61 
[62] 
[62] 
[63] 

Poly(2-methacryloxyethyl glucoside) (PMAOEGlc), poly(methyl 6-O-methacryloyl-D-mannoside) P(6-O-MAMMan), 
poly(methyl 6-O-methacryloyl-D-glucoside) P(6-O-MAMGlc), Poly(N-isopropylacrylamide) (PNIPAAM), Poly(D-
glucofuranosyl)-6-methacrylamido hexanoate (PMAGlcC5), Poly(2-(diethylamino)ethyl methacrylate) (PDEAEMA), 
poly(acryloyl glucosamine) (PAGA), poly(vinyl acetate) (PVAc), poly(vinyl pivalate) (PVPv), poly(vinyl benzoate) 
(PVBz), poly(2-hydroxyethyl methacrylate) (PHEMA). 

Table 3. Some of block copolymers prepared using RAFT polymerization 
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Scheme 21. Synthesis of surface immobilized diblock copolymer brush (Si/SiO2//PS-b-PDMA) using RAFT. 

 

1st Segment 2nd Segment 3rd Segment Type of block Ref. 
PMAOEGlc 
PMAOEGlc 
PNIPAAM 
PNIPAAM 
PNIPAAM 
PVAc 
PVAc 
P(6-O-MAMGlc) 

P(6-O-MAMMan) 
P(6-O-MAMGlc) 
PMAGlcC5 

PDEAEMA 
PAGA 
PVPv 
PVBz 
PHEMA 

- 
- 
- 
- 
- 
- 
- 
- 

AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 

[57] 
[57] 
[58] 
[59,60] 
[61 
[62] 
[62] 
[63] 

Poly(2-methacryloxyethyl glucoside) (PMAOEGlc), poly(methyl 6-O-methacryloyl-D-mannoside) P(6-O-MAMMan), 
poly(methyl 6-O-methacryloyl-D-glucoside) P(6-O-MAMGlc), Poly(N-isopropylacrylamide) (PNIPAAM), Poly(D-
glucofuranosyl)-6-methacrylamido hexanoate (PMAGlcC5), Poly(2-(diethylamino)ethyl methacrylate) (PDEAEMA), 
poly(acryloyl glucosamine) (PAGA), poly(vinyl acetate) (PVAc), poly(vinyl pivalate) (PVPv), poly(vinyl benzoate) 
(PVBz), poly(2-hydroxyethyl methacrylate) (PHEMA). 

Table 3. Some of block copolymers prepared using RAFT polymerization 
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3.3. Block copolymerization via Atom Transfer Radical Polymerization (ATRP) 

Of the several controlled/”living” free radical polymerization techniques, ATRP seems to be 
the most versatile, being able to polymerize a variety of monomers, method to prepare block 
and graft copolymers. ATRP enables the synthesis of a wide range of (co)polymers with 
controlled molecular weight, narrow molecular weight distribution, and range of 
architectures and functionalities.  

The synthesis of well-defined AB type diblock copolymers from styrene (S) and methyl 
acrylate (MA) via ATRP was reported by Schubert and co-workers [64]. Both synthetic routes 
starting with styrene as first block or methyl acrylate as first block are shown in Scheme 22.  

1st Segment 2nd Segment 3rd Segment Type of block Ref. 

PMMA 
PMMA 
PDMS 
PS 
PS 
PS 
PS 
PS 
MPEG 
MPEG 
PS 
PMPC 
PMPC 
PBMA 
PAMA 
PAMA 
PAMA 
PSSNa 
PSSNa 
PCL 
PGEMA 

P(n-BA) 
PMA 
PS 
PMAIpGlc 
P(n-BA) 
P(n-BA) 
PE 
PB 
PDMAEMA 
PBMA 
PTMDS 
PDMAEMA 
PDPAEMA 
PDMAEMA 
PS 
PMMA 
PBA 
PMMA 
PMMA 
P(MAPEO-co-DIGaMA) 
PDEGMA 

PMMA 
PMMA 
- 
- 
- 
PS 
PS 
PS 
PBMA 
PDMAEMA 
PS 
- 
- 
- 
PAMA 
PAMA 
PAMA 
- 
PSSNa 
- 
- 

ABA 
ABA 
AB 
AB 
AB 
ABA 
ABA 
ABA 
ABC 
ABC 
ABA 
AB 
AB 
AB (brushes) 
ABA 
ABA 
ABA 
AB 
ABA 
AB 
AB 

[67] 
[67] 
[68] 
[69] 
[70] 
[70] 
[71] 
[71] 
[72] 
[72] 
[73] 
[74] 
[74] 
[75] 
[76] 
[76] 
[76] 
[77] 
[77] 
[78] 
[79] 

Polymethylmethacrylate (PMMA), Poly(n-butylacrylate) (P(n-BA)), polymethylacrylate (PMA), poly(dimethylsiloxane) 
(PDMS), polystyrene (PS), poly(3-O-methacryloyl-1,2:5,6-di-O-isopropylidene-D-glucofuranose) (PMAIpGlc), polyester 
and/or polyether (PE), polybutadiene (PB), methoxy-poly(ethyleneglycol) MPEG, poly(2-
(dimethylamino)ethylmethacrylate) (PDMAEMA), Poly(n-butylmethacrylate) (PBMA), poly(tetramethyldisiloxane) 
(PTMDS), poly(2-(methacryloyloxy)-ethylphosphorylcholine) (PMPC), poly(2-(diisopropylamino)ethylmethacrylate) 
(PDPAEMA), poly(allyl methacrylate) (PAMA), poly(sodium styrene sulfonate) (PSSNa), polycaprolactone (PCL), ω-
methacrylate poly(ethylene oxide) (MAPEO), 6-O-methacryloyl-1,2:3,4-di-O-isopropylidene-D-galactopyranose 
(DIGaMA), poly(2-glucosyloxyethyl methacrylate) (PEGMA), poly(diethyleneglycolmethacrylate) (PDEGMA) 

Table 4. Block copolymers prepared using ATRP 
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Scheme 22. Schematic representation of synthetic strategy to block copolymers from styrene and 
methyl acrylate 

The synthesis of ABA type triblock copolymers of poly(2-(dimethylamino)ethylmethacrylate)-
b-polycaprolactone-b-poly(2-(dimethylamino) ethylmethacrylate) (PDMAEMA-b-PCL-b-
PDMAEMA) via ATRP of DMAEMA using difunctional polycaprolactone (Br-PCL-Br) as 
macroinitator was reported by Jhurry and Motala-Timol (Scheme 23) [65].  
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Scheme 23. Synthesis of triblock PDMAEMA-b-PCL-b-PDMAEMA copolymer 
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Scheme 23. Synthesis of triblock PDMAEMA-b-PCL-b-PDMAEMA copolymer 
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Huang et al. reported the preparation of amphiphilic triblock PMMA-b-PDMAEMA-b-
PMMA and poly(methyl acrylate)-b-poly(methyl methacrylate)-b-poly(hydroxyethyl 
methacrylate) (PMA-b-PMMA-b-PHEMA) copolymer brushes grown from a surface via 
sequential low-temperature ATRP (Scheme 24) [66] 

 
Scheme 24. Synthesis of triblock copolymer brushes from gold surfaces by sequential ATRP. 

Recently many studies on the synthesis of block copolymers via ATRP in the literature have 
been reported due to its advantages. Some of them are listed in Table 4. 

4. Graft copolymerization 

Graft copolymers are another class of segmented copolymers. As informed previously, 
many basic characteristics of block copolymers and graft copolymers are similar and no 
major difference exists between block copolymer synthesis and graft copolymer synthesis. 
The location of sites and functions are at the chain ends or on the chains, respectively: 
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“Grafting” is a method wherein monomers are covalently bonded (modified) onto the 
polymer chain. Graft copolymers can be obtained with three general approachs [80]: 

1. Grafting-onto: A preformed polymer with a reactive end-group is used a precursor, and 
then attached to the backbone. This method involve reaction of functional groups (Y) 
located at chain ends of one kind of polymer with another functional groups (X) which 
distributed randomly on the main chain of the other polymer (backbone). 

 
Figure 6. Schematic presentation of Grafting-onto 

2. Grafting-from: The monomer is grafted from the backbone. “Grafting-from” is 
significantly more versatile than “grafting-onto”. 

 
Figure 7. Schematic presentation of Grafting-from 

3. Grafting-through in other words grafting via surface-attached monomers 
(macromonomers): In this approach, polymerizations are carried out at the presence of 
polymers (backbone) onto which functionalized monomers have been attached. The 
surface-attached monomers are incorporated into growing polymer chains in the same 
way as the monomers in solution (the monomers in solution are usually different from 
the surface-attached ones). 

4.1. Graft copolymerization via NMP 

Hua et al. prepared polystyrene grafted chitosan [81] (Scheme 25) and poly(sodium 4-
styrenesulfonate) grafted chitosan [82] (Scheme 26) via NMP using chitosan-TEMPO 
macroinitiator. 
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polymers (backbone) onto which functionalized monomers have been attached. The 
surface-attached monomers are incorporated into growing polymer chains in the same 
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4.1. Graft copolymerization via NMP 

Hua et al. prepared polystyrene grafted chitosan [81] (Scheme 25) and poly(sodium 4-
styrenesulfonate) grafted chitosan [82] (Scheme 26) via NMP using chitosan-TEMPO 
macroinitiator. 
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Figure 8. Schematic presentation of Grafting-through 

 
Scheme 25. Synthesis of Chitosan-g-PSt by NMP 

 
Scheme 26. Synthesis of Chitosan-g-PSS by NMP 
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Jaymand reported the synthesis and characterization of novel type poly(4-chloromethyl 
styrene-graft- 4-vinylpyridine)/TiO2 nanocomposite via NMP [83]. Firstly, poly(4-
chloromethyl styrene)/TiO2 nanocomposite carrying TEMPO groups (PCMS-TEMPO/TiO2) 
was synthesized (Scheme 27) and then the controlled graft copolymerization of 4-
vinylpyridine was initiated by PCMS-TEMPO/TiO2 as a macroinitiator (Scheme 28).  

 
Scheme 27. Synthesis of PCMS-TEMPO/TiO2 macroinitiator 

 
Scheme 28. Nitroxide-mediated living radical polymerization of 4-vinylpyridine onto PCMS-
TEMPO/TiO2 macroinitiator 
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4.2. Graft copolymerization via RAFT polymerization 

Neoh and co-workers reported the preparation of graft copolymers of poly(ethylene 
glycol)methyl ether methacrylate (PEGMA) with poly(vinylidene fluoride) (PVDF) [84] and 
poly(acrylic acid) (PAAc) with poly(vinylidene fluoride) (PVDF) [85] via RAFT 
polymerization. The peroxides generated on the ozone-pre-treated PVDF facilitated the 
thermally initiated graft copolymerization of PEGMA and PAAc in the RAFT-mediated 
process respectively (Scheme 29). 

 
Scheme 29. Schematic illustration of the processes of PEGMA graft copolymerization with the ozone-
preactivated PVDF backbone by RAFT-mediated polymerization and the preparation of the PVDF-g-
PEGMA MF membrane by phase inversion. 

Perrier and co-workers performed grafting of styrene from cellulose substrate via RAFT 
polymerization [86]. The hydroxyl groups of cellulose fiber were converted into 
thiocarbonyl-thio chain transfer agent, and were further used to mediate the RAFT 
polymerization of styrene (Scheme 30).  

Stenzel and co-workers prepared stimuli-responsive glycopolymer brushes composed of N-
acryloyl glucosamine (AGA) and NIPAAM using RAFT polymerization [87]. The RAFT 
agent was immobilized on the surface of a treated silicon waver via covalent attachment 
using the Z-group (Scheme 31) 

Hua et al. reported the controlled grafting modification of chitosan via RAFT polymerization 
using chitosan-RAFT agent. The chitosan was first modified with S-1-dodecyl-S’-(α,α’-
dimethyl-α’’-acetic acid)trithiocarbonate (DDACT) to serve as RAFT agent, and then the 
controlled grafting polymerization of acrylic acid were performed [88]. Morimoto et al. 
reported the grafting of NIPAAM on polysaccarides by RAFT polymerization [89]. 



 
Polymerization 312 

Mespouille et al. also reported the grafting of NIPAAM on aliphatic polycarbonates by RAFT 
polymerization [90]. Synthesis of poly(tert-butl methacrylate) graft-poly(dimethylsiloxane) 
graft copolymers via RAFT polymerization was reported by Hou and co-workers [91]. 

 
Scheme 30. Synthesis of cellulose chain transfer agent for RAFT polymerization and their use to 
mediate styrene polymerization 

4.3. Graft copolymerization via ATRP 

In recent year’s chemical modification and particularly surface modification of natural 
polymers such as collagen, cellulose, chitosan etc. has become a popular method for 
providing a material with desirable properties for practical applications. Particularly ATRP 
has been proven to be versatile for the grafting of vinyl monomers on to natural polymers. 

El Tahlawy & Hudson prepared chitosan macroinitiators by acetylation of chitosan with 2-
bromo-isobutyryl bromide (EBİB) in the presence of pyridine as a base. Then chitosan 
macroinitiator was used to polymerize a methoxy-poly(ethylene glycol)methacrylate 
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(MeO(PEG)MA) monomer [92]. Using a similar approach, Li et al. proposed the controlled 
synthesis of chitosan beads grafted with polyacrylamide via surface-initiated ATRP [93]. The 
bromide-end groups were immobilized on the surfaces of chitosan beads through reaction 
of –NH2 or –OH groups with EBİB (Scheme 32).  

 
Scheme 31. Synthesis of stimuli-responsive glycopolymer brushes using RAFT polymerization via Z-
group approach 

Arslan et al. reported the synthesis of brush type graft copolymers of poly(3-
hydroxybutyrate) (PHB) and poly(3-hydroxyoctanoate) (PHO) with  methylmethacrylate, 
(MMA), styrene, (S), and n-butylmethacrylate, (n-BuMA) by using ATRP via ‘‘grafting 
from’’ technique [94,95]. Firstly PHB and PHO were chlorinated by passing chlorine gas 
through their solution in CHCl3/ CCl4 (75/25 v/v) mixture and CCl4, respectively, in order to 
prepare chlorinated PHB, PHB-Cl, and chlorinated PHO, PHO-Cl, with different chlorine 
contents. Then ATRP of vinyl monomers was initiated by using PHA-Cl as macro initiators 
in order to obtain brushes containing PHAs (Scheme 33). 
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Scheme 32. Schematic presentation of the immobilization of surface initiator and polymerization of 
vinyl monomers via ATRP 

 
Scheme 33. The synthesis of PHA-g-PMMA, PHA-g-PS, PHA-g-PBMA brush type graft copolymers via 
ATRP 

Recently many studies on the synthesis of graft copolymers via ATRP in the literature have 
been also reported. Some of them are listed in Table 5. 

5. Block and graft copolymerzation by combined techniques  

In some cases, different controlled polymerization systems are combined to produce block 
and graft copolymers (see Table 6). 

Lu et al reported the synthesis of block and graft copolymers of β-pinene and styrene by 
combination of living cationic polymerization and atom transfer radical polymerization 
methods (Scheme 34) [105]. 

Block copolymer synthesis via a combination of ATRP and RAFT using click chemistry was 
reported by Webster and co-workers (Scheme 35) [106]. 
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1st Segment 2nd Segment Ref. 

Chitosan 
Cellulose  
Cellulose 
Si/PGMA 
PBIEM-I 
MWNTs 
PVDF 
Si 
Si 
Si 
AuNPs 

P(OEGMA) 
PMMA 
PS 
PS 
PMAIpGlc 
PMAIpGlc 
PMAGlc 
PMMA 
PHEMA 
PDMAEMA 
PHEMA 

[96] 
[97] 
[97] 
[98] 
[99] 
[100] 
[101] 
[102] 
[103] 
[103] 
[104] 

Poly(oligoethylene glycol methacrylate) (POEGMA), poly(glycidyl methacrylate) deposited on silicon wafer 
(Si/PGMA), poly(3-O-methacryloyl-1,2:5,6-di-O-isopropylidene-D-glucofuranose) (PMAIpGlc), poly(2-(2-
bromoisobutyryloxy)ethyl methacrylate) (PBIEM-I), poly(vinylidene fluoride) (PVDF), poly(3-O-methacryloyl-D-
glucofuranose) (PMAIpGlc), silicon substrate (Si), Polymethylmethacrylate (PMMA), polystyrene (PS), poly(2-
(dimethylamino)ethylmethacrylate) (PDMAEMA), poly (2-hydroxyethyl methacrylate) (PHEMA), multiwalled carbon 
nanotubes (MWNTs), golg nanoparticules (AuNPs). 

Table 5. Graft copolymers prepared using ATRP 

 
 

 
 
Scheme 34. Synthesis of poly(β-pinene)-b-polystyrene by combination of living cationic polymerization 
and atom transfer radical polymerization methods 
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Scheme 35. Concept of combination of ATRP and RAFT using click chemistry. 

Combined polymerization techniques  Obtained composition  References 
Ring opening-ATRP 
ATRP-cationic polym. 
ATRP-macromonomer method 
NMP-ATRP 
NMP-RAFT 
RAFT/MADIX-click Chemistry 
NMP-iniferter technique 
RAFT-click Chemistry 
Ring opening-NMP 
RAFT-ATRP-NMP 

Dendrimer-like star block  
AB type diblock 
Graft 
Block-graft 
Graft 
Graft-block 
Graft 
Block 
Block 
Bottle brush 

[107] 
[108] 
[109] 
[110] 
[111] 
[112] 
[113] 
[114] 
[115] 
[116] 

Table 6. Some examples of polymers obtained by combination of different controlled polymerization 
mechanisms 

6. Conclusion 

The synthesis of block and graft copolymers can be achieved via different techniques such as 
free radical, anionic, cationic, coordination, coupling, step growth, ring opening, changing 
polymerization mechanism (active centers transformation reactions). CRP enables the synthesis 
of a wide range of (co)polymers with controlled molecular weight, narrow molecular weight 
distribution, and wide range of architectures (i.e., comb, star, dendritic, etc.), composition (i.e., 
random, periodic, graft, etc.) and functionalities at moderate experimental conditions. 
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1. Introduction 

Pottranslational modification of proteins (PTM) is involved in molecular targeting or signal 
transduction as a basis of a variety of biological processes of the cells. Approximately 300 
PTMs are existed in the cells, some of which are supposed to have important roles in cell 
physiology or embryogenesis. In addition, some modifications are reciprocally interacted, 
which regulates gene expression or protein dynamics or processing. We focus here 
polyADP-ribosylation (PARylation), which is found to contribute importantly at fertilization 
and postfertilization development. Moreover, we discuss the possible drug discovery of 
ADP-ribosylation inhibitors in carcinogenesis or fertility control.  

Upon fertilization, two kinds of genetic materials meet together to generate a new organism 
[1]. Meanwhile, the organism develops without major expression of genes from genomes. 
Although maternal proteins are supposed essential for the period, the details are ill 
understood. Transition of zygotic gene expression is also essential for further development. 
Some PTMs on transcriptional factors may be key regulation to express the genes which 
supports early development. Parental DNAs are differently regulated in the postfertilized 
eggs, although the biological significance is controversial. Theses implications suggest 
importance of PTMs on postfertilization and transition of zygotic development. Recently we 
found that PARylation, a PTM of protein is important for postfertilization development, 
which seems similar with those of carcinogenesis. 

The PARylation reaction is a PTM of proteins, which is synthesized with poly(ADP-ribose) 
polymerase (PARP) and metabolized with poly(ADP-ribose) glyceraldehyde (PARG) [2,3]. 
The reciprocal regulation is speculated as a key mechanism that underlies reversible 

© 2012 Osada and Masutani, licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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regulation of gene expression. The poly(ADP-ribose) is generated from NAD, an energy 
reservoir of the cells by PARP. The PARP synthesizes poly(ADP-ribose) using NAD. PARP 
polymerizes ADP-ribose residues to generate poly(ADP-ribose) chains onto proteins. 
PARylation reaction itself is regulated by auto-PARylation of Parp1. Since the ADP-ribose 
residue is negatively charged, the acceptor proteins become negatively charged by the 
addition of ADP-ribose residues. The electrical charge-shift of the protein induced by 
PARylation may decrease an easy access of proteins into the DNA structure or may induce 
structural instability of protein-DNA interactions, because the negative charge of poly(ADP-
ribose) supports its association with DNA-binding proteins, which are positively charged. 
The recognition of DNA sequences by protein structure may also be affected by PARylation. 
Upon postfertilization development, zygotic gene expression is essentially activated prior to 
the 4-cell cleavage stage in mice and human. Therefore, behavior of maternal molecules 
plays important roles at postfertilization development before zygotic gene activation. PTM 
of protein is supposed to contribute to protein dynamics at postfertilization development. 
Pharmacological blockage of PARylation revealed defects of postfertilization development 
in mice [4]. The data raise a question regarding the roles of PARylation at fertilization 
development. A wealth of study revealed that NAD is rich in eggs and rapidly degraded 
upon fertilization in Xenopus larvae. Parp activation at fertilization may contribute to 
consumption of NAD, which may bring a plausible explanation towards the uncovered 
subject. Postfertilization development is specific biological window to highlight the 
significance of PTM, because transcription is minor mechanisms for the organisms at the 
period. In this chapter, we discuss the roles of PARylation in eggs and the function of 
postfertilization development. Further we discuss the possible implications to drug 
discovery focusing on PARylation regulation. We focus on polyADP-ribosylation because 
we previously showed that no fertilized eggs were obtained by pharmacological blockage of 
PARylation by a PARP inhibitor, PJ-34 [4]. Other inhibitors of PARylation showed similar 
results. Therefore, a hypothesis was raised that posttranslational regulation is key regulation 
of maternal genetic materials at fertilization because no robust transcription is occurred at 
the beginning of life. 

2. PARylation in postfertilization development 

Recent research showed that pharmacological blockage of PARylation leads to defects in 
pronuclear fusion during postfertilization in mice. Based on the observations, several 
approaches were achieved to investigate the roles of PARylation in vivo and mechanisms of 
reprogramming applicable for regenerative medicines or elucidation of human diseases 
including carcinogenesis. 

Based on our observations regarding the disorganized microtubule assembly in oocytes by 
PARylation inhibitors, polyADP-ribosylated proteins of oocytes and postfertilized eggs 
were searched. We found that the tubulins (1c, 2c) [4] and glutathione S-transferees 5 
(GST5) (Osada et al., unpublished data) was highly polyADP-ribosylated after fertilization. 
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The recognition of DNA sequences by protein structure may also be affected by PARylation. 
Upon postfertilization development, zygotic gene expression is essentially activated prior to 
the 4-cell cleavage stage in mice and human. Therefore, behavior of maternal molecules 
plays important roles at postfertilization development before zygotic gene activation. PTM 
of protein is supposed to contribute to protein dynamics at postfertilization development. 
Pharmacological blockage of PARylation revealed defects of postfertilization development 
in mice [4]. The data raise a question regarding the roles of PARylation at fertilization 
development. A wealth of study revealed that NAD is rich in eggs and rapidly degraded 
upon fertilization in Xenopus larvae. Parp activation at fertilization may contribute to 
consumption of NAD, which may bring a plausible explanation towards the uncovered 
subject. Postfertilization development is specific biological window to highlight the 
significance of PTM, because transcription is minor mechanisms for the organisms at the 
period. In this chapter, we discuss the roles of PARylation in eggs and the function of 
postfertilization development. Further we discuss the possible implications to drug 
discovery focusing on PARylation regulation. We focus on polyADP-ribosylation because 
we previously showed that no fertilized eggs were obtained by pharmacological blockage of 
PARylation by a PARP inhibitor, PJ-34 [4]. Other inhibitors of PARylation showed similar 
results. Therefore, a hypothesis was raised that posttranslational regulation is key regulation 
of maternal genetic materials at fertilization because no robust transcription is occurred at 
the beginning of life. 

2. PARylation in postfertilization development 

Recent research showed that pharmacological blockage of PARylation leads to defects in 
pronuclear fusion during postfertilization in mice. Based on the observations, several 
approaches were achieved to investigate the roles of PARylation in vivo and mechanisms of 
reprogramming applicable for regenerative medicines or elucidation of human diseases 
including carcinogenesis. 

Based on our observations regarding the disorganized microtubule assembly in oocytes by 
PARylation inhibitors, polyADP-ribosylated proteins of oocytes and postfertilized eggs 
were searched. We found that the tubulins (1c, 2c) [4] and glutathione S-transferees 5 
(GST5) (Osada et al., unpublished data) was highly polyADP-ribosylated after fertilization. 
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Because PARylation is known as a regulatory machinery of DNA surveillance system, this 
data provided us with a novel sight of view on the roles of PARylation regarding cell 
signaling and metabolisms. As a major upstream signaling cascade after sperm entry, MAP-
kinase (MAPK) signaling has been postulated as the key regulatory mechanism for 
pronucleus formation, and Parp1 is reported to be involved in the regulation of MAPK 
signaling [5]. Our data suggest that Parp1 is a novel nuclear component for PPN (Pseudo 
pronuclei) formation, which may be mediated by MAPK signaling. Phosphorylation level of 
Erk was decreased in the MII phase of Parp-1 null oocyte.  Because the downregulation of 
Erk phosphorylation is known to disturb microtubule organization, these results raise a 
possibility that the transient administration of a Parp inhibitor may block the early phase of 
post-fertilization process. 

Second, we focused on the roles of polyADP-ribosylation on epigenetic regulation. 
Accumulating study suggests that PARylation has a fundamental role in transcription as 
well as DNA surveillance, which mediates topological changes of the DNA structure [6,7]. 
We first examined the effects of PARylation on chromatin modification during 
postfertilization development. An immunofluorescence study using histone acetylation and 
methylation antibodies were initially carried out. Upregulation of dimethyl-H3k4 in the 
PARylation-inhibited embryos at 6 hpf, and downregulation of dimethyl-H3K9 and 
dimethyl-H3K27 at 15 hpf were observed (unpublished data, Osada et al.).  Recently, 
functional links between histone methylation and DNA methylation have been elucidated. 
Based on our observations of distinct effects of PARylation inhibition on histone 
modification regulation, we next sought for the roles of PARylation in DNA methylation. 
Global methylation of the maternal genome is maintained and sperm DNA is quickly 
demethylated during the postfertilization period [8]. The low immunoreactivity to the MetC 
antibody in the PARylation inhibited embryos was observed and it persisted at least until 15 
hpf (unpublished data, Osada et al.). The data suggest that epigenetic regulation is 
asymmetrically activated during postfertilization development, although gene expression is 
not activated. Therefore, PARylation affects the integrity of epigenetic regulation of oocytes 
and postfertilized eggs (Figure 1).  

An additional implication of this finding is that PARylation regulates the epigenetic 
nonequivalence of the pronuclei in mice. The molecular mechanisms regulating the 
asymmetric DNA methylation of one-cell embryos are largely unknown, and we showed 
that PARylation is involved in the epigenetic regulation of the mouse early development. 
PGC7/Stella-deficient eggs show similar defects in the protection of female pronuclei from 
DNA demethylation [9]. The nucleo-cytoplasmic transport of the responsible proteins 
appears to be important for the regulation of DNA methylation. The role of PARylation in 
DNA methyltransferase (DMNT) regulation is yet to be fully elucidated, although the 
interaction of DNMT1 with PARP1 and the indirect repression of DNMT1 activity by 
interacting with PAR have been suggested [10]. Based on our data showing an association 
between PARylation or PARP and histone modification, it is speculated that PARylation 
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may regulate the accessibility of DNMT or demethylase to DNA, in a manner mediated by 
chromatin remodeling. Our study provides a novel avenue for better understanding of 
establishment of chromatin organization through the histone codes and DNA methylation 
that may underlie at the beginning of zygotic development.  

 
 
 

 

 
Figure 1. Scheme of putative roles of PARylation in the chromatin dynamics of one-cell embryos. In 
the one-cell embryos (yellow circle), PARP1 may interact with histone modifying enzymes including 
Suz12, that might affect the asymmetric regulation of histone modifications in the pronuclei (male 
pronucleus in blue circle and female pronucleus in green). 
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To examine whether there is a direct or indirect linkage of epigenetic regulation with 
PARylation, we screened molecules that interacts with Parp1. To elucidate the molecular 
basis of the effect of PARylation on histone modification, we performed yeast two-hybrid 
screening using the bait vector carrying N-terminal and automodification domain. The 
Suz12, a histone methyltransferase, was identified as a candidate molecule interacting with 
Parp1 (unpublished data, Osada et al.). Suz12 is a component of PRC2/3/4 (Polycomb 
Repressive Complex 2/3/4), which regulates the repressive status of transcription by the 
methylation of histone H3K9 and H3K27. Our findings support the idea that Parp1 acts as a 
regulatory scaffold for the access of PRC2/3 to target DNA, because none of the components 
of the PRC2/3/4 complexes are DNA binding proteins. OCT4, bidirectional transcriptional 
regulator, is suggested to play a role of transcriptional regulation by recruiting PRC2/3/4 to 
the target genes, which are indispensable for the embryonic development. Modification of 
PARylation triggers loosening of chromatin structure, which may enable the access of 
transcriptional factors to DNA duplex structure.  

Third, as shown in Figure 2, defects in pronuclear formation by inhibition of PARylation 
raise a possibility that PARylation is involved in laminar formation of pronuclei [4]. In fact, 
HP1, an anchor protein of lamina and heterochromatin is polyADP-ribosylated [11]. Our 
findings showed prolonged presence of lamin-A/C, a core protein of lamina by PARP 
inhibitor PJ-34 treated eggs. Interestingly, lamin-A/C is predominantly existed in 
undifferentiated cells. Lamin-A/C is known as a marker of carcinogenesis [4]. Our 
observation provided a new insight into regulatory machinery of laminar formation in 
pluripotent cells by PARylation. Our initial data suggest that cell-cycle is not disturbed 
when embryos were subjected to treatment of PARP inhibitor. 

During the first cell cycle of mouse embryos, a few genes are transcribed mainly from 
paternal genome. Inhibition of transcription during one-cell embryos by RNA polymerase 
inhibitors showed dispensable roles of transcription in normal development. Zygotic gene 
activation is required for progression from 2-cell to 4-cell embryos. These indicate that 
posttranslational regulation of protein should act as a stem mechanism of the development 
of one-cell embryos. Upon fertilization, highly compacted chromatin of gametes was acutely 
decondensed to form pronuclei (PN) within a few hours. Protamines of sperm chromatin are 
replaced by maternal histone H1 during this process, which may be associated with global 
hypomethylation of sperm-derived PN. In contrast, maternal chromatin arrested at 
metaphase II progresses rapidly into G1 phase and subsequently forms the female PN. DNA 
synthesis from paternal genome is preceded to that from maternal DNA. A minor 
transcription is activated solely from male PN. This evidence suggests that the requirement 
for the posttranslational regulations of parental genomes before mingling of both gamete 
DNA to begin the proper zygotic development. Of posttranslational modification of 
proteins, we examined here the effects of PARylation during the first cell cycle of mouse 
embryos. Metabolism of NAD, which is the substrate of PARPs, is acutely activated upon 
fertilization. Further analysis will elucidate the biological functions of PARylation upon 
fertilization and downstream target molecules of them. 
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Figure 2. Model for regulation of pre- and postfertilization process by PARylation. Biological 
processes occurred during pre- and postfertilization were shown. Putative correlation with polyADP-
ribosylation were indicated in red. 
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3. Implication towards reprogramming 

In 1997, the first cloned animals were generated [12]. Cytogenetic analyses have shown that 
karyotypic aberrations occur in cloned embryos during the first mitotic cleavage. Epigenetic 
errors in cloned animals are also argued to be the major reason for the limited success rates 
of cloned animal births. However, whether genome-wide chromatin remodeling during 
nuclear reprogramming causes DNA damage, or whether defects in DNA repair cause the 
inefficiency of cloned animal births have not been investigated. Recently, it was reported 
that double strand break (DSB)–mediated chromatin remodeling regulates transcription, 
and that Parp1 is critically involved in this process. Various roles for Parp1 have been 
described, including in the chromatin remodeling involved in transcriptional regulation 
[2,3]. The roles of Parp1 in NT-embryo development in the contexts of DNA repair and 
chromatin remodeling was examined. To do this, we used Parp1-null mutant cells as 
recipient oocytes and as a source of donor nuclei. 

We observed that the activation process in NT eggs was enhanced in Parp1–null NT 
embryos, although some genomic instability was observed (Osada T., unpublished data). 
Dynamic changes in histone acetylation and methylation were induced under Parp-1 
deficiency in NT embryos (Figure 3). The lack of Parp1 may thus facilitate chromatin 
condensation or transcriptional silencing. Parp1 is involved in both the regulation of DNA 
strand break repair and the epigenetic control of gene expression. Our findings suggest that 
Parp1 is important for chromatin remodeling possibly through histone modification during 
the nuclear reprogramming of NT embryos. The phosphorylation of histone H2AX at DSBs 
is believed to be crucial for the recognition and repair of DNA damage. The foci-like 
presence of H2AX in the NT embryos implied that DNA repair was taking place in the 
PNN. H2AX is a direct target of ATM kinase, which is expressed at the spindle of MII 
oocytes, and Parp1 interacts with ATM. The prolongation of the H2AX foci in the Parp1-/- 
NT embryos could therefore be related to a delay in repairing DNA strand breaks, as is the 
case with Parp1-/-  MEF and ES cells, which show prolonged H2AX foci after DNA damage 
induced by neocartinostatin. In Parp1-/- NT embryos, mitotic arrest of embryogenesis at the 
2-4-cell stage was frequently observed, accompanied by polynucleated blastomeres. Since 
Parp1 is located in centrosomes as well as in nuclei, the lack of Parp1 may have disturbed 
the normal cell division cycle and the synchronous pattern of cell division among the 
blastomeres. Transient Parp-1 functional inhibition may be therefore useful to improve the 
efficiency of NT by modulating the dynamic organization of chromatin without causing 
genomic instability. 

4. Implication towards human diseases 

PARylation has been known to possess important roles in carcinogenesis. PARP mainly 
affects DNA surveillance system in the cells, which deficit increases the risk of 
carcinogenesis. In addition, recent study showed a functional relationship between PARP 
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and MAPK signaling, known as a major intracellular signaling of transformation into cancer 
cells. Although morphological change of nuclear envelope has been known in cancer cells, 
the molecular mechanism of the processes is not well understood. Recent studies revealed 
molecular signaling of laminar formation is altered during carcinogenesis. Our study 
revealed that PARylation is involved in these molecular events. Oocytes are capable of 
being isolated without other cell types by adding hyarulonidase, which is far easier 
compared with the difficulty in homogenous isolation of purified cancer cells. Our data 
suggest oocytes provide with a unique biological window for elucidating the mechanism 
of PARylation in carcinogenesis. Further comparative analysis between cancer cells and 
oocytes may highlight the uncovered mechanisms underlying the carcinogenesis 
processes.  

 
 
 
 

 
 
 

 
Figure 3. The scheme of histone modification and the effects of Parp1 deficiency during the first 
cleavage of NT embryogenesis. Histone modifications of the one-cell reconstructed oocytes were 
indicated in Parp+/+, and  those which Parp1 deficiency influences were indicated in Parp-/- in red. 
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We also described here that PARylation is a novel target of anti-conception. Inhibition of 
PARylation may easy to be handled, because exposure of an inhibitor to oocytes is effective 
enough to stop fertilization. Further extensive analysis should be carried out regarding the 
optimized dose of inhibitors and non-toxic dose on other tissues. Biological phenomena, in 
which PARylation is involved, are variable and its inhibitors could serve as possible 
pharmaceutical targets including inflammation or brain injury as well as carcinogenesis and 
reproduction as discussed in this chapter. Further basic investigation of the roles of 
PARylation in the cells will broaden the view for the understanding the embryogenesis and 
proof of mechanism of human diseases for drug discovery.   
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1. Introduction 

Scientists and engineers have sought to design more compact and efficient devices by means 
of microfabrication techniques. Examples of microfabrication processes include lithography, 
chemical vapor deposition, sol-gel, dry etching, among others. Although every technique 
has its own specificities and advantages, most of them are multi-step processes and demand 
long time of fabrication. Because of such limitations, and also because of the small range of 
materials that can be used in these techniques, there has been extensive search for alterna-
tive microdevice fabrication methods. A new microfabrication technique, called two-photon 
polymerization (2PP), emerged in 1997 opening a wider range of material possibilities with 
the advantage of allowing tridimensional fabrication. In this technique, Maruo et al (Maruo, 
et al., 1997) employed a laser-based-apparatus to fabricate three-dimensional polymeric 
microstructures with no topological constrains, high penetration depth without surface 
modifications and resolution bellow the diffraction limit. This technique usually employs 
femtosecond laser pulses to promote two-photon absorption (2PA) of a photosensitive mol-
ecule dissolved into the bulk of an unpolymerized resin, which creates a radical and triggers 
polymerization in a confined spatial region. 

In a 2PA transition, an atom or molecule is taken to an excited state by simultaneously ab-
sorbing two photons in a single quantum event. Considering that 2PA is difficult to be at-
tained by using conventional (low intensity) light sources, normally pulsed laser light is 
employed. Owing to the nonlinear nature of the 2PA, it displays a quadratic dependence to 
the light intensity, providing high spatial resolution and low light scattering. As an outcome 
for a polymerization relied on 2PA, chemical reaction takes place in a tiny focal volume, 
allowing the fabrication of tridimensional polymeric structures with resolution below the 
diffraction limit. For instance, two-photon polymerization has already been applied to fabri-

© 2012 Mendonça et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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cate micro and nanodevices for a wide variety of applications (Kawata, et al., 2001, LaFratta, 
et al., 2007, Lee, et al., 2008, Marder, et al., 2007, Sun and Kawata, 2004). 

To further enhance the technological potentiality of two-photon polymerization (2PP) to 
fabricate microstructures, one can dope the basic resin with dyes, nanoparticles, special 
polymers, and other materials. Such methodology leads to the fabrication of active micro-
structures with chemical, biological or optical properties, with potential applications in, for 
instance, optical data storage, photonic crystals, fluorescent and bioactive microstructures 
(Correa, et al.,2012, Correa, et al.,2009, Cumpston, et al.,1999, Drakakis, et al.,2006, Farsari, et 
al.,2008, Liska, et al.,2007, Mendonca, et al.,2007, Ovsianikov, et al.,2007, Serbin, et al.,2004, 
Sun, et al.,2001, Takeyasu, et al.,2008, Tayalia, et al.,2008). In this chapter, we will discuss 
theoretical and experimental aspects of the two-photon polymerization process, and will 
review the last advances in the fabrication of doped microstructures. Such microstructures 
present unique optical, electrical or biological properties (according to the dopant character-
istics), desired for technological applications. 

2. Two-photon absorption: Fundamentals  

Two-photon absorption is a process related to the change in the electronic state of an atom 
or molecule, which is excited from a lower energy level n (ground state, in the most of 
cases) to a higher electronic state 1n  , absorbing simultaneously two-photon of same 
(called “degenerate process”) or different energies (called “nondegenerate process”). An 
intermediate virtual state is created from the interaction between the electromagnetic field 
and matter. Two-photon absorption was theoretically predicted by Maria Göppert-Mayer in 
1931 during her doctoral thesis (Göppert-Mayer,1931). Only after thirty years, the 
experimental observation of the phenomenon became possible, thanks to the invention of 
the LASER. The first experimental verification of 2PA was confirmed by Kaiser et al, who 
detected the fluorescence signal emitted by a europium-doped crystal (Kaiser and 
Garrett,1961), whose electrons were excited via a two-photon transition. Furthermore, this 
effect was experimentally proved by Isaac Abella (Abella,1962) in 1962, using Cesium vapor 
as the two-photon absorbing material. Nowadays, two-photon absorption processes have 
been extensively studied because of the enormous number of technological applications, 
such as, multiphoton optical limiters, multiphoton fluorescence spectroscopy, as well as 
multiphoton polymerization. The importance of multi-photon absorption studies is not only 
restricted to technological applications, but also lies in basic research, which enables to 
characterize and gather information about different materials. In this field, the quantification 
of such effect can provide insights on the molecular geometry and electronic charge 
distribution of an excited molecule. Additionally, two-photon absorption measurements 
provide properties (symmetry and energy) of some electronic states that can not be seen 
using traditional spectroscopic experiments.  
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for degenerated and nondegenerated cases. Such absorption process is classified as a simul-
taneous event. According to the uncertainty principle of Heisenberg, however, photons that 
participate in the transition can have a time interval given by h/∆E, where ∆E is the differ-
ence of energy between the material´s virtual state and the closest real state, and h is the 
Planck constant. In other words, the absorption of two photons does not need to be totally 
instantaneous, once it occurs in an interval given by the Heisenberg principle. Therefore the 
difference between the virtual and closest real state depends on the energy of the first pho-
ton that arrives in the molecule or atom. It means that if the photon presents energy close to 
the one between the states involved in the transition, according to the uncertainty principle, 
the 2PA probability will be enhanced.  

|� � �〉

|�〉
degenerated nondegenerated

h

h

h1

h2h
h2

h1

Energy

time  
Figure 1. Representation of a degenerated and nondegenarated two-photon transition between n  and 

1n  electronic states of an atom or molecule. The dotted lines represent a virtual state which inter-
mediate the two-photon absorption process. 

Due to the low probability of the 2PA to occur (compared to conventional one-photon ab-
sorption (1PA)), a high number of photons per unit of time and per unit of area is required 
to reach the atoms or molecules. As the effect exhibits a quadratic dependence on the num-
ber of photons, 2PA can be achieved by using ultrashort laser pulses. Once the strength of 
the two-photon absorption effect is several orders of magnitude smaller than the one-photon 
one, it is very important that the material presents no linear absorption at the laser wave-
length employed. 

In order to better understand how the two-photon effect appears in the light-matter 
interaction, one can imagine that when the electromagnetic field, which interacts with the 
matter, has a magnitude in the order of the interatomic field, it is able to modify the charge 
distribution in the material in a anharmonic way. As a consequence, the polarization of the 
material will be described by nonlinear terms, which are dependent on the incident 
electromagnetic field. Depending on the phase between the generated polarization and the 
applied electric field, the results can be either the Kerr effect (Abella,1962) or two-photon 
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absorption. When two-photon absorption is analyzed from the nonlinear optics point of 
view, one can see that it is related to the imaginary part of the third-order nonlinear 
susceptibility, (3), (Boyd,1992, Shen,1984), as shown by Eq. 1 (Sheik-Bahae,1990):  

 
2 2

(3) (3) 0 0Im I
n c

  


     (1) 

in which c is the speed of light, 0 is the vacuum permittivity,  is the photon frequency, n0 is 
the refractive index of the material, and β is the two-photon absorption coefficient. 
Consequently, if the two-photon absorption process is significant, the total light absorption 
() of the material is described by: 

 0 0( )I I       (2) 

where, 0 is the linear absorption, and I0 is the light intensity reaching the sample. Equation 2 
shows that the two-photon effect becomes more pronounced when the light intensity is 
considerable high. By using Eq. 2, the attenuation of light intensity as it propagates in the 
material (represented in Fig. 2), is described by:  

  2
0 0 0

dI I I
dz

       (3) 

with I being the light intensity and z the optical path. 

Considering that the material presents negligible linear absorption, the first term on the 
right side of Eq. 3 can be eliminated. Consequentially, the attenuation of the light will only 
depend on the two-photon absorption coefficient. 
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Figure 2. Representation of light attenuation when a materials of thickness L presents  a two-photon 
absorption process. 

After some mathematic manipulation, the solution for the attenuation of the light (I) due to 
the two-photon absorption process can be written as: 
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By Eq. 4, one can see a decrease of the light intensity as the two-photon absorption 
coefficient increases. This coefficient carries information about the probability of a molecule 
or atom to absorb two photons simultaneously. In other words, the two-photon absorption 
coefficient is directly associated with the two-photon absorption cross-section (), and is 
described by Eq. 5: 

 N
h



     (5) 

where, h is the Planck constant, and N is the number of absorbers per unit of volume. The 
molecular two-photon absorption cross-section, δ, is usually given in units of Göppert-
Mayer (GM), in which, 1 GM is equivalent to 1×10-50 cm4.s.photon-1. It is important to 
mention that similar to the one-photon absorption spectrum, a molecule or atom can present 
a two-photon absorption spectrum as well. Nowadays, in order to quantify and understand 
the two-photon absorption cross-sections spectra, monochromatic light sources have been 
employed. This is normally achieved when optical parametric amplifiers devices are used. 
In addition, supercontinuum light sources have also been employed to observe the 
magnitude of this effect (Balu, et al.,2004, De Boni, et al.,2004). 

In terms of quantum mechanics analysis, two-photon absorption presents selection rules 
distinct from one-photon absorption ones. For example, if the molecule is centrosymmetric, 
one and two-photon transitions for a certain energy level are not allowed at the same time. 
In other words, one-photon allowed state is not a two-photon allowed one and vice-versa. 
This arises as a consequence from the angular momentum, which needs to be conserved 
after the electronic transition. Since photons present spin 1, one-photon absorption requires 
that the states involved in the transition differ in its orbital wavefunctions by an angular 
momentum of 1. In the same way, for a two-photon transition, the energy levels involved 
require a change of 2. This particular characteristic in the quantum mechanics selection 
rules turns the linear spectroscopy unable to indentify two-photon allowed states. In the 
opposite way, nonlinear spectroscopy, such as two-photon absorption measurements are no 
able to excite one-photon transitions. On the other hand, when a molecule is not centro-
symmetric, the selection rules can be relaxed; enabling the existence of final states reached 
both by one- or two-photon absorption. 

3. Two-photon absorption polymerization: Principles and applications 

Photopolymerization can be defined as a chemical reaction that turns molecules of low mo-
lecular weight (monomers) into macromolecules consisting of repeating units, by using light 
as the reaction trigger. For one-photon absorption polymerization, the radical species are 
formed by using a conventional light source (e.g. UV lamp). However, in a two-photon 
absorption polymerization, electronic transition occurs by simultaneous absorption of two 
photons, so that radical formation and subsequent polymerization occurs only in the vicinity 
of the focused light source (laser beam). This results in a small solidified volume (voxel) 
around the focal spot. By either scanning the laser beam through the resin volume or by 
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moving the sample in three perpendicular directions (X, Y and Z), arbitrary tridimensional 
microstructures can be created. 

Also, by changing the monomer or the mixture of monomers used in the resin, one can 
change some characteristics of the final polymer. In this way, it is possible to tailor some 
properties of the produced microstructure. For example, polymer hardness and the amount 
of shrinkage the material undergoes due to polymerization can be controlled. Even more, by 
doping the base resin with different compounds, it is possible to change physical, chemical, 
biological and optical properties of the final microstructure. 

two-photon polymerization microfabrication has a set of unique advantages over 
conventional microfabrication processes. Because several pulsed laser systems operate in the 
near infra-red region, where most curable monomers and polymers are transparent, and 
because two-photon absorption occurs only in defined spatial regions (where light intensity 
is high enough), it is possible to reach higher light penetration depths. In this manner, this 
process is able to polymerize, or solidify only a small region in the bulk of the liquid resin, 
without making any changes to its surface or the surrounding region. 

The spatial confinement of the excitation, based on a two-photon process, is illustrated in 
Fig. 3, which depicts a comparison between one and two-photon induced fluorescence 
(Marder, et al.,2007) in a liquid sample contained in a silica fused cuvette. Note the 
fluorescence localization of the two-photon induced process, while one-photon excitation 
promotes fluorescence along the whole optical path. 

1PA

2PA

 
Figure 3. Image of induced fluorescence for one and two-photon absorption process (1PA and 2PA). 
Note the fluorescence localization of two-photon induced processes. Reprinted with permission from 
(Marder, et al.,2007).Copyright [2007], Materials Research Society. 

The resolution in microdevice fabrication technique is of prime importance. The nonlinear 
nature of two-photon polymerization allows for localized excitation and gives a fine resolu-
tion to this fabrication method. In fact, the two-photon absorption process pushes the fabri-
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cation resolution bellow the diffraction limit. All optical systems resolutions are limited by 
its optical instruments diffraction. The diffraction limit is the fundamental maximum resolu-
tion that any optical system can achieve. The minimum spot size that can be achieved is 
given by Abbe’s expression (Fowles,1989): 

 0.61r
NA


    (6) 

where, r is the focal spot radius, λ is the light wavelength, and NA is the numerical aperture 
of the system. The numerical aperture is a number defined by Abbe as: 

 sin( )NA n     (7) 

where, n is the index of refraction in the focusing medium, and θ is the convergence angle of 
the beam. Figure 4 shows a schematic diagram for objectives with different NA.  

 
Figure 4. Light focusing through microscope objective lens with different NA. W.D. stands for working 
distance. 

The greater the numerical aperture, the smaller the working distance, i.e., the distance be-
tween the focal plane and the surface of the objective, according to Fig. 4. However, Abbe’s 
equation works for plane waves only. Since most pulsed lasers have an approximately 
Gaussian beam profile, the minimum beam waist is given by: 

 0w
NA



    (8) 

where ω0 is the beam waist at the focal plane. The beam waist is defined as the distance from 
the center of the Gaussian beam up to the point where the amplitude of the electric field falls 
down to 1/e of its maximum. However, Eq. 8 is still an approximated value; it works well for 



 
Polymerization 

 

340 

small NA optics (NA<<1). Generally, however, two-photon polymerization setups use high 
numerical aperture optics, such as microscope objective lenses. For high numerical aperture 
systems, such as immersion microscope objectives, a more accurate expression would be: 

 2 2
0w n NA

NA



    (9) 

Equation 9 shows that the smallest feature that one system can produce is limited by the 
microscope objective lens numerical aperture and by the wavelength. Nevertheless, once 
two-photon absorption rate is proportional to the square of the incident beam intensity and, 
therefore, depends on the squared Gaussian intensity profile, the beam presents a narrower 
waist than the one defined by Eq. 9. 

Figure 5 shows the difference between a Gaussian and a squared Gaussian beam profile. 
Therefore, due to the nonlinear nature of this process, it is possible to achieve resolution 
below the diffraction limited spot size. This phenomenon reduces the beam waist by a factor 
of 2 . In addition to the square dependence, there is still another phenomenon that can 
yield even better resolution to two-photon polymerization process, which is the 
polymerization threshold. The polymerization threshold imposes a minimum power below 
which, even if the sample is irradiated, no polymerization takes place. This phenomenon 
usually occurs due to the presence of oxygen in the resin. Molecular oxygen inhibits the 
action of the photoinitiator radicals, preventing the polymerization reaction from occurring. 
Although this might be a problem for polymer film curing, it can be used as an advantage in 
the two-photon polymerization fabrication, in the sense that it can decrease even more the 
polymerized voxel size. 

 
Figure 5. Gaussian and squared gaussian beam intensity profile. For comparison, it is also displayed 
(dotted line) the laser beam full width at half maximum (FWHM). 
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For a Gaussian profile, the central part of the beam is more intense than its borders. There-
fore, even though the outer regions of the beam might not have enough power to start the 
reaction, the central part of the beam can overcome the threshold. It is important to realize 
that polymerization will also be contained in the Z direction. Equation 10 shows the intensi-
ty envelope of a Gaussian beam in cylindrical coordinates: 
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If we consider the laser beam waist at the focal plane and its intensity profile, only the cen-
tral part of it will effectively solidify the resin. The beam waist (radius) at the focal plane is 
ω0 and it grows with Z (distance from the focal plane) as: 
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where λ is the wavelength, n is the index of refraction and zR is the Rayleigh length, defined 
as the distance from the focal plane in which the beam waist increases by a factor of 2 . 
The Rayleigh length can be written as: 
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If we set I(r,z) = Ith in Eq. 5, (th stands for threshold) we can obtain the diameter (D) and the 
length (L) of the focal region where the intensity exceeds the threshold value (Juodkazis, et 
al.,2005), according to: 
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As the two-photon absorption process depends on the square of the intensity and therefore 
on the focal volume in which the polymerization reaction in fact occurs, the diameter (D) 
and length (L) will be smaller. The dimensions of the polymerization voxel for two-photon 
polymerization should be written as (Juodkazis, et al, 2005): 
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By controlling laser power in order to have it near the polymerization threshold value, it is 
possible to create structures with resolution well below the diffraction limit. Figure 6 illus-
trates how polymerization threshold can yield further improvements in fabrication resolu-
tion regardless of the optical system. These are some of the characteristics that made two-
photon polymerization microfabrication technique so appealing for many research groups 
in the last decade. 

 
 

 
 

Figure 6. Threshold power relative to various gaussian profiles. The more the peak power gets closer to 
the threshold power the smaller is the voxel size. Polymerization is not observed if peak power is below 
the threshold power. 

The first two-photon polymerized microstructures were reported by Maruo et al 
(Maruo, et al.,1997) and date back to 1997. In that work, their intention was to demon-
strate the capabilities of this new fabrication technique. No other process offers both, 
complex tridimensional fabrication and resolution below the diffraction limit. In order 
to illustrate such features, Kawata et al (Kawata, et al.,2001) used a computer model and 
created a micro sculpture of a bull with subdiffraction-limit resolution. In addition, to 
show that the microstructures retained good structural and physical properties, they 
fabricated a micro spring attached to one cube and demonstrated its oscillation. Figure 
7 (a) and (b) shows both structures. 
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Figure 7. Micro sculpture of (a) a bull and (b) oscillating spring system. Scale bar is 2µm. Reprinted 
with permission from (Kawata, et al.,2001). Copyright [2001], Nature Publishing Group. 

4. Materials employed and experimental setup 

The polymeric resins employed for two-photon absorption polymerization vary widely. For 
instance, Maruo et al reported the use of urethane acrylate monomer (Maruo, et al.,1997), 
Baldacchini et al (Baldacchini, et al.,2004) and Haske et al (Haske, et al.,2007) used a mixture 
of two-acrylic resin, while Chichkov’s group employed Inorganic-organic hybrid polymers 
(Schlie, et al.,2007, Serbin, et al.,2004). Our group has used the same resin formulation pro-
posed by Baldacchini et al (Baldacchini, et al.,2004), whose formulation consists of a mixture 
of two tri-acrylate monomers (see Fig. 8): (a) tris(2-hydroxyethyl)isocyanurate triacrylate 
and (b) ethoxylated(6) trimethylolpropane triacrylate. The first one increases the microstruc-
ture hardness, while the second one reduces shrinkage upon polymerization. Ethyl-2,4,6-
trimethylbenzoylphenylphosphinate, commercially known as Lucirin TPO-L, has been used 
as the photoinitiator, due to its favorable two-photon absorption properties (Baldacchini, et 
al.,2004, Mendonca, et al.,2008). The chemical structures of the two acrylic resins and the 
photoinitiator are displayed in Fig. 8 (a), (b) and (c) respectively. 
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Figure 8. Chemical structures of materials used in the two-photon polymerization. (a) tris(2-
hydroxyethyl)isocyanurate triacrylate and (b) ethoxylated(6) trimethylolpropane triacrylate and (c) 
Ethyl-2,4,6-trimethylbenzoylphenylphosphinate (photoinitiator). 
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The experimental setup used in two-photon polymerization typically employs femtosecond 
lasers and pulse energies of nanojoules. Although the average energy is low, the pulse peak 
intensity is high enough to promote two-photon absorption polymerization. In our specific 
case, we use a Ti:sapphire laser oscillator system, which delivers pulses of 100 fs centered at 
800 nm. The laser beam is focused onto the resin to be polymerized by using a 0.65-NA 
microscope objective. The average power used depends on the nature of the materials em-
ployed (such as type of polymeric resin, photoinitiator, dopants etc), once it must be high 
enough to overcome polymerization threshold, but low enough to avoid material degrada-
tion. We typically employ pulse energies in the order of 0.1 nJ, measured before the objec-
tive. The sample preparation consists in placing a drop of the resin on a substrate (glass 
slide) previously cleaned. The resin is retained between spacers and enclosed by a cover 
slip, as illustrated in Fig. 9. 
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Figure 9. Scheme of sample preparation, where the resin to be polymerized by the laser beam is placed 
between a glass slide and a cover slip, separated by spacers. 

The sample is then positioned and moved in the axial z direction using a motorized stage, 
while the laser beam scans the sample across the xy plane, by using a pair of galvano mir-
rors. In addition, a CCD camera is coupled to the experimental setup to monitor two-photon 
absorption polymerization in real time. An illustration of the two-photon polymerization 
experimental setup is displayed in Fig. 10. 

After the desired microstructure is fabricated, the sample is immersed in ethanol to wash 
away the unsolidified resin, leaving behind solely the desired microstructure on the glass 
substrate, according to the scheme sequence depicted in Fig. 11. 
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Figure 9. Scheme of sample preparation, where the resin to be polymerized by the laser beam is placed 
between a glass slide and a cover slip, separated by spacers. 

The sample is then positioned and moved in the axial z direction using a motorized stage, 
while the laser beam scans the sample across the xy plane, by using a pair of galvano mir-
rors. In addition, a CCD camera is coupled to the experimental setup to monitor two-photon 
absorption polymerization in real time. An illustration of the two-photon polymerization 
experimental setup is displayed in Fig. 10. 

After the desired microstructure is fabricated, the sample is immersed in ethanol to wash 
away the unsolidified resin, leaving behind solely the desired microstructure on the glass 
substrate, according to the scheme sequence depicted in Fig. 11. 
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Figure 10. Scheme of the experimental setup employed for the two-photon absorption polymerization. 
M, BS, SM-x and SM-y stands for mirror, beam splitter, scanning mirror in x and y direction, respective-
ly. 

 
Figure 11. Scheme of the sample washing with ethanol after microfabrication to remove the unpol-
ymerized resin. 

5. Doped microstructures and applications  

Most of the initial studies reporting microfabrication of structures via two-photon 
absorption polymerization dealt with undoped microstructures. Although in this case the 
structures still present high definition and functionality, the final structures are of limited 
application, once the properties cannot be probed or altered by external sources. In the last 
few years, however, several research groups have attempted to dope the resin formulations 
with a large variety of advanced materials, aiming at giving new functionalities to 
microstructures, such as chemical, biological or optical properties. Next we will present 
some results that diverse research groups have obtained by using methodologies to 



 
Polymerization 

 

346 

incorporate distinct dopants in the resin formulations, aiming at obtaining two-photon 
polymerized microstructures with unique properties for technological applications. 

- Incorporation of conjugated polymers 

Conjugated polymers are materials of great interest to be used in technological devices, once 
the electron delocalization along the polymer backbone can render them conductivity and 
nonlinear optical properties. For instance, in a methodology proposed by our group (Men-
donca, et al.,2009), poly (2-methoxy-5-2-ethylhexyloxy-1,4-phenylenevinylene) (MEH-PPV), 
widely known for its conductivity (Yu, et al.,1995), electroluminescence (Nguyen, et al.,2000, 
Parker,1994), and nonlinear optical properties (Chung, et al.,2002, Correa, et al.,2007, De 
Boni, et al.,2004, Oliveira, et al.,2006) has been incorporated into the basic resin in a guest-
host strategy. In the proposed methodology, the host consists of the two triacrylate mono-
mers and the photoinitiator displayed in Fig. 8. To this solution, it is added up to 1.5% of 
MEH-PPV, which was then mixed up for 2 hours. Ethanol was eliminated by evaporation at 
room temperature for 24 h, yielding a viscous liquid. From this liquid, we extracted some 
drops and place on the glass substrate, as illustrated in Fig. 9. 

Two-photon absorption polymerization was employed to fabricate waveguides containing 
MEH-PPV, using as substrates mesoporous silica films, which have a low refractive index (n 
= 1.185) throughout the visible spectrum and, therefore, minimize waveguiding losses 
(Konjhodzic, et al.,2005). Figure 12 (a) shows a fluorescence microscopy top view image of 
100 m-long waveguide fabricated on a mesoporous silica substrate, illuminated in its cen-
tral region by a CW laser beam at 532 nm. The MEH-PPV fluorescence is guided through the 
microstructure and scatters at both microstructure ends. When the experiment was carried 
out in waveguides fabricated on top of a conventional glass slide, no waveguiding was 
observed due to light coupling to the substrate. Figure 12 (b) displays a side view scheme of 
the microstructure excitation and the corresponding waveguiding. Such waveguide is prom-
ising to be used in photonics applications such as microLEDs. 

(a)

(b)

 
Figure 12. (a) Fluorescence optical microscopy (top view image) of a waveguide containing MEH-PPV 
fabricated by two-photon polymerization on mesoporous silica substrate. Light is guided through the mi-
crostructure ends when it is excited at its center. In (b) is displayed a schematic side view of the structure. 
Reprinted with permission from (Mendonca, et al.,2009).Copyright [2009], American Institute of Physics. 
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- Incorporation of azoaromatic dyes 

Farsari et al (Farsari, et al.,2008) reported the fabrication of photonic crystals via two-photon 
absorption polymerization, by incorporating into the basic resin a nonlinear optically active 
chromophore, based on reacting Disperse Red 1 (DR1) with (3-isocyanopropyl) triethox-
ysilane. The structures reported by them had a bright red color, typical of Disperse Red 1 
and presented stop-gaps at specific frequencies, close to the near infrared region, typical of 
photonic crystals. 

Birefringence in microstructures have been explored by Mendonça et al (Mendonca, et 
al.,2007), where they have fabricated, via two-photon absorption polymerization, micro-
structures incorporating the azodye DR13, as the one displayed in the SEM image in Fig. 13 
(a). Birefringence could be optically induced and erased in these microstructures due to a 
reversible trans-cis photoisomerization and a subsequent molecular orientation of the azo 
group. After exposure to laser, the microstructure exhibited residual birefringence because 
the chromophore molecules become oriented in the direction perpendicular to the laser 
polarization. Figure 13 (b) and (c) show the corresponding transmission microscopy images, 
where the microstructure is visible when the angle between the sample axis, dened by the 
Ar+ ion laser exposure and the polarizers, is an odd multiple of 45°. This birefringence can 
be completely erased with circularly polarized light or by heating the sample close to the 
polymer glass transition temperature. 

 
Figure 13. (a) Scanning electron micrograph of a cubic microstructure containing DR13. Polarization 
microscope images of a microstructure (like the one shown in (a)) at two angles between the polarizer 
and sample axis, displaying the birefringence behavior owing to DR13 incorporation. Reprinted with 
permission from (Mendonca, et al.,2007). Copyright [2007], American Institute of Physics. 

- Incorporation of magnetic nanoparticles 

Desinging and fabricating microdevices by two-photon absorption polymerization that 
would be easily manipulated are import to understand the mechanics on the mi-
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cro/nanomachine motion. Wang et al, (Wang, et al.,2009) proposed an interesting methodol-
ogy where the basic resin was doped with surface-modied Fe3O4 nanoparticles, and yield-
ed structures with magnetic properties, whose movement could be externally controlled by 
magnets. Figure 14 displays a magnetic microspring fabricated by two-photon absorption 
polymerization, where one end of the spring remains attached to an anchor, which in turn, 
is attached to the substrate, and the other end is attached to a freely moving sphere. By ap-
plying a magnetic field, the objected was moved in the direction of higher magnetic eld 
strength. Therefore, by changing the ferromagnet position, distinct motions could be in-
duced, as displayed in Fig. 14 (a) and (b), which shows the microspring in its non-alongated 
state (a) and in its alongated state (b). 

(a) (b)

 
Figure 14. Photograph of a magnetic micro-spring fabricated via two-photon absorption polymeriza-
tion, by using a resin doped with magnetic nanoparticles. (a) Microspring in its natural non-alongated 
state and (b) in its alongated state. Reprinted with permission from (Wang, et al.,2009). Copyright 
[2009], Optical Society of America. 

- Incorporation of bio-related materials  

Two-photon polymerized structures incorporating biomaterials have also been subject of in-
vestigation by a few research groups. For instance, chitosan-containg microstructures fabricat-
ed by two-photon polymerization have been fabricated by Correa et al (Correa, et al.,2009). 
Chitosan is a biodegradable and biocompatible polymer, with applications in blood coagula-
tion, soft tissue and bone regeneration, which could render to the microstructures appealing 
properties for medical applications. In that work, it was demonstrated, by Raman microscopy, 
that chitosan does not react chemically with the matrix resin, retaining its characteristics after 
the fabrication process, which is suitable for biomedical applications.  

A methodology employing two-photon absorportion polymerization to fabricate antibactericide 
microneddles was proposed by Gittard et al (Gittard, et al.,2010). Nowadays, the use of 
microneedles for drug delivery is still limited because of the risk of infection associated with 
contamination of the micronnedles. Such problem may be overcome by imparting these devices 
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with antimicrobial properties. Gittard et al (Gittard, et al.,2010) used a photopolymerization-
micromolding technique to fabricate microneedle arrays containing Polyethylene Glycol-
Gentamicin Sulfate, which inhibited growth of Staphylococcus aureus bacteria. 

Claeyssens et al (Claeyssens, et al.,2009) proposed using two-photon polymerization to 
fabricate microstructures by using the biodegradable triblock copolymer poly(ε-
caprolactone-co-trimethylenecarbonate)-b-poly(ethyleneglycol)-b-poly(ε-caprolactone-co-
trimethylenecarbonate). Samples of the structures fabricated are displayed in the SEM 
images in Fig. 15, which present good resolution. Besides, the initial cytotoxicity tests 
employed showed that the material does not affect cell proliferation, which demonstrates 
the capability of using two-photon polymerization to fabricate biodegradable scaffolds for 
tissue engineering.  

 
Figure 15. Scanning electron micrographs of structures fabricated with biodegradable triblock copoly-
mer poly(ε-caprolactone-co-trimethylenecarbonate)-b-poly(ethyleneglycol)-b-poly(ε-caprolactone-co-
trimethylenecarbonate). Reprinted with permission from (Claeyssens, et al.,2009). Copyright [2009], 
American Chemical Society. 

Farsari et al (Drakakis, et al.,2006, Farsari, et al.,2010) have functionalized the surface of 
tridimensional structures made with a biocompatible organic-inorganic hybrid matrix, and 
subsequently immobilized photosensitive biotin on it. The integrity of biotin was confirmed by 
binding and detecting the presence and distribution of avidin via uorescence microscopy. 
Experiments with peptides have also been carried out by the same group. Such methodology 
seems promising for applications in scaffolds for cell growth and tissue engineering. 

- Incorporation of other organic and inorganic materials  

Research groups have used a considerable variety of doping materials and methodologies 
for incorporating such materials into the base resins, in order to render, for instance, optical 
properties to the two-photon polymerized microstructures. Sun et al (Sun, et al.,2007) pro-
posed a methodology to produce microstructures containing embedded CdS nanoparticles. 
The materials were prepared by using Cd acrylate derivatives as the base resin, and after the 
microfabrication process, the structures were treated with H2S gas for about 48 h to form 
CdS-polymer nanocomposites. By using this methodology, they were able to fabricate pho-
tonic crystals and structures presenting a high fluorescence signal.  
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Jia et al (Jia, et al.,2010) fabricated microstructures using a organic–inorganic hybrid photo-
sensitive polymer containing dispersed PbS quantum dots. Such material exhibits high 
third-order nonlinearity, and was used to fabricate woodpile-shape photonic crystals with 
stop gaps in the telecommunication wavelength region. The authors also prospected these 
nanocomposite materials for applications in active micro/nanodevices, such as ultrafast 
switching, signal regeneration, and high speed demultiplexing systems. 

Shukla et al (Shukla, et al.,2010) demonstrated a new method for producing subwavelength 
plasmonic and conductive patterned structures within a polymeric host. The method involves 
both, two-photon-initiated photoreduction of a gold precursor and two-photon polymeriza-
tion using a negative photoresist. By this methodology, they several types of structures, in-
cluding optically active planar chiral structures and plasmonic nanostructures, which have 
potential use for the development of metamaterials. Example of such structures are displayed 
in Fig. 16 (a) and (b) (Shukla, et al.,2010), which shows confocal microscopy plasmonic donuts 
fabricated by the mentioned method. 

(a) (b)

 
Figure 16. (a,b). Confocal uorescence image of plasmonic donuts structures fabricated by a combina-
tion of two-photon-initiated photoreduction of a gold precursor and two-photon absorption polymeri-
zation. Reprinted with permission from (Shukla, et al.,2010). Copyright [2010], American Chemical 
Society. 

Microstructures containing rodhamine have been fabricated by two-photon absorption 
polymerization by a few research groups (Correa, et al.,2011, Zukauskas, et al.,2010). 
Rhodamine is a remarkable material to dope resins owing to its chemical stability, strong 
luminescence and nonlinear optical properties. Correa et al. (Correa, et al.,2011) fabricated 
two-photon polymerized structures containing rodhamine and excited them with silica 
wires with diameters of approximately 1 m, , which are produced through the fiber 
tapering technique (flame-heated fiber drawing) (Tong, et al.,2003). Figure 17 (a) shows a 
schematic view of the excitation of a two-photon polymerized microstructure with silica 
tapered fiber. Figure 17 (b) and (c) show optical micrographs of (a) frontal and (b) lateral 
excitation at 514 nm of microstructures containing rhodamine by tapered silica fibers 
(Correa, et al.,2011, Correa, et al.,2012). 



 
Polymerization 

 

350 

Jia et al (Jia, et al.,2010) fabricated microstructures using a organic–inorganic hybrid photo-
sensitive polymer containing dispersed PbS quantum dots. Such material exhibits high 
third-order nonlinearity, and was used to fabricate woodpile-shape photonic crystals with 
stop gaps in the telecommunication wavelength region. The authors also prospected these 
nanocomposite materials for applications in active micro/nanodevices, such as ultrafast 
switching, signal regeneration, and high speed demultiplexing systems. 

Shukla et al (Shukla, et al.,2010) demonstrated a new method for producing subwavelength 
plasmonic and conductive patterned structures within a polymeric host. The method involves 
both, two-photon-initiated photoreduction of a gold precursor and two-photon polymeriza-
tion using a negative photoresist. By this methodology, they several types of structures, in-
cluding optically active planar chiral structures and plasmonic nanostructures, which have 
potential use for the development of metamaterials. Example of such structures are displayed 
in Fig. 16 (a) and (b) (Shukla, et al.,2010), which shows confocal microscopy plasmonic donuts 
fabricated by the mentioned method. 

(a) (b)

 
Figure 16. (a,b). Confocal uorescence image of plasmonic donuts structures fabricated by a combina-
tion of two-photon-initiated photoreduction of a gold precursor and two-photon absorption polymeri-
zation. Reprinted with permission from (Shukla, et al.,2010). Copyright [2010], American Chemical 
Society. 

Microstructures containing rodhamine have been fabricated by two-photon absorption 
polymerization by a few research groups (Correa, et al.,2011, Zukauskas, et al.,2010). 
Rhodamine is a remarkable material to dope resins owing to its chemical stability, strong 
luminescence and nonlinear optical properties. Correa et al. (Correa, et al.,2011) fabricated 
two-photon polymerized structures containing rodhamine and excited them with silica 
wires with diameters of approximately 1 m, , which are produced through the fiber 
tapering technique (flame-heated fiber drawing) (Tong, et al.,2003). Figure 17 (a) shows a 
schematic view of the excitation of a two-photon polymerized microstructure with silica 
tapered fiber. Figure 17 (b) and (c) show optical micrographs of (a) frontal and (b) lateral 
excitation at 514 nm of microstructures containing rhodamine by tapered silica fibers 
(Correa, et al.,2011, Correa, et al.,2012). 

 
Two-Photon Polymerization Fabrication of Doped Microstructures 

 

351 

(a) (b)

(c)

 
Figure 17. Excitation at 514 nm of a two-photon polymerized microstructure doped with rhodamine 
using silica tapered fiber. (a) Schematic view, (b) frontal excitation and (c) lateral excitation. (b) and (c) 
reprinted with permission from (Correa, et al.,2011). Copyright [2011], Springer Science+Business Media 
B.V. 

To further advance the use of the structures’ optical properties, integration between them 
was explored, aiming at exciting or collecting light by using silica tapered fibers. The inte-
gration between structures was carried out with silica tapered fibers similar to the one dis-
played in Fig. 17. Figure 18 shows a set of two-photon polymerized structures connect by 
such tapered optical fibers. This step represents a potential approach to integrate arrays of 
optical microstructures, aiming at the fabrication of micro-optical photonics circuitry. 

  
Figure 18. Transmission optical micrograph of a set of two-photon polymerized structures connected 
by tapered optical fibers. 

By incorporating two or more distinct dopants into the base resin, one can obtain two-
photon polymerized microstructures that present, for instance, fluorescence at two or more 
distinct wavelengths. This approach would be useful, for instance, to produce multi-colored 
pixels presenting a RGB pattern. In Fig. 19, we show microscope images of undoped (gray) 
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and rhodamine doped (purple) microstructures fabricated by two-photon polymerization in 
the same substrate. 

 
Figure 19. Optical microcopy image of two-photon polymerized structures fabricated on the same 
substrate. The gray structure was fabricated only with the base resin (undoped), while the purple one 
(doped) contains rhodamine. 

In addition to the based on the methodology of incorporating materials into the bulk of basic 
resin, another interesting approach is to functionalize the fabricated microstructure’s surface. 
In this case, after functionalization, other materials can be adhered to the surface, giving to the 
microstructures unique properties. For instance, functionalization has been carried out by 
several groups to achieve metallization of structures’ surface, with gold, silver, and copper 
(Farrer, et al.,2006, Rill, et al.,2008, Takeyasu, et al.,2008). Such metallic structures can be highly 
conductive, opening doors for applications in microelectrical circuitry.  

6. Conclusions 

This chapter aimed at demonstrating fundamental and experimental aspects of fabrication 
of doped microstructures via two-photon absorption polymerization. Due to the efforts of 
many research groups in the last years, the use of this technique and its applications has 
spread out all over the world. By using this technique, tridimensional microstructures of 
complex shape, high definition and structural integrity can be fabricated to be used in mi-
crodevices. Distinct dopants incorporated into the basic resin formulation can yield to the 
microstructure features such as biocompatibility, luminescence, magnetic properties and 
waveguiding. Such microstructures with enhanced properties are highly desired for applica-
tions in optical devices, photonic crystals, micro-waveguides, microfluidics and scaffolds for 
tissue engineering, whose commercial applications in the market are expected to happen in 
the next years. 
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1. Introduction 

The thermodynamics of polymeric systems play an important role in the polymer industry 
and are often a key factor in polymer production, processing and material development, 
especially for the design of advanced polymeric materials. Many polymeric products are 
produced with a solvent or diluent (or a mixture of them) and often with other low 
molecular weight compounds (plasticizers, among others). A problem which often arises is 
how to remove the low molecular weight constituent(s) from the final product (polymer). 
The solution to this problem involves, among other tasks, solving the vapor-liquid 
equilibrium (VLE) and/or the vapor-liquid-liquid equilibrium (VLLE) problem. Other 
applications of polymer thermodynamics directly involve the polymerization processes. For 
example, several processes such as the production of PET (polyethylene terephthalate) are 
carried out in two-phase (vapor-liquid) reactors. Phase equilibrium compostions of the 
reacting components will determine their phase concentrations and thus the outcome of the 
polymerization reaction. Another example is the case of LDPE (Low Density PolyEthylene) 
made in autoclave reactors where it may be desirable to perform the polymerization 
reaction nearby but outside the two-liquid phase region, but close to it, which makes 
accurate liquid-liquid equilibrium (LLE) information at high pressure essential. During PE 
(polyethylene) or PP (polypropylene) industrial processing, for example, deposition of the 
polymer on the reactor surface, heat exchangers and flash drums frequently occurs and this 
can cause clogging in pipelines. Modeling solid-liquid equilibrium (SLE) is a useful basis 
from which to gain a better understanding of these industrial polymer problems and thus to 
avoid their occurrence. 

Analogous to the modeling of conventional phase equilibrium, there are two basic 
approaches available to describe phase equilibrium of polymer-solvent mixtures: activity 
coefficient models and equations of state (EOS). There are several drawbacks to the activity 
coefficient approach, for example: it is hard to define standard states, especially for 

© 2012 Pontes et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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supercritical components; the parameters of the activity coefficient models are very 
temperature dependent, and critical phenomena are not predicted because different models 
are used for the vapor and liquid phases. Furthermore, other thermodynamic properties 
such as densities, enthalpies, entropies, among others, cannot usually be obtained from the 
same model because the excess Gibbs free energy is rarely known as a function of 
temperature and pressure. 

EOS are powerful tools for investigating thermodynamic properties and phase behavior of 
pure fluids and their mixtures. There are many well-tested EOS available for fluid mixtures 
of conventional substances. For mixtures of polymers with solvents, on the other hand, 
problems arise due to the different characteristics of the components. To address these many 
polymer-specific EOS have been proposed, which focus on the polymer component(s) of the 
mixture. Efforts to represent conventional systems with these EOS have not always been 
very successful; indeed some of these models perform less successfully than traditional 
cubic EOS in this regard. This may be a handicap when these models are used for the VLE of 
the polymer-solvent mixtures. In such cases, little or no polymer is present in the vapor 
phase and the solvent compressibility plays an important role in the phase behavior. 
Consequently, there is a strong incentive to extend the conventional EOS developed for 
small molecules to polymers. 

There are two basic issues in extending cubic EOS to apply to polymers and their use. The 
first issue is the description of the pure component EOS parameters for polymers. To obtain 
these parameters, various techniques have been suggested. The second issue in extending 
cubic EOS to apply to polymers is the selection of mixing rules (MR) for the EOS 
parameters. The classical mixing rules of van der Waals (vdW) have already been tested for 
polymer solvent mixtures, however, it has been observed that, in order to fit the 
experimental data, some unrealistic values are necessary for the binary interaction 
parameters (BIP). 

The use of equations of state in phase equilibrium modeling instead of activity coefficient 
models is mainly a result of the recent development of a class of mixing rules that enable the 
use of liquid activity coefficient models in the EOS formalism. The implication of this 
change is far-reaching as an EOS offers a unified approach in thermodynamic property 
modeling. With this approach, the applicability of simple cubic EOS has been extended to 
complex systems, such as polymeric systems, if coupled with the appropriate activity 
coefficient model. Therefore, there is much interest in mixture EOS models capable of 
describing higher degrees of nonideality than that possible with the van der Waals one-fluid 
model and its modifications. 

Future development of EOS for polymer mixtures is unclear and some contradictory 
statements can be found in the literature. Some authors indicate that cubic equations can be 
extended to correlate and predict VLE in polymer mixtures accurately. On the other hand, 
others state that, considering the complexity of this type of mixture, simplicity is not a 
necessary requirement for an EOS, as the calculation of parameters for the mixture 
components is more important. There is agreement, however, on the fact that future 
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development of EOS for polymer mixtures must emphasize the study of mixing rules and 
that EOS input parameters should be related to the commonly measured properties of the 
polymers. 

The most apparent progress toward EOS with the ability to describe phase behavior with 
polymers has been made by applying statistical mechanics. Some early models derived from 
statistical thermodynamics assumed molecules to be arranged in a lattice, whereas many of 
the more recent theories picture molecules to be moving freely in continuous space. In lattice 
models, the molecules are assumed to have one or more segments, and the partition 
function of the system can be obtained by counting the possible configuration when these 
segments are arranged in hypothetical cells which are like the lattices in solid materials. 
Then the thermodynamic quantities can be calculated from the partition function on the 
basis of statistical mechanics. 

A huge amount of work has been done on the understanding of phase behavior in 
polymeric mixtures, either from an experimental or theoretical point of view. As well as 
supplying important data, experiments enable the evaluation of EOS models for the 
correlation and/or prediction of phase behavior. A model, on the other hand, takes much 
less experimental effort and can guide the researcher/analyst in the right direction. 

A detailed review of the different lines of developing equations of state for the 
calculation of fluid phase equilibria is given by [1]. Recently [2] presented and discussed 
in depth both classical and novel thermodynamic models, which have been developed 
and can potentially be used for industrial applications. A review of the use of some 
equations of state (EOS) for LDPE process simulation can be found in Orbey et al. [3] and 
Valderrama [4]. 

Although there have been some analyses on equations of state that can describe the phase 
equilibria involving polymers, additional assessments are necessary. In general, the 
available works concern a specific approach, not taking into account others. In addition, 
these reviews and surveys focus on detailed model theory or theoretical possibilities of 
model variations, with a few quotes from practical applications. This chapter therefore 
presents an overview of the progress on EOS models for polymer systems considering the 
following approaches: 

 Cubic EOS (mixing rules incorporationg excess Gibbs free energy models) 
 Lattice models [Sanchez-Lacombe (SL) equation of state] 
 Perturbation theory (SAFT equation: the original version and its variants) 

In EOS applications only works dealing with phase equilibrium are discussed, other types of 
applications, such as solvent absorption and/or polymer swelling, are not addressed. The 
timeline diagram in Figure 1 shows some of the key developments and outstanding papers 
related to the development of equations of state for polymer systems, which are discussed in 
this chapter. The following notation is used: 
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 Cubic Equations of State [Huron and Vidal (HV) Mixing Rule (MR); Sako-Wu-Prausnitz 
(SWP) Equation; Wong and Sandler (WS) MR; vdW Applied to Polymer Solutions 
(vdW-P) by Kontogeorgis, Harismiadis, Fredeslund and Tassios; Linear Combination of 
Vidal and Michelsen (LCVM) Mixing Rules by Boukouvalas, Spiliots, Coutsikos, 
Tzouvaras and Tassios; Zhong and Masuoka (ZM) MR] 

 Lattice Models [Flory-Huggins (FH); Sanchez and Lacombe (SL) equation; key 
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The first group of models to describe the phase behavior (by calculating the equilibrium 
constant) corresponds to the van der Waals equations of state, known as cubic equations, 
in either the original version or variants thereof. They are extremely simple and efficient 
for experimental data correlation. In this group, modifications of the Redlich-Kwong 
equation stand out, especially the Soave-Redlich-Kwong (SRK) [31] and the Peng-
Robinson (PR) [32], which can calculate, often successfully, the vapor-liquid equilibrium 
for normal fluid and mixtures. However, application of the cubic equations of state for 
polymeric blends is not immediately obvious as this application does not follow 
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cubic equations of state requires components' critical properties and vapor pressure, 
which do not exist for polymers. Therefore, two basic issues should be addressed when 
extending cubic equations of state for polymers and their mixtures. The first, presented 
in the following paragraphs is the description of the parameters of pure components, 
and the second is the choice of the mixing rule, which will be discussed later in sections 
2.1-2.3. 

There are four conditions to be satisfied when selecting the pure component parameters of a 
cubic equation of state. First, a polymer is non-volatile and therefore should not exhibit any 
vapor pressure. If there are oligomers in the mixture though, low vapor pressures might be 
considered. Therefore, critical properties may be assigned for the oligomers, treating them 
as conventional components. The second condition is that the equation of state should 
predict densities of molten polymers. The third condition requires that the parameters 
reflect the polymers' basic characteristics such as the degree of polymerization. This is 
important because experimental data demonstrate that these polymer characteristics directly 
affect the vapor-liquid equilibrium in polymer-solvent mixtures. The fourth point, 
somewhat connected to the third, requires easily accessible and physical meaning 
characteristics as input parameters for calculating the parameters of the equation of state. As 
stated before, the SRK equation of state is expressed by: 
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where T is temperature, V is molar volume, P is pressure and R is the universal gas constant. 
The parameter a is a measure of the attractive forces between molecules, and the parameter 
b is the co-volume occupied by these molecules. 

The first attempt to apply a cubic equation to polymers was made by Sako et al. [7] in 
order to calculate the high pressure vapor-liquid equilibrium for a polyethylene-ethylene 
system. To overcome the problem of calculating the pure parameters for the polymer, 
Sako et al. [7] calculated the attractive parameter in the SRK equation using the London 
dispersion formula, and extrapolated the co-volume (b) values from n-alkane data. To 
take into account external degrees of freedom, they also added a third parameter c, whose 
values were fitted from density data. The SWP (Sako-Wu-Prausnitz) equation is a member 
of the cubic family: 
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The SWP equation was used with relative success by Tork et al. [33] when calculating the 
phase equilibria in binary and ternary systems of polyolefins. The calculations focused on 
the high pressure phase equilibrium for ethylene-polyethylene systems and for liquid-
liquid equilibrium in systems containing either high density polyethylene or 
polyethylene-polypropylene copolymer. The results for the copolymer-solvent system 
were compared with those provided by the SAFT (Statistical Associating Fluid Theory) 
equation. The two equations of state can describe the UCST (Upper Critical Solution 
Temperature) and LCST (Lower Critical Solution Temperature) behavior as well as U-
LCST, with similar precision. When using the SAFT equation, the binary interaction 
parameter is maintained constant, while in the SWP equation this parameter is expressed 
as a function of temperature. In addition, Sako et al. [7] investigated the influence of an 
inert gas on the LCST for the polyethylene-hexane system. The polydispersity of different 
polyethylene resins is considered when computing the phase equilibrium using 
pseudocomponents, chosen using the moments of experimental molecular weight 
distributions. 

Kontogeorgis et al. [9] used the van der Waals equation of state to correlate vapor-liquid 
equilibrium data of polymer solutions. They proposed a method to calculate the 
interaction parameter a and co-volume b in the equation of state for polymers from two 
volumetric datasets at low pressure. Both parameters a and b (assumed to be independent 
of temperature) can be analytically expressed from two experimental molar volumes, each 
one at a different temperature. The pressure in the van der Waals equation is then 
considered equal to zero. The parameters a and b are linear functions of molecular weight. 
When dealing with polymer solutions, these parameters are obtained from van der Waals 
mixing rules as well as from the classic combination rules. Fitting only one binary 
parameter, the van der Waals equation of state is able to correlate the equilibrium 
pressure for various solutions of polyethylene and polyisobutylene accurately. However, 
large negative values for the binary interaction parameters, very different from typical 
values, are frequently required, indicating that this procedure, although empirically 
successful, does not have a significant physical basis. For almost athermic solutions, the 
Berthelot combining rule [34] is considered, and the binary interaction parameter is 
predicted by a simple function of the molecular weight of the solvent. Thus, satisfactory 
results are obtained. 

The performance of cubic equations of state is directly related to the efficiency of mixing 
rules to represent the phase equilibria at high pressures. Basically, the mixing rules can be 
divided into two classes: van der Waals-type and those that incorporate excess Gibbs energy 
(GE). 

2.1. van der Waals mixing rules 

In order to extend the application of PR and SRK cubic equations of state for polymer-
solvent systems, the conventional mixing rules employed are those from van der Waals 
(vdW) [34], which are expressed as: 
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where xi and xj are the mol fractions, aij is the cross-energy parameter and bij is the cross co-
volume parameter. 

It should be stressed that these rules are limited to non-polar fluids and therefore are unable 
to represent the highly non-ideal behavior of polar or associative fluids. 

An empirical approach to overcome the shortcomings of the vdW mixing rule has been to 
simply add new parameters and composition dependence to the combination rule for 
parameter a, usually keeping the combination rule for parameter b. Some examples may be 
cited: Adachi and Sugie [35]; Panagiotopoulos and Reid [36] and Schwartzentruber et al. 
[37]. These modified rules usually aim to solve specific problems, and the number of binary 
interaction parameters is quite variable. There are many problems associated with these 
multiparametric combination rules which limit their use in process design for mixtures 
containing many components (such as mixtures of isomers). Among them, the dilution 
effect may be cited: as the number of components in a mixture increases, the molar fraction 
of any component becomes smaller. This leads to small contributions of the new added 
parameters and terms that are strongly composition dependent. Consequently, as the 
number of components increases, the mixing rule is effectively reduced to a quadratic 
dependence, as in the one-fluid van der Waals fluid theory [38]. 

2.2. Mixing rules for excess free energy (GE) models 

Like conventional phase equilibrium modeling, there are two basic modeling tools for 
dealing with polymer-solvent mixtures: excess Gibbs free energy (GE) models (or activity 
coefficient models) and equation of state models. There are plenty of models in each 
category and selecting the best model for a specific project can often be quite difficult. 
Furthermore, equation of state and activity coefficient models have varying abilities in 
extrapolating data beyond given ranges of temperature and pressure, which further 
hampers the choice of the best model. These models also behave differently when predicting 
vapor-liquid equilibrium from other measured properties, such as the infinite dilution 
activity coefficient for a polymer in solvent. 

Over the last two decades several methods combining activity coefficient models with 
equations of state have emerged. These methods are useful for correlating/predicting the 
phase equilibria of conventional mixtures, and are promising for mixtures containing 
polymers. Moreover, they allow us to investigate an activity coefficient model in two ways: 
first as a conventional model (i.e. in the approach γ-φ); secondly as part of an equation of 
state. In general, activity coefficient models are considered more flexible to accommodate a 
highly complex phase behavior. Equation of state models, on the other hand, may take into 
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account the effects of compressibility in a thermodynamically more consistent way, and are 
most useful at higher pressures. 

Huron and Vidal [6], pioneers in this field, incorporated an excess Gibbs free energy model 
into a mixing rule. Their method is based on three assumptions: (i) the excess Gibbs free 
energy, calculated from an equation of state at infinite pressure equals the excess Gibbs free 
energy calculated from an activity coefficient model for the liquid phase (ii) the co-volume 
parameter b is set to the volume at infinite pressure (iii) the excess volume equals zero. Thus 
the mixing rule is written as: 
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where    ( )V a b R T  and  2 ln 2q  for SRK equation. Huron and Vidal [6] showed that 
their mixing rule gives good results for non-ideal mixtures. Soave [39] showed that the 
Huron and Vidal rule represents an improvement over the classical quadratic mixing rules 
and can accurately correlate the vapor-liquid equilibrium for highly nonideal systems. The 
Huron and Vidal mixing rule has also been applied to several polar and asymmetric systems 
[40]-[42]. 

The Huron and Vidal mixing rule has some undesirable characteristics, such as: it does not 
reproduce the quadratic dependence of the second virial coefficient (QDSVC) with the 
composition at low pressure; it has no predictive value because the parameters of the 
activity coefficient model, estimated at low pressure, have to be re-estimated at high 
pressure; furthermore, these parameters are temperature dependent. Various proposals [43]-
[44] have tried to cope with these constraints, however, they fail to succeed as discussed 
below. 

Mollerup [45] suggested an alternative method to that of Huron and Vidal, assuming that 
the excess volume is zero at low pressure and that the excess Gibbs free energies calculated 
from an equation of state and from an activity coefficient model can be matched in this 
condition. Therefore, the activity coefficient parameters do not need be re-estimated if 
pressure and temperature conditions correspond to those at which they are fitted. However, 
since this theory cannot be applied to supercritical fluids, as well as the difficulty of 
computing roots (of the equation of state) for the liquid phase at zero pressure, its 
application is restricted. 

Heidemann and Kokal [46], in accordance with Mollerup [45], also take the reference state at 
null pressure, attempting, however, to overcome the problem of calculating the root for the 
liquid phase at zero pressure. The major contribution of this method is to propose an 
extrapolation procedure from the system pressure, enabling calculation at temperatures 
near and above the critical point. Important to mention is that this method requires the 
solution of a transcendental equation when calculating the mixing rule. Comparative studies 
demonstrate a better performance of the Heidemann and Kokal rule when compared to the 
Huron and Vidal rule [6]. 
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A method very similar to Heidemann and Kokal’s [46] was proposed by Michelsen [47]. 
The main difference between them lies in the extrapolation method used for supercritical 
components. The mixing rule in the Michelsen approach also requires the solution of a 
transcendental equation. The SRK-Wilson model (using SRK equation of state and Wilson 
activity coefficient model), obtained using this method, was tested to obtain the phase 
envelope, including the critical points, and to calculate the phase diagrams at high 
pressure, without re-estimating the parameters of the Wilson model. Good results were 
achieved. 

Michelsen [48] modified his own method, considering an explicit mixing rule, i.e. avoiding 
the solution of the transcendental equation. The only drawback of this modification lies in 
the impossibility of ensuring the accurate reproduction of the GE model at low temperatures. 
Thus, imposing a linear mixing rule to the parameter a, an expression similar to the Huron 
and Vidal rule [6] was obtained, and therefore it is called the first-order Modified Huron 
and Vidal (MHV1) mixing rule. 

Dahl and Michelsen [49] found out that replacing the linear approach (MHV1) by a 
quadratic approximation considerably improves the reproductibility of the GE model. The 
resulting mixture rule, a second-order modification of the Huron and Vidal rule, became 
known as the MHV2 (second-order Modified Huron and Vidal mixing rule), where the 
linear rule for the co-volume b was maintained. Like the Huron and Vidal mixing rule, the 
MHV2 does not satisfactorily describe the excess molar volume. Additionally, it is 
theoretically incorrect at the lower bound pressure (when the pressure goes to zero), where 
it does not show the QDSVC with the mole fraction. 

Attempting to straighten out the theoretical inconsistency of the aforementioned mixing 
rules, Wong and Sandler [8] proposed a new method in which the rules fulfill the 
QDSVC with the composition at low pressure condition. The basic idea was to consider 
the excess Helmholtz free energy as much less dependent on pressure than the excess 
Gibbs free energy. In this way, the excess Helmholtz free energy at high pressure might 
be equal to the excess Gibbs free energy at low pressure. Therefore, this mixing rule is 
given by: 
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and c is a constant, equals –ln(2) for the SRK equation. The mixing rule gives the correct low 
density limit (the mixture second virial coefficient has a quadratic dependence on mole 
fraction). The high density limit, in turn, is consistent with experimental data: the equation 
of state provides the same molar excess Helmholtz free energy at infinite pressure as a 
function of composition, as well as that obtained from the selected activity coefficient model. 
The Wong and Sandler [8] mixing rule is not density dependent. It should be highlighted 
that, unlike the methods proposed above, the Wong-Sandler mixing rule introduced an 
additional binary interaction parameter besides those predicted by the activity coefficient 
model, which is the second virial coefficient binary interaction parameter itself. According 
to the authors, this parameter as well as those from the activity coefficient model, estimated 
at low pressure, may be interchangeably used (i.e. without restriction) at high pressure. 

Boukouvalas et al. [10] proposed a new mixing rule for the parameter a in the attractive term 
of cubic equations of state. The idea was to make a linear combination between the Huron 
and Vidal and the MHV1 mixing rules, producing the name LCVM (Linear Combination of 
Vidal and Michelsen mixing rules), which may be expressed as: 

          1V M  (10) 

where V  and M  are given by Vidal and Michelsen rules, respectively. The contributions 
related to α are weighted by a factor λ, which is proposed by Boulouvalas et al. [10] to be 
0.36. For the parameter b, a classical linear rule was considered. The performance of this 
model was compared to MHV2 and MHV1 models, using the Soave equation and the 
UNIFAC [UNIQUAC (UNIversal QUAsiChemical) Functional-group Activity Coefficient] 
for nonpolar and polar systems, symmetrical and asymmetrical, low and high pressures. 
The results indicate an equivalent performance of LCVM compared to the other two models 
when investigating systems containing molecules of similar sizes. In mixtures composed of 
molecules with quite different sizes, in particular gas systems with alkanes, the LCVM rule 
showed superior results. 

Zhong and Masuoka [50], based on experimental data, evaluated the MHV1 mixing rule 
with SRK equation of state and the original UNIFAC model for GE. They found out that: 1) 
SRK equation with MHV1 can not reproduce the GE of the GE model used in the mixing 
rule for asymmetric systems, even at low pressure; 2) the original UNIFAC is not accurate 
for asymmetric systems with large alkanes. The first point reflects the deficiency of MHV1 
for asymmetric systems, while the second is caused by the low predictive ability of 
UNIFAC for systems containing large alkanes. Moreover, it is evident that, although 
MHV1 is able to reproduce the GE model exactly, it may not be as accurate for gas-large 
alkane systems as UNIFAC can not describe these systems properly. As a result, it is 
pointless to pursue exact reproduction of the GE model when attempting to improve the 
predictive capability for these systems. However, it is interesting to observe that the SRK 
equation with MHV1 can satisfactorily reproduce GE experimental data if a correction 
factor is added to GE in the original UNIFAC model used in MHV1. With this observation, 
a new mixing rule was proposed: the MR1 (mixing rule 1), obtained by Zhong and 
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Masuoka [50]. The MR1 rule is very accurate for systems composed og gas and large 
alkanes, when the correction parameter is obtained as a simple correlation function of the 
carbon number for a given gas. 

A new mixing rule for cubic equations of state, particularly suitable for highly symmetric 
systems, was proposed by Zhong and Masuoka [51]. It was validated by two cubic 
equations of state: a modification of Peng-Robinson equation proposed by Stryjek and Vera 
(PRSV) [52] and the SRK equation. As there is no critical point for polymers, parameters a 
and b in the equation of state cannot be calculated from critical properties and because 
polymers are almost non-volatile, their vapor pressures are very low. Therefore, it is 
possible to use zero-pressure experimental densities to determine them. Alternatively, the 
approach adopted by Orbey and Sandler [38] may be employed, i.e. to use densities at low 
pressure with a hypothetical and very low vapor pressure, for example 10-7 MPa. Zhong and 
Masuoka [51], in the proposal of this new mixing rule, considered a null Helmholtz free 
energy in the limit when pressure tends to infinity. This is the only difference between this 
mixing rule and the one proposed by Wong and Sandler [8]. As a result, only one parameter 
is necessary in the new mixing rule, which is much simpler than the method of Wong and 
Sandler [8], and is as simple as Kontogeorgis et al. method [9]. When using the new mixing 
rule for ten polymer solutions in a wide temperature range, the results show that it allows 
cubic equations of state to correlate the vapor-liquid equilibrium of polymer solutions 
precisely even if just one temperature independent parameter is used. These results verify 
that the assumption, namely the excess Helmholtz free energy is null at infinite pressure, is 
feasible, or at least acceptable, for polymer solutions. The authors demonstrate that accurate 
correlations for polymer solutions are insensitive to parameters a and b in the equation of 
state. 

In recent years, many studies have focused on improving hybrid models, i.e. equations of 
state which embody GE models into mixing rules. They attempt to expand their applicability 
to more complex systems, such as those containing highly polar components or molecules 
with significantly different sizes (e.g., polymer-solvent), without loosing versatility and 
simplicity. Recently, Ahlers and Gmehling [53] proposed the VTPR model (Volume 
Translated Peng-Robinson) which brings together the UNIFAC and Peng-Robinson 
equation with translated volume. In the VTPR model, the two Flory-Huggins (FH) type 
combinatorial terms [12], which come from the equation of state and from the UNIFAC 
model, as well as the Staverman-Guggenheim [54] contribution of the UNIFAC 
combinatorial term, were eliminated. Moreover, an empirical approach in VTPR 
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example, propane/hexacontane. 
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Voutsas et al. [55] proposed a new mixing rule, UMR (Universal Mixing Rule), for cubic 
equations of state applicable to symmetric and asymmetric systems. For the cohesion 
parameter of the cubic equation, this mixing rule includes the Stavermann-Guggenheim 
combinatorial term and the residual term of the original UNIFAC model. For the co-volume 
parameter in the cubic equation, a quadratic mixing rule in the composition is used. This 
rule has been applied to the t-PR (Translated Peng-Robinson) [56] equation [also known as 
the t-mPR (Translated and Modified Peng-Robinson) equation], which is a modification of 
the PR equation. Very satisfactory results were obtained using the original interaction 
parameters from the UNIFAC model inpredicting vapor-liquid and liquid-liquid equilibria 
at low and high pressures for several asymmetric systems including polymer mixtures. 

2.3. Modeling polymeric systems with equations of state embodying Gibbs free 
energy (GE) models 

Orbey and Sandler [57] applied the PRSV cubic EOS, along with the mixing rules proposed by 
Wong and Sandler [8], to correlate vapor-liquid equilibrium data for some polymer solutions. 
For pure solvents, they used the conventional method to determine the parameters of the 
equation of state from the critical properties and the acentric factor. For polymers, however, in 
order to determine these parameters, they chose an arbitrary value for the vapor pressure, 10-7 
MPa, and used experimental data of molten polymer densities. As expected, the parameters a 
and b are at least slightly dependent on the molecular weight. Orbey and Sandler [57] used the 
Flory-Huggins [12] expression to calculate the activity coefficient. 

Orbey et al. [57] used the SRK cubic equation [31], combined with the Flory-Huggins GE 
model in the Huron and Vidal [6] mixing rule, to correlate the vapor-liquid equilibrium of 
polymer-solvent mixtures. To extend the SRK equation for pure polymers, suitable critical 
constants were selected based on available information about long-chain hydrocarbons. For 
applications in mixtures, the single binary interaction parameter from the Flory-Huggins 
[12] model was obtained from activity coefficient data at infinite dilution, without using any 
experimental data for vapor-liquid equilibrium. The results showed that this approach, i.e. 
an equation of state coupled with mixing rules which incorporate GE, may represent the 
vapor-liquid equilibrium of the polymer-solvent with good accuracy. It was also observed 
that the binary interaction parameter from Flory-Huggins [12] is much less dependent on 
temperature and composition when the Flory-Huggins model is coupled with the SRK then 
when it is used directly in the activity coefficient model. 

An equation of state based on ASOG (Analytical Solution Of Groups), called PRASOG 
(Peng-Robinson-ASOG), was developed by Tochigi [58] to predict the vapor-liquid 
equilibrium of non-polymeric and polymeric solutions. It makes use of the zero-pressure GE 
mixing rule, hence is consistent with the second virial coefficient dependence, in order to 
compute the mixture parameters of the Peng-Robinson equation of state and it predicts GE 
by the ASOG method. To apply PRASOG to polymer solutions, the PRASOG-FV (PRASOG 
Free Volume) has been proposed calculating GE from ASOG-FV, and then the vapor-liquid 
equilibrium in polyisobutylene solutions is predicted. 
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Tochigi et al. [59] extended the application of PRASOG, presented by Tochigi [58] for other 
polymer solutions. Nine binary systems were investigated in a temperature range from 
298.15 K to 361.25 K, with six solvents (benzene, toluene, acetone, methyl ethyl ketone, ethyl 
acetate, propyl acetate) and four polymers (polystyrene, polyethylene oxide, polypropylene 
oxide, polyvinyl acetate). When using PRASOG-FV, the accuracy achieved was comparable 
to those of ASOG-PV and UNIFAC-FV. 

Kang et al. [60] performed a comparative study for polymers and associating systems using 
the Peng-Robinson equation with the Wong-Sandler mixing rule (PR-WS), SAFT equation 
and NLF-HB (Non-Random Lattice Fluid Theory with Hydrogen Bonding) equation. The 
comparison was based on the prediction accuracy of the bubble point pressure, the molar 
fraction in vapor phase and the activity of the component in the liquid phase. Several factors 
were considered for comparison: model evaluation through their modeling errors, 
characteristics of the estimated parameters and computational issues. In general, when 
using appropriate parameters, all models provided good results when far away from critical 
regions, except in the case of non-polar polymers dissolved in non-associating polar 
solvents. 

An evaluation of vapor-liquid equilibrium in polymer-solvent systems with cubic equation 
of state was performed by Louli and Tassios [61]. In this study the parameters a and b of PR 
equation were fitted from PVT (Pressure-Temperature-Volume) data of pure polymers, 
assuming that the ratio parameters/(molecular weight) are independent from the molecular 
weight. Several polymer-solvent systems were evaluated using three different mixing rules, 
all requiring only one adjustable parameter: vdW [34], ZM (Zhong and Masuoka) [11] and 
MHV1 [48]. The ZM rule gave the best results and the same performance was achieved 
when extrapolating predictions regarding temperature and molecular weight. 

Using the PRSV cubic equation of state, Haghtalab and Espanani [62] studied the vapor-liquid 
equilibrium in polymer binary solutions with different molecular weights and temperatures. 
The parameters of the cubic equation of state were calculated using the Wong-Sandler mixing 
rule [8] incorporating the FH-NRTL-NRF (Flory-Huggins Non-Random Two Liquid Non-
Random-Factor) excess Gibbs free energy model. The total vapor pressure of the polymer 
solutions was correlated using two adjustable energy parameters as functions of temperature 
with six constants for the entire temperature range. The modeling results showed very good 
agreement with the experimental data of several binary polymer solutions. 

Voutsas et al. [63] showed that the UMR rule with the binary interaction parameters of the 
original UNIFAC model, independent of temperature, leads to poor predictions of vapor-
liquid equilibrium at high temperatures and poor predictions for the heat of mixing. For this 
reason, Voutsas et al. [63] used the model proposed by Hansen et al. [64], which consider the 
binary interaction parameters temperature dependent, overcoming the drawbacks 
mentioned before. The performance of the new model was evaluated for the prediction of 
heat of mixing and also vapor-liquid, liquid-liquid and solid-gas equilibria in binary and 
multicomponent systems with different degrees of non-ideality and asymmetry, including 
polymer-solvent systems, showing good results. 
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The SRK and the Sanchez and Lacombe (SL) equations of state were applied by Costa et al. 
[65]-[66] to the flash simulation in a low-pressure separator (LPS) and also in a high-presure 
separator (HPS) in an industrial polyethylene facility (specifically, 8 low-density 
polyethylene resins and 25 linear low-density polyethylene resins were investigated). Three 
mixing rules were used in the SRK equation: van der Waals (vdW) one-fluid, Wong-Sandler 
and LCVM. The latter two mixing rules incorporate the Bogdanic and Vidal activity 
coefficient model [67]. All these models involve two adjustable parameters. The results for 
the LPS separator indicate that SL and SRK-vdW are the best models. The results for the 
HPS indicate that the SL is the best model. The SRK-LCVM and SRK-WS are unable to 
describe the HPS overhead composition. 

Costa et al. [68] modeled the SLE in polyethylene and polypropylene solutions using SRK 
and PC-SAFT (Perturbed-Chain SAFT) equations of state. Two mixing rules were coupled 
with SRK: the Wong-Sandler rule and the LCVM rule, both considering the activity 
coefficient model from Bogdanic and Vidal [67]. The models were evaluated using SLE data 
at atmospheric and high pressure, obtained from literature. The binary interaction 
parameters of SRK and PC-SAFT equations of state were estimated to describe the 
experimental behavior of 20 different polymer-solvent systems at atmospheric pressure and 
31 other polymer-solvent systems at high pressure better. The SRK-LCVM model showed 
the best performance with the SLE atmospheric data, although when evaluating equations 
predictive ability, PC-SAFT showed advantages as it is not easy to generate a good 
correlation of the GE (SRK-LCVM) parameter with temperature, whereas the PC-SAFT 
parameter correlated very well with temperature for all the systems analyzed. In high 
pressure conditions, interaction parameter correlations as a function of molecular weight 
and polymer concentration were developed for PC-SAFT and SRK-LCVM (SRK-WS model 
was not appropriate for the high pressure calculations carried out). PC-SAFT provided the 
best performance with excellent results, showing suitable interpolating and extrapolating 
(predictive ability) features. 

3. Lattice models 

In the second group of models for calculating the equilibrium constant, it is assumed that 
the molecules have one or more segments, and that the partition function of the system 
can be obtained by counting the number of possible configurations when these segments 
are arranged in hypothetical cells that resemble the crystal lattice of a solid. The 
thermodynamic functions can be calculated using the formalism of statistical mechanics. 
These crystal lattices can be considered compressible or incompressible. Incompressible 
lattices are generally used to model liquids at low pressures, a condition in which the 
concept of activity coefficient is used. The most widely used activity coefficient models 
are based on this formalism, e.g. [12], [69]-[71]. For compressible lattices, equations of 
state based on lattice models result. An example of such models is the lattice fluid theory 
[13], [72]. 
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The lattice model, originally developed to describe the liquid phase, considers the liquid in a 
quasi-crystalline state, in which the molecules do not translate fully chaotically as in a gas, 
but each one tends to stay in a small region, a more or less fixed position in space, around 
which it vibrates back and forth. The quasi-crystalline picture of the liquid state supposes 
that the molecules are regularly arranged in space as in a lattice, and therefore models for 
liquid and liquid mixtures are called lattice models. Molecular considerations suggest that 
deviations from ideal behavior in liquid solutions are mainly due to the following effects: 
first, the attraction forces between unlike molecules are quantitatively different from those 
between alike molecules, giving rise to a nonzero enthalpy of mixing; second, if the 
molecules differ significantly in size or shape, the molecular arrangement in the mixture can 
be appreciably different from that for pure liquids, resulting in a non-ideal entropy of 
mixing; finally, in binary mixtures, if the attraction forces in one among the three possible 
interaction pairs are much stronger (or much weaker) than the other two pairs, there will be 
some preferred orientation of the molecules in the mixture what, in extreme cases, can lead 
to instability or incomplete miscibility [34]. 

The most simple lattice model considers a mixture of two liquids whose molecules are small, 
symmetrically spherical and similar in size (the ratio of their sizes is close to one). This 
model assumes that the molecules of each pure liquid are regularly arranged and 
equidistant from each other in the lattice. The molecular movement is limited to vibrations 
around equilibrium positions and is not affected by the mixing process. This model also 
assumes that for a fixed temperature the lattice spacing in both pure liquids and in the 
mixture are the same, regardless of composition (excess volume is null). The first step is to 
obtain an expression for the potential energy of a pure liquid or a mixture, assuming that the 
potential energy is pair-to-pair additive for every pair of molecules and that only the nearest 
neighbors are considered in this sum. This means that the potential energy of a large 
number of molecules in the lattice is given by the sum of the potential energy of all pairs of 
molecules situated immediately next to each other. Therefore, considering the excess 
volume and the excess entropy as null, the excess Gibbs free energy for the two-suffix 
Margules model can be obtained from the total potential energy in the lattice [34]. 

This lattice model is particularly useful for describing polymeric solutions in liquid solvents. 
Flory and Huggins [34] independently developed a theory for polymeric solutions which 
have formed the foundation of most subsequent developments in the last fifty years. In the 
Flory-Huggins [12] model the system polymer-solvent is modeled as a lattice structure, 
where each site is occupied by a molecule of solvent or a polymer segment. The 
combinatorial contributions to the thermodynamic mixing functions are calculated from the 
number of possible arrangements of the polymer molecules and solvent in the lattice. These 
combinatorial contributions correspond to the entropy of mixing. The combinatorial 
contributions of Flory-Huggins [12] model implicitly state that the mixing volume and the 
enthalpy of mixing are zero. The number of possible molecular arrangments leads to the 
well-known Flory-Huggins expression for the entropy of mixing [34]. The Flory-Huggins 
theory and its variations have been successful in correlating and/or predicting the UCST 
behaviour and loop phase behavior. Variations of this theory include making the interaction 



 
Polymerization 372 

parameter of the enthalpy of mixing dependent on composition and/or temperature. In this 
context, the works of Cheluget et al. [73] and Bae et al. [74] may be cited. The UCST behavior, 
i.e. transition from two-phase to one phase, takes place as a result of energetic effects. The 
loop behavior normally occurs when specific interactions such as hydrogen bonds take 
place. Compressibility of a polymeric solution is not the key issue therefore it can be 
modeled by an incompressible lattice theory. As mentioned above, however, polymeric 
solutions also exhibit LCST behavior which occurs when polymer and solvent molecules 
experience different volumetric expansions. For these systemsa theory that takes into 
account the effects of compressibility is required. Significant work has been done to extend 
the Flory-Huggins theory for such systems by the inclusion of vacant sites (holes) in the 
lattice, which may vary to enable compressible lattice representation. Within this approach 
the models of Kleintjens and Koningveld [14] and Panayiotou and Vera [15] may be cited 
but the Sanchez and Lacombe model [13] should be highlighted given its wide application 
in polymeric systems. 

3.1. Sanchez and Lacombe (SL) equation 

The lattice fluid theory for liquid and gaseous mixtures developed by Sanchez and Lacombe 
[13], [75] is formally similar to the Flory-Huggins theory. However, the essential and 
important difference is that the Sanchez and Lacombe theory introduces holes to account for 
variations in compressibility and density, i.e. the mixture density may vary by increasing 
the fraction of holes in the lattice. The Sanchez and Lacombe equation uses a random mixing 
expression for the attractive energy term. Random mixture means that the composition 
everywhere in the solution equals the total composition, i.e. there are no effects of local 
composition. The energy of the lattice depends only on nearest neighbors interactions. For a 
pure component the only non-zero interaction energy corresponds to mer-mer pair 
interaction. The interaction energies of types mer-hole and hole-hole are zero. The Sanchez 
and Lacombe equation assumes a random mixture of holes and mers. Therefore, the number 
of mer-mer nearest neighbors is proportional to the probability of finding two neighboring 
mers in the system. The Sanchez and Lacombe EOS [13] is given by: 
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and T is the absolute temperature, P is the pressure, ρ is the density, MW is the molecular 
weight, k is the Boltzmann constant, and r, ε*, and v* are pure component parameters 
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related to the corresponding scale factors T*, P* and ρ*, respectively. These scale factors are 
independent of the molecular size of the polymer. For mixtures, the model parameters 
become composition dependent through the following mixing rules: 
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where the segment fraction of component i, φi, is calculated as a function of the weight 
fraction wi, given by: 
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The cross parameters are: 
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where lij and kij are binary interaction parameters. 

Thus, the Sanchez and Lacombe equation obtains the PVT properties of pure component 
assuming that it is broken into parts or mers which are placed on a lattice and can interact 
with intermolecular potential. In order to calculate the density of the system correctly, an 
appropriate number of holes are also placed at specific sites in the lattice. In principle, this 
equation of state is appropriate to describe the thermodynamic properties of fluids in a wide 
range of conditions, from normal liquid or gaseous state to supercritical fluid at high 
temperatures and pressures. A real fluid is characterized by three molecular parameters or 
by three equation of state parameters, which must be known if the equation of state is to be 
used. In fact these parameters can be determined through any configurational 
thermodynamic property obtained experimentally. Vapor pressure data though, are 
particularly useful for solvents because they are readily available for a wide variety of 
fluids. For polymers, these characteristic parameters can be estimated by experimental data 
of the liquid density over a wide range of pressures and temperatures, using for example a 
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numerical procedure based on non-linear least squares. When few PVT data are available, 
the parameters can be estimated from experimental values of density, thermal expansion 
coefficient and compressibility factor at ambient temperature and pressure. 

Gauter and Heidemann [18] proposed a procedure to obtain parameters of the pure solvent 
from the critical temperature, critical pressure and acentric factor, as usually done with 
cubic equations of state. The polymer parameters were determined through PVT data 
regression. 

Gauter and Heidemann [76] suggested that the polymer's parameters can be adjusted to 
simultaneously reproduce cloud-point data of polymer-solvent equilibrium and PVT data. 
They managed to obtain parameters for the Sanchez and Lacombe equation for polyethylene 
that could be applied for different samples, regardless of molecular weight and molecular 
weight distribution. The degree of branching and/or the presence of comonomers may also 
influence the parameters of the polymer. 

3.2. Modeling polymeric systems using the Sanchez and Lacombe equation 

Although there are few references in the literature for vapor-liquid equilibrium (e.g. [3], 
[77]) and one using industrial plant data [65], a large number of SL EOS evaluations have 
been reported in the literature regarding liquid-liquid equilibrium. 

Kiran et al. [16] evaluated the efficiency of the Sanchez and Lacombe equation in predicting 
the high pressure phase behavior of varying molecular weight (16400, 108000 and 420000) 
polyethylene solutions in n-pentane and in binary solvents [(n-pentane)-(carbon dioxide)]. It 
was shown that concentration and pressure variations are correctly predicted if the 
characteristic temperature of the polymer is suitable adjusted using data from a sample with 
a specific molecular weight. The model also correctly predicts the behavior shift (solvent 
dependent) from LCST to UCST as the amount of carbon dioxide in solvent [(n-pentane)-
(carbon dioxide)] increases. 

Xiong and Kiran [78] modeled ternary systems of [polyethylene-(n-pentane)-(carbon 
dioxide)] using the Sanchez and Lacombe equation. Phase diagrams were generated for 
pressures up to 300 MPa and temperatures up to 460 K. The results show that the system 
can exhibit two or three phases depending on the pressure. At a given temperature, the 
three phase region disappears with increasing pressure. Depending on the pressure, the 
calculations also predict the displacements observed experimentally from LSCT to UCST, 
which are illustrated in ternary diagrams as displacements of the phase boundaries with 
temperature. It was shown that for polymer samples with high molecular weight, ternary 
calculations can be simplified by assuming that the polymer-poor phase is essentially free of 
polymer. Xiong and Kiran [79]-[80] investigated polyethylene binary systems with n-butane, 
n-pentane and CO2. 

Koak and Heidemann [17] studied the phase behavior of polymer-solvent systems under 
conditions close to the vapor pressure curve of the solvent where the vapor-liquid-liquid 
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equilibrium can occur. Experimental data of High Density Polyethylene (HDPE) in n-hexane 
were modeled using the following equations: Sanchez and Lacombe, Kleintjens and 
Koningsfeld [14] and the Perturbed Hard-Sphere-Chain (PHSC) [81]. The phenomena of 
interest include the LCST behavior and the liquid solvent, vapor solvent and polymer three-
phase equilibrium. All the three models examined provided a reasonable representation of 
the cloud-point for the system HDPE and n-hexane along the three-phase line in the 
conditions investigated. Phoenix and Heidemann [82] used the SL EOS to develop an 
algorithm to determine the cloud and shadow point curves of polydisperse polymer/solvent 
systems using continuous thermodynamics to represent the polymer. 

Wang et al. [83] compared the performance of the Group Contribution Lattice Fluid equation 
of state (GCLF) with the Sanchez and Lacombe equation for liquid-liquid equilibrium data 
in polymer-solvent systems. The authors showed that both equations of state are able to 
predict the UCST and LCST behaviors, simultaneous or otherwise, as well as the hourglass 
shape behavior in which there is no LCST or UCST. The systems studied were: (acetic acid)-
dodecane, polyisobutylene-(n-pentane), polyethylene-(n-hexane), polystyrene-(n-hexane), 
polyisobutylene-(n-pentane) and polystyrene-acetone. In all cases the GCLF equation 
performed better than the SL equation. The GCLF equation showed good sensitivity for the 
polymer molecular weight, but failed to correctly describe the sensitivity regarding the 
pressure. The best performance of the GCLF equation was attributed to the simultaneous 
use of the saturated steam and liquid properties in the regression of group parameters for 
the equation. 

The applicability of equations of state for the modeling and simulation of phase equilibria in 
polymer production processes is investigated by Orbey et al. [57]. A two-stage flash 
separation of unreacted ethylene from polyethylene, which mimics the separation process in 
the production of LDPE, is used as a prototype for the simulation, where three equations of 
state (SAFT, SL and SRK-MHV1-FH) are compared when correlating volumetric, 
calorimetric and vapor-liquid phase equilibrium properties for ethylene and LDPE. Each 
equation of state has some unique characteristics that influence the modeling results of the 
pure components as well as the mixtures. When extended to binary mixtures of ethylene 
with polyethylene, the results show that the three equations can satisfactorily fit the data, 
although the best results are obtained with the SRK equation. As expected, all models 
exhibit less satisfactory results when no binary parameter is fitted to the data. For SRK and 
SAFT equations, only one binary parameter significantly affected the model performance. 
On the other hand, the authors observed that in the SL equation the second binary 
interaction parameter can also make a significant difference. 

Koak et al. [84] studied the high pressure phase behavior of some industrially important 
polymer systems: polyethylene-ethylene and polybutene-(1-butene). New experimental data 
were presented for the system polybutene-(1-butene) in the pressure range from (9 to 17) 
MPa and in the temperature range from (405 to 447) K. The range of polymer concentration, 
expressed as polymer weight percent, ranged from 0.31 to 16.65. The system showed LCST 
behavior. Data from polybutene-(1-butene) and polyethylene-ethylene mixtures, presented 
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by de Loos et al. [85], were modeled using the SAFT and the SL equations. The phase 
equilibrium calculations were carried out for two scenarios: i) the polymer is considered 
monodisperse ii) the polymer polydispersity is taken into account, characterizing the 
polymer through pseudo-components. The polymer polydispersity has a significant effect 
on the phase behavior of the system under investigation. The results show that, although the 
model is suitable for polyethylene-ethylene, interaction parameters are required, which 
depend on the system and on the temperature. Additionally, polymer polydispersity has a 
significant effect on the phase behavior of the mixture, even for reasonably monodisperse 
samples. The modeling effort for the system polybutene-(1-butene) showed that, if the 
models are used in their standard forms, alternative strategies are needed to estimate the 
polymer parameters so that correlation and/or reasonable prediction of the phase behavior 
of the polymer solution can be obtained. 

In order to verify if a single set of parameters can be used to obtain useful correlations for 
different polyethylene resins with different solvents, Gauter and Heidemann [76] used the 
Sanchez and Lacombe equation to model the cloud point isotherms for two systems of 
ethylene and polyethylene and a system of polyethylene in n-hexane. The three 
polyethylene samples examined differ considerably in average molecular weight and 
polydispersity. The polymer parameters were obtained by adjusting volumetric data of pure 
polyethylene, using an additional volume displacement coefficient. The results showed that 
the cloud point behavior of the polymer-solvent equilibrium for a variety of polymers and 
solvents can be correlated with the same set of polymer parameters. The required 
interaction parameters are relatively small in magnitude. Unfortunately, the calculated 
results are extremely sensitive to these numbers, even to the third decimal place. In 
addition, the temperature dependence, although slight, is essential to obtain a reasonable 
data fit. 

Trumpi et al. [86] measured cloud point data for a binary system of monodisperse LDPE and 
ethylene. The cloud points were measured between (395 and 440) K and pressures up to 175 
MPa. The experimental data were modeled with the SL equation. The LDPE parameters 
were obtained from a sequence of non-linear regression analysis based on experimental data 
for both cloud point and PVT data for polyethylene melt. The results show that the SL 
equation fits the experimental data well for a wide range of temperatures, pressures and 
compositions. For diluted mass fractions, on the other hand, the data fit is less accurate. The 
experimental uncertainty in this region is higher than for polymer-rich mixtures, however, it 
is smaller than the deviations between model prediction and experimental data. The 
difference in cloud point pressures between calculated and experimental data increases at 
the lowest polymer mass fractions. 

Krenz et al. [19] used the technique described by Trumpi et al. [86] to adjust the SL 
parameters to fit both polyethylene-solvent cloud points and polyethylene density data. The 
molar mass distribution of the various polyethylene samples were represented by a number 
of pseudocomponents ranging from 7 to 16. When correlating the cloud points of 
polyethylene in a variety of solvents, it seemed that there was a unique set of polyethylene 
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parameters that would work for all mixtures. The polyethylene energy parameters, εi, could 
also be adjusted to fit the critical point of a polyethylene-solvent mixture and still provide an 
accurate representation of the cloud points. The polyethylene parameters, derived from 
fitting the critical point of the mixture, were more consistent than those found from the 
cloud points alone [87]. 

The effect of using different molar mass distributions to represent the same polymer on the 
HDPE-ethylene cloud points, was examined by Krenz et al. [88]. The HDPE parameters were 
taken from Krenz et al. [19]. Log-normal and gamma distributions approximated by nine 
pseudocomponents were used to match the reported average molar masses. The amount of 
branching was not known for these HDPE samples but it was believed to be reflected in the 
different HDPE-ethylene binary interaction parameters [87]. 

Cloud points for three hydrogenated PolyButaDiene (hPBD)-(n-hexane) mixtures were 
calculated using the SL equation by Schnell et al. [89] and compared to experimental 
measurements. The SL parameters were directly regressed from pure component PVT data 
and the hPBD samples were assumed to be monodisperse. The cloud point calculations are 
predictive because no BIP was used. 

Correlation and prediction of miscibility involving binary blends of a variety of 
homopolymers [polypropylene, polybutadiene, polyisoprene, poly(methyl methacrylate), 
polystyrene, among others] were investigated by Voutsas et al. [90] considering three 
models: EFV-UNIFAC [91], PR and SL. The performances were evaluated in terms of i) 
liquid-liquid equilibrium correlation in polymer blends ii) prediction of the effect of 
polymer molecular weight by using interaction parameters obtained from a pair of 
molecular weights iii) prediction of the effect of the system pressure on miscibility using 
interaction parameters obtained from miscibility data at low pressures. All the experimental 
data used correspond to those of monodisperse polymers. Satisfactory correlation results 
were obtained with all models but their quality depended on whether the interaction 
parameters were temperature dependent or not. A satisfactory prediction of the effect of 
polymer molecular weight on the blend was obtained only with the EFV-UNIFAC model 
and the SL equation. The SL model showed the best performance and also successfully 
predicted the effect of pressure on the solution critical temperature, albeit with a poorer 
prediction of the composition at this temperature. 

Chen et al. [92] set out to measure important phase equilibria for the industrial production of 
LLDPE (Linear LDPE) using metallocene catalyst technology. The phase equilibria for (n-
hexane)-polyethylene and ethylene-(n-hexane)-polyethylene mixtures were measured from 
(373.2 to 473.2) K at pressures up to 20 MPa. Approximate monodisperse polymers and their 
mixtures were used to investigate the effect of polymer molecular weight on phase behavior. 
All the systems exhibit liquid-liquid equilibrium with UCST. The SL equation was used to 
correlate the phase behavior of these systems, and the effect of adding supercritical ethylene 
provided quantitative agreement with experimental equilibrium data. The Hosemann-
Schramek function [33] provided a suitable characterization of the molecular weight 
distribution used in some calculations. 
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Nagy et al. [93] measured cloud point, bubble point and liquid-liquid-vapor bubble point 
data for binary LLDPE-(n-hexane) and ternary LLDPE-(n-hexane)-ethylene systems. 
Experimental data were collected in the temperature range of (400 to 500) K at pressures 
up to 14 MPa. Experimental data of LLDPE-ethylene and LLDPE-hexane were modeled 
with a modified SL equation [94]. The LLDPE parameters were obtained by performing a 
sequence of non-linear regression analyses from PVT data of molten polyethylene and 
experimental cloud point data of the LLDPE-(n-hexane) and LLDPE-(ethylene) systems. 
From this information and from the adjustment of the SL equation for (n-hexane)-ethylene 
data, the phase behavior of the ternary system LLDPE-(n-hexane)-ethylene could be 
predicted. Using this procedure, the effect of the ethylene concentration on the cloud 
point pressure is slightly overestimated. Therefore, the BIP of the pair LLDPE-ethylene 
was fitted to the cloud point data of the LLDPE-hexane-ethylene triplet. The SL equation 
provided a good description of the cloud point curve and an almost quantitative 
prediction of the ternary bubble point and phase-boundary curves of the vapor-liquid-
liquid equilibrium. 

One or more polyethylene samples with varying molecular configurations can be mixed to 
produce a blend with different physical characteristics. Krenz and Heidemann [95] used the 
MSL (Modified Sanchez Lacombe) equation [96] to calculate the cloud points of a blend of two 
polydisperse LLDPE resins in a hydrocarbon solvent. The MSL equation is a lattice equation 
that can be used to calculate polydisperse polymer solutions. The considered polyethylene 
resins were hPBD type. The cloud points were compared with experimental data available for 
the systems (hPBD-1)-(hPBD-2)-(n-hexane) and (hPBD-3)-(hPBD-4)-(n-pentane). The four 
hPBD samples have different molecular weight distributions, although the other properties of 
the mixture are unknown (degree, type and frequency of branching in the polyethylene 
molecule). The temperature dependent BIP for LLDPE-hydrocarbon were previously fitted to 
binary mixture cloud points. 

Kanellopoulos et al. [97] used the SL equation to calculate the solubility of α-olefins in 
polyolefins over a wide range of temperatures and pressures. The characteristic parameters 
of the pure components (T*, P*, ρ*) were estimated using a dynamic molecular procedure: 
using commercial software, each selected species (i.e. penetrating molecules and the 
polymer chain) had its molecular architecture firstly built and its geometry optimized by 
minimizing the system energy. For all the binary systems investigated, just a single BIP 
between the penetrating molecules and the polymer chains was estimated. The binary 
parameter value depends on the penetrating molecule, the comonomer, the polymer 
crystallinity, as well as the selected experimental conditions (temperature and pressure). The 
calculated theoretical solubility showed excellent agreement with the experimental 
measurements and demonstrated the ability of the SL equation to predict the solubility of 
olefins in semicrystalline α-polyolefins. 

Nagy et al. [98] measured equilibrium data at high pressure for the LLDPE-isohexane system 
which exhibits LCST behavior. The following measurements were performed with weight 
fractions of polymers ranging from 0 to 0.25, at temperatures of (380-500) K and a pressure 
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of 12 MPa: cloud point data, bubble points and three-phase liquid-liquid-vapor bubble 
points. The data were modeled using the Sanchez and Lacombe equation. 

4. Perturbation theory 

Equations of state based on molecular structures not only provide a useful thermodynamic 
basis for deriving chemical potentials or fugacities (necessary for phase equilibrium 
simulation) but they can also help separate and quantify the effects of molecular structure 
and interactions on global properties and phase behavior. Examples of these effects are the 
molecular size and shape (e.g. chain length and chain branch), energy of association (e.g. 
hydrogen bonding), average field energy (e.g. dispersion and induction). Ideally, a single 
equation of state should incorporate all these effects [26]. 

Much progress has been made in the development of molecular theories of associative 
solutions and those containing macromolecules. The essence of this progress is the use of 
statistical mechanics methods, such as perturbation theory, to correlate the molecular 
properties with the macroscopic properties of the system under study. In perturbation 
models, a simple system is initially used as reference, which should characterize the 
essential aspects of the system and it is usually obtained using a theory with well-defined 
assumptions. The difference between the actual and ideal system (i.e. the reference system) 
is then computed using some correction terms, called perturbation terms, which are often 
based on semi-empirical models. The complexity and magnitude of these perturbations 
depend on the degree of accuracy with which the reference term, representing the ideal 
system, can be specified. 

With this method, Beret and Prausnitz [99] used the results of Carnahan and Starling [100] for 
hard spheres, which can be characterized by square well potential to describe the reference 
state, and proposed the so-called Perturbed Hard-Chain Theory (PHCT). A further refinement, 
the Perturbed Asinotropic Chain Theory (PACT), was made by Vilmalchand and Donohue 
[101] and Vilmalchand et al. [102]. The PACT equation of state takes into account the effects of 
different molecular sizes, shape and intermolecular forces, including anisotropic dipole and 
quadrupole forces. The calculations from Vimalchand et al. [102] show that the explicit 
inclusion of multipolar forces can predict the properties of highly non-ideal mixtures with 
reasonable accuracy, without the use of binary interaction parameters. However, for pure 
fluids, the prediction behavior of the PACT equation of state is similar to other comparable 
equations of state. Kim et al. [103] developed a Simplified version of the PHCT equation 
(SPHCT), replacing the attractive term of the PHCT equation with a simpler theoretical 
expression. This simpler equation has been used in a large number of applications, including 
mixtures of molecules which greatly differ in size. Ikonomou and Donohue [104] derived the 
Associated PACT equation (APACT). This equation takes into account isotropic repulsive and 
attractive interactions, anisotropic interactions due to the dipole and quadrupole moments of 
molecules and hydrogen bonding, and it can predict the thermodynamic properties of 
associative pure components as well as associative multicomponent mixtures. 
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4.1. SAFT equation 

More recently, a new model in the family of perturbation models was developed by 
Chapman et al. [24]-[25] and by Huang and Radoz [26]. This model is known as SAFT 
(Statistical Associating Fluid Theory) and is based on the TPT (Thermodynamic 
Perturbation Theory) work from Wertheim who presented a series of papers [20]-[23] in 
which a coherent statistical mechnical theory of associating fluids was proposed, expanding 
the Helmholtz free energy in a series of integrals of molecular distribution function and 
potential association. Here molecules are treated as different species according to the 
number of bonded associating sites, and separate singlet densities are defined for each 
possible bonding state of a molecule. Chapman et al. [24]-[25] derived the expression for the 
Helmholtz free energy of this new reference fluid and compared the results to Monte-Carlo 
based simulations, obtaining satisfactory results. Huang and Radoz applied the SAFT theory 
to a number of real pure compounds in 1990 (also known as CK-SAFT, because they applied 
a different dispersion term proposed by Chen and Kreglewski [5]) [26] and proposed an 
extension to mixtures in 1991 [27], concluding that the equation is suitable for most of the 
components/systems investigated. 

The essence of the SAFT equation is to use a reference system which incorporates the chain 
length (molecular size and shape) and the molecular association, rather than the reference fluid 
with hard (rigid) spheres, which is much simpler. It is expected that the effects due to other 
types of intermolecular forces (dispersion, induction, among others) are weaker, and therefore, 
considered through a perturbation term. Thus, it is expected that this theory is able to describe 
most real fluids, including polymers and polar fluids. In the SAFT model, the molecules are 
interpreted as a mixture of spherical segments of equal size, interacting according to a square-
well potential. In addition, two types of bonds between these spheres can occur: covalent bonds 
to form chains and association bonds for specific interactions [26], [25]. 

When developing the equation of state, it is assumed that the molecules are formed from 
segments of rigid spheres, according to the diagram in Figure 2. Initially, the fluid is 
composed only of rigid spheres of equal size, and only the effect of rigid spheres are 
considered. The reference fluid consists of rigid spheres forming chains (tetramers) via 
covalent bonds. Hydrogen bonds between terminal sites of different chains result in 
oligomer chains. The last step takes into account weak dispersion forces. 

The equation is derived in terms of the residual Helmholtz free energy resa : 
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where T is the temperature and   is the density of the system. The residual Helmholtz free 
energy ares is expressed with regard to the Helmholtz free energy of an ideal gas aideal at the 
same T and  . If the Helmholtz free energy of a fluid is known, all other properties such as 
pressure, chemical potential, among others, can be calculated using basic thermodynamic 
equations. 
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Figure 2. Illustrative Picture of Molecule Formation in the Theory Underlying the SAFT Model [105]. 

Formation of rigid spheres (ahs) and chains (achain), as well as association (aassoc) and dispersion 
(attraction, adisp) interactions, all contribute to the residual Helmholtz free energy: 
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For a pure fluid, the formation of one mol of each chain, consisting of m segments, requires 
m moles of hard sphere. For the hard-sphere term ahs, the Carnahan-Starling [100] expression 
is used. The parameters of the pure components used to calculate achain are identical to those 
used to calculate ahs. No additional parameter is required to take into account connectivity. 
For the dispersion term adisp, Chapman et al. [24]-[25] used the expression originally 
proposed by Cotterman et al. [106] while Huang and Radosz [26] used a polynomial 
expression based on molecular dynamic simulation with square-well fluid. The contribution 
due to chain formation achain is given by Wertheim's association theory [20]-[23] where the 
association bonds are replaced by chain formation covalent bonds, as well as the association 
term aassoc. The number of association sites in a single molecule is unlimited, however, it 
must be specified. Wertheim's contribution terms (chain and association) are essentially 
unchanged in the several versions of SAFT. 

4.2. PC-SAFT equation 

Gross and Sadowski [28]-[29] developed a modification to the SAFT equation referred to as 
PC-SAFT (Perturbed-Chain SAFT). In the structure of the PC-SAFT equation, molecules are 
assumed to be chains of spherical segments, freely linked and exhibiting attraction forces 
among them. The repulsive interactions are described by an expression of rigid chain (hard 
sphere + chain) developed by Chapman et al. [107], which is the same as used in the SAFT 
equation of state. The attraction interactions are in turn divided into dispersion interactions 
and a contribution due to association. Figure 2 illustrates the formation of a molecule 
according to the PC-SAFT theory. Earlier versions of SAFT assume that the dispersive 
interactions of molecule chains are the same as those of spherical molecules. Further 
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investigation, however, demonstrates that equations of state may be improved when the 
dependence on chain length is considered in the dispersive interactions. A new version, 
which explicitly takes into account this dependence, has been developed, leading to the PC-
SAFT equation. The dispersion term was obtained by extending Barker and Henderson's 
[108] theory for chain molecules. This theory considers that a chain segment is connected to 
neighboring segments. It also considers the effect of the nearest neighbor segments in 
segment interactions. 

When the systems under investigation do not contain associative fluids, the term that takes 
into account such interactions can be ignored. 

In the literature, pure component parameters for various substances can be found, either 
small molecules or macromolecules. The model is already available in commercial 
software. 

4.3. Other modifications of the SAFT equation 

Although the PC-SAFT equation provides excellent results when simulating polymeric 
systems, a brief survey of other modifications involving the original form of the SAFT 
equation is given in this section. Four comprehensive reviews of the development and 
application of the various types of SAFT have appeared recently [1], [2], [105], [109]. 

Instead of using the hard sphere fluid as reference, Blas and Veja [110] used the Lennard-
Jones fluid, leading to the soft-SAFT equation. The chain and association terms remained 
similar to those in the original SAFT formulation. The soft-SAFT equation was successfully 
applied to pure n-alkanes, 1-alkenes, 1-alcohols and binary and ternary mixtures of n-
alkanes including the critical region. In the case of mixtures, two binary parameters should 
be used even for mixtures of n-alkanes. 

Another version of the SAFT equation is the SAFT-VR (SAFT Variable Range) equation 
[111]-[114]. The differences between SAFT-VR and PC-SAFT arise from the specific 
treatment of the attractive interactions between segments and the choice of the reference 
fluid. The SAFT-VR takes as reference the hard-sphere fluid, while PC-SAFT takes the hard-
sphere-chain fluid. The SAFT-VR equation describes a fluid of associating molecules with 
the chain segments interacting through attractive forces of variable range (VR). In SAFT-VR 
a reference system with interacting monomers is used to build the molecule. 

The Simplified PC-SAFT (sPC-SAFT) equation [30], [114], [115] is not in fact a new equation 
of state, rather it is a simplified version of the original PC-SAFT regarding mixing rules. 
Therefore, the parameters of the pure components of the original and simplified PC-SAFT 
are the same. The sPC-SAFT equation assumes that all segments in the mixture have the 
same average diameter which provides a volume fraction of the mixture which is identical 
to the actual mixture. This simplified version is simpler to implement and improves 
computational performance compared to the original PC-SAFT with negligible differences 
in accuracy. 
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4.4. Polymeric systems modeling using the SAFT equation and its modifications 

This section presents a brief review of studies that used the SAFT equations of state and its 
modifications for the modeling of polymeric systems. A crucial aspect for the success of 
modeling with SAFT and PC-SAFT equations is the correct selection of the parameters of the 
pure components. In general, the estimation of these parameters may not be easy for 
macromolecular compounds [116]. Moreover, the fit to experimental data through the 
estimation of binary interaction parameter kij is another important point for successful 
modeling. In this sense some works in which the SAFT and PC-SAFT equations are used for 
polymer solutions will be discussed, highlighting the results achieved. 

From the work of Chapman et al. [24]-[25] and Huang and Radosz [26] several applications 
of the SAFT model can be found in the literature. Table 1 presents a summary of some 
applications of the SAFT model for systems consisting of homopolymers and copolymers. A 
more detailed review of the application of SAFT model to polymeric systems can be found 
in [116] and [2]. 

Chen et al. [117]-[118] studied different phase transitions, from liquid to liquid-vapor (L to 
LV) and liquid to liquid-liquid (L to LL) in binary, ternary and quaternary systems 
containing the solvents ethylene, propylene, 1 -butene, 1-hexene, n-hexane and 
methylcyclopentane, and Poly(Ethylene-co-Propylene) (PEP). SAFT modeling was used for 
PEP of varying molecular weights at low and moderate pressures [(0-500) bar]. The BIP set 
was defined as an exponential function of the polymer molecular weight and adjusted by 
three parameters. 

Xiong and Kiran [80] compared the performance of SAFT with SL to model cloud point 
curves in polyethylene systems with n-butane and n-pentane. The pure component 
parameters were taken from literature [26] and the BIP were assumed to be equal to zero. 
For all temperature-pressure-composition ranges, the SAFT model was superior to SL. 

The approach used by Han et al. [119] was to measure the cloud point and  
the coexistence pressures in propylene and ethylene solutions of alternating PEP of  
well-controlled polydispersity directly, from monodisperse to broadly polydisperse. 
These experimental data were modeled using the SAFT equation. More specifically they 
fited the cloud point pressure for monodisperse PEP and used the model for predicting 
the cloud point and coexistence pressure of bimodal polydisperse PEP, without any 
refitting. 

Pan and Radosz [120] used the SAFT equation for copolymers to describe the fluid-liquid 
and solid-liquid transitions in solutions of polyethylene and poly(ethylene-co-olefin-1) in 
propane as well as the fluid-liquid transition in solutions of polystyrene in n-hexane. The 
parameters of the pure solutes were estimated based solely on the molecular weight and on 
the structure. Copolymer SAFT EOS has been also used to model SLE in systems containing 
polyethylene, m-xylene and amyl acetate [121]. 
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Polymer Solvent Reference 
Poly(ethylene-glycol) (PEG) Propane, nitrogen, CO2 [125] 

PolyEthylene (PE) 

Ethylene 
[33], [84], [126], 
[127], [128] 

Propane (also SLE) [120], [129] 
n-butane, n-pentane [80], [130] 
Toluene [126] 
Isobutane [129] 
CO2 [126], [129] 
1-hexene [127] 
Cyclohexane [122] 
Hexane, heptane, octane [123] 
SLE in amyl acetate and m-xylene [121] 

PolyPropylene (PP) 1-butene, n-butane, propane, propylene [116] 
PolyButylene (PB) 1-butene [84] 

PolyStyrene (PS) 

Cyclohexane, metylcyclohexane, 
ethylbenzene, chlorobenzene, CO2 

[126] 

Propane [131] 
Cyclohexane [122] 
Cyclohexane, CO2 [132], [133] 

Polyisobutylene (PIB) 
Ethane, ethylene, propane, propylene, 
dimethyl ether 

[134]-[136] 

PolyCarbonate (PC) 
n-alkane (C8-C12), alcohol (C3-C10), 
benzene, toluene, o, m, p-xylene, 
ethylbenzene 

[137] 

Poly(ethylene-co-vinyl-acetate) 
(EVA) 

vinyl acetate, ethylene, alkanes 
[127], [138], 
[139] 

Poly(vinyl-acetate) (PVA) Benzene, Vinyl acetate [132] 

Poly(ethylene-co-olefin) 
Ethylene, propilene, propane (also 
SLE), 1-butene, 1-hexene, n-alkane (C6-
C8) 

[120], [127], 
[140] 

Poly-methyl methacrylate 
(PMMA) 

CO2–methyl methacrylate [141] 

Poly(Ethylene-co-Propylene) 
(PEP) 

Ethylene, ethane, propylene, 1-butene, 
and 1-hexene, methylcyclopentane 

[33], [117], 
[118], [119], 
[142] 

Poly(1,1-
dihydroperfluorooctylacrylate) 
(poly(FOA)) 

CO2 [143] 

Table 1. Polymeric Systems Modeled with SAFT Equation 
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Dariva [116] applied the SAFT equation of state to model PolyPropylene (PP)-solvent 
systems at low and moderate pressures. Two non-metallocene polypropylenes 
(molecular weights: 476745 and 244625 g/mol; and polydispersities: 4.4 and 5.0) and a 
metallocene polypropylene (molecular weight: 197150 g/mol; and polydispersity: 2.9) 
were used. As solvents, propylene, n-propane, 1-butene and n-butane were used. The 
author modeled transitions L to LV, L to LL and LL to LLV using the SAFT model with 
and without fitting the BIP. A large amount of experimental data for these systems can 
be found in this work. 

Horst et al. [122] studied the influence of supercritical gases in the phase behavior of the 
systems polystyrene-cyclohexane-gas and polyethylene-cyclohexane-gas, modeling the 
experimental data with the SAFT equation of state. As supercritical gases, the authors used 
ethane, propane and nitrogen. The experimental data were collected at moderate pressures, 
and the binary interaction parameters used for the adjustment were defined as quadratic 
functions of temperature. Good results were obtained in the modeling, although a larger 
model mismatch in regions of higher polymer concentration can be obseved. 

Jog et al. [123] used the SAFT equation to model the liquid-liquid equilibrium of LLDPE 
with hexane, octane and heptanes [124]. The effects of temperature, pressure, polymer 
concentration and molecular weight on the phase separation were successfully evaluated. 
The effect of polydispersity on cloud point was also considered. Although the SAFT 
predictions are sensitive to the binary interaction parameters, a constant value for the binary 
parameters was considered to model the cloud point in varying conditions (temperature, 
pressure and polymer concentration) and varying solvents. The SAFT equation showed a 
good predictive capacity for this system. 

Besides the works already mentioned, the SAFT equation of state has also been applied in 
more recent works as a “reference” model, its performance being compared to PC-SAFT 
model, as will be shown below. After the work of Gross and Sadowski [28]-[29], some 
applications of the PC-SAFT model may be found in literature. Table 2 presents a summary 
of some of the applications of the PC-SAFT model for systems consisting of homopolymers 
and copolymers. A more detailed review of the application of PC-SAFT model to polymeric 
systems can be found in [2]. 

Tumakaka et al. [144] used the PC-SAFT equation to model cloud point curves for polymeric 
systems consisting of polyolefins, using ethane, ethene, propane, propylene, n-butane, 1-
butene and CO2 as solvent. Here, the good results obtained for modeling the systems LDPE-
solvents and HDPE-ethylene at high pressures should be highlighted. As well as modeling 
systems consisting of polyolefins, polyethylene copolymers and PVA (polyvinyl acetate 
vinyl) systems were also modeled. Good results were obtained when representating a 
system consisting of polypropylene with moderate polydispersity (MW/MN = 2.2), 
assuming that the polypropylene was monodisperse. The monodisperse assumption was 
also considered for the LDPE-solvent system, whereas for the HDPE-ethylene system the 
polyethylene was modeled using pseudocomponents. 
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Polymer Solvent Reference 

Polyethylene (PE) 

Ethylene, ethane, propylene, propane, butane, 1-
butene, hexane 

[73], [152], [153], 
[154], [155], [159], 
[161] 

n-heptane [162] 
Toluene [126] 
CO2 [126] 
Cyclohexane, 1-octene [155] 
SLE in n-alkanes and in m-xylene [158] 
SLE with a variety of solvents [68] 

Polypropylene (PP) 
Propane, n-pentane, CO2 [126], [151], [163] 
SLE with a variety of solvents [68] 
Diisopropyl ketone [147] 

Polystyrene (PS) 
Cyclohexane, CO2, metylcyclohexane, 
ethylbenzene, chlorobenzene 

[126], [162] 

Ethylbenzene, butyl acetate [147] 
Polyamide (PA) Caprolactam, water [150] 
Poly(methyl acrylate) (PMA) 2-octanone [146], [164] 
Poly(ethylene-co-methacrylic acid) 
(EMA or PE-co-MA) 

Ethylene, propylene, butane, 1-butene [146], [160] 
Propylene, butane [148] 

Poly(ethylene-co-acrylic acid) (EAA or 
PE-co-AA) 

Ethylene [160] 

Poly(ethylene-co-vinyl-acetate) (EVA) 
Cyclopentane [146] 
Ethylene [148] 

Poly(ethylene)-co-olefine 
Ethylene, propylene, propane, 1-butene,  
1-hexene, n-alkane (C6-C8) 

[144], [146], [163] 

Poly(vinyl-acetate) (PVA) 
Methyl ethyl ketone, propyl acetate, 1-
propylamine, 2-propylamine, 2-methyl-1-
propanol, 2-propanol 

[147] 

Polyolefins and PVA 
Ethane, ethene, propane, propylene, n-butane, 1-
butene, CO2 [144] 

PE, PP, PB, PIB, PS 
Ethylene, n-butane, 1-butene, n-pentane, 
cyclohexane [145] 

Biopolymers: poly(d,l-lactide) (PLA), 
poly(butylene succinate) (PBS) and 
poly(butylenes succinate-co-adipate) 
(PBSA) 

Cloro difluorometane, CO2, dimetil ether, 
difluiorometane, trifluorometane, 
tetrafluorometane 

[165] 

Polycarbonate (PC) CO2, cyclohexene oxide [166] 
Poly(dimethylsiloxane) (PDMS) Pentane [167] 
PMMA, poly(butyl methacrylate) (PBMA), 
PVA, PS, PP, Polybutadiene (BR), PIB, 
PMA, poly(ethyl acrylate) (PEA), 
poly(butyl acrylate) (PBA), 
Polyphthalamide (PPA) 

CCl4, CH2Cl2, methyl acetate, methyl ethyl 
ketone, 1-propanol, 4-heptanone, chlorobutane, 
octane, cyclohexane, benzene, toluene, 
ethybenzene, xilene, acetone, diethylketone 

[156] 

PDMS, PE, PS, PBMA, PIB, PB, 
poly(alpha-methylstyrene) (P-MS), 
PMMA, PVA 

Benzene, toluene, alkane (C5-C8), cyclohexane, 
methylcyclohexane, 1-propanol, 2-propanol, 1-
butanol, 2-butanol, 2-methyl-1-propanol, methyl 
acetate, prothyl acetate, methyl ethyl ether, 
acetone, propylamine, isopropylamine 

[157] 

Table 2. Polymeric Systems Modeled with PC-SAFT Equation 
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Polymer Solvent Reference 

Polyethylene (PE) 
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Propane, n-pentane, CO2 [126], [151], [163] 
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Cyclohexane, CO2, metylcyclohexane, 
ethylbenzene, chlorobenzene 

[126], [162] 

Ethylbenzene, butyl acetate [147] 
Polyamide (PA) Caprolactam, water [150] 
Poly(methyl acrylate) (PMA) 2-octanone [146], [164] 
Poly(ethylene-co-methacrylic acid) 
(EMA or PE-co-MA) 

Ethylene, propylene, butane, 1-butene [146], [160] 
Propylene, butane [148] 

Poly(ethylene-co-acrylic acid) (EAA or 
PE-co-AA) 

Ethylene [160] 

Poly(ethylene-co-vinyl-acetate) (EVA) 
Cyclopentane [146] 
Ethylene [148] 

Poly(ethylene)-co-olefine 
Ethylene, propylene, propane, 1-butene,  
1-hexene, n-alkane (C6-C8) 

[144], [146], [163] 

Poly(vinyl-acetate) (PVA) 
Methyl ethyl ketone, propyl acetate, 1-
propylamine, 2-propylamine, 2-methyl-1-
propanol, 2-propanol 

[147] 

Polyolefins and PVA 
Ethane, ethene, propane, propylene, n-butane, 1-
butene, CO2 [144] 

PE, PP, PB, PIB, PS 
Ethylene, n-butane, 1-butene, n-pentane, 
cyclohexane [145] 

Biopolymers: poly(d,l-lactide) (PLA), 
poly(butylene succinate) (PBS) and 
poly(butylenes succinate-co-adipate) 
(PBSA) 

Cloro difluorometane, CO2, dimetil ether, 
difluiorometane, trifluorometane, 
tetrafluorometane 

[165] 

Polycarbonate (PC) CO2, cyclohexene oxide [166] 
Poly(dimethylsiloxane) (PDMS) Pentane [167] 
PMMA, poly(butyl methacrylate) (PBMA), 
PVA, PS, PP, Polybutadiene (BR), PIB, 
PMA, poly(ethyl acrylate) (PEA), 
poly(butyl acrylate) (PBA), 
Polyphthalamide (PPA) 

CCl4, CH2Cl2, methyl acetate, methyl ethyl 
ketone, 1-propanol, 4-heptanone, chlorobutane, 
octane, cyclohexane, benzene, toluene, 
ethybenzene, xilene, acetone, diethylketone 

[156] 

PDMS, PE, PS, PBMA, PIB, PB, 
poly(alpha-methylstyrene) (P-MS), 
PMMA, PVA 

Benzene, toluene, alkane (C5-C8), cyclohexane, 
methylcyclohexane, 1-propanol, 2-propanol, 1-
butanol, 2-butanol, 2-methyl-1-propanol, methyl 
acetate, prothyl acetate, methyl ethyl ether, 
acetone, propylamine, isopropylamine 

[157] 

Table 2. Polymeric Systems Modeled with PC-SAFT Equation 
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Gross and Sadowski [145] used the fractionation of LDPE in three pseudocomponents to 
represent the cloud point curves for the ethylene-LDPE system (MW/MN = 8.56). The pure 
component parameters for ethylene and polyethylene and one binary interaction parameter 
kij (interaction ethylene-LDPE) were estimated from the simultaneous regression of polymer 
density data and a single cloud point curve, requiring the optimization of four parameters 
(m, σ, ε/k, kij). Additionally, the modeling of other polymeric systems in varying equilibrium 
conditions was carried out for a wide range of temperatures [(75-197) °C], pressures [(0-
2000) bar] and weight compositions [(0-100)%]. Polymeric systems consisting of LDPE, 
HDPE, PP, polybutene, polyisobutene and polystyrene were evaluated. As solvents, 
ethylene, n-butane, 1-butene, n-pentane and cyclohexane were used. Comparisons of results 
obtained from SAFT and PC-SAFT models corroborate that PC-SAFT shows the best 
performance. 

Gross and Sadowski [145] proposed changes to the PC-SAFT equation, adding two more 
parameters concerning the association term. Simulations of liquid-liquid and vapor-liquid 
equilibrium of systems consisting of simple molecules were compared with the SAFT 
model. Slightly better results were observed for the PC-SAFT equation. The pure component 
parameters were obtained from the simultaneous regression of vapor pressure and liquid 
phase density data. Thus, a total of five parameters were optimized for each component i: 
segment diameter (σi), segment number (mi), segment energy (εi/k), association energy 
(εAiBi/k) and effective association volume (kAiBi). The BIP kij parameter for each system was 
optimized later. 

Cheluget et al. [73] applied the PC-SAFT equation of state to model a flash separation 
system of an industrial LLDPE plant. The system under study consisted of ethylene, 1-
butene, cyclohexane and polymer at 267 °C and 33 bar. The PC-SAFT parameters used in 
this study were estimated from binary system liquid-liquid and vapor-liquid equilibrium 
data obtained from literature. The authors did not re-estimate the binary interaction 
parameters to fit the model to the industrial data, to compare the predicted (using 
interaction parameters from literature) and industrial data. The lack of parameter re-
estimation is the most likely cause of the significant deviations between experimental and 
predicted values. 

Gross et al. [146] extended the PC-SAFT model [28]-[29] for copolymers. The authors 
modeled phase equilibrium for ethylene copolymer systems with random alternating chains 
in a wide range of compositions (including homopolymer) and with molecular weights 
ranging between 709 and 242000 g/mol. The studied polymers were composed of repeating 
apolar [poly([ethylene oxide]-co-propylene) and poly([ethylene oxide]-co-[butene-1])] and 
polar [poly([ethylene oxide]-co-[vinyl acetate]) and poly(ethylene-co-[methyl acrylate])] 
units. Additionally, the authors reported binary interaction parameters of phase equilibrium 
for systems consisting of homopolymers, whose repeating units are present in the 
copolymers, and varying solvents, and some of these interaction parameters also considered 
the composition of the copolymer. The BIP were estimated from equilibrium data of binary 
polymer-solvent systems. 
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Kouskoumvekaki et al. [147] implemented a simplified version of the PC-SAFT equation of 
state, developed by von Solms et al. [30] with little repercussion for polymeric systems made 
up of a variety of solvents, including polar, apolar and associative compounds. Pure 
component parameters were estimated from vapor pressure and liquid phase density data. 
The simplified model showed similar results to those obtained by the original PC-SAFT 
equation, thus presenting some advantages due to its simplicity and lower computational cost. 

In the work of Tumakaka and Sadowski [148], the PC-SAFT equation was applied to pure 
polar compounds as well as to the vapor-liquid and liquid-liquid equilibrium of binary 
mixtures containing polar compounds, with low molecular weight, and polar copolymers. 
As the original PC-SAFT is unable to describe polar systems, the authors used an extended 
version of the equation for polar systems. The dipolar interactions, which contribute 
significantly to the total intermolecular forces, are explicitly explained in molecular theory 
[149]. Due to the inclusion of a term of polar interactions in the molecular theory, it was also 
necessary to include a pure component parameter in the term. When dealing with mixture 
modeling, the authors defined the binary interaction parameter either as an independent 
term or as a function of the comonomer molar fraction. 

The sPC-SAFT equation (Simplified PC-SAFT equation) was applied by Kouskoumvekaki et 
al. [150] to the vapor-liquid equilibrium of binary and ternary systems of polyamide-6 with 
several solvents (water, caprolactam, ethyl benzene and toluene). Binary interaction 
parameters between polyamide-6, caprolactam and water were estimated using 
experimental data of the binary mixtures. The estimated parameters were used to predict 
and correlate the ternary mixture of polyamide-6, caprolactam and water. When optimizing 
the pure parameters of polyamide-6, the corresponding values of caprolactam were 
considered as initial estimates, and just the segment diameter needed to be adjusted using 
experimental data of liquid volume. The results showed that the sPC-SAFT equation is a 
versatile tool for modeling multi-component systems containing polyamide. 

Arce and Aznar [151] modeled the systems PP-(n-pentane) and PP-(n-pentano)-CO2 using 
the PC-SAFT equation of state. In this work resins of low molecular weight (MW = 50400 
and 95400) at moderate pressure (below 350 bar) were considered. The PC-SAFT, Sanchez-
Lacombe and Peng-Robinson models were used to predict the cloud point pressures from 
experimental data on each system. Although all the models were able to describe the 
system, the PC-SAFT equation showed superior performance. For all the models, the 
authors used the temperature dependent BIP. 

Spyriouni and Economou [152] evaluated the performance of SAFT and PC-SAFT equations 
of state to describe the phase behavior of mixtures containing polydisperse polymers and 
copolymers at high pressure. Although there are several studies showing the application of 
both equations in modeling the phase behavior of polymer systems, the major contribution 
of this work was to compare the performance of both models for a wide variety of 
homopolymers and copolymers. The authors concluded that both models show a similar 
performance in modeling the equilibrium, however, from the data presented, the PC-SAFT 
model shows superior results for most systems. 
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Pedrosa et al. [153] presented phase equilibrium calculations for polyethylene solutions with 
varying solvents using two different versions of the SAFT equation: PC-SAFT and the soft-
SAFT. The soft-SAFT equation uses the spherical fluid of Lennard-Jones as a reference, 
including attractive and repulsive interactions, while the reference term in the PC-SAFT 
equation is the rigid sphere chain. The studies carried out by Pedrosa et al. [153], which also 
dealt with vapor-liquid equilibrium, showed that results with soft-SAFT equation are 
slightly more accurate than those obtained with PC-SAFT in some cases. 

Buchelli et al. [154] investigated the performance of the PC-SAFT equation of state for 
modeling the HPS and LPS units downstream from a low-density polyethylene tubular 
reactor. Plant data were used to validate the equilibrium stage model prediction for the two 
gas-liquid flash separators, however, the pure component parameters and BIP of this model 
were obtained exclusively from experimental data published in the literature. The authors 
achieved good agreement between the model and LPS plant data, although the predicted 
solubility was not in agreement with plant-measured values for the HPS. 

Guerrieri [155] investigated the behavior of polymeric systems in two industrial 
polyethylene plants, a LDPE plant and a HDPE/LLDPE plant, using the PC-SAFT equation. 
The liquid-liquid equilibrium at high pressure, observed in the reactor, and the vapor-liquid 
equilibrium, observed in the low-pressure separator, were investigated in the LDPE plant. 
For this study, 8 commercial resins were considered. In the HDPE/LLDPE plant, the vapor-
liquid equilibrium in the intermediate pressure separator was investigated. Here, 25 
commercial resins were investigated. The experimental data were taken from measurements 
and mass/energy balances available in both plants, and the modeling of binary and 
multicomponent systems consisting of ethylene, ethane, propylene, propane, 1-butene, 
cyclohexane, 1-octene and polymer was carried out. 

Tihic et al. [156]-[157] developed a group contribution method to be used in PC-SAFT 
equation to predict their pure parameters. If pure polymer parameters in SAFT-type 
equations are obtained only from density data, poor predictions of phase equilibrium may 
result. Therefore, the group contribution method for parameter estimation was developed 
through the adjustment of vapor pressure and density data based on a database of 400 
components of low molecular weight. The data required to calculate the phase equilibrium 
for polymers using this contribution method are the polymer molecular structure in terms of 
functional groups and a single interaction parameter for accurate mixture calculations. 

Understanding the phase behavior of polymer solutions is of great theoretical and practical 
importance. Some work has also been done on the development of algorithms for real-time 
prediction of SLE in solution polymerization of polyethylene based on PC-SAFT EOS and to 
study the effects of monomer and polymer polydispersity in solution polymerization 
processes [158]. Costa et al. [68] also modeled the SLE in polyolefins (polyethylene and 
polypropylene) solutions using PC-SAFT EOS for a variety of different polymer-solvent 
systems at atmospheric and high pressure with very good results. Pressure versus 
temperature (P-T) isopleths can be used to determine the number of phases present at a 
given T, P, and overall mixture composition. The PC-SAFT EOS was applied by Costa et al. 



 
Polymerization 390 

[159] to simulate the curves that describe the borderlines between several distinct regions 
depicted in P-T isopleths for polyethylene solutions. A new strategy was used and the 
simulation results show good agreement with experimental cloud point isopleths data from 
the literature. In order to track the operational performance of industrial reaction systems 
safely, a strategy to calculate the distance between a given operational point (specified 
through a given pressure and a given temperature) and the corresponding point in the 
interface, for a fixed molecular weight and a fixed polymer fraction weight, has been 
developed which could also be extended for real-time prediction applications. 

Kleiner et al. [160] extended the association term of the PC-SAFT EOS to account for the 
polydispersity of the copolymer samples. This EOS was used to model cloud-point 
curves of the systems poly(ethene-co-acrylic acid)-ethene and poly(ethene-co-
methacrylic acid)-ethene. Both copolymer composition and molecular weight 
distribution were varied. To account for polydispersity the concept of 
pseudocomponents has been applied and they were generated such as to match the 
molecular weight distribution. An algorithm has been developed for calculating phase 
equilibria of polydisperse associating copolymer-solvent systems. The PC-SAFT 
approach turns out to be capable of adequately modeling and even predicting the phase 
behavior of the polydisperse polymeric systems by using two pseudocomponents for 
each copolymer, but no additional adjustable parameters. 

Phase-dependent BIP were computed by Costa et al. [161] with PC-SAFT EOS by correlating 
the flash results for both high and low pressure separators (HPS and LPS) for the 
industrially significant mixture ethylene-ethane-propane-propylene-LDPE. HPS and LPS 
data were correlated for five of eight LDPE resins. A pressure, composition and molar mass 
dependent binary interaction parameter model was proposed for both the vapour and liquid 
phase. The resulting model was able to provide a good representation of the experimental 
data. The polydispersity and branching of the LDPE resins, as well as the temperature, were 
lumped into the BIP. Clearly, the proposed phase-dependent BIP model provides a good 
representation of the phase behaviour in two industrial separators for very complex 
polydisperse mixtures. 

5. Conclusions 

This chapter has presented a review of equation of state models for polymers, 
demonstrating their increasing evolution in performance for describing phase equilibria in 
polymer systems. The development of EOS for polymers remains a very active area of 
research and it is difficult to recommend a specific EOS [2]. 

In general the equations of state using GE models are unable to describe high-pressure phase 
equilibria with the desired quality [65], thus have a more restricted application. On the other 
hand, their equations and mixing rules are simple, which facilitates their convergence and 
the obtaining of terms required for the calculation of other thermodynamic properties, e.g. 
mixture specific heat. 
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Regardless of the model used, the calculation of the parameters of the pure components for 
polymers is a major challenge. When using an equation of state, the need for other 
applications besides the description of phase equilibria and PVT data, such as the 
calculation of Joule-Thompson coefficient and general energy balances should be borne in 
mind. Despite its importance, little research has been done in this respect with polymer 
systems. Note that the simpler the equation and its mixing rule, the easier it will be to obtain 
these properties and other important thermodynamic properties. 

Although the PC-SAFT equation seems to show certain superiority in performance when 
compared to other models, no agreement was observed in the reviewed literature on which 
concept and/or thermodynamic model structure is better. Thus the choice of the model 
remains dependent on the system and its conditions. Although many studies address 
polymeric systems with a high concentration of polymers in a wide range of molecular 
weights, very few studies can be found that model oligomers (low molecular weight 
polymers), despite being a relevant problem as in many cases the quality of its 
measurement/prediction is critical for the proper functioning of important process 
equipment. 
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1. Introduction 

Rheology is science which treats the deformation and flow of materials. The science of 
rheology is applied to the physics, chemistry, engineering, medicine, dentistry, pharmacy, 
biology and so on. Classical theory of elasticity treats the elastic solid which is accordant to 
Hooke’s law [1]. The stress is directly proportional to strain in deformations and is not 
dependent of the rate of strain. On the other hand, that of hydrodynamics treats the viscous 
liquid which is accordant to Newton’s law [1]. The stress is directly proportional to rate of 
strain and is not dependent of the strain. However, most of materials have both of elasticity 
and viscosity, that is, viscoelastic properties. Mainly viscoelastic properties of the polymers are 
analyzed in rheology. Rheology would have two purposes scientifically. One is to determine 
relationship among deformation, stress and time, and the other is to determine structure of 
molecule and relationship between viscoelastic properties and structure of the materials. 

2. Theory of rheology in polymeric materials 

A strong dependence on time and temperature of the properties of polymers exists 
compared with those of other materials such as metals and ceramics. This strong 
dependence is due to the viscoelastic nature of polymers. Generally, polymers behave in a 
more elastic fashion in response to a rapidly applied force and in a more viscous fashion in 
response to a slowly applied force. Viscoelasticity means behavior similar to both purely 
elastic solids in which the deformation is proportional to the applied force and to viscous 
liquids in which the rate of deformation is proportional to the applied force. The behavior of 
polymers is very complex due to this dual nature.  

Generally a mechanical model is used to explain viscoelastic behavior of materials which 
consist of springs and dashpots. The spring complies with Hooke’s law as a mechanical 

© 2012 Murata, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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model with an elastic element. When a spring is fixed at one end and a load is applied at the 
other, it becomes instantaneously extended. Then, after the load is removed, it immediately 
recovers its original length [2] (Fig 1). On the other hand, the dashpot complies with 
Newton’s law of viscosity as a mechanical model with a viscous elememt. When a load is 
applied to a dashpot, it opens gradually, strain being a function of time. Then, after the load 
is removed, the dashpot remains open and recovery does not occurs [2] (Fig 2). The 
mechanical model which consists of a Hookean spring and a Newtonian dashpot in parallel 
is a Voigt element (Fig 3), and that in series is a Maxwell element (Fig 4) [3]. These are 
simple models and the behavior of polymers can be explained by combining these models. 

 
Figure 1. A spring which represents an elastic material. 

 
Figure 2. A dashpot which represents a viscous material. 

 
Figure 3. Creep test and a Voigt model. 
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Figure 4. Stress relaxation test and a Maxwell model. 

Measurement of viscoelastic properties of polymeric materials is achieved by several tests. 
These include static measurements such as creep test and stress relaxation test and dynamic 
measurement. 

2.1. Creep 

Creep test measures strains caused by a specific load, i.e. a definite force, in a certain range 
of time. This phenomenon is analyzed using a Voigt model (Fig 3).  

 
Figure 5. (a) Four-element model for creep and creep recovery; (b) creep and creep recovery. 
OA: Instantaneous strain; AB: Time dependent opening; BC: Instantaneous recovery (=OA); CD: Slow 
recovery; EF: Permanent deformation. 

Stress-relaxation test

Maxwell model

S
tre

ss

Time

Time

S
tra

in

Stress-relaxation test

Maxwell model

S
tre

ss

Time

Time

S
tra

in
S

tre
ss

Time

Time

S
tra

in

(a) (b)



 
Polymerization 406 

Furthermore, creep and creep recovery of a material can be analyzed by a four-element 
model (Fig 5). When a constant stress is applied at t = 0, the material shows an instantaneous 
increase in strain (the spring E1), followed by a gradual increase in strain (the spring E2 / 
dashpot η2 and dashpot η3). On removal of the stress, the spring E1 recovers instantaneously 
followed by gradual recovery of the spring E2 / dashpot η2. Some permanent deformation 
remains as a consequence of the dashpot η3 [2]. 

2.2. Stress relaxation 

Stress relaxation test measures the stress required to maintain the level of strain as a 
function of time after rapidly deforming a specific volume of the material. The Stress 
relaxation behavior of cross-linked amorphous polymer is different from that of uncross-
linked amorphous polymer.  

The cross-linked amorphous polymer does not flow. Thus stress relaxation curves of the cross-
linked polymers are evaluated by the analogies of a three-element model in which one 
Maxwell element and one spring are connected in parallel (Fig 6) [4]. The equilibrium modulus 
to be Ee, then the relaxation modulus Er(t) for the three-element model is defined as: 
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where total stress is σ(t), strain is γ0, stress on Maxwell element and degenerated element 
only with the spring are σ1 and σe, elastic modulus E1, coefficient of viscosity η1, and 
relaxation time τ1. 

The instantaneous moduli E0 (= Er(0)) and η1, respectively, were represented by: 

 0 1 e

1 1 1

0rE E E E
E 

  


 

On the other hand, uncross-linked amorphous polymer flows. Thus stress relaxation curves 
of the uncross-linked polymers are evaluated by the analogies of a four-element model in 
which two Maxwell elements are connected in parallel (Fig 7) [5]. Er(t) for the four-element 
model is defined as: 

0

1 1 2 2

0

1 1 2 2

( ) ( ) /
(0)exp( / ) (0)exp( / )

(0)exp( / ) (0)exp( / )

rE t t
t t

E t E t

 
   


 



  


   

 

where the stress on Maxwell elements is σ1 and σ2, elastic moduli are E1 and E2, the 
coefficient of viscosity η1 and η2, and the relaxation time τ1 and τ2 (τ1 > τ2). 
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where the stress on Maxwell elements is σ1 and σ2, elastic moduli are E1 and E2, the 
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Figure 6. (a) Stress relaxation curve of cross-linked polymers; (b) Three-element model in which one 
Maxwell element and one spring are connected in parallel (Reference [4]). 
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To make comparison among the materials, the above rheological parameters are used. 

 
Figure 7. (a) Stress relaxation curve of uncross-linked polymers; (b) Four-element model in which two 
Maxwell elements are connected in parallel (Reference [5]). 
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2.3. Dynamic viscoelastic properties 

Viscoelastic properties of polymeric materials have been characterized by means of creep 
test and stress relaxation test. These static measurements have provided valuable 
information on the materials. However, these methods are not suitable for rigorous 
evaluation of the rheological characteristics of the materials. Dynamic mechanical test, 
which measures the response of the material to sinusoidal or other cyclic stresses, is suitable 
for rigorous evaluation of the rheological characteristics of the materials.  

A schematic representation of the relationship between stress and strain, with a sinusoidally 
varying stress, for a perfectly elastic material, a viscoelastic material and perfectly viscous 
liquid is shown in Figure 8 to explain analysis of dynamic viscoelasticity [6, 7]. Using a 
dynamic viscoelastometer, a sinusoidal tensile strain is added to one end of a specimen and 
the stress response is detected at the other end. For a perfectly elastic solid, the strain is 
exactly in phase with the stress. For a perfectly viscous liquid, the strain is 90° out of phase. 
In the case of a viscoelastic material, the strain is somewhere in between (π/2 > δ > 0). 
Amplitude attenuation of the sinusoidal strain and delay of the strain wave are known to be 
dependent on the viscoelastic properties of the material [1, 6, 7]. The complex modulus E*, 
which is determined experimental by applying a sinusoidal stress, is resolved into two 
components, i.e. storage modulus E' and loss modulus E" (Fig 8). E' is the ratio of the stress 
in phase with the strain to the strain, whereas E" is the ratio of the stress 90° out of phase 
with the strain to the strain. E' represents the elastic component of material behavior and it 
directly proportional to the energy storage in a cycle of deformation. E" represents the 
viscous component of material behavior and it isdirectly proportional to the average 
dissipation or loss of energy as heat in a cycle of deformation. The tangent of the phase 
angle (δ) between stress and strain, the loss tangent (tan δ), is a useful parameter and a 
measure of the ratio of energy lost to energy stored during cyclic deformation [6]. 

The complex modulus E* of each material is calculated as follows [6]: 

*  / /E F S Lt L     

where ΔF is the dynamic load,S the area of specimen, Lt the length of specimen and ΔL the 
dynamic displacement. 

The storage modulus E' and loss modulus E", are defined as: 

 





*  ' i "
*  cos

 sin

E E E
E' E

E" E*




 

where i = √-1. The loss tangent tan δ is given by 
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which measures the response of the material to sinusoidal or other cyclic stresses, is suitable 
for rigorous evaluation of the rheological characteristics of the materials.  

A schematic representation of the relationship between stress and strain, with a sinusoidally 
varying stress, for a perfectly elastic material, a viscoelastic material and perfectly viscous 
liquid is shown in Figure 8 to explain analysis of dynamic viscoelasticity [6, 7]. Using a 
dynamic viscoelastometer, a sinusoidal tensile strain is added to one end of a specimen and 
the stress response is detected at the other end. For a perfectly elastic solid, the strain is 
exactly in phase with the stress. For a perfectly viscous liquid, the strain is 90° out of phase. 
In the case of a viscoelastic material, the strain is somewhere in between (π/2 > δ > 0). 
Amplitude attenuation of the sinusoidal strain and delay of the strain wave are known to be 
dependent on the viscoelastic properties of the material [1, 6, 7]. The complex modulus E*, 
which is determined experimental by applying a sinusoidal stress, is resolved into two 
components, i.e. storage modulus E' and loss modulus E" (Fig 8). E' is the ratio of the stress 
in phase with the strain to the strain, whereas E" is the ratio of the stress 90° out of phase 
with the strain to the strain. E' represents the elastic component of material behavior and it 
directly proportional to the energy storage in a cycle of deformation. E" represents the 
viscous component of material behavior and it isdirectly proportional to the average 
dissipation or loss of energy as heat in a cycle of deformation. The tangent of the phase 
angle (δ) between stress and strain, the loss tangent (tan δ), is a useful parameter and a 
measure of the ratio of energy lost to energy stored during cyclic deformation [6]. 

The complex modulus E* of each material is calculated as follows [6]: 

*  / /E F S Lt L     

where ΔF is the dynamic load,S the area of specimen, Lt the length of specimen and ΔL the 
dynamic displacement. 

The storage modulus E' and loss modulus E", are defined as: 
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The rheological parameters of E', E" and tan δ are often used to evaluate the temperature or 
frequency - dependence of the materials. 

 
Figure 8. Schematic representation of dynamic mechanical test instrument and relationship between 
stress and strain of perfectly elastic solid (Hookean body) (A), viscoelastic material (B) and perfectly 
viscous liquid (Newtonian fluid) (C) with sinusoidally varying stress (Reference [6, 7]). 

3. Experimental methods 

Experimental methods depend on the condition of materials (liquid, solid, or sol-gel 
transition). 

3.1. Viscoelastic liquid and gelation 

There are many methods of measurements for viscoelastic liquid and gelation. In this 
section, the method by means of rheometer is introduced. An apparatus and schematic 
representation of dynamic viscoelasticity during the sol – gel transition are shown in Figure 
9 and 10, respectively. The rheometer with a parallel plate or cone and plate test 
configuration is often used in oscillatory mode. The paste was placed on the plate of the 
rheometer. Torque is monitored at constant oscillating frequency and angular displacement. 

In the parallel plate system, the shear strain (γ) and shear stress (τ) are determined 
experimentally as follows:  
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where Fγ (=R/d) is the shear strain factor; Fτ (=2/πR3) the shear stress factor; ω the angular 
displacement; T the torsional force; R the radius of the plate and d the shear gap.  

The complex dynamic shear modulus (G*), shear storage modulus (G'), shear loss modulus 
(G") and loss tangent (tan δ) are defined as follows [8]:  
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where i = √-1, and δ is the phase angle between stress and strain. 

G' represents the elastic component of material behavior, whereas G" represents the viscous 
component of material behavior.  

 
Figure 9. Controlled-stress rheometer. 

Polymers undergo phase transition from liquid to solid at a critical extent of reaction during 
gelation. The instant of this transition is called the gel point [3]. The polymer is said to be at 
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the gel point if its steady shear viscosity is infinite and its equilibrium modulus is zero, and 
at least one chain of infinite molecular weight has been created. The following scaling law at 
the gel point is suggested [9]; 

1/2'( ) "( ) ~G G    

At the gel point, G' and G" are congruent, i.e. tan δ =1, and this behavior is valid in the entire 
range 0 < frequency ω < ∞. Thus the gelation time is defined as the time to reach the gel 
point at which tan δ =1 (G'=G") [3, 8, 9] (Fig 10). 

 
Figure 10. (a) Schematic diagram of a controlled-stress rheometer in a parallel plate configuration; (b) 
Schematic representation of dynamic viscoelastic properties of gelation system as a function of reaction 
time (Reference [8]). 

3.2. Viscoelastic solids 

The dynamic viscoelastic properties of polymeric solids are measured mainly by one of 
three methods; namely, the free tortional vibration method, resonance forced vibration 
method and non-resonance forced vibration method. The free damped oscillation of a 
torsion pendulum is used in the free torsional vibration method. However, this method is 
limited at the low end of the frequency range (less than 0.1 Hz) due to the effect of air 
resistance. The resonance forced vibration method also operates most effectively at high 
frequencies (greater than 10 Hz) and requires large specimens for accurate measurements. 
The non-resonance forced vibration method overcomes the deficiencies of the other two 
methods. The method enables the frequency-dependent properties of the polymeric solids to 
be determined over a wide range of frequencies, such as 0.01 - 100 Hz, and thus allows 
predictions of behavior under various conditions [6, 10]. 

(a)

(b)

(a)

(b)
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One example of dynamic viscoelastometer based on a principle of non-resonance forced 
vibration is shown in Figure 11. This device consists of a measurement operation block, 
high/low constant temperature chamber, main unit, power unit, data processing device and 
testing jigs. The main unit performs high speed analogue-to-digital, digital-to-analogue 
conversion and transmits input-output signals to the measurement operating block, 
high/low temperature chamber and data processor. The measurement operating block 
consists of a magnetic exciter, tension control motor, amplitude detecting sensor and 
amplifier, load detecting load cell and chucks. During testing a suitable tension is applied to 
the loaded specimen and the dynamic displacement, i.e. sine wave vibration (sinusoidal 
stress), is added as a forced power. At the other end of the specimen, the dynamic load is 
detected and this is converted to familiar rheological parameters such as dynamic strain and 
dynamic stress, complex dynamic tensile modulus (E*), tensile storage modulus (E'), tensile 
loss modulus (E") and loss tangent (tan δ) [6]. 

 
Figure 11. Dynamic viscoelastometer. (a): specimen, (b): high/low constant temperature chamber, (c): 
driver and displacement detector, (d): load detector, (e): main unit, (f): power amplifier, and (g): 
personal computer. 

4. Rheology in biomaterials 

Many biomaterials are available in medicine and dentistry. In this section, rheological 
properties of dental materials for dentures such as denture base and denture liners are 
referred (Fig 12). Denture is a removable artificial replacement for one or more teeth carried 
on a removable plate or flame. Denture liners are of two types, hard denture reline resins 
and soft denture liners [11]. 
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Figure 12. Dental materials for denture. 

4.1. Denture base resin and hard denture reline resin 

Denture base materials generally consist of heat-polymerized acrylic resins. Hard denture 
reline resins are used to improve the stability and retention of ill-fitting complete and 
removable partial dentures. Several types of these resins are available, including 
autopolymerized and visible light-polymerized materials (Fig 13). Visible light-polymerized, 
hard denture reline resins can be divided into 2 groups according to the supplied form: a 
powder-liquid type and a paste-type. Some visible light-polymerized reline resins are dual-
polymerized. The powder form of the visible light-polymerized and autopolymerized, 
powder-liquid type materials consists of poly (ethyl methacrylate), poly (methyl 
methacrylate), or poly (methyl methacrylate/ethyl methacrylate), along with a peroxide 
initiator, and pigment. The liquid components are mixtures of methacrylate-based monomers: 
methyl methacrylate, n-butyl methacrylate, or cyclohexyl methacrylate, along with a cross-
linking agent (ethoxylated bisphenol A dimethacrylate or 1,6-hexanediol dimethacrylate). In 
addition, the liquid forms of the visible light-polymerized materials and the autopolymerized 
materials include a photoinitiator, such as camphorquinone, and a chemically activated 
accelerator, such as N,N-dimethyl p-toluidine, respectively. The dual-polymerized materials 
contain both compounds. The visible light-polymerized, paste-type materials are a mixture of 
methacrylate copolymers, a polyfunctional monomer (such as urethane dimethacrylate), and a 
silica filler, which acts as a thickening agent. The differences in composition and structure will 
influence the mechanical properties of the resulting polymer. Increased cross-linking and 
microfine silica may result in higher flexural modulus values. The degree of cross-linking of 
heat-polymerized denture base resins is higher than that of direct denture reline resins. The 
paste-type materials include the silica filler [2, 7]. 

 
Figure 13. Classification of hard denture reline resins. 
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Figure 14. Storage (E') and loss moduli (E") at 1 Hz of hard denture reline resins and heat-polymerized 
denture base resins. Within test parameter, values having similar uppercase letters (E') or lowercase 
letters (E") are not statistically different. Within each material type, E' > E" (Reference [7]). 

The previous study evaluated the dynamic mechanical properties of 8 hard denture reline 
resins and 2 denture base resins using a dynamic viscoelastometer based on a principle of 
non-resonance forced vibration [7]. The storage modulus (E') values of 3 visible light-
polymerized, paste-type reline resins were significantly higher than those of the other 5 
reline resins. However, the E' values of all reline resins were significantly lower than those 
of the 2 heat-polymerized denture base resins. Except for 1 autopolymerized reliner, all 
reline materials had significantly lower loss modulus (E") than the heat-polymerized 
denture base resins (Fig 14). The loss tangent (tan δ) values of all visible light (except for 1) 
and autopolymerized reliners were significantly higher than those of the heat-polymerized 
denture base materials (Fig 15). It has been found that the visible light-polymerized, paste-
type reline resins tend to show greater stiffness than the visible light- or autopolymerized, 
powder-liquid type reline resins. This finding may be attributed to the presence of silica 
fillers in these products, which act to reinforce the resin. All of the hard denture reline resins 
have been also found to exhibit greater flexibility compared to the heat-polymerized 
denture base resins. Differences in dynamic mechanical properties are most likely due to 
differences in material composition and character of the resulting polymerized network. For 
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example, the type, molecular weight and particle size of the polymer powder, the type and 
content of the monomer and cross-linking agent, and the powder/liquid ratio may all have 
an influence on mechanical properties of the polymerized material. In the case of the paste-
type materials, type, concentration, and particle size of the filler may also have a large 
influence on the properties. A lower degree of cross-linking and a smaller quantity of silica 
filler in the reline resins may result in increased flexibility characteristics [7]. 

 
Figure 15. Loss tangent (tan δ) at 1 Hz for hard denture reline resins and heat-polymerized denture 
base resins. Within test parameter, values having similar letters are not statistically different. Increase in 
tan δ values indicates material is more able to absorb more energy without elastically returning it, 
acting more as shock absorber (Reference [7]). 

4.2. Soft denture liner 

4.2.1. Dynamic viscoelastic properties 

Soft denture liners are widely used for denture wearers who complain of masticatory pain. 
These patients have a thin and non-resilient oral mucosa and/or severe alveolar resorption. 
These materials are applied to the denture intaglio surface to distribute and absorb 
masticatory forces by means of the cushioning effect. The clinical effect of the materials is 
considered to be influenced by viscoelastic properties and durability [11].  
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Soft denture liners are divided into permanent soft liners and acrylic temporary soft liners (Fig 
16). The permanent soft liners can be classified into mainly: (1) autopolymerized silicone, (2) 
heat-polymerized silicone, (3) autopolymerized acrylic resin, and (4) heat-polymerized acrylic 
resin. The acrylic temporary soft liner is classified as tissue conditioner [11]. 

 
Figure 16. Classification of soft denture liners. 

The autopolymerized silicone permanent soft liners are supplied in the form of a two-paste 
cartridge. These materials are based on a polyvinylsiloxane system. They do not involve the 
production of by-product such as ethyl alcohol after setting because this setting reaction is 
the self-curing addition. The heat-polymerized silicone permanent soft liners are supplied as 
a one-paste system with a free radical initiator. This product consists of a 
polydimethylsiloxane polymer with pendant or terminal vinyl group that cross-linking 
occurs [2, 11]. 

Both the autopolymerized and heat-polymerized acrylic permanent soft liners are supplied 
as a powder and liquid. The powder generally consists of poly (ethyl methacrylate) or poly 
(butyl methacrylate) along with some peroxide initiator. The liquid of autopolymerized 
acrylic material consists of 2-ethylhexyl methacrylate, tertiary amine and plasticizer. Those 
of heat-polymerized material are a mixture of methyl methacrylate and plasticizer [11]. 

The tissue conditioner also supplied as powder and liquid components. The main 
component of the polymer powder of most of the materials is poly (ethyl methacrylate) or 
a related copolymer. The liquid is a mixture of a plasticizer, such as butyl phthalyl butyl 
glycolate, dibutyl phthalate and dibutyl sebacate, and ethyl alcohol. Some material based 
on poly (butyl methacrylate) or a related copolymer contains no ethyl alcohol in the 
liquids [11]. 

Tissue conditioners contain no monomers in the liquid and no initiator in the powder. Thus 
the materials are uncross-linked amorphous polymers. On the other hand, both the silicone 
and acrylic permanent soft liners are cross-linked amorphous polymers. The differences in 
structure would influence the clinical behavior of the relined denture [11, 12]. 

The previous study evaluated the dynamic viscoelastic properties of soft denture liner over 
a wide range of frequency by a dynamic viscoelastometer (Fig 17) [6, 13]. The dynamic 

Soft denture liner 

Permanent soft liner Acrylic temporary soft liner
(Tissue conditioner) 

Autopolymerized
silicone 

Heat-polymerized
silicone 

Autopolymerized
acrylic resin 

Heat-polymerized
acrylic resin 

Soft denture liner 

Permanent soft liner Acrylic temporary soft liner
(Tissue conditioner) 

Autopolymerized
silicone 

Heat-polymerized
silicone 

Autopolymerized
acrylic resin 

Heat-polymerized
acrylic resin 



 
Polymerization 416 

Soft denture liners are divided into permanent soft liners and acrylic temporary soft liners (Fig 
16). The permanent soft liners can be classified into mainly: (1) autopolymerized silicone, (2) 
heat-polymerized silicone, (3) autopolymerized acrylic resin, and (4) heat-polymerized acrylic 
resin. The acrylic temporary soft liner is classified as tissue conditioner [11]. 

 
Figure 16. Classification of soft denture liners. 

The autopolymerized silicone permanent soft liners are supplied in the form of a two-paste 
cartridge. These materials are based on a polyvinylsiloxane system. They do not involve the 
production of by-product such as ethyl alcohol after setting because this setting reaction is 
the self-curing addition. The heat-polymerized silicone permanent soft liners are supplied as 
a one-paste system with a free radical initiator. This product consists of a 
polydimethylsiloxane polymer with pendant or terminal vinyl group that cross-linking 
occurs [2, 11]. 

Both the autopolymerized and heat-polymerized acrylic permanent soft liners are supplied 
as a powder and liquid. The powder generally consists of poly (ethyl methacrylate) or poly 
(butyl methacrylate) along with some peroxide initiator. The liquid of autopolymerized 
acrylic material consists of 2-ethylhexyl methacrylate, tertiary amine and plasticizer. Those 
of heat-polymerized material are a mixture of methyl methacrylate and plasticizer [11]. 

The tissue conditioner also supplied as powder and liquid components. The main 
component of the polymer powder of most of the materials is poly (ethyl methacrylate) or 
a related copolymer. The liquid is a mixture of a plasticizer, such as butyl phthalyl butyl 
glycolate, dibutyl phthalate and dibutyl sebacate, and ethyl alcohol. Some material based 
on poly (butyl methacrylate) or a related copolymer contains no ethyl alcohol in the 
liquids [11]. 

Tissue conditioners contain no monomers in the liquid and no initiator in the powder. Thus 
the materials are uncross-linked amorphous polymers. On the other hand, both the silicone 
and acrylic permanent soft liners are cross-linked amorphous polymers. The differences in 
structure would influence the clinical behavior of the relined denture [11, 12]. 

The previous study evaluated the dynamic viscoelastic properties of soft denture liner over 
a wide range of frequency by a dynamic viscoelastometer (Fig 17) [6, 13]. The dynamic 

Soft denture liner 

Permanent soft liner Acrylic temporary soft liner
(Tissue conditioner) 

Autopolymerized
silicone 

Heat-polymerized
silicone 

Autopolymerized
acrylic resin 

Heat-polymerized
acrylic resin 

Soft denture liner 

Permanent soft liner Acrylic temporary soft liner
(Tissue conditioner) 

Autopolymerized
silicone 

Heat-polymerized
silicone 

Autopolymerized
acrylic resin 

Heat-polymerized
acrylic resin 

 
Rheology – Theory and Application to Biomaterials 417 

viscoelastic behavior of the acrylic soft liners showed sensitivity to changes in frequency, 
while that of the silicone was not markedly frequency dependant. The acrylic soft liners had 
higher tan δ than the silicone soft liners. That is, the acrylic materials demonstrated 
viscoelastic properties, and the silicones were found to be elastic with tan δ approaching 
zero. Furthermore, the acrylic permanent materials differed from the temporary materials 
through the nature of the dependence of tan δ on frequency. Tan δ of the acrylic permanent 
materials increased as the frequency increased from 0.01 to 10 Hz, then decreased again at 
higher frequencies. Conversely, tan δ of the acrylic temporary materials decreased as the 
frequency increased from 0.01 to 10 Hz, then increased again at higher frequencies. Large 
differences in dynamic viscoelasticity among the materials are most likely due to the 
differences in the composition and structure. In high-damping materials and especially at 
the damping peak, much of the energy to deform a material is dissipated directly into heat 
[3]. Therefore, tan δ is considered to reflect the cushioning effect of the soft denture liners 
required in the clinical situation [13].  

This parameter is also a sensitive indicator of cross-linking [14]. The acrylic temporary 
materials are formed by polymer chain entanglements of uncross-linked polymers. These 
entanglements act as temporary and relatively weak cross-links. At temperatures well above 
the glass transition temperature, damping decreases with an increasing degree of cross-
linking. The ability of the acrylic materials, having higher values of tan δ, to absorb energy 
and relieve stress will be greater than that of the silicones with lower tan δ values [13]. 

4.2.2. Durability 

Changes in dynamic viscoelasticity of soft denture liners over a 3 years period have been 
determined [6]. The changes in water storage varied markedly among the soft denture liners 
(Fig 18). The acrylic soft liners exhibited a greater increase in the storage modulus, loss 
tangent and especially loss modulus with time than the silicone permanent soft liners. The 
low molecular weight plasticizer contained in the acrylic soft liners is leached out into the 
water, and, at the same time, water is absorbed into the materials [15]. This will lead to loss 
of initial viscoelasticity and deterioration in the material conditions. The silicone materials 
remained stable over time. This would be due to the low water absorption and low 
solubility of components [16]. From the standpoint of durability, the silicone soft liners are 
better than the acrylic materials clinically. 

4.2.3. Clinical consideration 

Relationship between dynamic viscoelasticity and masticatory function has been 
determined [11,13]. The masticatory function of 10 complete-denture wearers was evaluated 
by means of maximum bite forces, chewing times and frequencies for test food samples 
(ham, pickled radish). The patients’ subjective assessments of satisfaction with the relined 
denture were also conducted by means of visual analogue scales (VAS). One acrylic 
temporary soft liner (tissue conditioner), 1 silicone permanent soft liner and 1 acrylic 
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permanent soft liner were applied to the mandibular dentures at a thickness of 2 mm. Hard 
resin-based dentures were also evaluated. 

 
Figure 17. Dependence of storage modulus G' (A), loss modulus G" (B) and loss tangent tan δ (C) on 
frequency for 6 soft denture liners. Acrylic temporary soft liners A (●) and B (○), silicone permanent soft 
liners C (■) and D (□), and acrylic permanent soft liners E (▲) and F (Δ) (Reference [13]). 
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Figure 18. Variation of storage modulus E' with time of storage of 4 soft denture liners at 1 Hz. Acrylic 
permanent soft liners A (●) and B (○), and silicone permanent soft liners C (■) and D (□) (Reference [6], a 
part is altered). 

Higher maximum bite force and VAS values mean the higher masticatory function. The 
viscoelasticity of soft denture liners was found to have a great influence on the masticatory 
function of the complete denture wearers (Fig 19). The greater improvement in masticatory 
function was observed in dentures lined with the acrylic permanent soft liners, which have 
higher loss tangent and storage modulus, than in those lined with the silicone permanent soft 
liners, which have lower loss tangent and higher storage modulus at 1 Hz (Fig 17). The 
improvement by dentures lined with the acrylic temporary soft liners, which have higher loss 
tangent and lower storage modulus, was smaller than that by the other soft denture liners. 

A higher value of loss tangent (i.e., viscoelastic properties) is likely to exhibit a degree of 
stress relief under masticatory forces. Theoretically the physical properties of basal seat 
mucosa should be equal to those of soft denture liners. The Young's moduli E of the oral 
mucosa was reported to range from approximately 0.4 to 4.4 MPa [17]. E of acrylic 
temporary soft liners is lower than that of oral mucosa, while E of both acrylic and silicone 
permanent soft liners is with in the range of E for mucosa. Higher storage modulus may 
produce more ability of instantaneous crush of food by the soft-lined dentures. It was found 
that the application of a soft denture liner having a relatively high value of both loss tangent 
(i.e., viscoelastic properties) and storage modulus to the mandibular complete denture leads 
to the most marked improvement in masticatory function [11, 13]. 

4.2.4. Sol-gel transition 

The influence of composition and structure on dynamic viscoelasticity of concentrated 
polymer solutions based on poly (ethyl methacrylate) (PEMA) used as acrylic temporary 
soft liners (tissue conditioners) through the sol-gel transition was evaluated [8]. The acrylic 
temporary soft liners are concentrated polymer solutions based on PEMA which are applied 
to the denture intaglio surface to condition abused tissues underlying ill-fitting dentures. 
The liquid consists of ester plasticizer and ethanol. They are uncross-linked (formed by 
polymer chain entanglement but not cross-linked), amorphous polymers, formed in situ 
from the mixture of a polymer powder and a liquid plasticizer. The polymer powder 
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generally consists of PEMA of molecular weights ranging between 1.79 X 105 and 3.25 X 105 
and contains no initiator. The liquid consists of an ester-based plasticizer and 4 - 50 wt% 
ethanol (EtOH), and contains no monomer. Mixing of the powder and liquid results in 
polymer chain entanglement and formation of a coherent gel characterized by viscoelastic 
behavior. The PEMA particles are slowly penetrated by the large molecules of the ester-
based plasticizer. The alcohol accelerates plasticizer penetration into the polymer to produce 
a clinically acceptable gelation time [18]. 

 
Figure 19. Masticatory function for a subject (Reference [11]). 

Four PEMA polymer powders, with weight average molecular weight (Mw) from 1.08X105 to 
5.30X105 were used. The average particle size was approximately 20 μm and polydispersity 
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(BPBG), dibutyl phthalate (DBP) and benzyl benzoate (BB), and an aliphatic ester dibutyl 
sebacate (DBS) containing ethanol at 2, 5, 10 and 20wt% were used as liquid components. 
The powder/liquid (P/L) ratio was varied from 0.8 to 1.4 by weight. The various 
combinations of the 16 different materials were tested to determine the contribution ratio (ρ) 
of each factor to the gelation times by means of an orthogonal array L16(45) (Table 1). 
Secondly, 26 different materials were used for the determination of the effect of each factor 
by a one-way layout method [8]. 
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Dynamic viscoelastic properties of the materials during gelation were determined at 37°C. A 
controlled-stress rheometer was used with a parallel plate test configuration (diameter=20 
mm, gap=1000 μm) in oscillatory mode (Fig 9). Torque was monitored every 30 sec at 
constant oscillating frequency (1Hz) and angular displacement (3 mrad). The complex 
dynamic shear modulus (G*), shear storage modulus (G'), shear loss modulus (G") and loss 
tangent (tan δ) were determined. The gelation time was defined as the time at which tan δ =1 
(G'=G") was reached, that is the gel point [8]. 

Viscoelasticity of the acrylic temporary soft liners during gelation can conveniently be 
discussed by dividing the curves of tan δ into three regions; region 1, where tan δ decreases 
with time rapidly; region 2, where tan δ =1 (the gel point); region 3, where tan δ continues to 
decrease. At the initial stage in region 1, the PEMA polymers dissolve in the plasticizer, and 
polymer chain entanglements are still scarce. All the solutions are essentially viscous 
Newtonian fluids. Entanglements then begin to occur and the viscosity gradually increases 
with time until the solutions can no longer be described as viscous fluids. Before the gel 
point, although G' is always smaller than G", G' increases much more rapidly than G" and 
thus tan δ decreases rapidly. In the region 2, an infinitely long molecule is produced and the 
system reaches the gel point (liquid-solid transition), which occurs near where tan δ =1. In 
the region 3, pseudo cross-links consisting of chain entanglements are forming. The 
materials behave more elastically with increasing reaction time. G' increases rapidly and 
becomes larger than G" and thus tan δ continues to decrease [8]. 

The compatibility of different polymers and solvents can be predicted by means of the 
solubility parameter (SP), which is the square root of the cohesive energy density or 
vaporization energy (ΔEv) divided by the molar volume (V): 

1/2
vSP  ( E / V)    

In general, polymers and solvents should be mutually soluble when their solubility 
parameters are equal. It has been reported that a method, which considers solvents as 
poorly, moderately, or strongly hydrogen bonded, could give relatively accurate predictions 
of the solubility of a solvent in a polymer (Tables 2 and 3) [12, 19]. 

The gelation time decreased exponentially with an increase in ethanol content. The higher-
molecular-weight polymer powders and a higher P/L ratio produced the shorter gelation 
times. Among the plasticizers, the shortest gelation time was with benzyl benzoate, and the 
longest was observed with dibutyl sebacate (Figs 20 and 21). Furthermore, results from the 
orthogonal array L16(45) indicate that the ethanol (strong polar bonding) content (ρ=53.8%) 
had more influence on gelation time than the molecular weight of polymer powders  
(ρ=26.7%), which in turn had more influence than the type of plasticizer (molar volume )  
(ρ=9.0%) and the P/L ratio (concentration of polymers) (ρ=4.5%). It was found that the 
gelation, i.e., entanglement speed, of concentrated polymer solutions based on PEMA can be 
controlled over a wide range by varying the polymer molecular weight and especially 
ethanol content [8]. 
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 Factor A B C D 
No. Col. 1 2 3 4 5 

1 1 1 1 1 1 
2 1 2 2 2 2 
3 1 3 3 3 3 
4 1 4 4 4 4 
5 2 1 2 3 4 
6 2 2 1 4 3 
7 2 3 4 1 2 
8 2 4 3 2 1 
10 3 2 4 3 1 
11 3 3 1 2 4 
12 3 4 2 1 3 
13 4 1 4 2 3 
14 4 2 3 1 4 
15 4 3 2 4 1 
16 4 4 1 3 2 

  
Factor Level  

A: Plasticizer  A1 = Butyl phthalyl 
         butyl glycolate A2 = Dibutyl phthalate 

   A3 = Benzyl benzoate A4 = Dibutyl sebacate 
B: Ethanol (wt%) B1 =  2 B2 =  5 B3 = 10 B4 = 20 
C: Mw of polymer 

powders 
C1 = 1.08 
       X 105 

C2 = 2.39 
       X 105 

C3 = 3.75 
    X 105 

C4 = 5.30  
    X 105 

D: P/L ratio D1 = 0.8 D2 = 1.0 D3 = 1.2 D4 = 1.4 

Table 1. Assignment by Orthogonal Array L16(45). Reference [8] 

 

 Molecular 
Weight 

Viscosity (cP) at 
20 oC 

Molar Volume 
(cm3/mol) 

Solubility Parameter 
((J/cm3)1/2)a 

Butyl phthalyl butyl 
glycolate 

336.38 51.3 305.0 20.65 

Dibutyl phthalate 278.35 20.3 265.6 19.00 
Benzyl benzoate 212.25 8.5 190.5 21.98 
Dibutyl sebacate 314.46 10.3 337.1 18.50 
Ethanol 46.07 1.2 58.5 26.00 

a The solubility parameter values are those quoted by Reference [12] 

Table 2. Characteristics and Solubility Parameters of Plasticizers and Ethanol. Reference [8] 
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  Solubility Parameter 
((J/cm3)1/2)a  

 
Poorly hydrogen 
bonded solvent 

Moderately hydrogen 
bonded solvent 

Strongly hydrogen 
bonded solvent 

Poly (ethyl 
methacrylate) 17.4 - 22.7 16.0 - 27.2 19.4 - 23.3 

Poly (methyl  
methacrylate) 

18.2 - 26.0 17.4 - 27.2 0 

a The solubility parameter values are those quoted by Reference [12] 

Table 3. Solubility Parameters of Polymers for Solution. Reference [8] 

 
 

 
 
 
Figure 20. Relationship between variations of G', G" and tan δ of concentrated polymer solutions based 
on PEMA with time and ethanol content in liquids (Reference [8]). 
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Figure 21. Relationship between gelation times of concentrated polymer solutions based on PEMA, and 
(a) ethanol content in liquids and (b) molecular weight (Mw) of polymer powders (Reference [8]). 

5. Conclusion 

In this chapter, basis and theoretical considerarion of rheology, and application in 
biomaterials are described. Rheology will contribute to the science of biomaterials, medicine, 
dentistry and biology in addition to the polymer science much more.  
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