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Preface

The purpose of this book is to help you concentrate on recent developments in polymeriza‐
tion. The chapters collected in the book are contributions by invited researchers with a long-
standing experience in different research areas. I hope that the material presented here is
understandable to a broad audience, not only chemists but also scientists from various disci‐
plines. The book contains nine chapters in three sections: (1) “General Information about
Polymerization,” (2) “Biomaterial Content Polymer Composites,” and (3) “Mechanical Prop‐
erties of Polymerization.” The book provides detailed and current reviews in these different
areas written by experts in their respective fields. This book is expected to be useful for pol‐
ymer workers and other scientists alike and contribute to the training of current and future
researchers, academics, PhD degree students, as well as other scientists.

Asst. Prof. Nevin Çankaya
Uşak University,

Turkey
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Abstract

Emulsion polymerization is a polymerization process with different applications on the 
industrial and academic scale. It involves application of emulsifier to emulsify hydro-
phobic polymers through aqueous phase by amphipathic emulsifier, then generation of 
free radicals with either a water or oil soluble initiators. It characterized by reduction of 
bimolecular termination of free radicals due to segregation of free radicals among the dis-
crete monomer-swollen polymer particles. The latex particles size ranged from 10 nm to 
1000 nm in a diameter and are generally spherical. A typical of particle consist of 1–10,000 
macromolecules, where macromolecule contains about 100–106 monomer units.

Keywords: emulsion polymerization, emulsified monomers, particle nucleation and 
polymerization mechanism

1. Introduction

Emulsion polymerization is a unique process involves emulsification of hydrophobic mono-
mers by oil-in water emulsifier, then reaction initiation with either a water soluble initiator 
(e.g. potassium persulfate (K2S2O8) or an oil-soluble initiator (e.g. 2,2-azobisisobutyronitrile 
(AIBN)) [1, 2] in the presence of stabilizer which may be ionic, nonionic or protective colloid 
to disperse hydrophobic monomer through aqueous solution [3, 4]. Typical polymerization 
monomers involve vinyl monomers of the structure (CH2=CH-). These emulsion polymers 
find a wide range of applications such as synthetic rubbers, thermoplastics, coatings, adhe-
sives, binders, rheological modifiers, plastic pigments [1]. Emulsion polymerization is a rather 
complex process because nucleation, growth and stabilization of polymer particles are con-
trolled by the free radical polymerization mechanisms in combination with various colloi-
dal phenomena [1]. Aside from other polymerization techniques, emulsion polymerization 
affords increasing molecular weight of the formed latexes through decreasing polymeriza-
tion rate by either decreasing initiator concentration or lowering reaction temperature [5, 6]. 

© 2018 The Author(s). Licensee InTech. This chapter is 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.



Systems of emulsion polymerization involve (1) conventional emulsion polymerization, in 
which a hydrophobic monomer emulsified in water and polymerization initiated with a water-
soluble initiator [5]. (2) Inverse emulsion polymerization [7], where organic solvents of very 
low polarity as paraffin or xylene used as a polymerization media to emulsify hydrophilic 
monomers [5], then initiation proceed with the aid of hydrophobic initiator [5]. These two 
polymerization types known as oil-in-water (o/w) and water-in-oil (w/o) emulsions [5]. (3) Mini 
emulsion polymerization involves systems with monomer droplets in water with much smaller 
droplets than in emulsion polymerization and characterized by monomer droplet =50–1000 nm, 
surfactant concentration < critical micelle concentration (CMC), water insoluble co stabilizer 
as hexadecane to prevent Ostwald ripening, polymer particle size equal monomer droplet 
size = 50–1000 nm, and both water soluble and oil soluble initiator used [4, 8]. (4) Microemulsion 
polymerization with very much smaller monomer droplets, about 10–100 nm, and character-
ized by surfactant concentration > CMC, polymer particles = 10–50 nm, water-soluble initiator 
are commonly used [9, 10]. Miniemulsion, microemulsion and conventional emulsion polym-
erizations show quite different particle nucleation and growth mechanisms and kinetics [1]. 
Many articles discuss different types of emulsion polymerization found in literature [1, 11–16].

2. Components of heterogeneous emulsion polymerization

The main components of emulsion polymerization media involve monomer(s), dispersing 
medium, emulsifier, and water-soluble initiator [5, 17–19]. The dispersion medium is water 
in which hydrophobic monomers is emulsified by surface-active agents (surfactant). When 
surfactant concentration exceeds critical micelle concentration (CMC) it aggregate in the form 
of spherical micelles, so surface tension at the surface decrease, as a result hydrophobic mono-
mers enter in to the vicinity of micelle and reaction continue until all monomer droplets are 
exhausted and micelle containing monomers increase in size. Typical micelles have dimen-
sions of 2–10 nm, with each micelle containing 50–150 surfactant molecules [5]. Water-soluble 
initiators enter into the micelle where free radical propagation start. In general, monomer 
droplets are not effective in competing with micelles in capturing free radicals generated in 
the aqueous phase due to their relatively small surface area [1], so the micelle act as a meeting 
site of water-soluble initiators and hydrophobic vinyl monomers. As polymerization continue 
inside micelle, the micelle grow by monomer addition from monomer droplets outside and 
latex are formed. Schematic representation of emulsion polymerization shown in Figure 1. 
Emulsion polymerization carried out through three main intervals as shown in Figure 2.

There is a separate monomer phase in intervals I. The particle number increases with time in 
interval I and particle nucleation occurs in interval I. At the end of this stage most of surfactants 
are exhausted (i.e. micelles are exhausted) [5]. About one of every 102–103 micelles can be 
successfully converted into latex particles [1]. Particle nucleation process is greatly affected by 
surfactant concentration, which in turn affect particle size and particle size distribution of latex 
[1]. The lower the surfactant concentration, the lower the nucleation period the narrow the par-
ticle size distribution. At interval II (Particle growth stage), the polymerization continue and 
polymer particles increase in size until monomer droplets exhausted. Monomer droplets act 
as reservoirs to supply the growing particles with monomer and surfactant species. At interval 
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III, the polymer size increase as latex particles become  monomer-starved and the concentration 
of monomer in the reaction loci continues to decrease toward the end of polymerization [1].

2.1. Initiators

Initiator act to generate free radicals by thermal decomposition, or redox reactions. The 
initiators may be; (1) water-soluble initiators like 2,2-Azobis(2-amidinopropane) dihy-
drochloride, K2S2O8, APS (Ammonium persulfate) and (H2O2) hydrogen peroxide. (2) 
Partially water-soluble peroxides like t-butyl hydroperoxide and succinic acid peroxide 
and azo compounds such as 4,4-azobis(4-cyanopentanoic acid) [14]. (3) Redox systems 
such as persulfate with ferrous ion, cumyl hydroperoxide or hydrogen peroxide with fer-
rous, sulfite, or bisulfite ion [5, 20]. Other initiators such as surface active initiators which 
“inisurfs,” for example; bis[2-(4′-sulfophenyl)alkyl]-2,2′-azodiisobutyrate ammonium salts 

Figure 1. Schematic representation of emulsion polymerization.

Figure 2. Emulsion polymerization intervals.
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and 2,2′-azobis(N-2′-methylpropanoyl-2-amino-alkyl-1-sulfonate). These initiators initiates 
emulsion polymerization without the need of stabilizers.

2.2. Surfactants

Act to decrease interfacial tension between monomer and aqueous phase, stabilize the latex 
and generate micelles in which monomers emulsified and nucleation reaction proceed. 
Surfactants increase particle number and decrease particle size, these surfactants may be (1) 
Anionic surfactants such as fatty acid soaps (sodium or potassium stearate, laurate, palmi-
tate), sulfates, and sulfonates (sodium lauryl sulfate and sodium dodecylbenzene sulfonate); 
(2) Nonionic surfactants such as poly (ethylene oxide), poly (vinyl alcohol) and hydroxyethyl 
cellulose; (3) Cationic surfactants such as dodecylammonium chloride and cetyltrimethylam-
monium bromide [5, 21]. For ionic surfactants, micelles formed only at temperatures above 
the Krafft point. For a nonionic surfactant, micelles formed only at temperatures below the 
cloud point. Emulsion polymerization carried out below the cloud temperature and above 
the Krafft temperature [5]. Polymerizable surfactants (surfactants with active double bond) 
such as sodium dodecyl allyl sulfosuccinate [13, 22–24] also used to produce latexes with 
chemically bound surface-active groups [5, 25–30, 31]. Polymerized surfactants (surfactants 
with active double bond) consist of amphipathic structure comprising hydrophobic tail and 
hydrophilic head group [32], in addition to polymerized vinyl groups [33] in their molecular 
structure, which acquire them unique physicochemical properties other than traditional sur-
factants moieties [34] such as;

A. They have surface activity like ordinary surfactants and polymerized vinyl group like 
vinyl monomers, so they have the ability to undergo polymerization reactions.

B. Due to their amphoteric structure and polymerization ability, they serve to synthesize 
inorganic/organic nanocomposite, and applied to emulsion polymerizations as polymer-
ized emulsifiers, to stabilize the formed latexes, to prepare novel water-soluble hydro-
phobically associating polymers with strong thickening properties [35] so, they greatly 
applied in the field of enhanced oil recovery [36].

C. Allow developing hybrid Nano sized reaction and templating media. Moreover surfmer 
serve as hydrophilic monomer to copolymerize with acrylamide derivatives (AM) form-
ing hydrophobically associating polyacrylamide (HAPAM), which acquire wide applica-
tion in improved oil recovery coats and paintings and drilling fluids [37].

Freedman et al., [38] reported about the first synthesis of vinyl monomers which serve as 
emulsifying agents [39]. Active vinyl groups comprise vinyl, allyls, acrylates, methacry-
lates, styryl and acrylamide [40]. Polymerized groups may be “H-type” where, i.e. located 
in the hydrophilic head group, or “T-type” where, i.e. located in the hydrophobic tail have a 
profound effect on surfactant self-assembly and properties [41]. All kinds of polymerizable 
traditional surfactants, including cationic [41], anionic [42] and nonionic [43] have been syn-
thesized to study the influence of the molecular structure on the properties and application. 
Anionic polymerizable surfactants seem to be the most promising for utilizing in coatings, 
adhesives and enhanced oil recovery.
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2.3. Dispersion medium

Water is the frequently used dispersion medium in emulsion polymerization as it is cheap 
and environmentally friendly. It represents the medium of transfer of monomer from drop-
lets to particles and as a solvent for emulsifier, initiator, and other ingredients.

2.4. Monomer

Emulsion polymerization require free radical polymerizable monomers. Generally, vinyl 
monomers are used in this type of polymerization such as acrylamide, acrylic acid, butadi-
ene, styrene, acrylonitrile, acrylate ester and methacrylate ester monomers, vinyl acetate, and 
vinyl chloride [1] and many other vinyl derivatives [25]. Depending on monomer solubility in 
aqueous phase, there is three categories of typical emulsion polymerization monomers which 
comprise (1) monomers of high solubility such as acrylonitrile, (2) monomers of medium 
solubility as methyl methacrylate and monomers insoluble in aqueous phase such as butadi-
ene and styrene [44].

2.5. Other constituents

Other components involve emulsion polymerization medium that is generally deionized 
water. Antifreeze additives which involve inorganic electrolytes, ethylene glycol, glycerol, 
methanol, and monoalkyl ethers of ethylene glycol to allow polymerization at temperatures 
below 0°C. Sequestering agents which used to solubilize the initiator system or to deactivate 
traces of hardness elements (Ca+2, Mg+2 ions) such as ethylene diamine tetra acetic acid or its 
alkali metal salts. Buffers used to stabilize the latex toward pH changes such as phosphate or 
citrate salts [5, 20]. Chain transfer agents like mercaptans.

3. Surfactant free emulsion polymerization

Used for manufacture of adhesives and water resistant polymers. By absence of surfactant, 
intensive coagulation of the particles greatly reduces the number of particles per unit volume 
of water so, particle nucleation and growth reduced [1]. Several literature had been reported 
about surfactant free emulsion polymerization, in this section a brief hint about these pub-
lications will be considered. Tauer et al. [45] studied the surfactant-free emulsion polymer-
ization of styrene initiated by KPS. Wang and Pan [46] studied the surfactant-free emulsion 
polymerization of styrene with the water soluble co-monomer as 4-vinylpyridine. Ni et al. 
[47] studied mechanism of particle nucleation through adding 8% ethyl acetate at low speed 
agitation (100–200 rpm) through polymerization of 4-vinyl pyridine and styrene. Ou et al. [48] 
investigated the effect of the hydrophilic co monomer (vinyl acetate or methyl methacrylate) 
on particle nucleation in the surfactant-free emulsion polymerization of styrene. Yan et al. [49] 
investigated the surfactant-free emulsion copolymerization of styrene, methyl methacrylate 
and acrylic acid initiated by ammonium persulfate. Other literature reported by Mahdavian 
and Abdollahi, Zhang et al., Shaffei et al., and Sahoo and Mohapatra [50–53].
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3.1. Emulsion polymerization mechanism

Emulsion polymerization is a free radical polymerization protocol occurs in three distinct 
steps; initiation, propagation, and termination.

3.1.1. Initiation

In which the initiator decomposed to free radicals either by (1) hemolytic fission (hemolysis) 
through thermal decomposition or radiation and by (2) chemical reaction through redox reac-
tions. Rate of initiator dissociation (Rd) is the rate determining step and given by Eqs. (1)–(3);

  I   Kd   ⎯ →   2R•  (1)

  Rd = 2fKd [I]   (2)

  R• + M   Ki   ⟶   RM•  (3)

Rate of initiation (Ri) is given by Eq. (4);

  Ri = 2fKi [I]   (4)

Kd rate constant for initiator dissociation

f Initiator efficiency

[I] Initiator concentration

Ki rate constant for initiation

3.1.2. Propagation

Involve continuous addition of monomer particles to active centers (RM•) to form polymer 
chains.

Rate of polymerization (Rp) given by Eq. (5);

  Rp = −   d [M]  ____ dt   = ki [R•]  [M]  + kp [M•]  [M]   (5)

Where [R•] is the free radicals concentration, [M] is the monomer concentration and [M•] is 
the total concentration of active monomers. Since consumed monomers in initiation stage is 
very small as compared to propagation, so the term “ ki [R•]  [M]  ” can be neglected and rate of 
polymerization is determined by rate of propagation; Eq. (6).

  Rp = kp [M•]  [M]   (6)
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3.1. Emulsion polymerization mechanism
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  I   Kd   ⎯ →   2R•  (1)

  Rd = 2fKd [I]   (2)

  R• + M   Ki   ⟶   RM•  (3)

Rate of initiation (Ri) is given by Eq. (4);

  Ri = 2fKi [I]   (4)

Kd rate constant for initiator dissociation

f Initiator efficiency

[I] Initiator concentration

Ki rate constant for initiation

3.1.2. Propagation

Involve continuous addition of monomer particles to active centers (RM•) to form polymer 
chains.

Rate of polymerization (Rp) given by Eq. (5);

  Rp = −   d [M]  ____ dt   = ki [R•]  [M]  + kp [M•]  [M]   (5)

Where [R•] is the free radicals concentration, [M] is the monomer concentration and [M•] is 
the total concentration of active monomers. Since consumed monomers in initiation stage is 
very small as compared to propagation, so the term “ ki [R•]  [M]  ” can be neglected and rate of 
polymerization is determined by rate of propagation; Eq. (6).

  Rp = kp [M•]  [M]   (6)

Recent Research in Polymerization8

3.1.3. Termination

Termination leads to loss of two growing polymer chains [3]. It occurs by either recombi-
nation or disproportionation. Recombination involves reaction of one polymer chain with 
another growing one and reactive sites are blocked according to the following equation.

  Pn• +Pm •   Kt   ⟶   Pn + m  (7)

Disproportionation where one chain abstract a hydrogen proton from another leaving 
it with unsaturated end group according to the following equation. This termination 
mechanism result in two polymer chain fractions one is saturated and the other is unsatu-
rated [31].

  Pn• +Pm •   Kt   ⟶   Pn + Pm  (8)

Termination may occur by chain transfer reactions, which involves removal of atom and for-
mation of new radical which may initiate the reaction forming other segments or cannot ini-
tiate the reaction so, the propagation progress ceased [31]. Other literature reported about 
termination occur by addition of retarders or inhibitors like phenols and catechol’s to termi-
nate active sites [31, 54].

3.2. Kinetics of emulsion polymerization

Since rate of polymerization expressed by Eq. (9);

  Rp = kp [M•]  [M]   (9)

Where   [M•]   expressed by Eq. 10;

   [M•]  =    N   '  n ___ NA    (10)

N concentration of micelles plus particles

n the average number of radicals per micelle plus particle

NA is the Avogadro number

  Rp =   
 N   '  nkp [M] 

 ________ NA    (11)

The value of “n” determine rate of polymerization and depend on radical diffusion out of 
the polymer particles (desorption), the particle size, modes of termination, and the rates of 
initiation and termination relative to each other and to the other reaction parameters [5]. 
Depending on “n” value there are three cases that can be summarized as;
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3.2.1. Case 1: n = 0.5

Means that at any given moment half of the polymer particles contain one radical and are 
growing while the other half are dormant, and known as zero–one systems to indicate that a 
polymer particle contains either zero or one radical at any given moment [5].

3.2.2. Case 2: n < 0.5

In which radical desorption from particles and termination in the aqueous phase are low 
especially for small particle sizes and low initiation rates.

3.2.3. Case 3: n > 0.5

In which particle size is large or the termination rate constant is low while termination in the 
aqueous phase and the initiation rate is fast, as some polymer particles contain two or more 
radicals.

• Degree of polymerization (Xn) is defined as the rate of growth of a polymer chain divided 
by the rate at which primary radicals enter the polymer particle and given by the following 
Eq. (12);

  Xn =   
rp __ ri
   =   

NKp [M] 
 _______ Ri

    (12)

This equation neglect any termination by chain transfer, if chain transfer occur the degree of 
polymerization given by Eq. (13).

  Xn =   
rp ____ ri∑ rt

    (13)

where,  ∑ rt  is the sum of termination reactions by chain transfer.

• Number of polymer particles is dependent on the total surface area of surfactant present in 
the system and given by Eq. (14);

  N = K   (  Ri __ μ  )    
2/5

    (asS)    3/5   (14)

as is the interfacial surface area occupied by a surfactant molecule

S is the total concentration of surfactant in the system (micelles, solution, monomer droplets)

μ is the rate of volume increase of polymer particle

The number of polymer particles can be increased by increasing the emulsifier concentration 
while maintaining a constant rate of radical generation.
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4. Conclusion

Emulsion polymerization has wide application on academic and industrial applications. 
This chapter discuss importance of heterogeneous emulsion polymerization and its constit-
uents; moreover, a comprehensive analysis of the kinetics of emulsion polymerization has 
been presented. Other emulsion polymerization characteristics like inverse emulsion, mini 
emulsion and micro emulsion discussed briefly.
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Abstract

In recent years, the olefins metathesis has established itself as a powerful tool for carbon-
carbon bonds forming and has found numerous applications in polymer chemistry. One
of the important directions of metathesis is the polymerization with cycle opening. A
study of new ruthenium catalysts, resistant to the many functional groups effects, has
showed the possibility of synthesizing functionalized polymers with unique properties.
In this chapter, reactivity and activation parameters of eight different norbornene dicar-
boxylic acid alkyl esters in the presence of a Hoveyda-Grubbs II catalyst for the ring
opening metathesis polymerization were determined by 1H NMR analysis in-situ. The
molecules of esters differ in the aliphatic radical structure and the location of the sub-
stituent groups. Kinetic studies have shown that effective polymerization constants and
activation parameters strongly depend on the monomer structure. It is shown that the
elongation of the aliphatic radical does not significantly affect the reactivity, but signif-
icantly changes the activation parameters. The branching of the aliphatic radical signif-
icantly affects both the reactivity of the corresponding ester and the activation
parameters of the polymerization. The position of the substituents in the norbornene
ring of the ester also has a significant effect on the activation parameters of metathesis
polymerization.

Keywords: ring opening metathesis polymerization, nuclear magnetic resonance,
dicyclopentadiene, alkyl esters of norbornene dicarboxylic acid, Hoveyda-Grubbs
catalysts, observed rate constant, activation energy

1. Introduction

Ring opening metathesis polymerization (ROMP) is a process of one or more cyclic olefins
transformation to polymer catalyzed by metal carbene compounds. Indeed, the number of
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double bonds both in polymer and in monomer is equal [1–4]. As well as in any other type of
polymerization, ROMP can be divided into several stages (Scheme 1).

The initiation begins with the coordination of the cycloolefins’ double bond with the metal-
carbene complex. The next step is a formation of a metal-cyclobutane intermediate. This
process occurs in each act of addition of the monomer during the chain growth. The interme-
diate decomposes to form a new metal-carbene complex, with the growing chain being a
ligand attached to the metal via a double bond.

The polymerization continues until the monomer is completely reacted or an equilibrium state
is reached or the reaction is terminated by the addition of a special reagent that blocks the
catalyst.

Living polymerization with ring opening metathesis is terminated by removing the transition
metal from the end of the growing chain and its further deactivation. Deactivation in this case
involves the formation of a complex unable to initiate polymerization [5]. Ethyl vinyl ether
is an effective stopper for most ruthenium catalysts. It forms a very stable complex of the
[Ru]=CHOEt type and ensures the functionalization of the polymer end-group. Acrylate deriv-
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ΔG ¼ �RT � lnKравн ¼ ΔH � T � ΔS (1)

The enthalpy factor makes an essential contribution to ROMP’s Gibbs energy. This fact is
explained by a high strain energy of cyclic unsaturated compounds participating in the poly-
merization [7]. The cycle strain energy of most cycloalkenes is more than 20 kJ/mole. For
example, norbornene has an energy of about 100 kJ/mole [8]. The strain energy of the cycle
releasing during the decomposition of the metal-cyclobutane complex and maintaining the
forward direction of the reaction. However, if the deformation energy of cycle is low, the
contribution of the entropy factor into the Gibbs energy becomes more significant in compar-
ison with a smaller enthalpy factor. In this case, the entropy factor must be properly reduced in
order to implement the direct process by increasing the monomer concentration or decreasing
the temperature of the process [9].

Secondary metathesis reactions can occur in addition to the main described reactions during
the polymerization process. Intermolecular and intramolecular chain transfers are two main
side reactions of ROMP (Scheme 2).

During the intermolecular transferring, the active metal-carbene complex located at the end of
one macromolecule interacts with the double bond of the adjoined macromolecule, which
leads to fragment exchange process. The reaction proceeds simultaneously in two directions.
One of them provides two polymer chains with the active ruthenium on both. The second
leads to one inactive chain and one chain with two active centers.

At the intramolecular chain transferring, the active metal-carbene complex reacts with the
double bond of the same macromolecule led to a cyclization of the polymer chain. The listed
side reactions, eventually, lead to a broadening of the molecular mass distribution (MMD) and
a decrease in a molecular weight of the polymer [10].

The chain transfer as well as the spontaneous termination of the growing chain is highly improb-
able, so ROMP is a living polymerization. ROMP polymers are characterized by high molecular
weights and a narrow MMD, as well as for products of other living polymerizations [11].

Scheme 2. Intermolecular and intramolecular chain transfers in ROMP.
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2. Well-defined ruthenium metathesis catalysts

Up until the mid-1970s, the information about the structure of the active center of olefin
metathesis catalysts was not known. Catalytic systems were mixtures of various compounds
containing a transition metal. For example, in the late 1960s, Calderon and Goodyear emp-
loyees published a number of papers about usage of a catalyst consisting of WCl6, AlEtCl2, and
ethanol [12, 13]. Cyclic olefins form polymers (copolymers) of a high tacticity in a presence of
this catalyst [14]. Catalytic systems prepared from compounds based on transition metals such
as vanadium VCl4/Al(Hex)3; V(Ac)3/AlC1(C2H5)2; titanium TiCl4/Al(C2H5)3 and TiCl4/AlCl3/
Al(C2H5)3 [15]; molybdenum MoCl5/Al(C2H5)3 [16] as well as catalysts based on osmium,
ruthenium, and iridium chlorides [17] were used in ROMP.

In 1976, through the example of the Fisher catalyst WCPhR(CO)5 (where R]Ph or dOCH3),
described by Casey and Fisher [18, 19], Katz was the first who showed the ability of a metal-
carbene complex to catalyze the process of metathesis polymerization independently without
additional compounds [20]. In the history of metathesis, catalytic complexes with a well-
studied structure were called “well-defined” catalysts. The discovery of “well-defined” cata-
lysts had significantly increased the ability of ROMP to obtain polymers that have unique
properties.

The first “well-defined” ruthenium catalyst was synthesized by Grubbs in 1992. The alkylidene
source was 3,3-diphenylcyclopropene [21] (Scheme 3).

Unfortunately, this catalyst had a low activity in comparison with already available metathesis
catalysts. Replacing triphenylphosphine ligands with tricyclohexylphosphine significantly
improved the activity of the catalyst (Figure 1—1 and 2).

Later, in 1995, catalytic complexes known as first-generation Grubbs catalysts (Figure 1—3
and 4) were prepared using phenyl diazomethane. These catalysts not only had equal activity
to molybdenum catalysts but also were indifferent to the polar groups in the monomer [22, 23].

In 1999, Grubbs reported the synthesis of second-generation catalysts (Figure 1—5), showing
better activity and more stability at air. This catalyst was obtained by replacing tricyclohexyl-
phosphine with an N-heterocyclic carbene ligand [24]. A year later, Hoveyda’s group reported
on a new type of catalytic system based on the catalysts of Grubbs of the first and second
generations (Figure 1—6 and 7). These complexes include a chelating ester ligand [25].
Recently, a new type of ruthenium catalyst has appeared where the N-heterocyclic carbene

Scheme 3. Scheme for the Grubbs I catalyst synthesis.
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ligand chelates the metal through the Ru-carbon bond (Figure 1—8). Such complexes possess
high cis-selectivity in ROMP [26].

3. Reactivity of esters of 5-norbornene-2,3-dicarboxylic acid in ROMP

Currently, despite the fact that ethers of 2,3-norbornene dicarboxylic acid appear to be poten-
tial material for synthesizing polymers via ROMP, the interrelation between the molecule
structure and their reactivity for metathesis polymerization with full ring opening has not
been stated. A few polymerization mechanisms with different catalysts (including ruthenium)
are known; however, there is no detailed description of how ethers of 5-norbornene-2,3-dicar-
boxylic acid behave. The study of reaction activity of 5-norbornene-2,3-dicarboxylic acid ethers
with different structure using an appropriate catalyst (carbene complex of ruthenium (1,3-bis-
(2,4,6-trimethylphenyl)-2-imidoazolidevynilidene)dichloro(ortho-N,N-dimethylaminomethyl-
phenylmethylene)-ruthenium—1 (Figure 2) [27] has filled this gap.

In this research, we used alkyl diesters of bicyclo[2.2.1]hept-5-en-2,3 dicarboxylic acid, obtained
according to the technique given in the paper (Figure 3) [28].

Polymerization was carried out in NMR tubes, concurrently measuring the proton spectrum
after a certain period using AU-program zgser.

Figure 1. Main types of ruthenium catalysts.
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The monomer concentrations were determined based on decrease and growth of integrated
intensities of resonances of olefinic protons of monomer—SM and polymer—SP (Figure 4)

CM ¼ CM0 �
SM

SM þ SP
(2)

CK ¼ CK0 �
SK0 � SS
SS0 � SK

(3)

Figure 2. Catalyst complex of ruthenium used as an initiating agent for polymerization.

Figure 3. Alkyl diesters of bicyclo [2.2.1]hept-5-en-2,3 dicarboxylic acid, used as monomers.
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where CK0 and SS0—squares of integrated intensities of a catalyst and solvent, measured in the
beginning of the reaction; SK and SS—current squares of integrated intensities of a catalyst and
solvent during the reaction.

The AU-program multintegr was used to gauge the integrated intensities and time of the
experiment. The using of low-viscosity solvents allowed obtaining high-resolution proton
NMR spectra. Thus, kinetic studies should be carried out in the solution. And the set of
monomer concentrations was defined to get kinetic correlations based on the spectral data.
The solvent should be used as a diluent. Figure 5(a) demonstrates the curves describing the
changes of concentration 2 in the course of time. According to the literature data, chloroform-d
was taken as a solvent.

The molecules of chloroform-d do not react with active ruthenium and play a role of a polar
medium, which stabilize 14-electron state of the active ruthenium [29]. Initially, toluene-d8 was
suggested as a possible solvent, but the catalyst and monomers dissolve better in chloroform-d,
which is also a widely used and more available solvent for NMR studies than toluene-d8.

Figure 4. Combining the fragments of NMR spectra 2 in the beginning of a reaction and after 20 min.
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Also, it was shown that reactivity of dimethyl ether of exo,exo-norbornene dicarboxylic acid is
higher in chloroform-d [30]. Since chloroform-d boils at 60.9�C in ambient conditions, the
operational temperature range was limited to 50�C to prevent any changes in the reactant
concentration which could be caused by evaporation.

Studies [31, 32] considered the ring opening metathesis polymerization as pseudo first-order
reaction as regards to the monomer concentration, which is valid for polymerization of above-
mentioned monomers.

Figure 5(b) demonstrates that there can be seen three regions in the semi-logarithmic anamor-
phoses. The first region has non-linear segment of curve corresponding to the initiation stage.
The second one is the straight-line segment prolongs to the extent of 70% monomer conversion
(till one on the logarithmic scale, Figure 5(b)). The third region is a noticeable non-linear
segment of curves, which is observed after 70% conversion. The appearance of such non-
linear segments is due to the viscosity of the reaction mixture increasing, owing to the polymer
molecular weight growth. This results to the fact that the polymerization rate is limited by the
diffusion of monomer molecules to the active ruthenium.

Figure 6 shows the straight-line ranges of semi-logarithmic anamorphoses of polymerization
2, catalyzed by 1. The slope of the right lines corresponds to the observed constant of polymer-
ization ko.

Based on correlation coefficients given in Table 1, we can conclude that semi-logarithmic
anamorphoses are linear in the noticed interval. Figure 6 shows the correlation of the constant
ko and initial monomer concentration.

Figure 7 shows that ko linearly depends on the monomer concentration within the following
range from 0.2 to 1.0 mole l�1, which allows to vary the monomer concentration in this range
to implement kinetic experiments.

Figure 5. The decrease of monomer 2 (a) and its semi-logarithmic anamorphoses (b) during polymerization with catalyst
1 with varying initial concentration of the monomer (CK0 = 0.0087 mole l�1, 50�C).

Recent Research in Polymerization22



Also, it was shown that reactivity of dimethyl ether of exo,exo-norbornene dicarboxylic acid is
higher in chloroform-d [30]. Since chloroform-d boils at 60.9�C in ambient conditions, the
operational temperature range was limited to 50�C to prevent any changes in the reactant
concentration which could be caused by evaporation.

Studies [31, 32] considered the ring opening metathesis polymerization as pseudo first-order
reaction as regards to the monomer concentration, which is valid for polymerization of above-
mentioned monomers.

Figure 5(b) demonstrates that there can be seen three regions in the semi-logarithmic anamor-
phoses. The first region has non-linear segment of curve corresponding to the initiation stage.
The second one is the straight-line segment prolongs to the extent of 70% monomer conversion
(till one on the logarithmic scale, Figure 5(b)). The third region is a noticeable non-linear
segment of curves, which is observed after 70% conversion. The appearance of such non-
linear segments is due to the viscosity of the reaction mixture increasing, owing to the polymer
molecular weight growth. This results to the fact that the polymerization rate is limited by the
diffusion of monomer molecules to the active ruthenium.

Figure 6 shows the straight-line ranges of semi-logarithmic anamorphoses of polymerization
2, catalyzed by 1. The slope of the right lines corresponds to the observed constant of polymer-
ization ko.

Based on correlation coefficients given in Table 1, we can conclude that semi-logarithmic
anamorphoses are linear in the noticed interval. Figure 6 shows the correlation of the constant
ko and initial monomer concentration.

Figure 7 shows that ko linearly depends on the monomer concentration within the following
range from 0.2 to 1.0 mole l�1, which allows to vary the monomer concentration in this range
to implement kinetic experiments.

Figure 5. The decrease of monomer 2 (a) and its semi-logarithmic anamorphoses (b) during polymerization with catalyst
1 with varying initial concentration of the monomer (CK0 = 0.0087 mole l�1, 50�C).

Recent Research in Polymerization22

Ruthenium complex should be activated to initiate polymerization. This is carried out by the first
addition of monomer, which is initiation stage as well. There exist several possible mechanisms
of activation; however, based on the literature data, it is assumed that bulky olefins, including
the research monomers, interact with active ruthenium on a dissociative mechanism [33]

K ������!
k1

k�1
K∗���!þM k2 P∗

The initiation rate equals the rate of active centers formation P*. The active centers formation
occurs in two stages. As it can be seen from Figure 8, the concentration of ruthenium complex
slightly changes.

Figure 6. Linear segments of semi-logarithmic anamorphoses of monomer 2 polymerization over catalyst 1 (CK0 = 0.0087
mole l�1, 50�С, dependences are marked in accordance with Figure 5).

CM0 , mole l�1 a b r 103�ko
1.01 0.00183 �0.3417 0.999 1.83

0.69 0.00131 �0.2416 0.999 1.31

0.49 0.00094 �0.1992 0.999 0.94

0.39 0.00089 �0.1614 0.999 0.89

0.33 0.00070 �0.1116 0.998 0.70

0.19 0.00042 �0.0751 0.999 0.42

Table 1. Values of ko which calculated out of linear dependences on Figure 6.
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Its decrease is 1–2% from the initial catalyst concentration. Synthesized polymers at these
conditions possess high molecular weight (Table 2).

Based on Figure 8 and Table 2, we can conclude that the formation of active centers is slower
than the growth of polymer chain. The research [34] also confirmed this, stating that for
polymerization of exo-exo-5,6-bi(methoxycarbonyl)-7-oxabicyclo[2.2.1]hept-2-ene over Grubbs
catalyst of the first generation the correlation of constants is ki/kg = 0.23. Moreover, the study
[29] suggests that the correlation ki/kg is even lesser and equals 0.03 for catalyst with N-
chelating ligand. In addition, based on the data presented, we can assume that disassociating
of nitrogen defined by constant k1 is limiting in the initiation reaction. Notably that the mono-
mer molecule does not interact during initiation, that is why the formation rate of the active
ruthenium complex K* only depends on the temperature and initial concentration of ruthe-
nium complex. Thus, the structure of the monomer molecule can affect the second stage of
initiation defined by constant k2 and the stage of polymer chain growth defined by constant kg
(it is suggested that constants of different stages of polymerization are equal k1g ¼ k2g ¼… ¼ kg)

P∗ þM���!k
1
g

P∗M

P∗MþM���!k
2
g

P∗M2

…

P∗Mn þM���!kg P∗Mnþ1

Figure 7. Correlation of the observed constant ko of monomer 2 polymerization, catalyzed by 1 with the initial monomer
concentration (CK0 = 0.0087 mole l�1, 50�С).
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Kinetics of monomer consumption is complicated (Figures 5(a) and 9).

In polymerization, a monomer is used during initiation and growth of the polymer chain

� dCM

dt
¼ k2 � CK∗ � CM þ kg � CP∗ � CM (4)

The concentration of active ruthenium complex CK* and concentration of active chains CP* are
low, with CP* due to the absence of reactions of termination [5, 6] and transfer [22] of the chain
constantly increases during the reaction. Since k1 is much lesser than constants k�1 and k2, it is
possible to apply the principle of quasistationary for concentration of the active form CK*:

Figure 8. Ruthenium complex decrease during polymerization of monomer 2 with different initial concentration of
catalyst 1 (CM0 = 0.35 mole l�1, 50�С).

CK0 , mole l�1 CM0=CK0 10�5�Mn, g mole�1

0.021 17 8.5

0.012 30 10.1

0.006 57 7.6

Table 2. Average molecular weight of the obtained polymers depending on the number of initial reagents.
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dCK∗

dt
¼ k1 � CK � k�1 � CK∗ � k2 � CK∗ � CM ¼ 0 (5)

CK∗ ¼ k1 � CK

k�1 � k2 � CM
(6)

The second stage of the initiation reaction can be viewed as pseudo first-order one proceeding
with effective constant k2e ¼ k2 � CM0 . This assumption is fair as CK0 ≪CM0 and CK0 ≫CK∗ .
Taking into consideration that the catalyst concentration slightly changes during the reaction,
it could be considered that CK ffi CK0 . Then, changes in the concentration of active chains over
time are defined by the following equation:

dCP∗

dt
¼ k1 � CK0

k�1 � k2 � CM0

� k2 � CM0 (7)

After integrating we get:

CP∗ ¼
k1
k�1
� k2 � CK0 � CM0

1þ k2
k�1
� CM0

� t (8)

Figure 9. Monomer 2 consumption in the polymerization reaction over varying initial catalyst concentration CM0 = 0.35
mole l�1, 50�С).

Recent Research in Polymerization26



dCK∗

dt
¼ k1 � CK � k�1 � CK∗ � k2 � CK∗ � CM ¼ 0 (5)

CK∗ ¼ k1 � CK

k�1 � k2 � CM
(6)

The second stage of the initiation reaction can be viewed as pseudo first-order one proceeding
with effective constant k2e ¼ k2 � CM0 . This assumption is fair as CK0 ≪CM0 and CK0 ≫CK∗ .
Taking into consideration that the catalyst concentration slightly changes during the reaction,
it could be considered that CK ffi CK0 . Then, changes in the concentration of active chains over
time are defined by the following equation:

dCP∗

dt
¼ k1 � CK0

k�1 � k2 � CM0

� k2 � CM0 (7)

After integrating we get:

CP∗ ¼
k1
k�1
� k2 � CK0 � CM0

1þ k2
k�1
� CM0

� t (8)

Figure 9. Monomer 2 consumption in the polymerization reaction over varying initial catalyst concentration CM0 = 0.35
mole l�1, 50�С).

Recent Research in Polymerization26

The amount of active chains is equal to the decreasing of the monomer, which is forming these
chains. Knowing the active chains’ concentration from Eq. (8), the change in monomer concen-
tration in time can be described by Eq. (9):

� dCM

dt
¼

k1
k�1
� k2 � CK0 � CM0

1þ k2
k�1
� CM0

þ
k1
k�1
� k2 � CK0 � CM0

1þ k2
k�1
� CM0

kg � CM � t (9)

To simplify the equation and implement semi-logarithmic coordinates for defining the rate
constant, we can ignore the first component of the right side of the equation, since it contrib-
utes less if compared with the second component. This assumption is fair for the later stages of

polymerization. The formula
k1
k�1�k2�CK0 �CM0

1þ k2
k�1�CM0

� t can be expressed as the following product CK0 � f ,

where f is the effectiveness of initiation equal to CP∗
CK0
¼

k1
k�1�k2�CM0 �t
1þ k2

k�1 �CM0

. Then, we can put it down the

following way:

� dCM

CM
¼ kg � CK0 � f � dt (10)

After integrating, we would acquire:

ln
CM0

CM
¼ kg � CK0 � f � t (11)

Taking into consideration that f for each monomer differs only by the value of k2 constant,
which depends on the structure of monomer, it is possible to compare reaction capacity and
values of activation parameters using product f�kg.
The chain growth rate constant of polymer kg times the effectiveness of initiation f corresponds
the tangent of the slope in the straight-line segment of semi-logarithmic correlation, which
equals the product of the observed constant ko times the initial catalyst concentration CK0

(Figure 10).

Correlations in Figures 7 and 11 demonstrate that the observed constant of polymerization ko
linearly depends on both the initial concentration of monomer and the initial catalyst concen-
tration.

Linear correlation of ko from CK0 is observed because Eq. (1) takes the initial concentration of
catalyst into consideration. In turn, ko linearly depends on CM0 since Eq. (11) includes param-
eter f, which depends on the initial concentration of monomer. Based on the data presented, we
can conclude that it is possible to use the effective constant ke ¼ ko

CK0 �CM0
to compare reaction

capacity of the ethers under study. The dimensionality of constant ke correspond the dimen-
sionality of second-order constant since the concentration of monomer is included in numerator
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Figure 10. Semi-logarithmic correlations of polymerization 2 over catalyst 1 with varying catalyst concentration (CM0 =
0.35 mole�l�1, 50�С, dependences are marked in accordance with Figure 9).

Figure 11. Correlation of the observed constant ko of polymerization of monomer 2, catalyzed by 1 with the initial
concentration of catalyst (CM0 = 0.35 mole l�1, 50�С).
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and denominator of the equation of the initiation effectiveness. Since constant ko depends on
the initial concentration of catalyst linearly, we can use the noticed range of concentration to
estimate reactivity of esters.

4. Reactivity-structure relationship of esters of 2,3-norbornene
dicarboxylic acid

Based on the values of effective constants, we compared reactivity and activation parameters
of polymerization of diesters exo,exo-2,3-norbornene dicarboxylic acid, which are differ by
length and branched chain of ester substituent. To define the activation parameters, we used
Arrhenius equation (12) and calculation results are shown in Figure 12

ln ke ¼ lnA� Ea

R � T (12)

This correlation between ln ke and 1/T for each researched ester has linear character. This
proves that the interaction mechanism of ruthenium complex and corresponding ester at the
different temperatures is unchanged. Table 3 presents data on effective constants and activa-
tion parameters of polymerization of diesters exo,exo-2,3-norbornene dicarboxylic acid.

Figure 12. Arrhenius correlations of polymerization of diesters exo,exo-5-norbornene-2,3-dicarboxylic acid.
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It was expected that aliphatic radical elongation from the first to the eighth atoms of carbon
would lead to gradual decrease in reactivity of esters row. However, according to Table 5,
aliphatic radical elongation insignificantly affects the reactivity of esters.

On the contrary, branched substituent chain affects reactivity greatly. Constant ke of an ester
with iso-butyl radical is six times lesser than constant ke of a similar ester with linear butyl
radical. The steric hindrances significantly decrease the reactivity of diesters with branching
aliphatic radical under interaction with active form of ruthenium complex. In study [35], the
researchers attempted to make a quantitative estimation of the initiation and growth constants.

As shown in Table 5, the increase of aliphatic radical length leads to gradual increase of
activation parameters. To explain changes in activation parameters, we should define the rate
constant, which is dependent from monomer structure in more degree. Effective constant of
polymerization includes four true constants. Constants k1 and k�1 are determined by the
structure of ruthenium complex and do not depend on the monomer structure. Nevertheless,
the influence of the ester structure could be indirect. When bond Ru-N is disassociated, a
14-electron state is formed. This state is more polar than the initial 16-electron state (Scheme 4).

Scheme 4. Dissociation the Ru-N bond of catalyst.

Substituent ke, l mole�1 s�1 (30�С) Ea, kJ mole�1 A, l mole�1 s�1

Methyl 0.11 82 2 � 1012

Propyl 0.10 89 2 � 1013

Butyl 0.08 92 7 � 1013

Iso-butyl 0.01 72 6 � 109

Pentyl 0.21 105 2 � 1016

Octyl 0.17 121 2 � 1018

Table 3. Effective constants and activation parameters of polymerization of diesters exo,exo-2,3-norbornene dicarboxylic
acid.
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Polar media stabilize 14-electron state and make disassociation easier. Solutions of esters,
which are different in structure, may possess different dielectric permittivity and, thus, could
affect constant k1 and k�1. However, in polymerization, solutions of esters have low concentra-
tion and the contribution of ester into the polarity of medium remains insignificant.

Esters structure would affect more constants k2 and kg. First, we should understand the way
monomer structure can affect constant k2. This constant defines the reaction rate, which iden-
tifies the process of monomer addition to the active form of ruthenium complex. In this
process, the double bond of ester molecule occupies the vacant position in the coordination
sphere of ruthenium complex (Scheme 5).

While the activation energy Ea defines excess of energy, which molecules in the reaction should
possess to form transition state. Pre-exponential factor A can correlate with steric factor. Both
parameters define the process of reaching the top of a potential barrier and are calculated from
the initial state of the system. It is unlikely that the length of aliphatic radical affected the rate and
activation parameters of this reaction. It is more probable that constant k2 and activation param-
eters are nearly equal for molecules with varying length of aliphatic radical. It is also unlikely
that branching substituent can affect both the rate and activation parameters of this process.

It is necessary to mention that the influence of the previous monomer unit may affect rate and
activation parameters of monomer addition reaction to one of the active forms of ruthenium.
However, this factor is absent on this stage of the reaction.

Having analyzed the experimental data, we concluded that the structure of monomer is more
likely to affect the growth reaction of polymer chain with constant kg.

It is known from literature data that esters of 5-norbornene-2,3-dicarboxylic acid can chelate
the active forms of ruthenium complex with carbonyl oxygen of ester group, thus, forming
hexatomic intramolecular complex [36]. Therefore, two active forms of ruthenium complex can
take part in the polymer chain-growth reaction (Figure 13).

RudO bond strength depends on donor properties of carbonyl oxygen. In esters row, the
donor properties of oxygen will enhance as there will increase inductive effect of growing
radical. At the same time, RudO bond strength will increase. Reinforcement of RudO bond
decreases mobility of ester fragment and makes its intramolecular complex more rigid.

Scheme 5. Coordination of the monomer’s molecule with ruthenium complex.
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When transition state is formed, monomer molecules occupy the position of oxygen in coordi-
nation sphere of ruthenium, what is accompanied by destruction of intramolecular complex
(Scheme 6).

To degrade RudO bond, it is necessary to spend some energy. Lengthening of aliphatic
radical, which promotes improvement of donor properties of carbonyl oxygen and intensifica-
tion of RudO bond, increases the amount of energy needed to degrade RudO bond. That is
why activation energy rises as the length of aliphatic radical increases. If the activation energy
corresponds to the excessive energy that reacting molecules should possess to pass the poten-
tial barrier, then pre-exponential multiplier defines peculiarities of interaction of these mole-
cules. Pre-exponential multiplier can correlate with the change of activation entropy, which
depends on changes in the number of freedom degrees of the reacting molecules. Ruthenium
and the previous monomer unit can form a ring with lesser number of freedom degrees than
the complex they form of non-ring structure. Besides the rigidness of intramolecular complex
depends on RudO bond strength (the more strength RudO bond, the more stable is intramo-
lecular complex). Therefore, the increase of pre-exponential multiplier defined by the growth
of aliphatic radical is explained by the increase in the number of freedom degrees, which
appear when intramolecular complex degrades during the formation of transition state.

To form RudO bond, carbonyl oxygen and ruthenium should be positioned in a certain way.
When RudO if formed, the molecule geometry is changed. Steric factor is one of the

Figure 13. Non-chelated (а) and chelated (b) active forms of ruthenium complex.

Scheme 6. The destruction of the intramolecular complex with the addition of a new monomer’s molecule.
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hindrances making the formation of intramolecular complex harder. In the case of ester with
branched substituent, bulky iso-butyl radicals cannot set near each other properly for carbonyl
oxygen to form strength bond with ruthenium due to steric hindrances. This reduces the
activation energy and pre-exponential multiplier. In addition, iso-butyl fragments of the previ-
ous monomer unit hinder the monomer placement in the coordination sphere of ruthenium,
which cuts reactivity of this ester.

Figure 14 demonstrates Arrhenius correlations of constant ke in three 3-dimensional isomers of
dimethyl ester of 5-norbornene-2,3-dicarboxyl acid. The correlations are linear in the range of
temperatures, which proves that the interaction mechanism of ruthenium complex and the
corresponding ester is permanent.

Based on the correlations in Figure 14, we calculated effective constants and activation param-
eters of polymerization. The results are in Table 4.

Table 4 shows that the orientation of ester substituents to the norbornene ring affects both
reactivity and activation parameters of polymerization.

The presence of substituent in endo-position reduces reaction capacity of ester. This corresponds
with the data shown in other studies [34, 37–40], which estimated reaction capacity of endo- and
exo-isomers of dicyclopentadiene and 2,3-dicarbomethoxy-5-norbornene. In the research of
Delaude at al. [40] measured the initiation constants for monomers 2, 3, and 4 over [RuCl2(p-
cymene)]2 complex activated with trimethylsilyldiazomethane; their values at 25�С were 0.040,

Figure 14. Arrhenius correlations of polymerization of three-dimensional isomers of dimethyl ester 5-norbornene-2,3-
dicarboxylic acid.
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0.025, and 0.05 l mole�1 s�1 for 2, 3, and 4, respectively. At the same time, the constant of chain
growth remains the same for all monomers and is within the range of 0.003–0.006 l mole�1 s�1.
The initiation stage of monomer 2 catalyzed by 1 is much slower than the chain growth stage. If
we compare the constant of initiation and growth of monomer 2 catalyzed by 1 and [RuCl2(p-
cymene)]2, then we would notice that initiation catalyzed by 1 is slower than chain growth in
distinction from [RuCl2(p-cymene)]2, which affects initiation in a way that it is 10-fold faster
than the growth of polymer chain. Comparison of constants defining polymerization initiated
by these complexes is not adequate since these complexes have different structure and may
have different activation mechanisms. However, in both the cases, ester groups in endo-position
are located not far enough from the double bond of norbornene ring and sterically hinder the
monomer attack by double bond of ruthenium. This would affect the polymerization rate of
these esters both in the case of initiation by complex 1 and in the case of initiation by [RuCl2(p-
cymene)]2. In the first case, the steric factor would affect both constants k2 and kg.

Each monomer is determined by its own set of activation parameters different from others. To
explain the way the activation parameters change, we compiled a set of monomers in ascend-
ing order to form RudO bond and intramolecular complex. Exo,endo-isomer is more prone to
form RudO bond since its ester substituents are located on different sides in relation to the
norbornene ring and do not hinder each other during the formation of intramolecular complex.
RudO bond is more strength, and intramolecular complex is more rigid in comparison with
other isomers. That is why high activation energy and pre-exponential multiplier are typical
for exo,endo-isomer. Exo,exo-isomer is the second on the capability to form RudO bond. This
ester is inferior to exo,endo-isomer, since its ester substituents are located on one side in
relation to norbornene ring. This sterically hinders their mutual distribution necessary for the
formation of RudO bond. RudO bond has less strength, and intramolecular complex is more
flexible. That is why if compared with exo,endo-isomer, exo,exo-isomer is defined by lower
activation energy and pre-exponential multiplier.

Endo,endo-isomer is the third on the ability to form RudO bond. Because of the way ester
substituents are located inside norbornene ring, this ester cannot form strong RudO bond.
Ester group in endo-position cannot properly distribute in the coordination sphere of ruthe-
nium to form intramolecular complex. That is why this molecule possesses low activation
energy and pre-exponential multiplier.

In the paper [41], the authors estimated reactivity of these esters using the observed polymer-
ization constant ko as the criterion for comparing reaction capacity of monomers.

Position ke, l mole�1 s�1 (30�С) Ea, kJ mole�1 A, l mole�1 s�1

Exo,exo- 0.47 82 9 � 1013

Exo,endo- 0.20 105 2 � 1017

Endo,endo- 0.02 72 7 � 1010

Table 4. Effective constants and activation parameters of polymerization of three-dimensional isomers of dimethyl ester
2,3-norbornene dicarboxylic acid.
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5. Structure of polymers

The products of chemical reaction are no less valuable as a source of information for kinetic
parameters. Their structure helps us to learn how reaction components interact with each
other. Using NMR method to study the kinetics of metathesis polymerization of norbornene
acid, ester is more beneficial since it allows estimating the structure of the obtained polymers
immediately [25, 39, 42–44].

To analyze structure of polymers 2, 5–8, we used data from the study [39], which demon-
strated that cis-units have resonances of olefinic protons in a stronger field in relation to trans-
units (Figure 15(a)).

Overlap of resonances corresponding to cis- and trans-structures occurs in polymer obtained
from monomer 4 (Figure 15(c)).

The spectrum of polymer 3 is more complex if compared with spectra of polymers 2 and 4,
since molecule 3 possesses chiral properties. To correlate the shifts, we applied the approach
suggested in the following study [43]; it was used to analyze the structure of polymers
obtained from chiral products of norbornene using NMR-spectra COSY.

Implementation of this approach alongside with assumption that resonances of olefinic pro-
tons in cis-fragments are shifted to a higher field in relation to trans-fragments [44] allowed
referring resonances of olefin region to four possible structures (Figures 15(b) and 16).

Figure 15. The region of olefinic protons 1H NMR-spectra of polymers obtained with polymerization of 2–4 catalyzed by 1.
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Table 5 demonstrates what of cis- and trans-units of polymers obtained from diesters of 5-
norbornene-2,3-dicarboxylic acid contain.

Data given in Table 5 only offer estimative characteristic of polymers structure but allow
comparing in series monomers under study. Given these data, we can highlight that polymers
obtained from exo,exo-2,3-dicarbomethoxy-5-norbornenes have a similar structure. Neither
elongation of radical of ester substituent nor its branching affects the ratio of cis- and trans-
fragments. The change of substituents orientation in positions 2 and 3 in relation to norbornene
ring causes the change in the number of cis- and trans-structures in the case of monomer 4.
Transfer of one ester substituent from exo- into endo-position would not bring about the
increase of trans-units. The situation observed can be explained if we take into consideration
that there are two ways monomer molecules are attached to active ruthenium with the forma-
tion of trans- and cis-structures (Figure 17).

Figure 16. COSY-spectrum of polymer exo,endo-2,3-dicarbomethoxy-5-norbornene.

Monomer 2 3 4 5 6 7 8

Number of cis-units in polymer, % 57 54 43 56 55 56 55

Number of trans-units in polymer, % 43 44 57 44 45 44 45

Table 5. The number of cis- and trans-units in polymers obtained during polymerization of 2–8 over 1.
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In the case when it is attached with the formation of trans-structure, a methylene bridge of
norbornene ring and bulky H2IMes-ligand hinder the monomer placement near the double
bond of ruthenium. For exo,exo-derivatives, it is a more substantial hindrance if compared
with ester groups which deter the attachment with the formation of cis-structures. On the
contrary, for monomer 4, two atoms of oxygen in esters are more of an obstacle for the
attachment to active ruthenium than a methylene bridge of norbornene ring.

Figure 17 demonstrates that both carbonyl oxygen hinder the distribution of monomer 4 near
the double bond of active ruthenium in such a way that attachment with the formation of
trans-unit is sterically more beneficial. This is also seen in an increased number of trans-units in
polymer obtained with monomer 4. For monomer 3, only one carbonyl oxygen is a hindrance
and that is why the part of trans-units in the obtained polymer remains practically the same if
compared with monomer 2.

Thus, using monomers 2, 5–8, it is stated that the length and branching aliphatic radical of
exo, exo-derivatives do not affect the ratio of cis- and trans-fragments in the obtained polymers.
The orientation of ester substituents in relation to norbornene ring in 2,3-dicarbomethoxy-5-
norbornenes affect the ratio of cis- and trans-fragments in polymers obtained from monomers
2–4. The transfer of two ester substituents to endo-position increases the share of trans-units,
which is due to more substantial steric hindrances caused by carbonyl oxygen of ester monomer

Figure 17. Two possible orientations 4 when attached to active form of ruthenium complex.
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group and H2IMes-ligand of catalyst when forming cis-structure if compared with the obstacles
caused by methylene bridge of norbornene ring and H2IMes-ligand of catalyst when forming
trans-structure.

6. Conclusion

To summarize, it is necessary to note that metathesis polymerization with cycle opening has
proved to be a powerful method of synthesizing polymers. Materials obtained with this method
possess good exploitation characteristics and have already proved effective on the market of
polymer goods. Development of carbene complexes based on ruthenium has made it possible to
synthesize polymers from ester of 5-norbornene-2,3-dicarboxylic acid using ROMP. To obtain
polymer materials by described process, a technology of injection molding in which polymeriza-
tion rate matters most. Largely, polymerization rate is defined by the structure of catalyst and
monomer. The activity of ruthenium catalyst complexes is well studied and apart from the struc-
ture of the complex itself it depends on a number of external factors including temperature, solvent
polarity, presence of acceptor or donor compounds, etc. The structure of monomer also affects
polymerization rate. It is known that steric factor during polymerization of dicyclopentadiene and
oxygenated derivatives of norbornene contribute greatly to the reaction rate.

In most studies, the researchers used kinetic correlations to estimate reaction capacity of
different compounds. As a rule, kinetic data are obtained with NMR method, studying poly-
merization in-situ. The technique of such experiments is well adjusted by many scholars and
has proved to be effective.

Implementing this approach, it is shown how the structure of esters of 5-norbornene-2,3-dicar-
boxylic acid affects their reaction capacity and activation parameters in metathesis polymeriza-
tion with cycle opening initiated by ruthenium complex of Hoveyda-Grubbs type II with
N-chelating ligand. Taking the values of activation parameters, it is assumed that there may
exist active ruthenium in chelated form, which is proved in the following studies [28, 36, 45].

It was established that the increase in the length of hydrocarbon radical does not affect greatly
the reactivity, but it influences substantially the activation parameters. Branching aliphatic
radical affects greatly both reactivity and activation parameters of polymerization. Based on
the change in activation parameters, it might be assumed that active form of ruthenium
complex forms intramolecular complex with different stability of this complex.

It was stated that mutual position of ester substituents in relation to norbornene ring affects
both reactivity and activation parameters of 2,3-dicrabomethoxy-5-norbornenes. The presence
of a substituent for the monomer molecule in endo-position reduces reaction capacity of this
monomer [46]. Activation parameters are directly depended on the ability of monomer to form
intramolecular complex with active form of ruthenium.

Based on NMR-spectra, we estimated the structures of the obtained polymers. Based on
the correlation of cis- and trans-fragments, it was established that the length and branching
aliphatic radical of exo,exo-2,3-dicarboxy-5-norbornenes and exo,endo-orientation of ester
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substituents of 2,3-dicarbomethoxy-5-norbornene do not affect the structure of the obtained
polymers. Endo,endo-orientation of two ester substituents of 2,3-dicarbomethoxy-5-norbornene
increases the number of trans-units in the polymer, which is attributed to more substantial steric
hindrances caused by carbonyl oxygen of monomer ester group and H2IMes-ligand of catalyst
when forming cis-structure if compared with hindrances caused by methylene bridge of
norbornene ring and H2IMes-ligand of catalyst when forming trans-structure.

Author details

Alexey Lyapkov1*, Stanislav Kiselev2, Galina Bozhenkova2, Olga Kukurina1,
Mekhman Yusubov1 and Francis Verpoort1,3

*Address all correspondence to: alexdes@tpu.ru

1 National Research Tomsk Polytechnic University, Tomsk, Russia

2 Tomsk Oil and Gas Research and Design Institute, Tomsk, Russia

3 State Key Laboratory of Advanced Technology for Materials Synthesis and Processing; and
Department of Applied Chemistry, Faculty of Sciences, Wuhan University of Technology,
Wuhan, China

References

[1] Grubbs RH, Chang S. Recent advances in olefin metathesis and its application in organic
synthesis. Tetrahedron. 1998;54(18):4413-4450. DOI: 10.1016/S0040-4020(97)10427-6

[2] Ivin KJ. Some recent applications of olefinmetathesis in organic synthesis: A review. Journal
of Molecular Catalysis A: Chemical. 1998;133(1):1-16. DOI: 10.1016/S1381-1169(97)00249-5

[3] Ahmed SR, Bullock SE, Steven E, Cresce SE, Kofinas P. Polydispersity control in ring
opening metathesis polymerization of amphiphilic norbornene diblock copolymers. Poly-
mer. 2003;44(17):4943-4948. DOI: 10.1016/S0032-3861(03)00487-7

[4] Bozhenkova GS, Ashirov RV, Lyapkov AA, Kiselev SA, Yusubov MS, Verpoort F. Novel
polymers based on dimethyl esters of norbornene dicarboxylic acids synthesized using
metathesis ring-opening polymerization. Current Organic Synthesis. 2017;14(3):383-388.
DOI: 10.2174/1570179413666161031151319

[5] Bielawski CW, Grubbs RH. Living ring-opening metathesis polymerization. Progress in
Polymer Science. 2007;32(1):1-29. DOI: 10.1016/j.progpolymsci.2006.08.006

[6] Lexer C, Saf R, Slugovc C. Acrylates as termination reagent for the preparation of semi-
telechelic polymers made by ring opening metathesis polymerization. Journal of Polymer
Science Part A: Polymer Chemistry. 2009;47(1):299-305. DOI: 10.1002/pola.23137

Ring Opening Metathesis Polymerization
http://dx.doi.org/10.5772/intechopen.71085

39



[7] Benson SW, Cruickshank FR, Golden DM, Haugen GR, O’Neal HE, Rodgers AS, Shaw R,
Walsh R. Additivity rules for estimation of thermodynamical properties. Chemical Reviews.
1969;69(3):279-324. DOI: 10.1021/cr60259a002

[8] North M. ROMP of Norbornene Derivatives of Amino-Esters and Amino-Acids. In:
Khosravi E., Szymanska-Buzar T. (eds) Ring Opening Metathesis Polymerisation and
Related Chemistry. NATO Science Series (Series II: Mathematics, Physics and Chemistry),
Springer, Dordrecht; 2002;56:157-166. DOI: 10.1007/978-94-010-0373-5_13

[9] Patton PA, Lillya CP, McCarthy TJ. Olefin metathesis of cyclohexene. Macromolecules.
1986;19(4):1266-1268. DOI: 10.1021/ma00158a056

[10] Benedicto AD, Claverie JP, Grubbs RH. Molecular weight distribution of living polymer-
ization involving chain-transfer agents: Computational results, analytical solutions, and
experimental investigations using ring-opening metathesis polymerization. Macromole-
cules. 1995;28(2):500-511. DOI: 10.1021/ma00106a013

[11] Darling TR, Davis TP, Fryd M, Gridnev AA, Haddleton DM, Ittel SD, Mathenson RR,
Moad G, Rizzardo E. Living polymerization: Rationale for uniform terminology. Journal
of Polymer Science Part A: Polymer Chemistry. 2000;38(10):1706-1708. DOI: 10.1002/
(SICI)1099-0518(20000515)38:10<1706::AID-POLA20>3.0.CO;2-5

[12] Calderon N, Chen HY, Scott KW. Olefin metathesis—A novel reaction for skeletal trans-
formations of unsaturated hydrocarbons. Tetrahedron Letters. 1967;8(34):3327-3329. DOI:
10.1016/S0040-4039(01)89881-6

[13] Calderon N, Ofstead EA, Ward JP, Judy WA, Scott KW. Olefin metathesis. I. Acyclic
vinylenic hydrocarbons. Journal of the American Chemical Society. 1968;90(15):4133-
4140. DOI: 10.1021/ja01017a039

[14] Calderon N, Ofstead EA, JudyWA. Ring-opening polymerization of unsaturated alicyclic
compounds. Journal of Polymer Science Part A: Polymer Chemistry. 1967;5(9):2209-2217.
DOI: 10.1002/pol.1967.150050901

[15] Dall’Asta G, Mazzanti G, Natta G, Porri L. Anionic coordinated polymerization of
cyclobutene. Die Makromolekulare Chemie. 1962;56(1):224-227. DOI: 10.1002/macp.1962.
020560118

[16] Natta G, Dall’Asta G, Mazzanti G. Stereospecific homopolymerization of cyclopentene.
Angewandte Chemie, International Edition. 1964;3(11):723-729. DOI: 10.1002/anie.196407231

[17] Rinehart RE, Smith HP. The emulsion polymerization of the norbornene ring system
catalyzed by noble metal compounds. Journal of Polymer Science, Part B: Polymer Let-
ters. 1965;3(12):1049-1052. DOI: 10.1002/pol.1965.110031215

[18] Fischer EO, Maasböl A. On the existence of a tungsten carbonyl carbene complex.
Angewandte Chemie, International Edition. 1964;3(8):580-581. DOI: 10.1002/anie.196405801

[19] Casey CP, Burkhardt TJ. (Diphenylcarbene)pentacarbonyltungsten(0). Journal of the
American Chemical Society. 1973;95(17):5833-5834. DOI: 10.1021/ja00798a103

Recent Research in Polymerization40



[7] Benson SW, Cruickshank FR, Golden DM, Haugen GR, O’Neal HE, Rodgers AS, Shaw R,
Walsh R. Additivity rules for estimation of thermodynamical properties. Chemical Reviews.
1969;69(3):279-324. DOI: 10.1021/cr60259a002

[8] North M. ROMP of Norbornene Derivatives of Amino-Esters and Amino-Acids. In:
Khosravi E., Szymanska-Buzar T. (eds) Ring Opening Metathesis Polymerisation and
Related Chemistry. NATO Science Series (Series II: Mathematics, Physics and Chemistry),
Springer, Dordrecht; 2002;56:157-166. DOI: 10.1007/978-94-010-0373-5_13

[9] Patton PA, Lillya CP, McCarthy TJ. Olefin metathesis of cyclohexene. Macromolecules.
1986;19(4):1266-1268. DOI: 10.1021/ma00158a056

[10] Benedicto AD, Claverie JP, Grubbs RH. Molecular weight distribution of living polymer-
ization involving chain-transfer agents: Computational results, analytical solutions, and
experimental investigations using ring-opening metathesis polymerization. Macromole-
cules. 1995;28(2):500-511. DOI: 10.1021/ma00106a013

[11] Darling TR, Davis TP, Fryd M, Gridnev AA, Haddleton DM, Ittel SD, Mathenson RR,
Moad G, Rizzardo E. Living polymerization: Rationale for uniform terminology. Journal
of Polymer Science Part A: Polymer Chemistry. 2000;38(10):1706-1708. DOI: 10.1002/
(SICI)1099-0518(20000515)38:10<1706::AID-POLA20>3.0.CO;2-5

[12] Calderon N, Chen HY, Scott KW. Olefin metathesis—A novel reaction for skeletal trans-
formations of unsaturated hydrocarbons. Tetrahedron Letters. 1967;8(34):3327-3329. DOI:
10.1016/S0040-4039(01)89881-6

[13] Calderon N, Ofstead EA, Ward JP, Judy WA, Scott KW. Olefin metathesis. I. Acyclic
vinylenic hydrocarbons. Journal of the American Chemical Society. 1968;90(15):4133-
4140. DOI: 10.1021/ja01017a039

[14] Calderon N, Ofstead EA, JudyWA. Ring-opening polymerization of unsaturated alicyclic
compounds. Journal of Polymer Science Part A: Polymer Chemistry. 1967;5(9):2209-2217.
DOI: 10.1002/pol.1967.150050901

[15] Dall’Asta G, Mazzanti G, Natta G, Porri L. Anionic coordinated polymerization of
cyclobutene. Die Makromolekulare Chemie. 1962;56(1):224-227. DOI: 10.1002/macp.1962.
020560118

[16] Natta G, Dall’Asta G, Mazzanti G. Stereospecific homopolymerization of cyclopentene.
Angewandte Chemie, International Edition. 1964;3(11):723-729. DOI: 10.1002/anie.196407231

[17] Rinehart RE, Smith HP. The emulsion polymerization of the norbornene ring system
catalyzed by noble metal compounds. Journal of Polymer Science, Part B: Polymer Let-
ters. 1965;3(12):1049-1052. DOI: 10.1002/pol.1965.110031215

[18] Fischer EO, Maasböl A. On the existence of a tungsten carbonyl carbene complex.
Angewandte Chemie, International Edition. 1964;3(8):580-581. DOI: 10.1002/anie.196405801

[19] Casey CP, Burkhardt TJ. (Diphenylcarbene)pentacarbonyltungsten(0). Journal of the
American Chemical Society. 1973;95(17):5833-5834. DOI: 10.1021/ja00798a103

Recent Research in Polymerization40

[20] Katz TJ, Lee SJ, Acton N. Stereospecific polymerization of cycloalkenes induced by ametal–
carbene. Tetrahedron Letters. 1976;17(47):4247-4250. DOI: 10.1016/0040-4039(76)80086-X

[21] Nguyen ST, Johnson LK, Grubbs RH, Ziller JW. Ring-opening metathesis polymerization
(ROMP) of norbornene by a group VIII carbene complex in protic media. Journal of the
American Chemical Society. 1992;114(10):3974-3975. DOI: 10.1021/ja00036a053

[22] Schwab P, France MB, Ziller JW, Grubbs RH. A series of well-defined metathesis cata-
lysts–synthesis of [RuCl2(=CHR0)(PR3)2] and its reactions. Angewandte Chemie, Interna-
tional Edition. 1995;34(18):2039-2041. DOI: 10.1002/anie.199520391

[23] Grubbs RH,Wenzel AG, editors. Handbook of Metathesis. Volume 1: Catalyst Development
andMechanism. Second ed.Weinheim:Wiley-VCHVerlag GmbH&Co. KGaA; 2015. p. 448

[24] Scholl M, Trnka TM, Morgan JP, Grubbs RH. Increased ring closing metathesis activity
of ruthenium-based olefin metathesis catalysts coordinated with imidazolin-2-ylidene
ligands. Tetrahedron Letters. 1999;40(12):2247-2250. DOI: 10.1016/S0040-4039(99)00217-8

[25] Garber SB, Kingsbury JS, Gray BL, Hoveyda AH. Efficient and recyclable monomeric
and dendritic Ru-based metathesis catalysts. Journal of the American Chemical Society.
2000;122(34):8168-8179. DOI: 10.1021/ja001179g

[26] Keitz BK, Fedorov A, Grubbs RH. Cis-selective ring-opening metathesis polymerization
with ruthenium catalysts. Journal of the American Chemical Society. 2012;134(4):2040-
2043. DOI: 10.1021/ja211676y

[27] Afanasyev VV, Nizovtsev AV, Dolgina TM, Bespalova NB. Ruthenium catalyst for dicyclo-
pentadiene polymerization and preparation method thereof (options). Pat. 2374269 RU,
IPC C08F32/08, C08F132/08, C08F4/80, B01J27/13, B01J27/24. № 2008100385/04. PubDate:
27-11-2009; Applicant and patent holder of JSC SIBUR Holding

[28] Nelson WL, Freeman DS, Sankar R. Bicyclic amino alcohols. Isomeric 2-dimethylami-
nomethyl-3-hydroxymethylbicyclo[2.2.1]hept-5-enes. The Journal of Organic Chemistry.
1975;40(25):3658-3664. DOI: 10.1021/jo00913a010

[29] Sanford MS, Love JA, Grubbs RH. Mechanism and activity of ruthenium olefin metathesis
catalysts. Journal of the American Chemical Society. 2001;123(27):6543-6554. DOI: 10.1021/
ja010624k

[30] Kiselev SA, Zemlyakov DI, Ashirov RV, Lyapkov AA. Activity of original Hoveyda-Grubbs
II catalyst in ring-opening metathesis polymerization of exo,exo-2,3-dicarbomethoxy-5-
norbornene in two different solvents. In: Proceedings of III International Scientific School-
Conference for Young Scientists “Catalysis: From Science to Industry”; 26–30 October 2014;
Tomsk, Russia; Tomsk: Publishing “Ivan Fedorov”; 2014. p. 61

[31] Allaert B, Dieltiens N, Ledoux N, Vercaemst C, Van Der Voort P, Stevens CV, Linden A,
Verpoort F. Synthesis and activity for ROMP of bidentate Schiff base substituted second
generation Grubbs catalysts. Journal of Molecular Catalysis A: Chemical. 2006;260(1–2):
221-226. DOI: 10.1016/j.molcata.2006.07.006

Ring Opening Metathesis Polymerization
http://dx.doi.org/10.5772/intechopen.71085

41



[32] Holland MG, Griffith VE, France MB, Desjardins SG. Kinetics of the ring-opening metath-
esis polymerization of a 7-oxanorbornene derivative by Grubbs catalyst. Journal of Poly-
mer Science Part A: Polymer Chemistry. 2003;41(13):2125-2131. DOI: 10.1002/pola.10761

[33] Louie J, Grubbs RH. Highly active metathesis catalysts generated in situ from inexpensive
and air-stable precursors. Angewandte Chemie. 2001;113(1):253-255. DOI: 10.1002/1521-
3757(20010105)113:1<253::AID-ANGE253>3.0.CO;2-Z

[34] Bazan GC, Schrock RR, Cho HN, Gibson VC. Polymerization of functionalized Norbornenes
employing Mo(CH-t-Bu) (NAr) (O-t-Bu)2 as the initiator. Macromolecules. 1991;24(16):4495-
4502. DOI: 10.1021/ma00016a003

[35] Kiselev SA, Lenev DA, Lyapkov AA, Semakin SV, Bozhenkova GS, Verpoort F, Ashirov
RV. Reactivity of norbornene esters in ring-opening metathesis polymerization initiated
by a N-chelating Hoveyda II type catalyst. RSC Advances. 2016;6(7):5177-5183. DOI:
10.1039/C5RA25197D

[36] Haigh DA, Kenwright AM, Khosravi E. Nature of the propagating species in ring-
opening metathesis polymerizations of oxygen-containing monomers using well-defined
ruthenium initiators. Macromolecules. 2005;38(18):7571-7579. DOI: 10.1021/ma050838c

[37] P’Pool SJ, Schanz H-J. Reversible inhibition/activation of olefin metathesis: A kinetic
investigation of ROMP and RCM reactions with Grubbs’ catalyst. Journal of the American
Chemical Society. 2007;129(46):14200-14212. DOI: 10.1021/ja071938w

[38] Rule JD, Moore JS. ROMP reactivity of endo- and exo-dicyclopentadiene. Macromole-
cules. 2002;35(21):7878-7882. DOI: 10.1021/ma0209489

[39] Ashirov RV, Zemlyakov DI, Lyapkov AA, Kiselev SA. Kinetics of the metathesis poly-
merization of 5,6-di(methoxycarbonyl)bicycle[2.2.1]hept-2-enes on an original Hoveyda-
Grabbs II type catalyst. Kinetics and Catalysis. 2013;54(4):494-499. DOI: 10.1134/S0023
158413040010

[40] Delaude L, Demonceau A, Noels AF. Probing the Stereoselectivity of the ruthenium-
catalyzed ring-opening metathesis polymerization of norbornene and norbornadiene
diesters. Macromolecules. 2003;36(5):1446-1456. DOI: 10.1021/ma021315x

[41] Schrock RR. Synthesis of stereoregular ROMP polymers using molybdenum and tungsten
imido alkylidene initiators. Dalton Transactions. 2011;40(29):7484-7495. DOI: 10.1039/c1d
t10215j

[42] FlookMM, Ng VWL, Schrock RR. Synthesis of cis,syndiotactic ROMP polymers containing
alternating enantiomers. Journal of the American Chemical Society. 2011;133(6):1784-1786.
DOI: 10.1021/ja110949f

[43] Oskam JH, Schrock RR. Rotational isomers of Mo(VI) alkylidene complexes and Cis/trans
polymer structure: Investigations in ring-opening metathesis polymerization. Journal of
the American Chemical Society. 1993;115(25):11831-11845. DOI: 10.1021/ja00078a023

Recent Research in Polymerization42



[32] Holland MG, Griffith VE, France MB, Desjardins SG. Kinetics of the ring-opening metath-
esis polymerization of a 7-oxanorbornene derivative by Grubbs catalyst. Journal of Poly-
mer Science Part A: Polymer Chemistry. 2003;41(13):2125-2131. DOI: 10.1002/pola.10761

[33] Louie J, Grubbs RH. Highly active metathesis catalysts generated in situ from inexpensive
and air-stable precursors. Angewandte Chemie. 2001;113(1):253-255. DOI: 10.1002/1521-
3757(20010105)113:1<253::AID-ANGE253>3.0.CO;2-Z

[34] Bazan GC, Schrock RR, Cho HN, Gibson VC. Polymerization of functionalized Norbornenes
employing Mo(CH-t-Bu) (NAr) (O-t-Bu)2 as the initiator. Macromolecules. 1991;24(16):4495-
4502. DOI: 10.1021/ma00016a003

[35] Kiselev SA, Lenev DA, Lyapkov AA, Semakin SV, Bozhenkova GS, Verpoort F, Ashirov
RV. Reactivity of norbornene esters in ring-opening metathesis polymerization initiated
by a N-chelating Hoveyda II type catalyst. RSC Advances. 2016;6(7):5177-5183. DOI:
10.1039/C5RA25197D

[36] Haigh DA, Kenwright AM, Khosravi E. Nature of the propagating species in ring-
opening metathesis polymerizations of oxygen-containing monomers using well-defined
ruthenium initiators. Macromolecules. 2005;38(18):7571-7579. DOI: 10.1021/ma050838c

[37] P’Pool SJ, Schanz H-J. Reversible inhibition/activation of olefin metathesis: A kinetic
investigation of ROMP and RCM reactions with Grubbs’ catalyst. Journal of the American
Chemical Society. 2007;129(46):14200-14212. DOI: 10.1021/ja071938w

[38] Rule JD, Moore JS. ROMP reactivity of endo- and exo-dicyclopentadiene. Macromole-
cules. 2002;35(21):7878-7882. DOI: 10.1021/ma0209489

[39] Ashirov RV, Zemlyakov DI, Lyapkov AA, Kiselev SA. Kinetics of the metathesis poly-
merization of 5,6-di(methoxycarbonyl)bicycle[2.2.1]hept-2-enes on an original Hoveyda-
Grabbs II type catalyst. Kinetics and Catalysis. 2013;54(4):494-499. DOI: 10.1134/S0023
158413040010

[40] Delaude L, Demonceau A, Noels AF. Probing the Stereoselectivity of the ruthenium-
catalyzed ring-opening metathesis polymerization of norbornene and norbornadiene
diesters. Macromolecules. 2003;36(5):1446-1456. DOI: 10.1021/ma021315x

[41] Schrock RR. Synthesis of stereoregular ROMP polymers using molybdenum and tungsten
imido alkylidene initiators. Dalton Transactions. 2011;40(29):7484-7495. DOI: 10.1039/c1d
t10215j

[42] FlookMM, Ng VWL, Schrock RR. Synthesis of cis,syndiotactic ROMP polymers containing
alternating enantiomers. Journal of the American Chemical Society. 2011;133(6):1784-1786.
DOI: 10.1021/ja110949f

[43] Oskam JH, Schrock RR. Rotational isomers of Mo(VI) alkylidene complexes and Cis/trans
polymer structure: Investigations in ring-opening metathesis polymerization. Journal of
the American Chemical Society. 1993;115(25):11831-11845. DOI: 10.1021/ja00078a023

Recent Research in Polymerization42

[44] O’Dell R, McConville DH, Hofmeister GE, Schrock RR. Polymerization of enantio-
merically pure 2,3-dicarboalkoxynorbornadienes and 5,6-disubstituted norbornenes by
well-characterized molybdenum ring-opening metathesis polymerization initiators.
Direct determination of tacticity in cis, highly tactic and trans, highly tactic polymers.
Journal of the American Chemical Society. 1994;116(8):3414-3423. DOI: 10.1021/ja0008
7a028

[45] Pollino JM, Stubbs LP, Weck M. Living ROMP of exo-norbornene esters possessing Pd II
SCS pincer complexes or diaminopyridines. Macromolecules. 2003;36(7):2230-2234. DOI:
10.1021/ma025873n

[46] Ashirov RV, Zemlyakov D, Lyapkov AA, Kiselev S, Vervacke D. The relative reactivity
of 2,3-dicarbomethoxy-5-norbornenes in metathesis polymerization using the original
N-chelating ruthenium carbene complex. Journal of Applied Polymer Science. 2014;131(8):
401301-401307. DOI: 10.1002/app.40130

Ring Opening Metathesis Polymerization
http://dx.doi.org/10.5772/intechopen.71085

43





Section 2

Biomaterial Content Polymer Composites





Chapter 3

Molecularly Imprinted Polymers for Pharmaceutical
Compounds: Synthetic Procedures and Analytical
Applications

Lawrence Madikizela, Nikita Tavengwa and
Vusumzi Pakade

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71475

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is 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. 

DOI: 10.5772/intechopen.71475

Molecularly Imprinted Polymers for Pharmaceutical 
Compounds: Synthetic Procedures and Analytical 
Applications

Lawrence Madikizela,  
Nikita Tavengwa and  
Vusumzi Pakade

Additional information is available at the end of the chapter

Abstract

In this chapter, the synthetic procedures for molecularly imprinted polymers (MIPs) for 
pharmaceutical compounds are discussed. Regardless of its limitations, such as produc-
tion of irregular particles and loss of sample during processing (crushing and sieving), 
bulk polymerization has been widely used compared to say precipitation and suspension 
polymerization partly due to its simplicity in synthesis and robustness. A comparison 
of indomethacin removal from aqueous solution by MIP particles prepared using bulk 
polymerization to those obtained from suspension polymerization showed that the par-
ticles from the former exhibited higher adsorption capacity. Furthermore, the chapter 
explores the strengths and limitations relating the use of pharmaceutical compounds as 
uni-templates, multi-templates and dummy templates. Also, the analytical applications 
of MIPs are discussed in more details with particular focus on molecularly imprinted 
solid-phase extraction (MISPE) of pharmaceuticals from environmental samples. This 
application (MISPE) is currently the most exploited in literature as more pharmaceutical 
drugs find their way into environmental water bodies.

Keywords: molecularly imprinted polymer, polymerization process, pharmaceuticals, 
polymer composites, analytical applications

1. Introduction

The development of molecularly imprinted materials is an area of intense research ever since 
its introduction by Wulff and Sarhan in 1972 [1]. Generations of scientists have been intrigued 
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by the binding phenomena involved in interactions that occur between natural molecular spe-
cies such as antibodies and biological receptors. As such, over the years, numerous approaches 
have been used to mimic these interactions [2]. Molecular imprinting technology is today a 
viable synthetic approach to design robust molecular recognition materials able to mimic 
these natural phenomena. The main advantages of molecularly imprinted polymers (MIPs) 
are their high selectivity and affinity for the target molecule used in the imprinting procedure. 
Applications of molecularly imprinted materials have grown to include areas such as sepa-
ration sciences and purification as extraction and chromatographic sorbents [3, 4], chemical 
sensors [5], catalysis [6], drug delivery [7] and biological antibodies and receptors system [8]. 
Among the polymeric materials developed, MIPs are also one of the most attractive materials 
for bioanalytical and biomedical applications [9]. Due to the high selectivity of MIPs towards 
pharmaceutical compounds, there are a number of companies that have gone to an extent of 
commercializing the MIP sorbent. These companies include Supelco in Belefonte (PA, USA), 
Biotage in Barcelona (Spain, Europe) and MIP Technologies in Lund (Sweden, Europe).

On the other hand, the occurrence of pharmaceutical compounds in the environment, par-
ticularly in surface water and wastewater, has also intrigued the scientific community. 
Pharmaceutical compounds are drugs that are used for the purpose of preventing, curing,  
treating disease and improving the health of their consumers [10]. To date, different classes of 
pharmaceuticals are known such as non-steroidal anti-inflammatory drugs (NSAIDs), antibi-
otics, antiretroviral drugs and steroid hormones. Pharmaceutical compounds enter the aquatic 
environment through various sources that include households, wastewater treatment plants 
(WWTPs), hospitals and industrial units [11]. Also, some pharmaceuticals are known to be 
transported into the environment through human excretion as metabolites and as unaltered 
parent compounds [12]. For example, the NSAIDs such as ibuprofen, naproxen, ketoprofen 
and diclofenac are eliminated from the human body with 10, 70, 80 and 10% of unaltered 
compounds, respectively [12]. The eliminated compounds are often swept into WWTPs. High 
number of research studies have demonstrated the inability of WWTPs to completely remove 
pharmaceuticals during the sewage treatment processes [13–15].

The formulation and the preparation of new pharmaceutical compounds conducted by com-
panies can represent a danger for the environment because of their toxic potential. Despite 
concerns about potential risks associated with the presence of pharmaceuticals and personal 
care products in the environment, few toxicological data address the health and environ-
mental effects of these compounds [16]. A recent review by Madikizela et al. [17] pointed 
out that there are indeed some traces of pharmaceutical compounds in water bodies even in 
many African counties that are least developed. Clofibric acid is regarded as one of the most 
persistent drug residues with an estimated persistence in the environment of 21 years, being 
frequently detected in environment monitoring of pharmaceuticals all around the world [18].

Conventional methods such as biodegradation, photo catalysis and advanced oxidation 
have been applied for the treatment of pharmaceutical contaminants [19]. Analytical tests 
are required for environmental monitoring of pharmaceutical drugs in order to evaluate 
the success of the treatment method. The complexity of the environmental samples has 
commanded the availability of selective analytical methods for the quantification of these 
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pharmaceutical compounds. Therefore, MIPs are developed and used in sample prepara-
tion for the purpose of increasing selectivity of analytical method, and sensitivity when 
applied as a sorbent in the sample pre-concentration step. Other sorbents that have been 
used for the extraction of pharmaceuticals compounds include biochars, chitosan, silica, 
zeolites, graphene, clays and carbon [20].

Selectivity is an important parameter in analytical chemistry. However, many materials that 
are used for the extraction of pharmaceuticals such as hydrophilic lipophilic balance and C18 
sorbents lack this feature. On the other hand, MIPs have long since known to be attractive in 
this regard. Figure 1 [21] shows the chromatograms (red line) which illustrates the efficiency 
of the molecularly imprinted polymer—solid-phase extraction (MIP-SPE) procedure (extrac-
tion rate of about 90%) and the advantages of both the concentration and sample clean-up 
with very low background and no interferences close to the retention time of 17β-estradiol. 
It is also noteworthy to point out that not only selectivity is enhanced but MIPs have also 
the capacity to pre-concentrate pharmaceutical compounds. This is especially important as 
pharmaceuticals are detected and quantified in very low concentrations. This further implies 
that other ordinary cheap instruments can be used for environmental analysis beside the mass 
spectrometry (MS) detection that is known to have low detection limits and can detect phar-
maceuticals at trace levels.

Figure 1. HPLC-FLD chromatograms obtained after extracts clean-up with MIP-SPE (AFFINIMIP® SPE Estrogens; 
Polyintell) of 100 mL of seine water spiked at 0.5 ng.mL−1 with 17β-estradiol (—) and before MIP clean-up (—) [21].
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2. Synthetic approaches

The molecularly imprinted polymerization techniques and methods have been well described 
in literature [22]. Basically, the imprinting process involves self-assembled of selected func-
tional monomer around a template molecule followed by polymerization in the presence of a 
cross-linker [23]. The template is then removed from the polymer matrix, thus, leaving behind 
a cavity complementary in functional group, size and shape, which is available to strongly 
bind compounds that are closely related to the template molecule. This is demonstrated in 
Figure 2 using the synthesis of MIP for fluconazole, an antifungal agent, as an example [24]. In 
their synthetic reaction [24], they used methacrylic acid, ethylene glycol dimethacrylate and 
fluconazole as functional monomer, cross-linker and template, respectively. Despite its  

Figure 2. Synthetic scheme of a MIP for fluconazole adapted from Manzoor et al. [24].
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disadvantages like wastage of material during processing (sieving and crushing), bulk polym-
erization remains the most common imprinting method for pharmaceutical compounds com-
pared to other polymerization techniques such as precipitation, suspension and emulsion 
polymerizations [25]. Bulk polymerization has been practically proven to give higher bind-
ing capacity for indomethacin when compared to suspension polymerization [25]. In this 
instance, indomethacin binding capacities for MIP prepared by bulk and suspension polym-
erization were approximately 0.35 and 0.15 mg.g−1, respectively.

3. Pharmaceutical compounds as templates

Templates are the most important reagent in the spatial arrangement of functional mono-
mers during polymerization. Many pharmaceutical compounds of different therapeu-
tic classes have been imprinted using the single-template and multi-template synthetic 
approaches [26–28]. Some of the imprinted compounds are given in Table 1. It has been 
observed that the non-steroidal anti-inflammatory drugs (NSAIDs) and analgesics with the 
exception of fenoprofen which are frequently detected in environmental waters have been 
imprinted [29]. NSAIDs are known as the most consumed pharmaceuticals and in most 
cases their MIPs have been applied as selective SPE sorbents [29]. Most pharmaceutical 
drugs have hydroxyl and carbonyl functional groups which makes the imprinting process 
easy by utilizing their ability to form hydrogen bonding with several functional mono-
mers. Also, due to the presence of aromatic rings in some pharmaceutical compounds and 
functional monomers, it is possible to have electrostatic interactions between the rings of 
different molecules. In this aspect, Farrington and Regan [30] demonstrated computation-
ally the electrostatic interaction between the aromatic rings of ibuprofen (template) and 
4-vinyl pyridine (functional monomer). Currently, MIPs are developed using one pharma-
ceutical compound as the template (uni-templating and dummy-templating). Also, there 
are procedures that have been shown in literature where many pharmaceuticals are used 
as multi-templates [26, 28]. In multi-templating approach, equal amounts of templates are 
added simultaneously into the polymerization mixture. Once removed at the end polym-
erization reaction, the resulting MIP can selectively re-bind the removed compounds from 
the environmental samples.

3.1. Physico-chemical properties of pharmaceutical compounds

Few pharmaceutical compounds that have been used in molecular imprinting as template 
molecules are given in Table 1. It can be seen from their molecular structures that pharmaceu-
tical compounds compose of a variety of functional groups. The presence of functional groups 
in the template molecule makes it easy to undergo the molecular interactions such as hydro-
gen bonding. For example, the presence of carboxylic group in ibuprofen allows for hydrogen 
bonding in acidic conditions with 2-vinyl pyridine functional monomer [31]. Such hydrogen 
bonds are easy to break by washing the MIP with acetic acid which is a small molecule that 
can penetrate the pores of the MIP, thereby, disrupting the molecular interactions. This leads 
to easy regeneration of the MIP.
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The pKa of a drug influences lipophilicity, solubility, protein binding and permeability which 
in turn directly affects pharmacokinetic (PK) characteristics such as absorption, distribution, 
metabolism and excretion [32, 33]. It is very important to understand the physico-chemical 
properties of templates and functional monomers prior to any MIP application. This is high-
lighted in the work reported by Dai et al. [34]. In their work, the adsorption efficiency of clofi-
bric acid decreased significantly with the increase of pH when the pH was between 6 and 12. 

Therapeutic class Compound Chemical structure

NSAID Ibuprofen

H3C

CH3
OH

O

CH3

Antidiabetic Metformin
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Antibiotic Tetracycline
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OH

H
CH3

HO

OH OH

CH3H3C

O O O

Anti-epileptic Carbamazepine

N

N O

H
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Table 1. Physico-chemical properties of selected imprinted pharmaceuticals.
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This phenomenon could be explained by the ionization of clofibric acid (pKa of 3.18) which 
could occur under strong basic condition. Therefore, clofibric acid was negatively charged. 
On the other hand, the functional monomer of 2-vinyl pyridine (pKa of 4.98) used in the syn-
thesis of MIP could also be negatively charged. It is known that the ─COOH groups in the 
selective binding cavity of MIP play a key role in the rebinding of target compounds. The 
adsorption at basic pH could be due to the hydrophobic interactions [34].

3.2. Uni-templating

In most cases, uni-templating is done in order to extract one target analyte based on one 
attractive attribute such as bioactivity or ease excretion from human metabolism or the 
negative effect of that analyte such as toxicity or widespread in the environment. In the syn-
thesis of MIPs, the target compounds are usually used as the template molecules. A diver-
sity of pharmaceutical compounds have been detected in environmental waters [17, 35],  
therefore, most pharmaceuticals have been imprinted for the purpose of develop-
ing selective analytical methods. Conventionally, a single-template is imprinted which 
subsequently lead to the isolation of one pharmaceutical compound from water matrix 
[36]. Many pharmaceuticals that include ketoprofen [3], indomethacin [25], 17β-estradiol 
[27] and diclofenac [37] have been imprinted using the single templates. MIPs that have 
been synthesized using this approach usually possess high selectivity towards the com-
pound that was used as template molecule. High selectivity maybe due to molecular 
recognition that could be strongly influenced by functional groups, shape and size of 
the target compound. In this case, selectivity is usually evaluated by extracting a mix-
ture of organic compounds that consist of the target compound and other structurally 
related compounds. Zunngu et al. [3] tested selectivity of ketoprofen MIP for its ability 
to extract similar compounds (triclosan, gemfibrozil and fenoprofen) along the target 
compound from spiked deionized water. Their results showed accepted recovery (104%) 
for ketoprofen, and for competitors the recoveries did not exceed 20%. In a different 
study, Ming et al. [27] demonstrated the competitive adsorption ability of 17β-estradiol 
MIP towards the target compound in the presence of estriol, estrone, bisphenol A and 
hexestrol in aqueous solutions. Single-template MIPs usually lead to superior sample 
clean-up that subsequently results in cleaner chromatograms, however, this approach do 
not allow for a simultaneous multi-compound analysis. Multi-compound analysis can 
only be performed using uni-templating procedure after physical mixing a number of 
MIP for individual compounds. However, this approach is not financial feasible as it is 
expensive to synthesize a number of MIPs whose mixtures will be used to target a num-
ber of pharmaceuticals.

3.3. Multi-templating

One of the advantages of MIPs is the selective extraction of analytes in complex matrices. 
However, at times it is desired that a class/many compounds are removed or extracted 
from the environmental or real samples simultaneously. To achieve this, research-
ers have explored the possibility of imprinting multiple templates all at once for the 
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pre-concentration and extraction of a certain group of compounds where a cocktail of 
pharmaceutical compounds is used in the polymerization set-up. Practical examples for 
this include the work of Duan et al. [26] where five acidic pharmaceuticals which are 
ibuprofen, naproxen, ketoprofen, diclofenac and clofibric acid, were used as multi-tem-
plates in a synthesized MIP that showed selective recognition and ability to extract these 
target compounds from lake water and WWTP effluent using molecularly imprinted 
solid-phase extraction (MISPE) technique. In their work, Duan et al. [26] obtained the 
recoveries that were greater than 95% for all five acidic pharmaceuticals in lake water 
and wastewater spiked with 1 μg.L−1 of each compound. Dai et al. [38] have also reported 
the selective removal of the same group of pharmaceutical compounds using a multi-
template MIP from contaminated water. These researchers demonstrated the selectiv-
ity of the multi-template MIP in the presence of fenoprofen and carbamazepine (both 
pharmaceutical compounds). In their study, the removal efficiency for the five target 
pharmaceuticals in water was greater than 80%, whereas, less than 40% was reported for 
fenoprofen and carbamazepine used as competitors. In the same aspect, a dual template 
(naproxen and ketoprofen) MIP has been reported [28], where the ability to recognize the 
template molecules was tested chromatographically in the presence of structural ana-
logues (ibuprofen, fenbufen, fenoprofen and flurbiprofen). Also, Dai et al. [34] prepared 
a novel double-template MIP by precipitation polymerization using carbamazepine and 
clofibric acid as the double templates.

For a multi-template (naproxen, ibuprofen and diclofenac) MIP, it was observed that the 
selectivity collapses easily during the extraction of target compounds from aqueous phase 
[31]. This could be strongly influenced by bigger cavities that are created due to the usage of 
multi-templates. This could allow the easy access of many presumably smaller molecules into 
the binding sites. It has been demonstrated that the untargeted compounds can be selectively 
washed off from the multi-template MIP surface due to their weaker non-specific interactions 
with the polymer [31]. Contrarily, some researchers have indicated that the use of a dummy 
template during polymerization increased the selectivity of the final MIPs that target more 
that target one compound [39, 40].

3.4. Dummy-templating

The usage of target compounds as template molecules could have negative impact on the 
analysis of real samples due to their bleeding upon application into the sample matrix. 
This could be severe in the cases of incomplete template removal. To avoid this problem, 
the use of dummy templates for the synthesis of MIPs has been proposed in many studies 
[41–43]. In certain instances, the selected dummy templates exhibit the properties of more 
than one compound, and its chemical structure is closely related or similar to more than 
one pharmaceutical drug [42, 44]. In such cases, the prepared MIP is able to selectively 
extract more than one compound. This has been demonstrated by the synthesis of a MIP 
using diphenylamine as the template whose chemical structure closely resembles that of 
both diclofenac and mefenamic acid (Table 2) [44]. As shown in Table 2, the dummy mol-
ecule (diphenylamine) for both diclofenac and mefenamic acid can be characterized by two 
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phenyl groups which are both attached to the amine group, such groups also appear on 
the structures of the target compounds. Similarly, the approach has also been reported in 
the synthesis of MIP required for SPE of phenothiazines from meat samples, where phe-
nothiazine and 2-chlorophenothiazine were used as dummy templates, thereby taking the 
advantage of their core chemical structures that compose of phenothiazine [42]. Both MIPs 
synthesized with phenothiazine and 2-chlorophenothiazine dummy templates were able 
to capture four different phenothiazines (acepromazine, promethazine, perphenazine and 
chlorpromazine), simultaneously. In a different work, a compound, daidzein, was used as 
a non-poisonous dummy template in the synthesis of MIP for fluoroquinolone antibiotics 
[43]. Their synthesized MIP was successfully applied for matrix solid-phase dispersion 
extraction of eight fluoroquinolones from fish samples. Such work gave high recoveries 
and selectivity for target compounds (Table 2). Similarly, the analysis of single pharmaceu-
tical drug, ractopamine, commonly used for the treatment of asthma has been performed 
using dummy template MIP which has been synthesized using salbutamol as a dummy 
template [41]. The drawback that could be associated with the use of dummy templates in 
molecular imprinting could rise during the applications in real samples. Selectivity can be 
reduced greatly due to the differences in the physico-chemical properties of the dummy 
template and the targeted compound(s). For instance, in Table 2, it can be seen that diphe-
nylamine (dummy template) is relatively smaller, in terms of size, as compared to the 
diclofenac (target compound). The same can be observed in the case of phenothiazine pre-
sented in Table 2. This could lead to easy binding of smaller molecules with similar func-
tional groups into MIPs.

4. Synthesis of polymer composites

Traditional imprinting produce particles with adsorption sites embedded deep into the 
polymer matrix resulting in difficulties with mass transfer of analyte molecules [45]. Dummy 
templating has been used to address the problem of elution of template molecules during 
MIP application in real world samples. This problem occurs due to incomplete template 
removal caused by molecules occupying deeper pores in the polymer matrix. However, as 
discussed earlier, the recognition sites created by the dummy might not perfectly fit the tar-
get analyte leading to inferior extraction efficiencies as when the template was used. Surface 
imprinting (polymer composite) has been proposed as an alternative to dummy templating 
for addressing the MIP template bleeding problem. Various materials including graphene 
oxide [46, 47], magnetic cross-linked chitosan [48, 49], silica [49, 50], carbon nanotubes [51], 
quantum dots [52] and nanoparticles [53, 54] have been used as scaffolds in the preparation 
of imprinted polymer composites for pharmaceutical compounds. The template is imprinted 
at or near the proximity of the surface, therefore, there are no deeper lying cavities that may 
cause slow release of template molecules and subsequently bleeding. The materials used 
as anchors usually have large surface area to volume ratio resulting in lower mass transfer 
resistance and faster rebinding due to accessibility of the binding site [47]. Cl-TiO2 imprinted 
photo catalyst exhibited higher photo degradation rate (72%) of tetracycline under visible 
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irradiation than non-imprinted photo catalyst [53]. Molecular imprinting magnetic γ-Fe2O3/
cross-linked chitosan composites prepared by a microemulsion process were applied for the 
adsorption and degradation of norfloxacin (NOR) [48]. The MIP showed superior adsorption 
of NOR than its non-imprinted counterpart [48] and excellent selectivity of NOR adsorption 
in comparison to sulfadiazine, ofloxacin and phenol [49]. Elsewhere, an electrochemical sen-
sor constructed by grafting MIP to multi-walled carbon nanotube (MWCNTs) surface immo-
bilized on glass carbon electrode was evaluated for the determination of ceftazidime from 
human serum [51]. The functionalized MWCNTs played two roles, increasing the conductiv-
ity of a sensor and the amount of binding sites. The sensor demonstrated good precision, 
stability, sensitivity and selectivity for the target analyte. Recent work showed the synthesis 
of polymer composites for pharmaceutical drugs, where such materials are prepared for 
the purpose of sensory applications [52]. Prasad et al. [52] synthesized a novel monomeric 
graphene quantum dots—MIP-based nanocomposite directly at the surface of screen printed 
carbon electrode and applied for electrochemical detection of an anticancerous drug ifos-
famide in biological and pharmaceutical samples. Their sensor gave the detection limit of 
0.11 ng.mL−1 (S/N = 3), without any matrix effect, cross-reactivity and false-positives.

5. Reusability

MIPs sorbents are easily regenerated by washing with organic solvents to remove the 
adsorbed compounds. Therefore, they can be applied for various extractions repeatedly. In 
this aspect, acetylsalicylic acid MIP successfully adsorbed (removal efficiency 75–78%) the 
target compound from acidic aqueous solutions six times [55]. After desorption, MIP was 
regenerated with a mixture of methanol and acetic acid (7:3, v/v) followed by methanol. There 
are numerous examples of reusability in literature that include those cited in Table 3 for the 
MIPs prepared for selective extraction of acetylsalicylic acid [55], diclofenac [36] and multi-
templates (ibuprofen, naproxen, ketoprofen, diclofenac and clofibric acid) [26]. Such work, 
clearly demonstrate that MIP can be reused many times without losing its adsorption capac-
ity. This is an excellent advantage for MIP as it is a common knowledge that many adsorbents 
are discarded after a single use.

Template/target 
compound

Regeneration solvent Successful applications Reference

Acetylsalicylic acid Methanol/acetic acid (7:3, v/v) 
and methnol

6 repeatable adsorption/desorption experiments 
with 75–78% removal efficiency

[55]

Diclofenac Methanol/acetic acid (9:1, v:v) 30 binding/regeneration cycles with ≥95% 
recovery

[36]

Multi-templates* Methanol/acetic acid (9:1, v/v) 20 adsorption and desorption cycles gave 
constant recovery (≥95%)

[26]

*Multi-templates were ibuprofen, naproxen, ketoprofen, diclofenac and clofibric acid.

Table 3. Examples for reusability of MIPs.
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6. Analytical applications

In relation with pharmaceutical compounds, MIPs are used in analytical applications such as 
sample preparation as SPE sorbents [37], chromatographic stationary phase [56] and biologi-
cal sensing [51]. The analytical applications of MIPs are very useful for various reasons, such 
as they provide higher selectivity than the conventional sorbents, they also reduce the matrix 
influence on the resulting chromatograms and they lead to high sample enrichment factors [57]. 
Besides the use of MIPs in analytical applications such as sample preparation, they are widely 
evaluated as selective adsorbents in contaminated water. MIPs are introduced as clean-up 
adsorbents in environmental waters for removal of pharmaceuticals (batch adsorption) [31, 55].

6.1. Sample preparation

Sample preparation for the determination of pharmaceuticals in aqueous samples is, in most 
cases, preceded by a filtration method prior to pre-concentration [58]. However, this step 
may lead to loss of some compounds bound to particulate matter. Typical example to this, 
is the detection of trace levels of mefenamic acid (a hydrophobic compound) at μg.kg−1 on 
the suspended solids following filtration [59]. Therefore, removal efficiencies and mass load-
ings may be affected by the filtration step [58]. Solid-phase extraction (SPE) techniques, on 
the other hand, have shown fairly good pre-concentration and extraction efficiencies for 
hydrophobic compounds. However, commercial reversed phase-based adsorbents used in 
SPE have not shown satisfactory efficiencies for the pre-concentration of polar organic com-
pounds. It has been suggested that the molecular recognition brought about by MIPs could 
address this downfall of SPE [58]. Instead of conventional sorbents, the SPE cartridges are in 
this case packed with MIP particles. That is, the synthesized MIP particles are slurry or dry 
packed in between two frits inside the solid-phase extraction cartridge [60, 61], referred to as 
MISPE. After packing, the cartridge is then conditioned prior to the loading of sample solu-
tions. Thereafter, the MISPE cartridge is washed for removal of sample interferences and the 
target compounds are eluted with a suitable organic solvent. MISPE has been widely used 
for selective extraction of pharmaceuticals from various matrices that include plasma, urine 
and water samples [25, 57, 62]. In most cases, MISPE is applied where target compounds are 
extracted from solution into the solid material.

In addition, other mode of solid-phase extraction for ARV drug (abacavir) such as solid-phase 
microextraction (SPME) has been reported [63]. The molecularly imprinted SPME technology 
for drug analysis has been described in great details by Ansari and Karimi [22]. These authors 
focussed on the progress, challenges and trends in trace determination of different drugs.

6.1.1. Molecularly imprinted solid-phase extraction

Pharmaceuticals from different classes have been extracted and pre-concentrated using MISPE 
(Table 4). Most common non-steroidal anti-inflammatory drugs (NSAIDs) with the exception 
of fenoprofen have been imprinted and their MIPs were applied in the form of MISPE from 
environmental samples [29]. This is expected as NSAIDs are classified as the most consumed 
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pharmaceuticals by humans with antipyretic activities in some countries such as South Africa 
[64]. The emerging environmental pollutants such as antiretroviral drugs (ARVs) are imprinted 
[63, 65], however, there is still limited/no information on their environmental extraction using 
MISPE. Most MISPE applications for ARVs are based on their extraction from biological samples 
[66, 67]. The application of MISPE allows for pre-concentration of various analytes from environ-
mental samples which in turn lead to very low detection limits in μg.L−1 to ng.L−1 levels (Table 4). 
Based on higher extraction efficiency or percent recoveries for pharmaceuticals, MIPs show strong 
ability to extract such drugs from complex sample matrices such as wastewater. As can be seen in 
Table 4, various amounts of MIPs are used in SPE. Small quantities as demonstrated by Zunngu 
et al. [3] are the significant of potential application in miniaturization techniques.

6.2. Chromatographic analysis

One of the most important applications of MIPs is their usage as the chromatographic sta-
tionary phases. This is done by slurry packing the prepared MIP into the stainless still chro-
matographic column. During the application, the imprinted molecule binds strongly to the 
packing material, which results in its strong retention and longer retention time [56]. This 
application was demonstrated in literature where a chiral stationary phase for the enantiose-
lective separation of naproxen was reported [56]. In their work [56], a MIP was synthesized 
using (S)-naproxen as the template and evaluated for chromatographic separation. Racemic 
naproxen was efficiently resolved on the MIP with (S)-naproxen eluted last. Similarly, 
Haginaka and Sanbe, [70], synthesized a uniformly sized MIP for (S)-naproxen that gave good 
enantioselectivity and resolution for naproxen. In addition, uniform-sized MIP material for 
(S)-propranolol when applied as chromatographic stationary phase has shown the ability to 
separate (S)-propranolol from a mixture that contains some structurally related β-adrenergic 
antagonists [71]. Due to the strong binding of target compound onto MIP, peak tailing on the 
chromatogram is usually evident. Therefore, there are opportunities relating to the improve-
ment of the quality of the resulting chromatograms.

Analyte Sorbent 
amount 
(mg)

Environmental sample 
loading

Elution Analytical method 
and detection limit

Reference

Diclofenac 35 1000 mL wastewater and 
river water

2 mL of methanol/
acetic acid (9:1, v:v)

LC–MS/MS
LOD – Not reported

[36]

Carbamazepine 200 100 mL wastewater effluent 
at pH 11

5 mL of methanol LC-UV
LOD – 25 μg.L−1

[68]

Metformin 50 50 mL aqueous samples 
including wastewater, 
pH 10

1 mL of acetic acid 
and methanol (1:9)

LC-DAD-ESI/MS
LOD – 1.5–3.4 ng.L−1

[69]

Ketoprofen 14 50 mL wastewater at pH 5 1 mL of methanol LC-UV
LOD – 0.23 μg.L−1

[3]

Indomethacin 200 100 mL river water at pH 5 2 mL methanol LC-UV
LOD – 0.03 μg.mL−1

[25]

Table 4. MISPE of pharmaceuticals from environmental waters.
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7. Results and suggestions

In the earlier sections of this chapter, the evidence of the improved selectivity due to the 
application of MIPs in analytical methods has been demonstrated (Figure 1). In numerous 
occasions, the quantification of some pharmaceutical drugs in the environment has been 
performed after sample clean-up and analyte(s) pre-concentration using MISPE. After pre-
concentrated with MISPE, pharmaceutical compounds have been detected at concentration 
levels that range from low ng.L−1 to μg.L−1 [3, 26, 37, 44, 61]. In this chapter, it was further 
elaborated that there are MIP sorbents that are available commercially, and therefore, it is 
suggested that more sorbents should be available in the near future as more pharmaceuticals 
are being detected in the environment. Moreover, there are no reports in literature for MIPs 
synthesized for a number of pharmaceutical compounds more especially those that are new in 
the market. For example, in their recent review paper, Madikizela et al. [29] observed that the 
MIP for fenoprofen is yet to be developed. In different perspective, the potential for MIPs to 
be applied as chromatographic stationary phases for separation of complex mixtures such as 
enantiomers have been investigated extensively in the early 2000 [56, 70, 71]. Due to the prom-
ising results reported in previous years, it is suggested that this area should be exploited more 
carefully in order to improve the quality of chromatographic peaks, that could lead to better 
quality of analysis and results that are more reliable can be achieved. This of cause could lead 
to the introduction of new stationary phases by the manufacturers of chromatographic equip-
ment and consumables.
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Abstract

The ability of non-equilibrium plasmas to modify surfaces has been known for many 
years. And a promising way to perform surface modifications without altering the bulk 
properties is plasma polymerization since this technique is versatile and can be applied 
to a wide range of materials. Plasma polymer films usually show good biocompatibility 
when compared to classical biomaterials. The possible biomedical use of plasma poly-
mers motivates the study of their behavior during storage and in aqueous environment. 
Therefore, it is of major importance to understand the change of properties of these 
plasma polymers over time and when in contact with certain fluids. Recently, plasma 
polymer gradients (surfaces that display a change in at least one physicochemical prop-
erty over distance) have attracted significant attention from the biomedical filed where 
the interaction of cells with a material surface is of major interest. This chapter discusses 
biomaterial functionalization via plasma polymerization focusing on their use in the bio-
medical field as well as their aging and stability behaviors. Plasma polymer gradients as 
valuable tools to investigate cell-surface interactions will also be reviewed.

Keywords: biomaterial, plasma polymer, surface gradient, stability, aging

1. Introduction

1.1. Tissue engineering

Tissue engineering (TE) was first expressed at the NSF “National Science Foundation” work-
shop in 1987 by Dr. Fung. TE was later described as the application of engineering and life sci-
ences to better understand the correlations between the structure and the function of tissues as 
well as the development of replacements for the restoration, preservation and/or enhancement 
of tissue functions [1].

© 2018 The Author(s). Licensee InTech. This chapter is 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.



But it was not until 1993 that Langer and Vacanti gave TE the classical definition of: “an interdis-
ciplinary field that applies the principles of engineering and the life sciences toward the develop-
ment of biological substitutes that restore, maintain, or improve the tissue function [2].” Various, 
more or less similar TE definitions can be found in the literature. Moreover, since this is a rela-
tively new field, specific definitions are not always given and may stretch from decellularized 
matrices to cellular implants.

In tissue engineering, biomaterials must possess appropriate surface properties for better cell-
material interactions. In addition, biomaterials should possess appropriate bulk properties to 
function properly in a bio-environment. Therefore, a suitable approach is to select a biomate-
rial having good bulk properties and enhance its surface properties using a preferential surface 
treatment [3, 4]. In this way, one can obtain an “ideal” biomaterial with selective surface prop-
erties that are decoupled from its bulk properties and avert the need to develop completely 
new materials which is quite costly and time-consuming.

In the past few decades, tailoring materials surface properties has been extensively performed 
using various modification techniques such as chemical treatments and etching, ozone treat-
ment, UV radiation, and plasma treatments [5–10].

Plasma surface treatments are most promising due to the speed and uniformity of modification, 
their chemical flexibility and positive environmental impact [11, 12]. Various types of plasma 
surface modification technologies have been used to modify materials by incorporating a vari-
ety of functional groups on their surfaces; this is done to improve the surface energy, wettability, 
adhesion, and bioactive response [13, 14].

1.2. Plasma: a brief introduction and historical background

Plasma is defined as the fourth state of matter in the sequence: solid, liquid, gas, and plasma. 
The transition between these different respective states can occur by increasing the tempera-
ture of the material under consideration.

This state of matter was first described in 1879 by Crookes as “a world where matter may 
exist in a fourth state.” Later, in 1928, this state of ionized gas was eventually given its name 
“plasma” by Irving Langmuir, when he introduced it in his studies of electrified gases in vac-
uum tubes [15]. Plasmas can be natural such as lightning, polar light and the stars or man-made. 
Therefore, without being aware, every person has faced various forms of plasma. Man-made 
plasma can be generated in laboratories by combustion, flames, lasers or controlled nuclear 
reactions. But, in the field of plasma polymerization, most plasma are generated and sustained 
using an electrical discharge.

Plasma is generally formed when gas atoms are subjected to a high enough thermal or electrical 
energy. Subjected to energy, gas atoms become ions by releasing some of their electrons. Radicals 
are then created by electron-molecule collisions and bond breaks in molecules. Some excited spe-
cies will also be created by energy adsorption which will generate photons. This unique mixture 
of electrons, ions, radicals, photons and neutrals constitute the so-called plasma [16, 17].

Plasmas are classified as thermal “equilibrium” and non-thermal “non-equilibrium” based on 
the relative temperatures of electrons, ions and neutrals.
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In a non-thermal or cold plasma, the electron temperature (≈ 10,000°C) is much higher than 
the gas temperature (< 200°C), whereas, in a thermal or hot plasma, the electron temperature is 
very close to that of the heavy particles.

Plasmas used in the field of plasma polymerization are usually cold plasmas since it involves 
heat-sensitive materials [18, 19].

2. Plasma modification of surfaces

The ability of non-thermal plasmas to dramatically modify surfaces properties has been 
known for over 25 years. Plasma treatments allow surface modification of polymeric materi-
als without altering their bulk properties [20–22]. These plasma processes can be categorized 
into 3 major types of reaction: plasma activation, post-irradiation grafting (briefly discussed 
in the next sections), and plasma polymerization (the focus of this chapter).

2.1. Plasma activation

In plasma activation, surface modification is done by exposure to non-polymer forming plas-
mas. The active species in the plasma can bombard the polymeric surface and break covalent 
bonds thus leading to radical formation. These radicals can subsequently react with other spe-
cies in the plasma to form functional groups. In this way depending on the selected plasma gas, 
different functional groups such as carbonyl, carboxylic acid, hydroxyl, and amine functional 
groups can be added on the surface thus making it more hydrophilic [23–25]. It is believed that 
radical species rather than ions or electrons are most important in this type of modification [26].

2.2. Plasma polymerization

Observations of organic compounds formed in a hydrocarbon based plasma discharge dates 
back to 1874 [27]. These deposits were considered to be undesirable by-products. However, in 
the 1960s [28–30], studies of plasma polymerization started and were completed by consider-
able advances in polymer science [31]. Plasma polymerization was defined as “the formation 
of polymeric materials under the influence of plasma” [31]. Nevertheless, the real potential 
of plasma polymerization was not uncovered until only the past two decades. Nowadays, 
plasma polymerization is known as a very valuable surface modification technique.

During the process of plasma polymerization, high energy electrons as well as UV will ionize 
the precursor molecules [32–34]; this leads to radicals which are highly unstable and reactive 
species that will interact and bond with one another and deposit on the substrate thus form-
ing a coating on its surface. Plasma will also lead to bond breaks on the substrate surface thus 
creating radicals. These will interact with the precursor’s radicals acting as anchor sites which 
enhances the plasma polymerized coating stability.

During plasma polymerization, two processes occur simultaneously: - ablation (removal of 
surface molecules) and – polymerization (surface monomer deposition). These two processes 
are in competition and their interaction and co-existence in plasma is well known [35].
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Plasma polymerization is very complex and versatile since various parameters such as dis-
charge power, treatment time, precursor type and concentration can affect the physic-chemi-
cal characteristics of the deposited coating. Moreover, different reactive species can be formed 
in the plasma depending on the used dilution gas (e.g., helium, argon, air or nitrogen), which 
also affects the characteristics of the coating [25, 36–38].

Advantages of plasma polymerization include the following:

1) Ultra-thin film formation

2) Good adhesion to the substrate material and deposition is independent on the structure or 
type of the substrate

3) Relatively good chemical stability and physical durability of the coatings

4) Various precursors can be chosen which leads to a vast array of surface functionalization 
(monomers used do not have to contain a double bond for the polymerization to proceed)

5) Many process parameters can be used thus providing great diversity of surface modifications

6) The obtained coatings are more or less uniform

Nevertheless, plasma polymerization also presents several disadvantages:

1) System dependency

2) Scaling up and converting it into a continuous process could present some technical challenges

3) The specific roles of each plasma component are difficult to separate and analyze

4) It is hard to predict the exact surface characteristics of the deposited plasma polymer es-
pecially when complex molecules are used

5) Coating multi-functionality can also be an issue

6) Everything in the coating range of the plasma can become part of the coating

However, despite its disadvantages and focusing on its numerous advantages, plasma polymer-
ization has rapidly developed during the past decades and is now used for various applications.

Plasma polymers

Plasma polymers are markedly different from conventional polymers. Conventional poly-
mers have a well-defined structure of repeating units that corresponds to the used monomer. 
Whereas, plasma polymers are crosslinked, randomly structured deposits obtained from the 
fragmentation and recombination of monomers within an electric discharge.

During plasma polymerization, the active species fragments the organic precursor (monomer), 
thus creating radicals that can recombine both in the plasma and on the substrate surface form-
ing a crosslinked so-called plasma polymer coating/film on the substrate surface.
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As to the film chemical structure, during this process, partial loss of functional groups 
occurs (fragmentation) in a system/process dependent way. Moreover, not all radicals will 
react and some will be trapped in the plasma polymer network [41]. As a consequence, 
the elemental composition of plasma polymers differs from that of conventional polymers 
prepared from the same monomer. For example, the elemental composition of convention-
ally polymerized polyethylene (C2H4)n is equal to that of the monomer (C2H4); however, in 
plasma polymerized ethylene the hydrogen concentration is lower (radical formation by 
-H bond scission) and oxygen is incorporated in the plasma polymer (by reaction with the 
formed radicals).

Hence, the material obtained from plasma polymerization is very different than that obtained 
by conventional polymerization of the same monomer [39].

2.3. Post-irradiation grafting

Surface modification via polymer coatings is also frequently done by surface grafting methods 
which are often referred to as “plasma-induced graft (co)polymerization.” This is a two-step 
process. In the first step, the surface is exposed to air plasma or subjected to an ozone treat-
ment which creates peroxide groups at the surface. Other non-oxygen containing plasma can 
also be used (e.g., Ar or He plasma) followed by atmosphere or O2 exposition; created radicals 
will then form peroxides and hydroperoxides. In the second step, the formed functionalities 
are used to initiate a polymerization reaction by contact with the monomer molecules. Each 
functionality being a potential initiating site, the number of created (hydro)peroxides has a 
significant effect on the surface grafting density.

3. Cellular response to surfaces

For the cells, the surface is the most important part of the material. Cell-biomaterial interac-
tions depend on the surface energy, chemical composition and surface morphology [40, 41]. 
Moreover, cell growth, spreading and viability were shown to be closely linked to their adhe-
sion on the surface [42]. Consequently, suitable surface properties contribute to better cell 
adhesion and subsequent proliferation. It is well established that for numerous cell types sur-
face wettability is a paramount factor that influences cell adhesion, with this being more favor-
able on hydrophilic surfaces compared to hydrophobic surfaces. Figure 1 shows micrographs 
of fibroblast cells cultured on untreated (hydrophobic) and argon plasma treated (hydrophilic) 
UHMWPE substrate. As seen in this Figure 1, cells are significantly more spread on the hydro-
philic treated surface compared to the hydrophobic untreated one [43]. Additionally, surface 
charge has also been shown to have a significant influence on cell adhesion [44, 45].

A promising way to achieve optimal surface attributes (e.g., surface wettability and charge) 
is plasma polymerization which has already been used successfully to enhance cell adhesion 
on various substrates.

Plasma Polymerization for Tissue Engineering Purposes
http://dx.doi.org/10.5772/intechopen.72293

73



In this section, previous works on the bio-application of plasma polymers and their interac-
tions with cells will be reviewed.

Biological applications of plasma polymers

Plasma polymerization is a convenient way to introduce desired functional groups on a sur-
face. Plasma polymers are frequently used to immobilize biomolecules and enhance cell adhe-
sion. NH2 and COOH based plasma polymers are most commonly used since these groups 
are known for their good chemical reactivity. Moreover, in aqueous solution at physiological 
pH value, amino/carboxyl groups can introduce a positive/negative charge to the surface thus 
increasing its affinity for biological components [46–48]. For example, DNA [49, 50], heparin 
[46], glucose oxidase [51], and collagen [52] have been immobilized on amine or carboxyl based 
plasma polymers. Hydroxyl and aldehyde groups have also been used to bind heparin [53] 
and collagen/albumin [54], respectively. However, plasma polymers with these groups are less 
extensively investigated due to their lower reactivity.

For the effect of plasma polymers on cell attachment and proliferation, various studies on 
different substrates using numerous plasma media and cell types have been performed. A 
summary of some of these studies is presented in Table 1.

Furthermore, plasma polymer films were used for bacterial adhesion and biofilm prevention 
by coating the surface with a suitable antibacterial agent (e.g., silver nanoparticle).

Xiaolong et al. [55] produced PET fabrics with antibacterial properties by depositing a plasma 
polymer organosilicon film where silver nanoparticles were incorporated. A similar study was 
also conducted on PET meshes by plasma polymerization of acrylic acid followed by incorpo-
ration of Ag nanoparticles [56]. Results showed excellent mesh antibacterial properties with 
a decrease of more than 99.7% in bacterial concentration compared to an untreated mesh. In 
another study, Degoutin et al. [57] used plasma to graft acrylic acid onto nonwoven polypro-
pylene and the carboxyl groups were used to immobilize an antibiotic “gentamicin.” Results 
showed a 99% efficacy against E. coli bacteria.

These results and discussions strongly support the idea that polymer coatings represent a very 
promising way to modify a biomaterial surface in order to adapt it to a specific biomedical 
application.

Figure 1. Overall cell morphology of fibroblasts cultured on (a) untreated and (b) argon plasma-treated UHMWPE.
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4. Effect of aqueous environments on plasma polymers

For biomedical applications, the effect of water on the plasma polymer films is of particular 
importance.

Substrates Plasma media Cell lines Observations Refs

Si, PS, PET Acrylic acid Fibroblast Enhanced fibroblast adhesion [48]

PET, TCPS Acrylic acid 3 T3 murine Improved cell adhesion [58]

PET Acrylic acid Smooth muscle cells Immobilization of proteins and  
cell growth

[52]

Glass coverslips, 
PLGA

Acrylic acid Caco-2 Mammalian cell sheet formation [59]

PET C2F4 3 T3 fibroblast Cell adhesion, growth and 
proliferation

[60]

PET C2F4 NCTC 2544, 3 T3 
fibroblast and  
MG-63

Good cell adhesion and 
proliferation

[61]

Glass Acrylic acid Leukemia cells Lower cell growth (60%  
reduction)

[62]

PCL, PLA Allylamine, C2H4/N2 Osteoblast, 3 T3 
fibroblast

Increased cell metabolic activity 
and improved cell colonization in 
the core region of the scaffold

[63]

Titanium alloy Allylamine and 
ethylene diamine

MG63 Improved cell adhesion, function 
and spreading

[64]

LUX tissue 
culture dishes

Acrylic acid Rat osteosacroma cells Improved cell adhesion [65]

PET Acrylic acid and 
allylamine

Human 
neuroblastoma cells

Improved cell adhesion, 
differentiation and maturation

[66]

PEEK Acrylic acid MC3T3-E1 Improved cell adhesion,  
spreading and proliferation

[67]

PET, Si C2F4 CVEC Enhanced endothelial cell  
response; increased cell  
attachment, spreading and  
viability

[68]

PCL, PLLA O2, acrylic acid, 
allylamine

MC3T3-E1 Improved protein adsorption  
and cell attachment

[69]

Ti Allylamine MG63 Improved adhesion and cell 
functions

[45]

PET Allylamine Human skin fibroblast Improved cell attachment,  
viability and metabolic activity

[70]

PS Isopropyl alcohol Fibroblast Enhanced cell attachment and 
proliferation

[71]

Table 1. Summary of some of the studies on plasma surface modification of materials and their effect on cell adhesion 
and growth.
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Figure 2. AFM topographic images of HA plasma polymer films deposited with a power of 20 W: (a) as deposited, (b) 
after immersion in water for 24 h.

Immersed in a solvent, plasma polymers can be subject to numerous processes such as:

• delamination from the substrate

• detachment of oligomers

• swelling

• reaction with the solvent

However, not many studies focus on the physic-chemical changes that happen to the plasma 
polymer films after exposure to aqueous environments.

Plasma polymer stability behavior depends on the type of the polymer. Muir et al. [72] stud-
ied the penetration of water into the films and characterized the swelling of allylamine (Aam) 
and heptylamine (HA) plasma polymers. When immersed in water, the plasma polymerized 
Aam film (ppAam) was found to swell by 5% and to contain 3% water whereas the ppHA film 
did not appear to swell but contained 5% water. The swelling characteristics of other plasma 
polymers have also been reported [73–75].

Moreover, the degree of swelling strongly depends on the plasma process parameters. Zhang 
et al. [73], demonstrated that ppAam deposited at 20 W only shows a small degree of swell-
ing while ppAam deposited at 5 W shows a large degree of swelling. This is due to the fact 
that at low powers the plasma polymer contains a large number of oligomers which are not 
covalently bound to the film; these oligomers can thus be readily extracted in the solvent. In 
fact, when studying the morphology of ppHA, Vasilev et al. [76] found that pores of several 
nanometers in diameter were formed after ppHA has been immersed in water for 24 h (see 
Figure 2). And the dimension of the pores was found to depend on the deposition condi-
tions with larger pores obtained at lower powers (see Figure 3). This was attributed to oligo-
mer water extraction after low molecular weight fragments were detected in the water. This 
results in the formation of gaps in the film and leads to ruptures of the polymer chains thus 
forming the observed porosity.

Förch et al. [77] found that for ppAam, the roughness of the polymer film increased from 0.85 
to 1.26 nm after soaking in water which was attributed to the swelling of the film in water; 
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whereas, Tarasova et al. [78] used XPS to study the changes in surface chemistry of ppAam 
and ppHA after immersion in water for up to 24 h. Results were similar to the ones obtained 
after these plasma polymers were stored in air, both undergoing rapid oxidation; amine and 
imine groups were converted to amides with an increase of C─O and C═O groups.

In order to improve plasma polymers stability, studies on the interaction of plasma poly-
mer with the aqueous environment as a function of plasma deposition parameters have been 
conducted. Optimizing these parameters was shown to be very important in reducing the 
induced changes [77, 79]. Moreover, substrate pretreatment for cleaning or activation was also 
shown to prevent the delamination of the polymer film [77].

However, enhancement of plasma polymer stability is still insufficiently studied and more 
effort is still needed for a precise stability evaluation and quantification.

5. Surface aging

It is widely known that the enhancement in surface wettability obtained after plasma activa-
tion processes changes with storage time. This phenomenon is referred to as aging or hydro-
phobic recovery and is due to the tendency of a surface to minimize its surface energy by 
reverting to its original structure. This leads to a loss of surface polar functional groups that 
re-orientate to the bulk [18]. Therefore, in the case of plasma activation, in order to avoid the 
adverse effect of aging, it is advisable to only use freshly prepared samples.

On the other hand, plasma surface grafted polymers and plasma polymerized films show much 
less modifications after storage in ambient air and are thus considered comparatively stable 
in time. However, research on plasma polymers show that they are susceptible to oxidation 
upon storage in air [31]. Since these coatings have shown great potential for many applications 
including biomedical ones, several studies have been done to better understand this so-called 
aging process and therefore further evaluate the relevancy of plasma polymers. And since most 
products are usually stored for a certain period before they are used, the film properties at the 
time of use are usually considered more important than immediately after treatment.

Figure 3. AFM images of HA plasma polymer films deposited with a power of 50 W: (a) as deposited or (b) after 
immersion in water for 24 h.
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Major advancements in the understanding of oxidative reaction mechanisms that occur dur-
ing plasma polymer aging have been made by Gengenbach et al. [80–83].

This was done using XPS, FTIR spectroscopy and contact angle goniometry characterization 
techniques which allowed significant perception of the eventual surface compositional changes.

Their studies included detailed oxidation investigations of hydrocarbon based plasma polymers 
[80], fluorocarbon coatings [81], nitrogen coatings [82] and other plasma deposited films [83]. 
Results showed that the aging process was due to the reaction of ambient oxygen with the resid-
ual radicals present in plasma polymers; ESR spectroscopy showed that the free radicals detected 
in freshly deposited plasma films slowly disappear upon storage in air. Results also showed that, 
the kinetics, mechanisms and formed oxidative products during aging depend on many factors, 
such as the structure of the film, the type of functional groups and the mobility of the surface.

6. Plasma polymer gradients

After accomplishing significant advancements in the biofunctionalization of surfaces by dif-
ferent chemical and physical homogeneous modifications, a growing research interest is being 
shifted toward the development of gradient surfaces presenting graded wettability, chemistry, 
biomolecule density and nanoparticle distribution [84]. This interest stems from the fact that 
many essential and poorly understood biological activities are driven by such gradients. For 
instance, chemotaxis mediate a number of physiological processes such as leukocyte recruit-
ment to the infection site, guiding of neuronal and glial cells during nervous system devel-
opment or regeneration and cancer metastasis. Moreover well-ordered gradient distribution 
of specific functional groups, extracellular matrix components, signaling biomolecules and 
even topographical cues induce particular cell type proliferation, migration and differentiation 
[85–87]. Besides their biological importance, gradients are also powerful for high throughput 
screening in several applications such as biomaterial development, tissue engineering and sen-
sors, in the sense that a single sample designed with a gradient surface is used to procure 
multiple data points. This reduces dramatically the number of samples and cells, eliminates 
inaccuracies triggered by sample reproducibility and speeds up the analysis [84, 88, 89].

Different approaches are commonly adopted to create surface gradients such as self-assembled 
monolayers (SAMs), grafting on hydrogels and Boyden chambers and filters. Several limita-
tions are associated with these traditional methods including the substrate dependency (e.g., 
gold-coated surface is required for SAMs), the short term gradient “shelf-life,” the restricted 
chemistries that can be obtained and the long experimental timing [46, 90, 91]. As an alternative, 
applying high energy source plasmas that are associated with many advantages such as the 
absence of solvent, the specificity and the substrate independency has shown great successes 
in the generation of gradient surfaces. In 1989, Witt el al. were one of the first groups if not the 
first, to generate wettability gradients on polyethylene, polystyrene, polydimethylsiloxane, and 
polytetrafluoroethylene by a radio frequency (RF) plasma activation operating in oxygen, ammo-
nia and sulfur dioxide atmospheres. A special gradient apparatus consisting of an aluminum box 
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with a translating cover and two aluminum plates serving as electrodes, was designed for this 
purpose. During the treatment, the cover is retracted with a constant velocity automatically con-
trolled by a microprocessor driving the stepping motor. This movement linearly increases the 
plasma exposure time over the sample length. As a result, water contact angles (WCA) increased 
along the length of the sample thus ensuring the presence of a wettability gradient. Moreover, a 
wide range of wettability gradients is obtained by varying the gas, the radio frequency power, 
the cover retraction velocity and the plasma exposure time. This study highlighted the high flex-
ibility of the plasma treatment to generate gradients with defined length and magnitude and 
pointed out, by using several substrates, that the process is substrate independent [92]. Therefore, 
a steep rise in literature focusing on the generation of gradients by plasma activation followed. 
However, the different plasma activation methods that were described are mainly limited to the 
production of wettability gradients with a relatively restricted control over the chemical group 
specific incorporation. Other concerns include the aging effect of the treated surfaces due to the 
reorientation of the incorporated groups away from the surface when the environment is ther-
modynamically unfavorable and the roughening of the surface due to the plasma etching effect 
[92, 93]. Consequently, the interest was shifted toward the generation of polymer gradients via 
plasma polymerization to be able to control more precisely the functional group nature and 
densities, the gradient stability and the gradient shape. Nevertheless, it was until 2003 that the 
first method enabling the deposition of controllable horizontal plasma chemical gradients was 
described by Whittle et al. [93] and was subsequently adopted as it is or with some amendments 
by several other groups [91, 94]. In their study, Whittle et al. created hydrocarbon/carboxyl and 
amine/carboxyl functionality gradients on glass substrates over a distance of 11 mm. Instead of 
using the traditional cylindrical plasma reactor, a RF glow discharge T-shaped reactor present-
ing a drawer as sample holder was used [93, 95]. As a first step, an amine coating was deposited 
on the whole glass substrate by performing a plasma polymerization using allylamine (Aam) 
monomers as precursors and a continuous power of 10 W while the drawer was fully extended. 
An underlayer presenting a good adhesion was thus formed for the subsequent gradient depo-
sition. In the second step, the power was decreased to 5 W and a plasma polymerization was 
performed while the drawer was slowly closed at a constant velocity of 1 mm/min along with 
a controlled change in the plasma composition over time. This was performed by introducing 
acrylic acid (Aac) as the second monomer while decreasing instantaneously the flow rate of Aam 
by 4 cm3 stp/min. For the deposition of hydrocarbon/carboxyl gradients, the same procedure 
was followed but with the use of octa-1,7-diene instead of Aam precursors. The obtained plasma 
polymerized surfaces were characterized by X-ray photoelectron spectroscopy (XPS) and chemi-
cal derivatization of acid functionalities using trifluoroethanol. A gradual increase in the concen-
tration of acid functionalities was observed in the case of hydrocarbon/carboxyl gradients and 
an increase of acid and amine functionalities was attained in opposite directions in the case of 
the amine/carboxyl gradients. These findings demonstrated the power of this first-hand meth-
odology to successfully generate plasma polymer gradients that can subsequently allow the 
grafting of a broad range of biochemical entities in a spatially structured manner [93]. Surface 
engineers waited around 3 years after the study of Whittle to begin their investigations regarding 
the grafting of biomolecules and the cell-biomaterial interactions when a plasma polymer gradi-
ent is implicated. Moreover, several other methods generating plasma polymer gradients were 
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described with a distinctive focus on amine and carboxylic acid being the most 2 extensively con-
sidered functionalities in the subsequent literature of gradient plasma polymerization. In what 
follows, an overview on the achievements of these carboxylic acid and amine plasma gradients 
in several tissue engineering and biomedical applications will be given.

6.1. Surface plasma polymer gradient of carboxylic acid functionalities

In 2006, Parry et al. [91] performed a plasma copolymerization of Aac and octadiene (OD) 
based on the mechanism described by Whittle et al. [93] but with a modification of the setup 
in a way allowing the production of 20 similar gradients at a time. Up to 20 substrates could 
thus be placed in the redesigned RF plasma reactor and moved under a slot by an auto-
mated stepper motor in 250 μm paces at a rate of 750 μm/min. Simultaneously, a controlled 
composition of the monomer mixture is sent to the chamber via two computer-regulated 
valves. A thorough characterization of the surface gradient was executed by angle resolved 
x-ray photoelectron spectroscopy (ARXPS) that showed in great details how acid functional-
ities changed on different positions of the gradient and highlighted the presence of vertical 
changes especially when it comes to the plasma polymer thickness. An assay investigating the 
passive adsorption of immunoglobulin G (IgG) as a function of the acid surface density was 
supplemented to the study to be, to the best of our knowledge, the first reported biological 
assay done on plasma polymer gradients. ARXPS measurements showed that IgG was by far 
more absorbed on the OD gradient end and that IgG amount decreased gradually as the con-
centration of Aac increased thus creating an IgG gradient [91]. In 2009, Walker et al. [96] also 
deposited a gradient of OD/Aac on coverslips using the plasma deposition/masking method 
of Whittle but this time with a renovated protocol permitting the generation of submillimeter-
scale gradients instead of millimeter scale length. In the updated method, OD was constantly 
fed to the reactor as the slot moves across the substrate surface, then it was brusquely turned 
off and a pulse of Aac was launched. The scale length and density of the carboxylic groups 
were thus tailored by varying the pulse width of Aac. The obtained gradient surface was used 
to immobilize the intercellular signaling molecule delta-like-1 Dll 1, a factor enhancing stem 
cells self-renewal and preventing cell differentiation which is an issue to be considered when 
developing cell therapy technologies. Since tiny changes in surface properties can consider-
ably affect the stem cell behavior either by enhancing the commitment path toward their dif-
ferentiation to particular cell types or by maintaining and stabilizing the stem cell pluripotent 
phenotype, concentration-based factor and chemical group gradients are highly expedient to 
study stem cells. Instead of directly grafting Dll 1 factor on the generated gradient, a mouse 
monoclonal antimyc-tag (9E10) antibody is covalently coupled, then Dll 1 is immobilized 
on the antibodies thus avoiding the alteration of its biological activity by separating it from 
the solid surface. A visualization of the Dll 1 gradients was performed by binding a rabbit 
anti-Dll-1 antibody and then introducing a colloidal gold-conjugated secondary antibodies. 
Several Dll 1 gradients with different slopes and end points were obtained depending on the 
plasma Aac pulse width adopted during the plasma polymerization (Figure 4). During the 
same year, the first cell tests on plasma gradients were performed by Wells et al. using mouse 
embryonic stem (ESC) cell lines E14 and R1 in order to examine their pluripotency [97]. OD/
Aac gradients were deposited on coverslips using the same setup described by Parry et al. 
[91]. The degree of cell spreading was studied in function of COOH concentration. Alkaline 
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anti-Dll-1 antibody and then introducing a colloidal gold-conjugated secondary antibodies. 
Several Dll 1 gradients with different slopes and end points were obtained depending on the 
plasma Aac pulse width adopted during the plasma polymerization (Figure 4). During the 
same year, the first cell tests on plasma gradients were performed by Wells et al. using mouse 
embryonic stem (ESC) cell lines E14 and R1 in order to examine their pluripotency [97]. OD/
Aac gradients were deposited on coverslips using the same setup described by Parry et al. 
[91]. The degree of cell spreading was studied in function of COOH concentration. Alkaline 
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phosphatase staining showed that cell capacity of self-renewal is preserved when the cell 
spreading is still below 120 μm2 [97]. In 2012, in an attempt aiming to make a sweeping state-
ment about this result, Harding et al. [98] used polyethylene oxide (PEO) that is well-known 
in the biomaterials field to limit protein adsorption and thus cell adhesion and spreading, 
together with Aac to produce two counter gradients. A RF apparatus consisting of a cylindri-
cal glass chamber was used for the plasma copolymerization. As a first step, an OD layer then 
an Aac layer were deposited on the substrate since a unique Aac deposition resulted in the 
coating dissolution in water. Then a mask 12  ̊titled in respect to the surface was employed 
to deposit a PEO-like gradient by using the monomer diethylene glycol dimethyl ether (DG) 
as a precursor. A successful fabrication of AA-DG plasma polymer gradient was revealed by 
XPS, profilometry and infrared microscopy mapping. The gradient could be easily altered 
by changing the plasma process parameters. Mouse ESC were cultured on the gradient sur-
faces, then immunocytochemical stainings of the stem cell markers Oct4 and alkaline phos-
phatase were performed. Results showed a low cell adhesion and colony formation on the 
DG rich end and an increased colony size and decreased stem cell marker expression on the 
COOH rich end, thus supporting the hypothesis stating that cellular spreading influences 

Figure 4. (a) Densitometry results of 9E10 antibodies immobilized on the gradient surface (3 different Aac pulse 
durations) and visualized by FITC-conjugated secondary antibodies. Horizontal lines show the results of homogeneous 
surface treatments (b) false color heat maps of the 9E10 antibody gradients. Homogeneous surfaces are presented for 
comparison. Scale bars: 100 μm.
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the fate toward cell differentiation or self-renewal. The same method using a tilted mask 
was then applied by Wang et al. [99] in 2014 to create the same Aac-DG gradients but also 
Aac-OD gradients by firstly depositing OD uniformly then using the tilted mask to deposit 
Aac. Attachment and differentiation of rat bone marrow mesenchymal stem cells (rBMSCs) 
into adipogenic and osteogenic lineages were investigated on both gradients. After 24 h of 
cell culture, a gradient in cell density was observed on the substrate with a decreased cell 
adhesion on DG and OD rich ends. The obtained cell density gradient vanished on Aac-OD 
gradient after 6 days but not on Aac-Dg gradient, thus suggesting the long-term efficacy of 
the later gradient. Cell colonies containing bone nodules were detected on this gradient espe-
cially on the Aac rich ends but not on the DG rich end. Moreover, proteins and calcium were 
not secreted on the DG end implying that osteogenic differentiation is influenced by local cell 
densities. However, the induction of the cells toward an adipogenic lineage showed that this 
differentiation is cell density insensitive.

6.2. Surface plasma polymer gradient of amine functionalities

In addition to COOH functionalities, NH2 groups were also shown to be very powerful 
in influencing a wide range of particular cell type performances such as adhesion, pro-
liferation, migration and differentiation. Therefore, when the research community started 
investigating surface gradients, a distinctive focus was directed toward the production of 
amine gradients and their use in several biomaterial and tissue engineering applications 
[100]. To the best of our knowledge, all COOH plasma polymer gradients described so far 
were only deposited on flat substrates, however some amine plasma polymer gradients 
were deposited on 3D scaffolds. For instance, in 2006 Barry et al. [101] thought of generat-
ing an amine gradient on poly(D,L-lactic acid) 3D porous scaffolds in order to solve the 
common problem of the highly disproportionate cell colonization on the scaffold periphery 
in comparison to the hardly accessible scaffold center that remains poorly colonized and 
supplied by nutrients. This issue was solved by plasma polymerizing hexane, known to be 
resistant to cellular adhesion, on the periphery of the scaffold while generating an amine 
plasma polymer coating on the central surface. To do so, a first plasma polymerization 
step using Aam monomers as precursors was performed, then a second polymerization 
using the cell-repellent hexane was achieved at lower deposition rate. XPS measurements 
throughout the whole scaffold showed that when the second hexane polymerization step is 
absent, a decrease in amine functionalities is observed toward the center. However, when 
hexane polymerization is introduced, the nitrogen concentration is reduced by 1 to 2% in 
the periphery thus creating a reversed gradient. After seeding 3 T3 fibroblasts on the treated 
scaffolds, X-ray micro-computed tomography and scanning electron microscopy revealed 
a uniform cell distribution throughout the whole scaffold with well spread cells in the cen-
ter associated with a high production of extracellular matrix (ECM) components. The use 
of hexane and Aam to create amine gradients was also considered by Zelzer et al. [102] in 
the subsequent year, but this time on flat glass coverslips. The idea behind the study was 
to compare between mammalian cell interactions on gradient and on uniformly treated 
surfaces. A T-shaped borosilicate RF reactor was used to plasma polymerize uniformly an 
amine coating on glass coverslip using Aam as precursors. Afterward, a poly-hexane was 
deposited on the poly-Aam coated surface after placing a mask either directly or making 
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use of a spacer clamping the mask at a distance of 0.04 mm from the surface. The direct posi-
tioning of the mask resulted in steep gradients while the use of a spacer gave more shallow 
gradients. Wettability gradients were detected by WCA measurements showing a gradual 
decrease from 93 ̊ to 66 ̊, thus correlating with the gradual increase of N/C ratio. NIH 3 T3 
fibroblasts cultured on the gradients surfaces were preferentially adhered and proliferated 
on the N-rich end with a gradual cell density decrease toward the poly-hexane rich end. 
Surprisingly, experiments performed on uniform surfaces revealed significant differences 
in cellular behavior compared to the gradient surfaces, leaving question marks on the use of 
gradients for high throughput screening. The cell signaling and the protein synthesis might 
be different between gradient and uniform surfaces since the cell neighboring environment 
differs. Several subsequent studies involving amine plasma polymer gradients and their 
general results are summarized in Table 2.

Authors 
(year)

Plasma 
reactor/
monomers 
used

Gradient 
formation method

Surface 
chemical 
properties

Biological assay/
cell type

Bioresponsive properties

Robinson 
et al. [46]

Cylindrical 
RF reactor/
Aam- OD

Moving slot with 
a simultaneous 
change in the 
monomer mixture 
composition

Gradual 
increase in 
N/C ratio  
over a 
distance of 
14 mm

Adsorption of 
heparin that 
mimics the 
heparan sulfate 
proteoglycans 
found in all tissue 
types

-Gradual increase in 
heparin adsorption parallel 
to the increase in N/C ratio.

-Heparin functionality 
not correlated with the 
continuous increase in 
heparin adsorption

Robinson 
et al. [103]

T-shaped RF  
reactor/

Aam- OD

Moving slot with 
a simultaneous 
change in the 
monomer mixture 
composition

Gradual 
increase in 
N/C ratio on 
washed and 
unwashed 
samples 
highlighting 
the stability 
of plasma 
polymer 
gradient 
surfaces

—— ——

Harding 
et al. [87]

T-shaped RF 
reactor/

Aam- OD

Moving slot with 
a simultaneous 
change in the 
monomer mixture 
composition

Gradual 
increase in 
N/C ratio  
over a 
distance of 
12 mm

D3 murine 
embryonic stem  
cell line culture

-Maximum cell adhesion on 
the N-rich end

-Inverse increase in stem 
cell marker expression 
toward the lower N/C ratio.

-Correlation between 
the presence of stem cell 
markers and the formation 
of more multilayered and 
compact cell colonies.
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Authors 
(year)

Plasma 
reactor/
monomers 
used

Gradient 
formation method

Surface 
chemical 
properties

Biological assay/
cell type

Bioresponsive properties

Mangindaan 
et al. [100]

RF reactor/

Aam

Use of a mask with 
a 1 mm gap on 
a polypropylene 
substrate

-Wettability 
gradient with 
WCA varying 
from 15 ̊ to 
90 ̊.

- Gradient 
over 1 cm 
of nitrogen 
content from 
5.8 to 16.0% 
and amine 
content 
from 1.98 to 
4.03 per 100 
carbons.

L-929 fibroblast 
culture

Continuous increase in 
the cellular density with 
more than 2-fold density on 
N-rich end

Delalat et al. 
[104]

RF reactor/

Aam-OD

Moving slot with 
a simultaneous 
change in the 
monomer mixture 
composition

Gradient 
over 12 mm 
of nitrogen 
content from  
0 to 12.0%

Mouse embryoid 
body cell culture

-Highest cell adhesion on 
the gradient central regions

-Increased cell proliferation 
toward the Aam end.

-Cell differentiation toward 
mesodermic and ectodermic 
lineages on high nitrogen 
content regions

-No correlation between 
amine content and 
endodermal differentiation

Liu et al. 
[105]

RF reactor/
Aam-OD

Moving slot with 
a simultaneous 
change in the 
monomer mixture 
composition

-Wettability 
gradient 
with WCAs 
varying from 
90 ̊ to 70 ̊

-Gradual 
increase in 
N/C ratio over 
a distance of 
12 mm

- Unchanged 
surface 
topography

-Adsorption 
of fluorescein 
isothiocyanate-
labeled bovine 
serum albumin 
(BSA) and 
rhodamine-
labeled fibronectin 
(FN)

-Human adipose- 
derived stem cell 
culture

-Gradual decrease in the 
amount of adsorbed BSA 
from OD toward Aam sides.

-Gradual increase in the 
amount of adsorbed FN 
from the OD toward the 
Aam sides.

-Increased cell adhesion 
and spreading toward the 
Aam side

-No difference in cell 
performances in the absence 
of serum

-Increased osteogenic cell 
differentiation toward the 
Aam side

-Decreased adipogenic 
differentiation toward the 
Aam side.

Table 2. Overview of literature on amine gradient obtained by plasma polymerization and not discussed in the text.
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Since the biological systems in vivo are much more complex than in vitro assays, some 
authors considered a closer mimicking of the real systems by designing, instead of one 
dimensional or single protein gradients, 2 protein and 2 dimensional gradients. For instance, 
in 2009 Vasilev et al. [94] created an Aam-OD gradients on SPRchips or on silicon wafers 
based on the method described by Whittle et al. [93]. Afterwards, polyethylene glycol (PG), 
known to be resistant to protein adsorption, was grafted on the amine gradient thus generat-
ing a PEG density gradient. The obtained density gradient was then benefited to control the 
deposition of 2 proteins, namely the large protein fibrinogen and the small protein lysozyme, 
by differential passive adsorption. A first incubation with the larger protein led to its adsorp-
tion on low PEG density regions, then a second incubation with the small lysozyme led to its 
adsorption only where there is still a “room” for it to adsorb since the previous fibrinogen 
adsorption passivated gradually the surface. As a result, 2 reversed gradients of 2 proteins 
could be designed and the method could be generalized to other pairs of small and large pro-
teins (Figure 5). In 2013, Mangindaan et al. [90] designed a 2 dimensional amine gradient by 
performing firstly a plasma polymerization of Aam on a propylene membrane while a mask 
is placed on top with a gap distance of 1 mm. Subsequently, the same procedure is repeated 
but after rotating the sample by 90 ̊. WCA measurements showed that both gradients were 
well controlled by varying the plasma treatment exposure time in each step. L-929 fibroblasts 
seeded on the treated surfaces adhered and grew proportionally with the amine content on 
the 2 dimensional gradient with a predominant effect of the gradient created during the 
initial plasma deposition.

7. Conclusions

From the work presented in this chapter it is clear that plasma polymer coatings are very useful 
tools for biomaterial surface modification. However, despite the numerous advantages of these 
coatings for biomaterial advancements, their aging and stability remain an issue that requires 
further investigations and considerations. More attention and focus on these aspects can make 

Figure 5. Schematic representation of the creation of two-protein gradient. Step 1. PEG grafting on the amine plasma 
polymer gradient to generate a PEG density gradient. Step 2. Large proteins adsorption. Step 3. Small protein adsorption.
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plasma polymerization become one of the most used and important surface modification tech-
niques. Plasma polymer gradients are also very promising for biological applications and many 
advances in the area of plasma uses can be made by developing such coatings.
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Abstract

As is known, polymeric polyelectrolyte hydrogels are superabsorbents that are capable of 
absorbing moisture in amounts many times greater than their own mass. Numerous stud-
ies have shown that besides water absorption and retention, they can also be effectively 
used as sorbents to purify water from heavy metals. In many works, attempts are made 
to improve the sorption properties of polyelectrolyte hydrogels by creating polymer 
composites based on them. Organic/inorganic composite materials frequently exhibited 
desired hybrid performance superior to their individual components and cost-efficient 
characteristics. The composites derived from natural polysaccharides and inorganic clay 
minerals are of special interest by virtue of their unique commercial and environmental 
advantages, which means that the design and development of environmentally friendly 
superabsorbents, introducing natural ingredients, have long been necessary. In this paper, 
we consider polymer hydrogels based on a copolymer of acrylic acid and acrylamide 
filled with pectin and bentonite. The aim of this study is to investigate the influence of 
chemical conditions on hydrogels and their composites, kinetic, and absorption behavior 
toward metal ions in the presence of the chelating agent. In this chapter, an investigation 
of the kinetic patterns of swelling, deswelling, and sorption of the hydrogels and their 
composites will be presented.

Keywords: hydrogel, semi-interpenetrating networks, bentonite, pectin

1. Introduction

The term “hydrogel” is ambiguous, and it must first be clarified. We will call gel, a poly-
mer network swollen in a solvent—a set of a large number of polymer chains chemically 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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(or physically) sewn together. More strictly, the polymer gel is a system consisting of at 
least two components, one of which is a mesh polymer and the other is a liquid present in 
a palpable amount.

Polymer gels can almost completely (by 99% or more) consist of a liquid and be very soft 
materials. Despite this, they have the inherent ability of solid bodies to maintain their shape. 
This is due to the fact that the polymer mesh that forms part of the gel plays the role of a 
framework that provides rigidity (elasticity) of the entire system, i.e., it does not allow it to 
flow under the action of a deforming force (if the force is not too great and does not last too 
long).

1.1. Composite polymer hydrogels

The combination of the properties of hydrogels inherent in solids predetermines a wide 
range of applications from technical spheres (sorbents, gas separating, and ion exchange 
membranes [1–3]) to the food industry and medicine (food structure, drug carriers, artificial 
substitutes for biological tissues, materials for soft and intraocular lenses, etc. [4–6]). The 
emergence of new fields of application of polymer hydrogels puts forward new require-
ments to their properties.

These goals can be achieved by obtaining fundamentally new materials—composite hydro-
gels containing at least two components, each of which performs certain functions. It is 
obvious that the characteristics of the composite hydrogel are due not only to the physico-
chemical properties of the individual components, but also to the structure of the material. 
Given the limited thermodynamic compatibility of the polymers, a variety of hydrogel struc-
tures are possible, from complete stratification of the polymer phases to the formation of 
matrix-nanoscale structures or the formation of structures in which both polymer phases are 
continuous.

In most cases, composite hydrogels are biphasic systems. The interphase boundary in such 
materials is not always clearly expressed. It can be a transition layer in which a gradual change 
in properties occurs (transition from the properties of phase 1 to the properties of phase 2). At 
least one of phases must be a polymer hydrogel. The hydrogel can be either a synthetic or a 
natural polymer. The second phase can be a synthetic hydrogel of synthetic or natural origin, 
a hydrophobic polymer and an inorganic substance. In accordance with the foregoing, it is 
possible to propose a classification that divides composite hydrogels into three groups [7]:

1. Hydrogels consisting of two hydrophilic polymers, each of which is capable of forming an 
individual polymer hydrogel.

2. Hydrogel, including hydrophilic and hydrophobic polymers.

3. A polymeric hydrogel containing an inorganic phase.

The nature of the interactions between the components may be due to covalent bonds in the 
block and graft copolymers, the formation of interpolymer complexes due to the formation 
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of hydrogen bonds, donor-acceptor, ionic and hydrophobic interactions of functional groups, 
and the engagement of macromolecular chains in interpenetrating and semi-interpenetrating 
polymer networks.

The compositional polymeric materials, consisting of hydrophilic polymers, have most 
application in last time. The presence of charged polar groups in hydrophilic polymers lids 
to communication with solution particles at help of the formation of intermolecular hydro-
gen and ionic bonds between molecules. Under conditions of corresponding implementa-
tion of functional groups, covalent bonds can exist in composite hydrogels. The hydrogels 
form by the type of interpenetrating and semi-interpenetrating polymer networks usually. 
In this case, the intermolecular bonds are caused by physical interactions between polar 
groups.

Inorganic components in composition hydrogels are introduced either to modify the proper-
ties of conventional polymer hydrogels (changing mechanical properties, increasing the sen-
sitivity of hydrogels to thermal effects, changing pH, etc.) or to impart new properties not 
typical for hydrogels (magnetic characteristics and antibacterial properties). Oxides, various 
clays, carbon materials, water-insoluble inorganic salts, and metals are most often used in 
organo-inorganic composite hydrogels.

Methods for the preparation of organo-inorganic hydrogels can be divided into two groups:

1. Mixing of inorganic additives in the form of nano- or microparticles with a solution of a 
water-soluble polymer or monomers, followed by their polymerization. In such cases, the 
filler particles often serve as physical crosslinking centers.

2. Formation of the inorganic phase as a result of sol-gel process, which involves the intro-
duction of monomers or polymer, precursors of the inorganic component into the solution, 
and its subsequent conversion in the course of various chemical reactions into solid water-
insoluble particles. The final step is the polymerization of the monomers or, if required, 
crosslinking of the polymer.

1.2. Swelling and collapse of polyelectrolyte gels

Polymer gel, placed in a solvent, changes its volume, i.е., swells or contracts, appropriately 
absorbing or releasing the solvent, until it reaches an equilibrium swelling. The equilibrium 
degree of swelling of the gel, determined by the amount of solvent in it, depends both on the 
properties of the gel and on the properties of the solvent. The nature of this relationship was 
established for the first time in theoretical studies carried out by Flory and Rener [8, 9] and 
Kachalsky [10, 11]. According to Flori-Rener’s postulate, the equilibrium of free swelling of 
the polymer network is determined by the balance between the mesh expanding the osmotic 
pressure and the elastic stress that arises in it. In 1977, Peppas and Merrill modified the Flory-
Rehner theory in application to the production of hydrogels from polymer solutions. Due to 
elastic forces, the presence of water affects the change in the chemical potential within the 
system [12].
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Of all polymer gels, the most interesting are gels based on chains containing charged units, 
polyelectrolyte gels. Since the macroscopic sample of the gel must be electrically neutral, the 
charge of the polymer chains of the gel must be compensated by the opposite charge of the 
low molecular weight counterions floating in the solvent in which the gel swells. When the gel 
swells in a large volume of water, the counterions should be advantageous to leave the gel and 
go to the external solution, which would lead to a significant gain in their translational entropy. 
However, this does not occur, since this leads to a violation of the electroneutrality condition of 
the gel sample. Counterions are forced to stay inside the gel and create there a bursting osmotic 
pressure. This osmotic pressure is responsible for the two most important effects associated 
with polyelectrolyte gels swelling in water.

First, a simple theory shows [13, 14] that the effect of the expanding osmotic pressure is very 
strong, it leads to a significant swelling of the gel in the water. Therefore, polyelectrolyte gels 
are used as superabsorbents of water.

Second, the superstrong swelling of polyelectrolyte gels in water leads to the fact that their 
concentration decreases extremely sharply with a deterioration in the quality of the solvent. 
The volume of the gel may decrease by a factor of thousands. This phenomenon, called the 
collapse of gels, was first predicted theoretically in [15] and was experimentally found in 
[16]. It is associated with the transition of the tangle-globule in the chains constituting the 
polymer gel. As a result, the gel sample collapses as a whole. In this case, the higher the 
degree of gel charge, the more sharply the collapse occurs [13]. The theory of collapse of 
gels developed in [13, 17, 18] shows that this is due to the fact that the collapsed phase is 
stabilized by the forces of attraction of uncharged links and the volume of the gel in this case 
depends little on the degree of charge, whereas the volume of the swollen gel is substantially 
increases with an increase in the degree of charge due to the expanding osmotic pressure of 
the counterions.

As discussed earlier in the works [19, 20], the equilibrium swelling of ionic hydrogels depends 
on the network structure, degree of crosslinking, hydrophilicity, and ionization of the func-
tional groups. The major factor contributing to the swelling of ionic networks is the ionization 
of the network.

2. Experimental

In this chapter, the sorption properties of two different types of hydrogel composites will be 
compared. The first type is a clay-containing hydrogel composite—a copolymer of acrylic 
acid and acrylamide, filled with bentonite. The second type is a hydrogel filled with polysac-
charide—pectin. Pectin is a naturally occurring biopolymer that is finding increasing applica-
tions in the pharmaceutical and biotechnology industry. The combination of the hydrophilic 
acrylic polymer properties with the biodegradable character of pectin-based blends, can 
lead to interesting hydrogels with potential applications as biomaterials exhibiting different 
properties depending on the composition and on the type of interactions within the net-
work, attending to chemical crosslinking and hydrogen bonding interactions. In addition, a 
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hydrogel composite based on a copolymer of acrylic acid and acrylamide, filled with such a 
polysaccharide as pectin, is a hydrogel with a semi-interpenetrating network.

2.1. Material

Pectin (chemical grade, MW 50,000) was purchased from Merck Chemical Co. (Germany). 
N,N′-methylene-bis-acrylamide (MBA), sodium hydroxide, ammonium persulfate, and 
bentonite were supplied by Sigma-Aldrich and were used without any further purification. 
Acrylic acid was distilled under reduced pressure before use. Acrylic acid (AAc) and acryl-
amide (AAm) were from Merck and were used without any further purification. All agents 
were of analytical grade quality.

2.2. Preparation of superabsorbent composites

Crosslinked acrylamide-sodium acrylate hydrogel and its composites were synthesized by 
free radical solution polymerization of AAm and AAc monomers in aqueous solution. A series 
of hydrogels were prepared by the following procedure.

Polymerization is carried out with constant stirring with a magnetic stirrer at a speed of 500 
rev/min. According to the procedure, 10 ml of AAc monomer were dissolved in 3.5 ml dis-
tilled water. Acrylic acid was neutralized with 14 N aqueous solution of potassium hydroxide. 
The degree of neutralization is 0.8. Then 3 g of acrylamide monomer was added. To increase 
the crosslink density was added 0.001 g N,N-methylenebisacrylamide crosslinking agent. To 
initiate radical polymerization process a redox system consisting of 4 ml of a 2% ammonium 
persulfate aqueous solution and 4 ml of a 0.5% solution of TEMED are used. The polymeriza-
tion was carried out at 35°C (Figure 1).

For the preparation of poly(AAm-co-AAc)/bentonite composite hydrogels, 1, 2, 3, or 4 mas.% 
bentonite was added into solution of sodium acrylate (AAcNa), AAm, and MBA, and was 
stirred for 10 min. Then, an oxidation–reduction system was added.

Figure 1. Schematic representation of a hydrogel with semi-interpenetrating networks—poly(AAm-co-AAc)/pectin and 
a dispersion-filled hydrogel composite—poly(AAm-co-AAc)/bentonite.
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Poly(AAm-co-AAc)/pectin composite semi-IPNs were prepared using the same preparation 
method. However, the pectin powder was dissolved in a solution of sodium acrylate, stirred 
with a magnetic stirrer for 10 min, then acrylamide, a crosslinking agent and a redox system 
were added. To prepare highly swollen poly(AAm-co-AAc)/pectin (containing different con-
tents of pectin) semi-IPNs, same method was used as mentioned above with the addition of 
1, 2, 3, or 4 mas.% of pectin to solution of sodium acrylate.

3. Results and discussions

3.1. Characterization of hydrogels

IR spectra confirm the formation of a copolymer of acrylamide and acrylic acid, as seen from 
the bands that appeared in the range of 3100–3500 cm−1 (O─H and N─H stretching) (Figure 2). 
Absorption bands located in the region 3350–3330 and 3200–3185 cm−1 corresponds to the asym-
metrical and symmetrical stretching ─NH2 of acrylamide [21].

On the other hand, the broad absorption band of 3400–2950 cm−1 may be attributed to the 
─OH of the carboxyl group. Absorption bands in the regions of 2950–2940 and 2915–2900 cm−1 
correspond to asymmetric and symmetric stretching of the ─CH2 groups. In addition, the 
absorption band at 2790–2770 cm−1 is characteristic stretching ─CH group of the polymer 
chain. The stretching of the ─C═ group of acrylamide and acrylic acid in the frequency of 
1653–1645 cm−1 appear in all spectra of the hydrogel composites. The typical band, which 

Figure 2. ATR FTIR spectra of poly(AAm-co-AAc)/pectin (1), poly(AAm-co-AAc)/bentonite composites (2), and 
poly(AAm-co-AAc) hydrogel (3).
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appeared in the range of 1620–1600 cm−1, results to deformation vibrations group ─NH2 acryl-
amide. The absorption band in the 1455–1445 cm−1 belongs to the stretching vibrations group 
─CH2. The absorption band, which is located in the region 1450–1410 cm−1, is a characteristic 
for the C─H stretching. The absorption bands at 1560 and 1406–1410 cm−1 results to the sym-
metric and asymmetric stretching of ─COO-acrylate (acrylic acid neutralized with NaOH). 
The presence of absorbed water can be seen through the band at 3300 cm−1 in all spectra of 
the samples.

The absorption band 987 cm−1 of Si─O─Si of bentonite in the spectra composites is shifted 
from the frequency of 1048 cm−1. This indicates that the composite components interact with 
each other by complexation to form homogeneous gels. From the FTIR it is clear that there 
is no significant shift in major peaks, which indicates that there is no chemical interaction 
between the polymer and the pectin used.

As can be seen from the SEM image (Figure 3), pectin is evenly distributed throughout the 
volume of the hydrogel. The structure of composite existing pectinate scaffold resulted in 
a double network architecture, where filamentous polyAA-co-AAm networks penetrated 
through pores of the pectin network.

3.2. Study of water absorption properties

3.2.1. Measurement of swelling

Swelling kinetic experiments were carried out by immersing a known amount of the dried 
hydrogels with 100 mL of distilled water in a constant temperature at 25°C. Gravimetrical 
measurement method was used to measure the swelling rate of the hydrogels. The water 
absorption amount Q (g/g) was calculated as follows:

  Q =   
m −  m  0   (1 − γ) 

 _________  m  0   (1 − γ)   ,  (1)

Figure 3. SEM image at 20.0 kV, showing surface structures of poly(AAm-co-AAc)/bentonite 3% (a) and poly(AAm-co-
AAc)/pectin 3% (b).
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Figure 4. Swelling curves of poly(AAm-co-AAc)/pectin semi-IPN hydrogels (a) with 0% (1), 1% (2), 2% (3), 3% (4), 4% 
(5) pectin and poly(AAm-co-AAc)/bentonite (b) with 0% (1), 1% (2), 2% (3), 3% (4), 4% (5), 5% (6) bentonite in water.

where m0 and m (g) are the weights of the dry and swollen sample, respectively, and γ is the 
water content of the hydrogel. Q was calculated as grams of water per gram of dry sample.

The hydrophilic properties of poly(AAm-co-AAc) and its composites hydrogels filled with 
bentonite and pectin were investigated by measuring their water uptake. Water uptake values 
were obtained by the mass ratio of the swollen hydrogel to dried hydrogel. Figure 4 shows 
the dependences of water uptake as a function of the immersion time of the hydrogels swelled 
in distilled water.

Polymer hydrogel swells when it is brought into contact with a distilled water and salt aque-
ous solution. Swelling of the polymer hydrogel continues until the forces due to swelling of 
the polymer balance the osmotic pressure, driving the solvent into the swollen polymer. The 
swelling process of hydrogels is a complicated phenomenon and involves three successive 
steps: (i) the diffusion of water molecules into the polymer network, (ii) the relaxation of 
hydrated polymer chains, and (iii) the expansion of the polymer network into the surround-
ing aqueous solution [22].

Figure 4 presents the dynamic swelling data for poly(AAm-co-AAc)/pectin and poly(AAm-
co-AAc)/bentonite in distilled water.

For each samples, the swelling ratio increases with time until a certain point, when it becomes 
constant, i.e., the equilibrium state is reached. At the beginning, the swelling is very fast. 
Besides, all hydrogels exhibit a salt-responsive swelling. Values of Qeq decrease with increas-
ing salt concentration. Moreover, the results clearly reveal that all hydrogels undergo drastic 
mass and/or volume change in the definite concentration range.

Poly(AAm-co-AAc)/pectin and poly(AAm-co-AAc)/bentonite hydrogel composites differ in 
their molecular structure (hydrogel containing dispersed filler particles and a mixture of linear 
and crosslinked polymers—semi-interpenetrating networks), however, the degree of crosslink-
ing, the content of ionizable groups, and the supramolecular structure (degree of crystallinity) 
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are the same. Bearing in mind these differences in molecular and supermolecular structure of 
dispersed composite and semi-IPN and all factors affecting the swelling of ionic hydrogels, we 
could look for some differences in poly(AAm-co-AAc)/pectin and poly(AAm-co-AAc)/benton-
ite swelling behavior.

It was shown that there was a decrease in the equilibrium swelling (Qeq) of the semi-IPN 
systems when pectin was added to the hydrogel systems. Incorporation of pectin into the 
copolymer network leads to lower degrees of swelling. The reason of this is the polymeric 
structure of pectin. Here, it could be said that chains of pectin were placed in the crosslinked 
polymeric systems, instead of crosslinked AAm and AAc molecules. So, it was seen that there 
was a decrease in the value of the Qeq, because of the decrease in the hydrophilic character at 
crosslinked polymeric systems. But there was generally an increase in the Qeq of the hydrogel 
systems when bentonite was added to the hydrogel systems. It was seen that there was an 
increase in the value of the Qeq, because of the increase in the hydrophilic character at cross-
linked polymeric systems. However, an increase in the percentage of filling bentonite in the 
hydrogel composite leads to a deterioration in the swelling properties, since at high filler 
concentrations it acts as an additional crosslinking agent.

To characterize the effect of the swelling medium on the kinetics of water uptake of poly(AAm-
co-AAc)/bentonite and poly(AAm-co-AAc)/pectin hydrogel composites, kinetic modeling 
was conducted on the basis of the Fickian diffusion law.

3.2.2. Diffusion water

Many mathematical models have been proposed to describe the kinetics of hydrogel swelling. 
Most dynamic hydrogel swelling models are based in some way on Fick’s laws of diffusion. 
To determine the type of diffusion of water into hydrogels the simple and commonly used 
method, based on the power-law expression (Eq. (3)) was applied [23]:

    
 Q  t   ___  Q  eq  

   = k t   n   (2)

where Qt and Qeq represent the amount of solvent diffused into the gel at time t and at infinite 
time (equilibrium state), respectively, k is a constant related to the structure of the network, 
and the exponent n is a number that determines the type of diffusion. This equation can be 
applied only to the initial stages of swelling, i.e., to a 60% increase in the mass of hydrogel (Qt/
Qeq ≤ 0.6; log(Qt/Qeq) ≤ −0.22).

The phenomenon of water sorption by hydrogels depends on the diffusion of water molecules 
into the gel matrix and subsequent relaxation of macromolecular chains of the hydrogel. The 
mechanism of water transport in a swelling hydrogel is greatly affected by many factors, such 
as equilibrium water content, chemical composition of the hydrogel, swelling rate, etc. [24]. In 
general, three models are used to describe transport phenomena into polymer networks [25].

According to the relative rates of diffusion (Rdiff) and polymer relaxation (Rrelax), three classes 
of diffusion can be distinguished. For a planar geometry, the value of (i) n = 0.5 indicates a 
Fickian diffusion mechanism (Case I) in which the rate of diffusion is much smaller than the 
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rate of relaxation (Rdiff ≪ Rrelax, system controlled by diffusion), (ii) n = 1.0 indicates Case II, 
where the diffusion process is much faster than the relaxation process (Rdiff ≫ Rrelax, system 
controlled by relaxation), (iii) 0.5 < n < 1.0 indicates non-Fickian (anomalous) diffusion mecha-
nism, which describes those cases where the diffusion and relaxation rates are comparable 
(Rdiff ≈ Rrelax). Occasionally, values of n > 1 have been observed, which are regarded as Super 
Case II kinetics. When the water penetration rate is much below the polymer chain relaxation 
rate, it is possible to record the n values below 0.5. This situation, which is classified also as 
Fickian diffusion, is called as “Less Fickian” behavior.

Calculation of the exponent n and constant k was achieved by plotting the data in log-log 
plots, according to Eq. (3) and estimating the obtained curves by linear functions

  log   
 Q  t   ___  Q  eq  

   = log k + n log t  (3)

The study of diffusion phenomena of water in hydrogels is of value in that it clarifies polymer 
behavior. Table 1 shows that the number determining the type of diffusion (n) is over 0.50. 
Hence, the diffusion of water into the hydrogel systems is generally found to have a non-Fick-
ian character. When the diffusion type is anomalous behavior, the relaxation and diffusion 
time are of the same order of magnitude. Thus, both diffusion and polymer relaxation control 
the overall rate of water uptake. However, poly(AAm-co-AAc) has the values of n > 1, which 
means a Super Case II kinetics, where the diffusion process is much faster than the relaxation 
process (Rdiff ≫ Rrelax, system controlled by relaxation). Thus, the addition of bentonite and 
pectin to the hydrogel increases the rate of diffusion of water into the hydrogel composite, 
due to the increased hydrophilic properties of this composite. Moreover, pectin increases the 
rate of diffusion of water into the hydrogel to a greater extent.

3.2.3. Swelling kinetics

To describe the swelling kinetics of different hydrogel, three empirical models, namely, 
Peleg’s, first-order, and Schott’s second-order absorption kinetic model, are used.

Hydrogel k (min−1) n Mechanism

Poly(AAm-co-AAc) 0.4449 1.0507 Super Case II transport

Poly(AAm-co-AAc)/bentonite 1% 0.0038 0.8480 Non-Fickian (anomalous) diffusion

Poly(AAm-co-AAc)/bentonite 2% 0.0029 0.8757 Non-Fickian diffusion

Poly(AAm-co-AAc)/bentonite 3% 0.0031 0.9217 Non-Fickian diffusion

Poly(AAm-co-AAc)/bentonite 4% 0.0025 0.9325 Non-Fickian diffusion

Poly(AAm-co-AAc)/pectin 1% 0.0078 0.8277 Non-Fickian diffusion

Poly(AAm-co-AAc)/pectin 2% 0.0088 0.8008 Non-Fickian diffusion

Poly(AAm-co-AAc)/pectin 3% 0.0044 0.9211 Non-Fickian diffusion

Poly(AAm-co-AAc)/pectin 4% 0.0057 0.8321 Non-Fickian diffusion

Table 1. Some diffusion parameters of hydrogel systems.
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Peleg proposed a two-parameter model to describe water absorption by hydrogels [26]:

   Q  t   =  Q  0   ±   t _____  k  1   +  k  2   t
  ,  (4)

where Q0 is the swelling content at Q = 0 (g/g d.b.), Qt is the swelling content at any time (g/g 
d.b.), t is the swelling time (s), k1 is the kinetic constant of the model (h(g d.b.)/g), and k2 is 
a characteristic constant of the model (g d.b.)/g). In Eq. (4), “±” becomes “+” if the process is 
absorption or adsorption and “−” if the process is drying or desorption.

This section examines the possibility that diffusion-controlled swelling follows fist-order 
kinetics, as is frequently assumed. According to first-order kinetics, the rate of swelling at any 
given time (t) is directly proportional to the uptake of swelling medium that has yet to occur 
before the maximum or equilibrium uptake (Qeq) has been reached. If Q is the uptake at time 
t, Qeq − Q is the unrealized uptake of swelling medium. If k is the proportionality constant 
between the rate of swelling and the unrealized swelling capacity, then [27]:

    dQ ___ dt   =  k  1   ( Q  eq   −  Q  t  ) ,  (5)

which integrates to:

  ln  (  
 Q  eq   ______  Q  eq   −  Q  t  

  )  =  k  1   t.  (6)

The Schott’s second-order equation for swelling is [27]:

    dQ ___ dt   =  k  2     ( Q  eq   −  Q  t  )    2 ,  (7)

where Qeq is the equilibrium water swelling ratio, Qt is the water swelling ratio at time t, k2 is 
the swelling rate constant, respectively. After definite integration between the limits Q = 0 at 
t = 0 and Q = Q at t = t and rearrangement, Eq. (7) can be rewritten as follows:

    t __  Q  t  
   =   1 _____  Q  eq  2    k  2  

   +   1 ___  Q  eq  
   t.  (8)

To test the all kinetics models described above,  ln  (  
 Q  

eq
  
 _____  Q  

eq
   − Q  )   vs. t, t/Q vs. t, and 1/Q vs. 1/t graphs 

were plotted for analyzed hydrogel composites. Values of swelling rate constant and equilib-
rium swelling ratio, which were calculated from the slope and the intersection of the lines, 
respectively, are presented in Table 2.

Figure 5 shows the comparison graphs of experimental data on the swelling kinetics in water 
with the three models described above. Many authors believe that the swelling kinetics behav-
ior of ionic hydrogels (anionic and cationic hydrogels) is in good accordance with Schott’s 
second-order diffusion kinetics [28, 29]. As can be seen from the Table 2, the most accurate 
process of swelling of hydrogel filled with bentonite describes the first-order kinetic model. 
Values of the calculated equilibrium degree of swelling Qeq calc are in good agreement with the 
experimental data. A second-order kinetic model also yields adequate results. For gels with 
pectin, all models give an acceptable result, although the most accurately nevertheless the 
kinetics of swelling describes a model of the first order.
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3.2.4. Collapse kinetics

Deswelling (or collapse) kinetic experiments were carried out by immersing a known amount 
of the fully swollen hydrogels at 25°C of the distilled water in various solutions with different 
ionic strength. At predetermined time intervals, the hydrogels were taken out and weighted. 
The percentage water retention was calculated using the following equation:

  Q =   
 m  2   −  m  0   ______  m  0    ,  (9)

where m2 (g) and m0 (g) are the weights of swollen hydrogel and of the original dry hydrogel 
in solution with different ionic strength.

Figure 5. Comparison of the experimental swelling data with first-order, second-order kinetic models, and Peleg’s 
model for a poly(AAm-co-AAc)/bentonite 4% (a) and poly(AAm-co-AAc)/pectin 4% (b).

Figure 6. Collapse curves of poly(AAm-co-AAc)/bentonite composites and poly(AAm-co-AAc)/pectin composites filled 
with 0% (1), 1% (2), 2% (3), 3% (4), and 4% (5) bentonite (a) and pectin (b) in a 1 M solution of calcium chloride.
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Figure 6 shows the kinetic curves of collapse in a 1 M solution of calcium chloride. It can be 
seen from the figure that the collapse of composite gels occurs with both to bentonite, and to 
pectin. However, it can be noted that the presence of bentonite and pectin in polyelectrolyte 
hydrogel composites to some extent prevents collapse, reducing the rate of desorption of 
water into the solution. This effect is most typical for polymer hydrogels with higher filler 
content. Figure 6 shows that the collapse curves have a high collapse rate at the initial sec-
tion for an unfilled hydrogel than for a polymer composite with 5 wt.% bentonite and 4% 
pectin. A plausible explanation is that the spatial interactions between the bentonite plates 
exclude the further collapse of the gels. As can be seen from Figure 6b, a hydrogel with a 
semi-interpenetrating network has a lower collapse rate, which indicates large spatial inter-
actions between the polymer network and the polysaccharide chains, as compared to ben-
tonite particles.

The first-order collapse rate constants calculated from Eq. (6) are shown in Table 3. It can be 
seen from the table that the rate constants of collapse in various salts decrease with increas-
ing percentage of bentonite and pectin filling in the polymer composite, which indicates a 
decrease the rate of collapse depending on the content of fillers.

Sample Percentage of filler in the composite (%)

0 1 2 3 4

Peleg’s model

Poly(AAm-co-AAc)/bentonite k1 0.06488 0.04719 0.02848 0.02904 0.01437

k2 0.00764 0.00569 0.00706 0.00795 0.0077

R2 0.99596 0.98497 0.98842 0.99 0.99871

Poly(AAm-co-AAc)/pectin k1 0.02965 0.03337 0.08836 0.04875

k2 0.00274 0.00308 0.00806 0.01068

R2 0.98704 0.99775 0.99516 0.9369

First-order kinetic model

Poly(AAm-co-AAc)/bentonite k1 0.029 0.04313 0.02999 0.03526 0.05486

R2 0.86309 0.86428 0.88308 0.8132 0.97665

k1
* 0.08591 0.12385 0.14159 0.11425 0.07411

R2* 0.92486 0.97008 0.97526 0.99654 0.99946

Poly(AAm-co-AAc)/pectin k1 0.06199 0.04873 0.03695 0.03544

R2 0.99515 0.98231 0.99362 0.99761

k1
* 0.11433 0.08432 0.04918 0.0348

R2* 0.99147 0.99804 0.98799 0.96057

*Kinetic constants are calculated at the initial stage of the collapse of hydrogels (0–50 min).

Table 3. The rate constants of the collapse, calculated from the Peleg’s model and the first-order kinetic model.
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Figure 7 compares the experimentally obtained dependence of Q on the time of the collapse 
process with the theoretical dependences obtained in the approximation of the experimental 
data to the dependences (6) and (4) corresponding to the kinetic models of the pseudo-first-
order collapse and Peleg, respectively. As can be seen from the graph, the kinetics of the col-
lapse of the poly(AAm-co-AAc)/bentonite hydrogel in salt solutions is most appropriately 
described by Peleg’s model (Figure 7a). However, to describe the kinetics of the hydrogel 
collapse with a semi-interpenetrating network—poly(AAm-co-AAc)/pectin, the pseudo-first-
order model is most suitable.

3.2.5. Equilibrium sorption studies

It is known that bentonite possesses good sorption properties and is used to purify water 
from pollutants. Articles [30, 31] cite data that bentonite is added to composite materials in 
order to increase the sorption properties of the material. It is also known that pectin is an 
enterosorbent [32]. Pectins have complex-forming ability based on the interaction of a mol-
ecule of pectin with ions of heavy metals and radionuclides. Due to the presence of a large 
number of free carboxyl groups in molecules, it is the low-esterified pectins that are most 
effective.

In the present work, the absorption properties of the synthesized polymer compositions 
in aqueous salt solutions of Pb(NO3)2 were to be studied. To observe the sorption of Pb2+ 
ions onto poly(AAm-co-AAc) hydrogel systems containing bentonite and pectin, the 
hydrogel systems were placed in aqueous solutions of Pb(NO3)2 and allowed to equili-
brate for 1 day at 25°C. The concentration of sorbed ions was determined by the voltam-
metric method.

Equilibrium adsorption isotherms of poly(AAm-co-AAm), poly(AAm-co-AAc)/bentonite 
and poly(AAm-co-AAc)/pectin hydrogel systems are presented in Figure 8.

Figure 7. Experimental data and data obtained with first-order models and Peleg’s model for poly(AAm-co-AAc)/
bentonite 1% (a) and poly(AAm-co-AAc)/pectin 1% (b) hydrogel composites.
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In Figure 8, the heavy metal ions removal capacity (mg amount of sorption Pb2+ per unit mass) 
of the hydrogel systems is increased with the increasing concentration Pb(NO3)2 sorbed onto 
unit dry mass of the gel. Adsorption of heavy metal ions occurs due to ionic and coordination 
interactions with charged hydrogel groups (chemisorption).

At first, complexation takes place mainly on the surface of the hydrogel, as evidenced by the 
high initial rate of sorption of metal ions, possible to observe inhomogeneous distribution 
of ionic groups, which leads to uneven swelling of the hydrogel by volume. The experimen-
tal results show that the hydrogel-filled composites filled with pectin have greater sorption 
ability than the unfilled hydrogel (Figure 8a). The increase in the sorption of lead ions by 
pectin-containing hydrogels is via additional complex formation due to the presence of a 
large number of free carboxyl groups in the pectin molecules. Thus, from a solution with a 
concentration of 0.1 M lead nitrate, composites with 1 and 3% pectin are adsorbed by 20% 
of lead ions more than the uncharged hydrogel. However, as Figure 8b shows, hydrogels 
containing bentonite absorb a larger amount of lead ions. Moreover, the sorption capacity of 
bentonite-containing hydrogels is 25% higher than that of polysaccharide-containing hydro-
gels (as moisture absorbing properties).

4. Conclusion

Nowadays, there is a trend in development of multifunctional nanocomposites based on dif-
ferent types of hydrogels acting as a matrix for various nanomaterials. Crosslinked hydro-
philic polymers are capable of absorbing large volumes of waters and salt solutions. Therefore, 
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In the chapter of the book, two representatives of hydrogel composites are considered—a 
composite with dispersed filler and a composite with a semi-interpenetrating network and 
their sorption properties are compared.

Thus, incorporation of hydrophilic group containing chemicals, such as acrylic acid, polymers 
such as pectin, and clay such as bentonite in AAm hydrogels, can be obtained successively by 
the free radical solution polymerization method. Multifunctional crosslinkers such as MBA 
were used in the polymerization process. Poly(AAm-co-AAc)/bentonite and poly(AAm-co-
AAc)/pectin hydrogel systems have showed high water absorbency. Some swelling and diffu-
sion properties were discussed for different semi-IPNs and hydrogels prepared under various 
formulations. To determine the sorption characteristics of heavy metal ions such as Pb into 
the hydrogel systems, some sorption parameters have been calculated.
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Abstract

Polymer foams have wide application area due to their light weight, resistance to impact, 
high thermal insulation, and damping properties. Automotive, packing industry, elec-
tronic, aerospace, building construction, bedding, and medical applications are some of 
the fields that polymer foams have been used. However, depending on their cell struc-
ture—open or closed cell—polymer foams have different properties and different appli-
cation areas. In this work, the most used thermoplastic foams with closed cells such as 
polypropylene, polyethylene, and polystyrene or polylactic acid have been focused. Their 
melt strength, degree of crystallinity for semi-crystalline ones, and viscosity have great 
importance on cell morphology. Cells in small diameter with high dense in polymer 
matrix are preferable. However, obtaining fine cells is not easy in each case, and it is still 
under investigation for some polymers. There are several ways to improve cell morphol-
ogy, and one of them is addition of nanoparticle to the polymer. During foaming process, 
nanoparticles behave like nucleating agent that cells nucleate at the boundary between 
polymer and the nanoparticle. Besides, foaming agents contribute the homogenous dis-
persion of the nanoparticles in the polymer matrix, and this improves the properties of the 
polymer foams and generates multifunctional material as polymer nanocomposite foams.

Keywords: thermoplastic foams, closed cell foams, foam processing, nanofiller, cell 
morphology, polymer foam nanocomposites

1. Introduction

Polymeric foams are widely used in different fields due to their lightness, reduced thermal 
conductivity, high-energy absorption, and excellent strength/weight ratio. Application area of 
the polymer foams has high variety such as transportation, bedding, carpet underlay, textile, 
toys, sport instruments, insulation appliances, and construction, biomedical, and automotive 

© 2018 The Author(s). Licensee InTech. This chapter is 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.



sectors [1–5]. A polymer foam is basically a polymer-and-gas mixture, which gives the mate-
rial a microcellular structure. Polymer foams can be flexible or rigid due to their cell geometry 
such as open cells or closed cells (Figure 1). If the gas pores roughly spherical and separated 
from each other by the polymer matrix, then this type is called closed cell structure. On the 
contrary, if the pores are interconnected to each other to some extent which provides passage 
of fluid through the foam, then this is called open cell structure. A close cell structure is a 
good candidate to be a life jacket material, while an open cell structure would be waterlogged. 
The open cell foams are for bedding, acoustical insulation car seating, and furniture, while 
the closed cell foams are suitable for thermal insulation, and they are generally rigid, which 
makes them a preferable lightweight material for automotive and aerospace [6–9].

The development of polymeric foams started with the macrocellular polystyrene foams hav-
ing cell size above 100 μm in the 1930s [10]. Developments continued for providing finer cells, 
and solid-state batch foaming method was applied and foam cells less than 100 μ in diameter 
were obtained in the 1980s. Since then, polymer foam processing and shaping methods have 
developed speedily. Besides polystyrene foams, polyurethane has become popular. However, 
in this work, the most used thermoplastic foams with closed cell structure are focused. The 
cell generation, cell size and density, mechanical properties, and shaping processes of ther-
moplastic foams are given in detail. The effect of nanoparticle addition is also discussed in 
generation of multifunctional materials, polymer nanocomposite foams.

2. Thermoplastic foam processing methods

The principle of foaming processes includes the steps of polymer saturation or impregnation 
with a foaming agent, providing super saturated polymer-gas mixture by either sudden incre-
ment of temperature or decrease in pressure, cell growth, and stabilization [11]. In thermo-
plastic foaming processes, it is important to obtain foams with closed cell structure with thin 
polymer cell walls covering each cell. In order to provide this structure, cell growth must be con-
trolled through the process. Temperature limit is critical in obtaining microcellular structure.  

Figure 1. Illustration of polymer foam cellular structures (a) closed cell type (b) open cell type.
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If temperature is higher excessively, then melt strength of the polymer can be low-inducing cell 
rupture. On the other hand, if temperature is too low, this will result in longer foaming times 
and increment in viscosity of the polymer. As a consequence, cell growth will be restrained, 
and insufficiently foamed products will be obtained. Therefore, the process conditions have 
serious importance on cell morphology of the polymer foams. The most known thermoplastic 
foaming processes are batch foaming, extrusion foaming, and foam-injection molding.

2.1. Batch foaming

Batch foaming can be applied in two different methods as follows, pressure-induced method 
and temperature-induced method. In pressure-induced method (Figure 2), polymer is satu-
rated with blowing agent in an autoclave, and then, cell nucleation is done by sudden depres-
surization of the system to atmospheric pressure. The final cell morphology is obtained by 
either cooling the polymer in a solvent or by cooling it within air [10].

In temperature-induced batch foaming (Figure 3), the beginning of the process is similar 
to pressure-induced foaming but at lower temperatures. After saturation is completed, the 
sample is taken out of the autoclave and put into hot oil bath between the temperatures of 
80–150°C for a period of time in order to obtain cell generation. After this step, the sample 
is put into a cooling bath of water or a solvent. The important point in batch foaming is the 
geometry of the plastic samples. They are generally a circular disc, rectangular, or square 
shape with the thickness between 0.5–3 mm not to hinder gas diffusivity [10].

Figure 2. Pressure-induced batch foaming.

Thermoplastic Foams: Processing, Manufacturing, and Characterization
http://dx.doi.org/10.5772/intechopen.71083

119



2.2. Foam extrusion

In foam extrusion, a tandem line extrusion machine is equipped with a gas supply as shown in 
Figure 4. Typical product types are thermoplastic-based foamed sheets, pipes, and expanded 
tubes. The pellets supplied from the hopper into the barrel are melted under high pressure 
and blowing agent. CO2 gas in supercritical condition is injected into the polymer. Due to the 
high pressure in the barrel, nucleation of the foam cells is prevented. As the polymer exists 
from the die, foam cells are generated by the sudden pressure drop. The final step is cooling, 
calibration, and cutting of the extruded foams [11, 12].

The extrusion foaming process can be either physical or chemical foaming. In Figure 4, physi-
cal foaming is shown that a gas supply is integrated to the extruder. In industrial applications, 
chemical foam extrusion is also applied due to its cheapness in tooling. In chemical foam extru-
sion, polymer pellets and chemical foaming agent are mixed through the barrel, and the heat in 
the barrel decomposes the chemical foaming agent resulting in gas which provides expansion 
of the polymers as it exits the die. Melt temperature is critical in decomposition of the foaming 
agent. The pressure must be  high enough in order to keep the dissolved gas in the polymer 
before it exits the die. If the pressure and temperature are not set correctly, foaming agent will 
not be decomposed and can induce left particles or agglomerations of foaming agent, which 
can lead to poor cell morphology and poor surface quality [13]. The most known chemical 

Figure 3. Steps of temperature-induced batch foaming.
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foaming agent is azodicarbonamide (ADC), an exothermic chemical foaming agent. It releases 
high-amount of N2 gas together with CO2 in lower amount into the polymer. However, due to 
the toxic byproducts of ACD, endothermic type commercial foaming agents are being used, 
such as Clariant’s Hydrocerol [13, 14].

2.3. Foam injection molding

Foam injection molding is similar to conventional injection molding, but an additional gas 
unit is integrated to the injection molding machine if physical foaming is applied (Figure 5). 
There are currently three widely known foam injection–molding technologies available to 
produce microcellular foams using CO2 as a physical blowing agent. They are MuCell by 
Trexel Inc. (USA), Optifoam by Sulzer Chemtech AG (Switzerland), and ErgoCell by Demag 
(Germany) [15, 16].

Foam injection molding has some critical points to be considered. One of them is the presence 
of the back pressure. If back pressure is not applied, polymer-gas mixture would move the 
screw axially and instability in dosing of the polymer would be seen. Also, foaming agent 
would expand in the plasticization unit and leak out during injection. This would prevent cell 

Figure 4. Foam extrusion.

Figure 5. Foam injection molding.
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generation in the polymer. The second critical point in foam injection molding is the selection 
of needle shut off nozzle that prevents the leak out of the nozzle and gas loss [16].

In foam injection molding, physical and chemical foaming can be applied. In chemical foaming, 
chemical foaming agent is added in solid form either from the hopper of the injection molding 
machine with the polymer pellets or during plasticization of the polymer through the barrel. 
Foaming agent dissolve through the process. Physical foaming agents are injected directly into 
the molten polymer. The difference in comparison to foam extrusion is the motion of the screw. 
In foam extrusion, the screw rotation pushes the melt forward and then out of the extruder die, 
but in foam injection molding, screw rotates and moves backward due to the collection of a 
pool of gas-polymer mixture at the tip of the screw. Then, polymer-gas mixture is injected into 
the cavity under. In physical foaming, the high pressure and high temperature in plasticization 
unit provide supercritical state of the foaming agent [17]. Gases like nitrogen (N2) and carbon 
dioxide (CO2) are used as physical foaming agents, and they are applied in an overcritical state 
in order to obtain high degree of solubility in the molten polymer [17]. In supercritical fluid 
state, fluid has low viscosity, low surface tension, and high diffusion properties that all these 
provide excellent solubility in the polymer. Depending on this, improved cell morphology 
is achieved. Carbon dioxide has supercritical point of 73.84 bar with 37°C, and nitrogen has 
33.90 bar with −147°C. In Figure 6, the supercritical phase of carbon dioxide is shown.

In order to control the dosing of gas, supercritical dosing machine is integrated to the system 
as shown in Figure 5. Furthermore, high back pressure is necessary during plasticization for 
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decomposition [13]. Chemical foaming agents are added to polymer either prior to or 
during plasticization, similar to foam extrusion by chemical foaming agents. They can 
exothermic or endothermic. Exothermic types release energy during a reaction which is 
dissipated through the plasticization unit. As the activation temperature is reached, no 
energy is needed to be added, and reaction continues until foaming agent finishes its react-
ing completely. In the usage of endothermic foaming agents, energy must be continuously 
applied in the form of heat, so that the reaction does not stop. Azodicarbonamide (AC) 
is the most known exothermic foaming agent high gas yield. It has decomposition tem-
peratures between 170 and 200°C [13]. Sodium bicarbonate and zinc bicarbonate are the 
most common endothermic blowing agents. In last few years, a commercial foaming agent, 
Hydrocerol, has been extensively employed as endothermic foaming agent. Hydrocerol 
has decomposition temperatures between 160 and 210°C and can be added directly into 
the hopper of an injection-molding machine in the form of pellets in proportions from 1% 
to 4 wt.% [13].

As a summary, the comparison of three foaming processes is given in Table 1.

2.3.1. Morphology of foams

In batch foaming, uniform cell size and homogenous distribution of the cells can be gained. 
The polymer parts are foamed in solid state in batch foaming; therefore, a very tiny skin layer 
is formed as unfoamed. In foam extrusion, uniform cell size is possible to obtain, but cells 
in the core of the extrudated part may be larger due to the instability in cooling stage. On 
the other hand, morphology of the cells in foam injection molding shows locally different 
character through the thickness of the molded part due to the variation in temperature from 
mold wall to the core of the part. The mold wall has low temperature than that of polymer 
melt leading to a sudden freezing of the polymer close to the mold wall. In this zone, which 
is called skin layer, cell generation is inhibited. The foaming agent dissolved in the polymer 
remains in the skin layer and diffuses out of the polymer. As a result, a frontal flow in the core 
of the polymer melt is generated as shown in Figure 7. This results in a compact skin layer 
and a foamed core [18–20].

The morphology of the polymer foams is important and affects the mechanical strength of 
the material. Cells in small in diameter enhance the mechanical strength when compared 
with the larger cells. The density of the foams can be defined by the distance between neigh-
boring cells. It is generally defined as 0.04–0.30 g/cm3. Cell distances have shown that they 
have a definite influence on the mechanical properties of thermoplastic foams [16, 19]. The 
morphology of the foam injected part can be divided into five zones. As shown in Figure 8, 
the zones from one mold wall to the other mold in the cavity are skin layer-outer foam 
core-inner foam core-outer foam core-skin layer. Inner core has the cells with the largest 
diameter due to the slow cooling rate of the material in the core region, and cells have time 
to expand [16, 18–20].

Shortly, morphology of the foam injection moldings has great importance on the properties 
of the polymer foams such as mechanical, optical, and thermal conductivity. For this reason, 
setting of the injection molding parameters correctly and dosing of foaming agent preciously 
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Figure 7. Illustration of the headstream in foam injection molding.

Criteria Batch foaming Foam extrusion Foam injection molding

Amount of material needed Small amount (in g) Larger amount (in kg) Larger amount (in kg)

Pre-molding Necessary No needed, molding tool is 
in the process itself

No needed, molding 
tool is in the process 
itself

Sample state during 
gas loading/saturation 
temperature

Solid Melt state Melt state

Cell density range (cells/cm3) 106–1016 104–1011 104–108

Cell distribution Uniform distribution Generally uniform but 
sometimes the cells in the 
core are different in size 
from those found at the 
edges

It is difficult to obtain 
foams with uniform 
cell

Surface quality Good Good and glossy Generally poor

Skin layer thickness (μm) Thin Thin Thick

Addition of nucleating 
agents/process flexibility

Foaming composition is 
fixed from the onset. Must 
be done in the previous 
processes such as injection 
molding or extrusion, etc.

Composition can be changed 
at any time. Nucleating 
agents can be introduced at 
anytime during processing

Nucleating agents can 
be introduced also 
at anytime during 
processing

Blowing agent supply Sample is saturated with 
the blowing agent until 
equilibrium is reached

Blowing agent is metered 
but not more than the melt 
can take

Blowing agent is 
metered but not more 
than the melt can 
absorb at a certain 
processing condition

Tooling cost Cheaper than the others Expensive depending on the 
machine capacity

Expensive depending 
on machine capacity 
and also mold is extra 
cost

Table 1. Comparison on batch foaming, foam extrusion, and foam injection molding.
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has critical effect in improving the properties of the polymer foam. Besides all, generation of 
the foam cells is effective in reducing the sink marks, warpage internal stresses, and shrinkage 
of the foam plastic, which enhance the selection of the foam injection process in the plastic 
industry.

3. Thermoplastic foams: processing and nanocomposites

A wide variety of thermoplastics such as polypropylene, polyethylene, polystyrene, polycar-
bonate, polyvinyl chloride, polylactic acid, and polycarbonate have been experienced in foam 
processing techniques. Depending on their viscosity, melt strength, the formation of cell mor-
phology of the polymer foam changes. Due to the demands of improvements in foam mor-
phology and the mechanical strength of the polymer foams, nanoparticle-reinforced polymer 
nanocomposites have been developed in last decade. It has known that nanoparticle usage in 
polymer foam processing improved cell morphology due to the nucleating agent behavior 
of the nanoparticles in the polymer matrix. The presence of nanoparticles is also effective in 
improving the mechanical, physical, and chemical properties of polymer foams. In this sec-
tion, the most experienced thermoplastic foams in industrial applications and their compos-
ites are reviewed.

3.1. Polypropylene-based foams

Polypropylene, member of linear polyolefin group, has poor solubility of carbon dioxide and 
low melt strength. Linear olefins do not show high strain–induced hardening which is the 
critical requirement in withstanding the stretching force generated in the stages of cell growth. 
Chien et al. [21] studied on polypropylene foams obtained by conventional injection molded 
and traditional foaming injection molded using chemical foaming agent content under vari-
ous molding conditions. They observed the effects of process parameters, part thickness and 

Figure 8. Zones of the injected molded foams according to the cell morphology (1) compact skin layer, (2) outer foam 
core, (3) inner foam core [20].
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foaming agent content on the degree foaming. Injection velocity, melt temperature, mold 
temperature, and back pressure on weight reduction and mechanical properties were inves-
tigated. The chemical foaming agent was azodicarbonamide used in their study. It has been 
reported higher injection velocity induced higher weight reduction due to the reduction in 
the amount of melt foaming in the screw and provided more melt foaming in the cavity. 
Higher melt temperature and mold temperature resulted in higher melt foaming in the cavity; 
consequently, weight reduction was observed. The effect of foaming agent content on weight 
reduction of thick parts was evaluated, and it was found that concerned the weight decreases 
with increasing content of foaming agent but less significantly. The mechanical test results 
of PP foam showed that tensile, flexural strength, stiffness, and part weight decreased with 
the increasing melt temperature, mold temperature, and injection velocity whereas increased 
with increasing back-pressure.

Sporrer and Altstadt [19] obtained PP foams by physical foaming, MuCell technique. The 
effect of process conditions on cell morphology was observed. Two different mold temper-
atures were studied as 20 and 80°C. When they worked at higher mold temperatures, the 
thickness of the compact skin layers was reduced by 20% as compared to the part processed 
using the cold mold. The SEM image is given in Figure 9. The mold with 80°C gave 552 μm 
of layer thickness, and the mold with 20°C gave 442 μm of skin layer. The thinner skin layer 
is the result of the lower thermal gradient between melt and mold steel and a less rapid heat 
transfer in hotter mold.

In Figure 9, morphologies of polypropylene foams are given that are foam injected molded 
under 20 and 40°C. The foam of 40°C gave coarser and ruptured cells, while the foam of 20°C 
gave thicker skin layer. The reason of thicker skin layer is the sudden frozen layer of the mate-
rial as it is injected into the cold mold wall (20°C).

Xin et al. [22] applied chemical foaming by using azodicarbonamide in order to obtain micro-
cellular polypropylene/waste rubber tire (WGRT). Their aim was to generate “a value added” 
product by using a waste material. They observed the effects of critical processing parameters 
on cell morphology and physical properties of the blend foams. They observed that under the 

Figure 9. Morphology of the PP foams processed with different mold temperatures (a) 40°C (b) 20°C [20].
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same molding conditions, the microcellular PP/WGRT blend samples had smaller cell sizes 
and higher cell densities than the microcellular PP samples. They reported that it was due to 
the behavior of the waste rubber tire powders as nucleating agent that promoted heteroge-
neous cell nucleation, resulting in higher cell density. On the other hand, the increase of viscos-
ity in the PP/WGRT blend prevented the growth of the cells, leading to a smaller cell size [23].

Realinho et al. [24], developed flame-retardant polypropylene composite foams by combin-
ing a basic hydrated magnesium carbonate (hydromagnesite), an intumescent additive based 
on ammonium polyphosphate, an organo modified-montmorillonite (MMT), and graphene 
nanoplatelets with PP. Azodicarbonamide was used in chemical foaming. Addition of hydro-
magnesite was 60%, while the other nanoparticles were about 1%. They reported that cell 
size reduced to 100 μm from 900 μm with the addition of hydromagnesite. The presence of 
nanoparticles enhanced the cell morphology. They also mentioned that solid composites were 
more successful in improving the flame retardancy than foam composites.

In order to improve mechanical properties of PP foams, Hwang and Hsu [25] used nano-
silica particle polypropylene. Physical foaming, MuCell technique, was applied in their 
study. Particle addition was between 2 and 10%. They observed that when the silica content 
increased, cell size decreased and the cell density increased. However, a threshold was seen 
in silica content that the cell size leveled off when the nanosilica loading was greater than 4%. 
Similarly to the previous studies, dispersion of the nanoparticles in the matrix homogenously 
improved cell morphology. This is due to the nucleating agent effect of nanoparticles that cells 
nucleate at the boundary between the polymer matrix and the filler. Hwang and Hsu [25] also 
experienced the effect of microsilica particles and compare their effect on cell generation. They 
observed that at the same concentrations of particles, nanoparticles gave denser and smaller 
cells in size.

Nanoclay is another nanoparticle used in order to improve the properties of polypropylene 
foams. Nanoclay particles, similar to silicate, act as nucleating agent and lead homogeneity in 
cell size. Increment in clay content decreased the cell size due to the high viscosity of polymer 
[16, 26, 27]. Furthermore, authors suggested that clay particles act as secondary layer to protect 
the cells from being destroyed by external forces. In other words, the biaxial flow of the mate-
rial during foam processing, the nanoparticles align along the flow direction which is the cell 
boundary (Figure 10). By this way, clay particles help the cells withstand the stretching force. 
Otherwise, the cell wall will break and weaken the mechanical strength of the polymer foam.

Doruk [28] studied on the effects of the nanocalcite and microcalcite particles on the cell mor-
phology and mechanical strength of the PP foams. Nanoparticles were mixed with polymer 
in twin screw extruder, and then, foam injection molding was applied by chemical foaming 
agent (azodicarbonamide). When the fracture surface was observed as given in Figure 11, 
nanoparticle addition improved cell morphology. In Figure 12, tensile properties of the PP/
calcite foams are given, and it has been seen that under the same concentration of the particle 
addition (1 wt.%), tensile strength of PP/microcalcite foam is slightly higher than that of PP/
nanocalcite foam. This is due to the improved cell generation of the PP/nanocalcite foam as 
given in Figure 11. On the other hand, cell generation of PP/microcalcite is very poor, and the 
ductility of the PP/nanocalcite is apparently higher than that of PP/micro. When the weight 
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Figure 12. Comparison tensile properties of PP foams with microsized and nanosized calcite (1 wt.%) [28].

loss is considered, nanocomposite foam shows the weight loss of 20.7%, while microcompos-
ite foams have 8.3% of weight loss.

The demand of new lightweight materials with improved transport properties for applications 
in electrostatic discharge, fuel system components, and electromagnetic interference shielding 

Figure 10. Illustration of the alignment of the nanoparticles during foaming process.

Figure 11. Cell morphology of PP/calcite foams (a) nanocalcite reinforced (b) microcalcite reinforced [28].
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such as fuel cells, gaskets for electronic devices, among others brings the generation of a multi-
functional material, carbon-based nanoparticle-reinforced polymer foams. Carbon nanotubes, 
graphene, have been recently attractive for many applications in electronic industry. Antunes 
et al. used carbon nanofibers (CFN) with polypropylene in order to improve thermal and elec-
trical properties of the polypropylene composite foams [29, 30]. In their study, they empha-
sized the importance of particle alignment during cell generation and the importance of this 
on thermal conductivity of the PP. The foaming of PP with CNF provided a kind of network 
of the particles through the polymer matrix which increased the thermal conductivity of the 
polymer. When they compared their results with foamed and unfoamed polymer composites, 
they observed that the unfoamed composite showed a constant thermal conductivity indepen-
dently of CFN content, while PP/CFN foams showed an increment in thermal conductivity as 
the content of CFN increased. This shows that a kind of network of CNFs throughout the poly-
mer was formed formation that makes the material thermally conductive. The formation of this 
network is similar to the clay alignment as discussed in Figure 10. In a different study related to 
PP/CNF foams [31], electrical conductivity of the polymer composite foams was investigated. 
When the unfoamed and foamed composite were compared, the lower concentration of CFN 
gave high electrical conductivity. Also, the cellular structure generated during processing with 
cells highly elongated along the foam thickness direction increased the through-plane electrical 
conductivity of the foams with regard to the in-plane one. This indicates the importance of cell 
morphology on the electrical properties of the polymer foams. An accurately developed cel-
lular structure may help to develop foams for semi-conducting lightweight materials [29–31].

Altan [20] made a research on polypropylene/ nano–zinc oxide (ZnO) foams. Zinc oxide is 
another alternative material to improve electrical properties of the polymer foams. The con-
centration of ZnO was 1.5% in weight. When the cell morphologies of PP foam and PP/nano-
ZnO foam were compared, it has been seen that the presence of nanoparticles decreased the 
cell diameter and thickness of skin layer and increased the cell dense (Figure 13).

Graphene is the latest nanomaterial applied in polymer foams. Similar to previous nanofillers, 
in literature, it has been seen that graphene loading to PP between 2.5 and 5 wt.% has great 

Figure 13. Fracture surfaces of polypropylene foams (a) neat PP (b) PP/ZnO [20].
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effect in cell nucleation [32]. Besides, the higher expansion of polymer during foaming pro-
cess induces higher exfoliation of the graphene nanoplatelets in PP matrix and brings higher 
mechanical strength [32].

3.2. Polyethylene-based foams

Polyethylene (PE) is a member of polyolefin-like polypropylene. High-density polyethylene 
(HDPE) and low-density polyethylene (LDPE) have been experienced in foam processing. 
LDPE foams are used as thermoplastic material for applications such as packaging and foamed 
sheets, sports parts due to its owing low density, high elasticity, water resistance, and low cost. 
One of the common problems in polymer foams is the loss of toughness and ductility of the 
material due to the generation of the cells. Sun et al. [33] developed a toughening mechanism 
for high-density polyethylene/polypropylene blends. They obtained super ductile polymeric 
blends using microcellular injection molding. They prepared PP/HDPE and PP/LDPE blends 
which were prepared at weight ratios of 75/25, 50/50, and 25/75 with melt mixing method 
and then by applying MuCell technique. It has been observed that during tensile test, 75/25 
PP/LDPE foamed parts were highly fibrillated along the tensile load direction in the necking 
region. The researchers reported that the reason of this behavior—the high ductility of polymer 
foams—was related to two reasons. The first one was due to the microcellular foam structure 
cell size lower than 100 μm, and the other was an immiscible but compatible submicron-size 
secondary polymeric phase. During tensile test, the sub-micron phase of the blend debonds 
from the matrix, and the cavities collapse. Secondly, they interconnect the microscale foam cells 
along the load direction. This generates many fibrils that make the material highly ductile [33].

Similar to the case of PP-nanocomposites foams, various authors have reported the prepara-
tion, characterization, and properties of PE-nanocomposite foams [34–37]. Arroyo et al. [37] 
developed low-density polyethylene/silica nanocomposite foams by using chemical foaming 
agent. They applied different concentrations of silica between 1 and 9%, and foaming agent 
was 5% in weight. The addition of silica particles improved the cellular structure of the LDPE 
improved with increment of the cell densities and decrease in cell size. However, at silica 
concentrations over 6%, increase in cell size was reported. There are few reasons about the 
poor quality of foam cell morphology under higher nanoparticle concentrations. One of them 
is possible agglomerations of the nanoparticles at higher concentrations that they prevent the 
formation of the cells. Also, increase in viscosity of the polymer melt because of the higher 
loadings of the particles makes the cell generation difficult.

Clay is one of the most used inorganic particles in enhancing the properties of PE-based foams. 
Clay, such as montmorillonite (MMT), is mixed with polymers and the mechanical strength of 
the polymers increase [36, 38]. In the study of Hwang et al. [38], the effect of MMT on the cell 
morphology of the low density of polyethylene (LDPE) was observed. First of all, the research-
ers enhanced the nanoparticle distribution in the polymer matrix by grafting polar maleic 
anhydride (MA) onto nonpolar LDPE. The concentration of MMT was between 1 and 5%. 
Their results are similar to the previous studies that the MMT and MA act as nucleating agents 
that lead to a finer and more uniform cell structure. When the dispersion of the nanoparticles 
is homogenous, the cell size decreases and the distribution of the cells is homogeneous.
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Polyethylene foams, similar to the other thermoplastic foams, can be processed either batch 
foaming or foam injection molding. Hayashi et al. [39] compared the orgona clay PE-based 
ionomer composite foams obtained by batch processing and foam injection foaming. The 
effect of clay on foam morphology of PE is similar to the previous studies that the dispersed 
nanoclay particles act as nucleating sites for cell formation, and cell growth occurs on the 
surfaces of the clays. Different from batch processing, in foam injection molding, the mold-
ings have two compact solid skin layers and a foamed core. In both foaming processes, the 
foam morphology can be improved by setting process conditions correctly depending on 
the viscosity of the polymer and the temperature and gas pressure limits. Hayashi et al. [39] 
reported that in batch process, the ionic cross linked structure provided finer cells, and the 
coalescence of the cells was prevented. On the other hand, by the effect of supercritical nitro-
gen gas as foaming agent during foam injection molding process, the viscosity of polymer 
was decreased, and this promoted the nucleation and also coalescence of the cells, especially 
at high temperatures.

3.3. Polystyrene-based foams

Polystyrene (PS) is an amorphous polymer, and it has wide application area in polymer 
foam processing such as thermal insulation, packing material due to its low cost, ease of 
processing, resistance to moisture, and recyclability. Dow Chemical Company invented PS 
foams as “Styrofoam” in 1941. Polystyrene foams are basically divided into two; expanded 
polystyrene (EPS) and extruded polystyrene (XPS). Expanded polystyrene has white color 
and can be used in cups for hot beverages, insulation material in whitegoods, or in packing 
industry. EPS consists of 96–98% air and 2–4% polystyrene. Processing method is heating 
the material with steam and then expanding of the material. Extruded polystyrene (XPS) 
has smaller air pockets inside and manufactured by extrusion process in the form of boards 
with different colors to identify the brand type of the product. Zhang et al. [40] produced 
extruded polystyrene foams (XPS) by using CO2 and water as a co-blowing agent. Okolieocha 
et al. [41] carried out on a tandem foam extrusion line, similar studies on XPS. They used a 
slit die (0.5 mm) set at a temperature of 126°C. In order to enhance cell density, they used 
1 wt.% of thermally reduced graphite oxide. However, general purpose polystyrene (GPSS) 
and high-impact polystyrene (HIPS) are suitable for injection molding and structural foam-
ing, and cell generation can be provided similar to the other thermoplastics by chemical 
or physical foaming agents. Furthermore, PS is not characterized by low melt strength so 
this makes it suitable for foam injection molding. Hwang et al. [42] applied foam injection 
molding via MuCell for obtaining clay-reinforced PS foams. Clay was used to improve 
cell morphology of the polystyrene foams. They obtained PS/clay composite foams with 
small size cell, which makes the material highly suitable for acoustic and thermal insulation 
applications. On the other hand, layers of clay-like montmorillonite (MMT) are difficult to 
fully exfoliate in PS matrix. MMT was modified by stearylbenzyldime-ammonium chloride 
prior melt mixing with polystyrene, and the concentration of MMT in the matrix was expe-
rienced in a narrow range as 0.25-0.5-1-2-3% (wt). It has been seen that organo clay presence 
of 1% in PS matrix gave the small cell in diameters, leading to maximum tensile strength, 
thermal stability, and cell density.
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3.4. Polylactic acid–based foams

Poly (lactide acid) or polylactide (PLA) is a biodegradable and biocompatible polymer 
produced from such renewable sources as cornstarch and sugarcane [1–4]. PLA foam is a 
competitive material among most of other thermoplastic foams due to its biocompatibility 
and biodegradability, PLA has been widely used in tissue engineering applications such 
as skin, bones, blood vessels, due to their highly porous structure as scaffolds in last [4]. 
The porous surface of the PLA foams enhances the biological activities of both seeded and 
native cells. High porosity is important for enhancing biological properties of the scaf-
fold such as the adhesion, proliferation, and migration of the cells. However, mechanical 
properties of foams decrease with the increasing of porosity. Besides, the high strength 
and brittle properties of PLA make it difficult to use and process it in foaming techniques. 
Researchers are focusing on generation of PLA with different polymers or PLA matrix 
composites [4].

Similar to the other thermoplastics, PLA foams with uniform cell morphology are generally 
obtained by physical foaming agents such as carbon dioxide and nitrogen in foam injection 
molding and foam extrusion. However, the poor melt strength of PLA brings difficulties in 
obtaining an enhanced cell morphology. There are several ways to improve PLA’s foam mor-
phology by means of improving melt strength of the polymer such as using chain extenders, 
using polymer blends of PLA, addition of nanoparticles, and improving crystallization kinet-
ics. Low melt strength of PLA induces cell coalescence during cell growth. Addition of chain 
extenders to PLA increased the rheological properties of PLA, and depending on this, cell 
morphology is enhanced [43–45].

Crystallization is an important factor in improving melt strength and foaming ability of 
thermoplastics. The low melt strength of PLA can be promoted by improving crystalliza-
tion kinetics and the poor viscoelastic behavior of the polymer. However, high crystallinity 
has negative effect on cell generation by suppressing the foam expansion. On the other 
hand, during foaming, cell nucleation starts around crystals [46, 47]. Therefore, improving 
crystallinity can be balanced by some nucleating agents such as additives and nanofillers 
behave-like nucleating agents. There are several studies on PLA nanocomposite foams that 
used calcite, sepiolite, and multi-walled carbon nanotube as nanofiller [46–49]. In these 
studies, nanomaterial addition was found to be nucleating agent for crystallinity and cell 
generation. There has been great interest to clay-reinforced PLA composite foams due to 
the enhanced viscoelastic behavior of clay particles in the polymer matrix which improves 
cell morphology [48, 50]. As the nano clay particles increased, the cell density of the foamed 
samples increased. It has been reported that even a small amount addition of carbon nano-
tube (CNT) promoted the cell density due to its effect on cell nucleation [47]. An interesting 
point about PLA/CNT composite foams that the gas used during foam injection molding 
behaved like a dispersant for the nanoparticles that homogenous dispersion of CNT could 
be obtained in the polymer matrix. This is due to the plasticization effect of the supercritical 
fluid phase of CO2 [43, 47]. Therefore, in foam extrusion and foam injection molding, the 
foaming agents do not only provide foaming but also disperse the particles homogenously 
in the matrix.
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4. Conclusion

Thermoplastic foams are generally obtained by batch foaming, foam extrusion, and foam injec-
tion foaming. Batch foaming is cheaper than the others due to simple equipment, but in each 
method, the main aim is to promote cell morphology by providing small cell in diameter and 
high cell density in the polymer matrix. The thermal properties of the polymer, its viscosity, 
degree of crystallinity, and melt strength are the important factors in improving the cell mor-
phology. There are several ways to improve the cell morphology of the thermoplastics such as 
preparation of polymer blends, using chain extenders or using nanofillers. Nanofiller addition 
is popular in last decade due to improvements in properties of the polymer foams. It is known 
that some nanoparticles are difficult to disperse in the polymer matrix because they tend to 
agglomerate seriously. However, in polymer foam processing, usage of foaming agent such as 
CO2 or N2 gases enhances the dispersion of the particles by reducing providing plasticization 
effect. The homogenous distribution of the nanoparticles contributes the cell nucleation.

Nanocalcite, nanomontmorillonite, nanosilicate, and carbon nanotube are the most used 
nanoparticles in polymer foams. Graphene-reinforced polymer foams are still under inves-
tigation. Both carbon nanotube and graphene-reinforced polymer foams have application 
area as thermal insulator or electrical conductive polymer foams. Nanocalcite or nanosilicate 
has been used for improving cell generation, increasing mechanical strength, and enhancing 
flame retardancy of the polymer foam. It has been seen that small amount of nanofiller addi-
tion improved cell morphology seriously.

Polypropylene and polystyrene foams are rigid foams that have wide application area in 
automotive and wind industries. On the other hand, polylactic acid is a promising biomate-
rial, and PLA foams are suitable materials for tissue engineering as scaffolds. The high poros-
ity of the PLA foams, as scaffolds, provides enhanced biological activities of both seeded and 
native cells, and they can substitute the native tissue until the native tissue heals.
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Abstract

Polymers provide extraordinary opportunities for functionalizing surfaces integrated into 
flexible devices contributing to a significant advancement in thin-film technologies. Both 
the advantageous characteristics of conventional polymers (e.g. low weight, flexibility) 
and the functional physical properties of conventional semiconductors (e.g. absorption 
and emission of light and a tuneable conductivity) can be found in polymers providing 
innovative materials. Among polymers with heterocyclic structures, called conjugated 
polymers, polythiophene remains one of the most intensely researched materials in the 
field of so called organic electronics owing to the relatively facile and well-established 
synthetic modifications of the corresponding monomers and its derivatives. In particular, 
poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the most promising owing to its 
exceptional stability, transparency, and electrical conductivity. Nevertheless it is difficult 
to process PEDOT into thin-films by traditional solution-based methods. Plasma Radicals 
Assisted Polymerisation via Chemical Vapour Deposition (PRAP-CVD) is a novel tech-
nique able to overcome the challenges caused by the conventional techniques.

Keywords: chemical vapour deposition, conjugate polymers,  
poly(3,4-ethylenedioxythiophene), conductivity, organic electronics

1. Introduction

Considering the early days of conjugated and conducting polymer synthesis, the first works 
on polypyrrole as well as polyaniline are often referred to as landmark developments in this 
field [1, 2]. Despite these polymers resulted completely insoluble and infusible as formed 
from oxidative polymerisation, they served as basis for inducing electroactivity into polymer 
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systems. The Nobel Prize winners, Heeger, MacDiarmid and Shirakawa, have the merit of 
discovering that the treatment of these polymers with controlled amounts of halogens could 
induce conductive behaviour, demonstrating for the first time conductive properties of an 
organic polymer [3–5]. They were the pioneers of the investigation of the mechanisms and 
physical origins underlying the charge transport in this new class of materials, starting by 
studying polyacetylene [6].

A few years later, in 1980, the discovery of electrical conductivity in oxidised polythiophenes 
was reported respectively by Yamamoto and Lin [7, 8]. The mechanism responsible of poly-
thiophene conductivity was found to be similar to that one of oxidatively doped polyacetylene, 
i.e. generation of delocalized radicals by an oxidising dopant, and subsequent stabilisation 
via ionic interactions between the charged polymer and the spent dopant. Although the first 
observations recorded low conductivity values (0.001–0.1 S/cm) compared to doped acetylene, 
thiophene monomers could offer a more diverse opportunity for functionalization than bare 
acetylene owing to their chemical structure. Since the evolution of conjugated polymers and 
their use as semiconductors, polythiophene and its derivatives have remained one of the most 
intensely researched materials in the field of so called organic electronics. Polythiophenes 
have been vastly explored in a variety of applications such as organic field-effect transistors 
(OFETs), organic light-emitting diode (OLEDs), organic photovoltaics (OPVs), and sensing 
devices in medical and biological fields [9–11].

The studies of polythiophene derivatives culminated with the synthesis of Poly(3,4-
ethylenedioxythiophene) (PEDOT) by Bayer in 1988 [12]. PEDOT or PEDT, belongs to the 
moderate amount of conductive polymers, which have not only attracted remarkable scien-
tific interest but also companies since it is currently used as material in different products of 
modern life. When PEDOT was invented in 1988, a so huge number of its potential applica-
tions was not really realised at that time. Since then this has dramatically changed, and now-
adays PEDOT is probably the best conducting polymer available in terms of conductivity, 
processability, and stability. Looking at the number of PEDOT patents and scientific papers 
published every year, about 1500 documents per year are produced, highlighting an obvious 
and remarkable interest for PEDOT from the scientific community. Additionally, about 40% 
of these figures represent patent applications, demonstrating an additional intense industrial 
interest in this material.

Over the years, many synthetic strategies have been employed in the development of well-
defined oligothiophenes, most of them based on fundamental polymer chemistry approaches 
[13]. Two main relevant mechanisms for polymerisation are commonly accepted: step-growth 
and chain-growth methods. These methods provide polymers with distinctly different struc-
tures in terms of repeat unit functionality, molecular weight, and dispersity. In particular, 
chain-growth polymerizations to form addition polymers are most often accomplished using 
monomers with multiple bonds and loss of unsaturation. In particular, in the chain-growth 
mechanism, a reactive intermediate is first created in an initiation step and subsequently 
propagates via repeated monomer addition to provide a macromolecule. When the reac-
tive intermediate is ionic, impurity termination or quenching processes can kill the reactive 
intermediate, while in the case of radical polymerisation, coupling termination can lead to 
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an overall doubling of the average molecular weight [14]. This approach has been widely 
used to produce PEDOT. Despite its huge potentialities PEDOT itself does not present high 
conductivity values; as matter of fact, the conjugated bond structure in PEDOT leads to a 
rigid conformation, maintaining electron orbital overlap along the backbone of the polymer. 
Crystallisation is favoured and prevents the material from easily dissolving or melting. As a 
result, PEDOT has good chemical and thermal stability that makes it difficult to process into 
thin-film form [15].

Alternatively, a conjugated polymer can be deposited by in-situ oxidative polymerisation 
directly at the surface. On conducting substrates this can be achieved by electrochemical poly-
merisation, which generally gives coatings of high quality. This method is however rarely 
suited for large-scale applications and cannot be used to add electronic functionalities to 
non-conducting surfaces. Furthermore, electropolymerization of EDOT in aqueous media is 
limited by the low solubility of the monomer. However, it is reported that the addition of sur-
factants improves its solubility. So it is often required to derivatise the polymer with soluble 
side chains or to dope the polymer with polyelectrolytes acting as solubilisers in order to be 
able to process these polymers [16, 17].

According to the latter proposed solution, a particularly conductive form of PEDOT, syn-
thesised with the addition of poly(styrene sulfonic acid) (PSS) and also stabilised by, has 
been put in place and introduced on the market as an aqueous dispersion under the brand-
name Baytron, and most recently changed to Clevios [18]. The additional oxidising the neu-
tral polymer prompts conductivity behaviour. The positive charges of PEDOT backbone 
induced by oxidation are balanced by anions present on PSS. The appropriate choice of 
the counter-ion highly contributes to the properties of the conductive complex. Pristine 
PEDOT:PSS yields a conductivity below 0.1 S/cm, too low to be used as an electrode in 
an efficient solar cell [19]. Despite the appealing properties of this complex, degradation 
phenomena of PEDOT:PSS have been detected inducing to irreversible morphological and 
chemical changes which affect film properties [20–22]. As example, an insulating layer of 
PSS preferentially segregates to the surface of PEDOT:PSS films as identified by Greczynski 
et al. [23]. The presence of this phase segregation has been also supported by Jukes et al. 
using small-angle neutron scattering [24]. Given the vertical phase separation, it is not sur-
prising that PEDOT:PSS films exhibit anisotropic conductivities. Conduction, as expected, 
is inefficient through the depth of the film and enhanced in the plane of the film (10−5 and 
10−3 S/cm, respectively) [25]. It is well known that addition of solvents, such as ethylene 
glycol, glycerol, dimethyl sulfoxide, and sorbitol significantly improved the conductiv-
ity of PEDOT:PSS by up to 2 or 3 orders of magnitude. On the other hand the fabrication 
processes that involve solvents are often restricted by the solvent-substrate incompatibility 
as in the case of printed electronics where high importance is played by the interactions 
between PEDOT:PSS and flexible substrates, mainly consisted of polymers and papers. The 
non-evaporated solvent could also prompt swelling or degradation phenomena into the 
non-sensitive substrate after drying step [26].

The synthesis of PEDOT can be also obtained by chemical vapour deposition (CVD) in order 
to circumvent most of all the disadvantages of liquid phase chemistry approach. CVD is not a 
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new process. Its first practical use was developed in the 1880s in the production of incandes-
cent lamps to improve the strength of filaments by coating them with carbon or metal [27]. 
CVD may be defined as the deposition of a solid on a heated surface from a chemical reaction 
in the vapour phase. CVD has several important advantages over the liquid phase chemistry 
which make it the preferred process in many cases: absence of solvent, high deposition rate, 
good surface conformity. CVD equipment does not normally require ultrahigh vacuum and 
generally can be adapted to many process variations. Its flexibility is such that it allows many 
changes in composition during deposition and the co-deposition of elements or compounds 
is readily achieved. In this scenario, several kinds of CVD techniques are currently used to 
obtained PEDOT films.

The first one is the so called plasma-assisted or plasma-enhanced CVD (PE-CVD), intro-
duced in the fabrication of semiconductor from 1960s and for long time restricted to the 
synthesis of inorganic compounds, becoming an essential factor in the manufacture of semi-
conductors and other electronic components. This technique is based on electrical energy 
rather than thermal energy to initiate homogeneous reactions for the production of chemi-
cally active ions and radicals that can participate in heterogeneous reactions, which, in turn, 
lead to layer formation on the substrate. A major advantage of PE-CVD over thermal CVD 
processes is that deposition can occur at very low temperatures, even close to ambient, 
which allows the use of temperature sensitive substrates [28]. Unfortunately, monomers 
injected into the glow discharge are often irregular and fragmentized by the electrons, ions/
radicals present into the glow discharge. Furthermore such plasma polymers are often 
irregular and have rather short chain lengths. Plasma polymerisation leads to a random 
poly-recombination of radicals and fragments of monomers. A variation could be repre-
sented by pulsed-PE-CVD. In this case, the glow discharge is pulsed and when it is switched 
on (plasma-on), the activate molecules can produce radicals which initiate the polymerisa-
tion mechanism. When the glow discharge is switched off (plasma-off), the residual radicals 
initiate a conventional chemical chain-growth reaction. In this case a more ‘conventional’ 
product is obtained but the chain propagation is restricted by the low probability of attach-
ing a new molecule monomer to the radical at the growing chain-end. Moreover the deac-
tivation of chain propagation is expected under the common vacuum conditions (0.1 Torr) 
owing to the recombination of neighbouring radicals. This leads to a significant loss of the 
active radical sites during the plasma-off period. Glow discharge is thus re-ignited to repro-
duce fresh initial radicals. The resulting polymer film has a structure and composition closer 
to its counterpart produced by liquid phase but it shows repeatable irregularities induced 
by the plasma-on period [29].

Another known CVD method is the vapour phase polymerisation (VPP), where the solubil-
ity of the conjugated monomer is no longer required. VPP directly translates the step-growth 
mechanism established for the liquid phase synthesis via solvent-less environment [30]. VPP 
is usually performed by two-step process. The first one consists of the pre-application of the 
oxidant to the substrate, which is typically carried out by spin coating, while the second step 
consists of the exposure of the pre-treated substrate to monomer vapours under vacuum reac-
tion chamber. The VPP delivers conducting polymers, like polypyrrole and PEDOT, using 
iron(III) chloride as oxidant [31, 32]. Spreading the oxidant all over the surface limits the 
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use of VPP to non-liquid sensitive substrate [33]. Analogous to VPP, another process called 
oxidative CVD (oCVD) has been developed by Prof. K.K. Gleason at Massachusetts Institute 
of Technology [34]. The oCVD is a single step process, where both oxidant and monomer, in 
vapour phase, are delivered to the substrate into the chamber reaction. This is the main dif-
ference between the VPP and oCVD methods. Deposition of PEDOT films by oCVD using 
iron(III) chloride has been described in detail in the literature [35]. With this method smooth 
PEDOT films with conductivity higher than 1000 S/cm have been obtained [36]. Actually one 
of main drawback of using iron(III) chloride, as oxidant compound in the polymerisation of 
EDOT, lies in the use of post processing step carried out with methanol to remove the unre-
acted iron (III) chloride and by-products as iron(II) chloride as well as any oligomers or short 
chains formed during the polymerisation process as they become contaminant during device 
fabrication. Additionally it is also rather difficult to provide sufficient oxidant flux since it is 
often a powder [37].

Halogens have been widely used as a dopant for making conducting polymers [38, 39]. So in an 
attempt to make oCVD process completely dry, bromine has been used as the replacement for 
iron(III) chloride. Use of bromine resulted in a completely dry process with no post processing 
required. The achieved conductivity was around 380 S/cm but details on surface area covered 
by PEDOT film as well as resistance over the time were not disclosed. Despite these encour-
aging results any further papers using bromine as oxidant have been published [40]. In this 
framework, quite recently a novel CVD technique has been developed by Dr. D. Lenoble and 
co-workers at Luxembourg Institute of Science and Technology (LIST). The process, named 
Plasma Radicals Assisted Polymerisation via CVD (PRAP-CVD), has been demonstrated as an 
efficient alternative to CVD processes in depositing conductive thin films [41]. This method is 
directed to form conjugated polymer directly on a substrate.

2. Experimental

PEDOT has been investigated as case study to prove the effectiveness of PRAP-CVD.

PRAP-CVD polymerisation results from surface reaction of the monomer and oxidant flows, 
here 3,4-ethylenedioxythiophene (EDOT) and bromine, respectively [41]. The oxidation of 
EDOT to form PEDOT shows some similarities to the oxidative polymerisation mechanism 
of pyrrole suggested by Diaz [42, 43]. The proposed polymerisation mechanism of EDOT to 
form PEDOT is illustrated in Figure 1 [41].

A preliminary step takes place in a plasma chamber, where bromine radicals are generated 
while the glow discharge is switched on. Progressively they reach the reaction chamber 
where EDOT monomer is parallel injected. Bromination of EDOT molecules occurred in α 
position by the formation of a radical that shows several resonance forms. A dimer is formed 
by combination of two of these radicals. Substitution of the EDOT thiophene ring at the 
3,4-positions blocks β-coupling, allowing new bonds only at the 2,5-positions. The dimer 
can be oxidised to form another radical following the steps described above. The alternating 
single and double bonds of the oligomers are π-conjugated, which delocalizes the electrons 
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and decreases the oxidation potential [34]. In PRAP-CVD the bromine acts as radical initiator 
as well as oxidant, and the final electronic arrangement presented in the polymer is depicted 
in Figure 2.

PRAP-CVD PEDOT, which is carried out in PRODOS-200 PVPD™ R&D System (AIXTRON 
SE, Herzogenrath, Germany), owing to the facilities of the machine and the mild experimental 
conditions, can be deposited on a wide range of substrates, both in terms of dimension and in 
terms of composition: from silicon wafer to fabrics and up to 15 × 15 cm2, as reported in Figure 3.

Raman studies were conducted to determine the vibrational modes of the different regions 
in the wavenumber range of 250–1800 cm−1, and to prove the obtained EDOT polymerisation. 

Figure 1. Polymerisation mechanism of EDOT to form PEDOT. (1) Ignition of glow discharge fed with bromine gas allows 
the production of bromine radicals. (2) Bromination of EDOT molecules occurs in α position. (3) Radical polymerisation 
propagates. (4) Polymerisation stops when also α′ position is brominated [41].
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PEDOT was deposited on silicon wafer, prevented covered with a thin layer of SiO2 (depos-
ited in house by Rapid Thermal-Chemical Vapour Deposition – RT-CVD) to avoid any inter-
ferences during the electrical measurements, as reported in Figure 4.

The spectrum of monomer was compared with that one of polymer. Six strong Raman bands 
were detected in the spectrum of EDOT, Figure 4a, at 1486, 1423, 1185, 892, 834, and 766 cm−1 
[45]. The shape of spectra was completely different and the spectrum of PEDOT showed much 
more bands related to different vibration modes owing to presence of the polymer chain. In 
Table 1 the assignment related to the bands are reported. A good agreement with literature 
data was found to support the accuracy of the proposed polymerisation mechanism [46, 47].

Furthermore, the confirmation that the polymerisation took place in the right way, i.e. with-
out thiophene opening ring, in favour of correct PEDOT film formation, came also from the 
absence of the band at 1705 cm−1 [48].

The mild experimental conditions carried out in the PRAP-CVD allow even the treatment 
of sensible substrates as papers of fabrics without any damages. To prove this advantage of 
PRAP-CVD compared to the other CVDs, a few temperature sensitive substrates have been 
treated and a PEDOT thin layer was deposited. SEM micrographies were recorded and shown 
in Figure 5 where (a) PET fabric, (b) cotton fabric, (c) linen fabric and (d) paper cellulose fibres 
are reported.

Figure 2. Electronic arrangement of Br-PEDOT films. The bromine acts as radical initiator as well as oxidant [41].

Figure 3. Examples of substrates treated via PRAP-CVD to obtain PEDOT films: (a) silicon wafer (20 cm in dia), (b) glass 
(15 × 15 cm2), and (c) PET fabric (12 × 12 cm2) [41, 44].
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Samples have been investigated after the deposition without any further manipulation. Not 
only by PRAP-CVD it is possible to treat fibres but PRAP-CVD benefits of a quite unique 
property in terms of conformal deposition on complex substrates, as of the matter of fact, 
fibres are, Figure 6.

PET fabrics have been chosen as reference substrate for this series of characterizations. 
Correspondence of the textile morphology between the uncoated and coated sample illus-
trated the high conformal coverage of the fibres with polymer thin film, Figure 6a and b. 
The presence of PEDOT was confirmed by Energy Dispersive X-ray (EDX) spectroscopy 
investigation reported in Figure 6c and d, respectively. In the spectrum of PET, peaks of 
carbon (C) Ka at 0.3 keV and oxygen (O) at 0.5 keV were detected while the spectrum of 
fibres treated via PRAP-CVD highlighted the presence of sulphur (S) at 2.3 keV and bromine 
(Br) at 11.9 keV. Sulphur as well as carbon and oxygen could be attributed to the chemical 
composition of EDOT while bromine to the dopant. PEDOT film resulted in defect/pin-hole 
free, as attested by the high magnification SEM micrographs. In order to deeply prove this 

Wavenumber (cm−1) Assignments

1509 Asymmetric νCα = Cβ

1432 Symmetric νCα = Cβ (–O)

1366 νCβ-Cβ

1266 Inter-ring νCα-Cα

1096 νC-O-C

990, 573 Oxyethylene ring deformation

699 Symmetric νC-S-C

439 δSO2

Table 1. Observed frequencies of doped poly(3,4-ethylenedioxythiophene) with assignment of principal bands.

Figure 4. Raman spectrum of (a) EDOT and (b) PRAP-CVD PEDOT films recorded at an excitation wavelength of 633 nm.
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peculiarity of PRAP-CVD, a stripe of PET fabric covered with PEDOT was cut by means of 
a scalpel and analysed. In Figure 7, micrographs of the same PEDOT/PET area, recorded at 
different magnifications, are reported (Figure 7a and c).

The cut induced a physical convergence of fibres. The lighter part of image could be attrib-
uted to the PEDOT which responded differently from PET under the irradiation of the elec-
tron beam. In the same experimental conditions, PET, as all non-conductive materials, suffers 
of charging effects, revealing a darker image than PEDOT/PET. The same images were also 
artificially coloured by Image J software as reported in Figure 5b and d to easily identify 
the layer of PEDOT which conformably surrounded each fibre although the convergence of 
fibres. By SEM it was possible on one side to investigate the conformality of the film and on 
the other anticipated its electrical conductivity properties too. Following FIB cross-section-
ing step, an accurate thickness measurement of film could be determined. A thickness of 
(215 ± 10) nm allowed to establish a deposition rate of 6 nm/min. This level of coating quality 
is unequalled to current wet and dry PEDOT synthesis. PRAP-CVD allows to modify only 
the surface of substrate without impacting on the bulk properties, as demonstrated by XPS 
spectra in Figure 8 [41].

Chemical states of carbon (C 1s) in PET and PEDOT/PET C 1s were identified by XPS. In 
Figure 8a three chemical states of C 1s, reflecting the presence of the three peaks, were 

Figure 5. SEM microscopies of PRAP-CVD PEDOT film deposited on (a) PET fabric, (b) cotton fabric, (c) linen fabric and 
(d) paper cellulose fibres. Samples have been investigated after the deposition without any further manipulation [44].
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identified in the PET. They could be attributed to C–C/H bond (aliphatic/aromatic carbon 
atoms) (C1 - BE: 284.5 eV), C–O bond (methylene carbon atoms singly bonded to oxygen) – 
(C2 – BE: 286.0 eV), –COO– bond (ester carbon atoms) (C3 – BE: 288.5 eV) and π–π* shake-up 
transition associated with the aromatic ring at 291 eV. By performing the best fitting pro-
cedure, the following percentage areas: 54.2% C1, 24.6% C2, 14.6% C3, and 6.6% shake-up 
were obtained [49]. In Figure 8b, the distribution of functional groups of PEDOT/PET C 1s 
showed three different components: C–C/H bonds (C1 – BE: 284.4 eV), C–S bonds (C2 – BE: 
285.5 eV) and C–O bonds (C3 – BE: 286.1 eV). Additionally, an asymmetrical peak at about 
288 eV was also identified and attributed to the contribution from the π–π* shake-up transi-
tion and positively polarised or charged carbon [50]. Peak areas were calculated as 34.8% 
for C–C/H, 42.5% for C–S, 17.3% for C–O and 5.4% for the shake-up, respectively [51]. Best-
fitting procedure was also applied to S 2p core-level, which corresponded to single sulphur 
bonding environment in PEDOT with a spin-split doublet, 2 p1/2 and 2 p3/2 separated by 
1.18 eV in binding energy and an area ratio 1:2, as shown in Figure 9.

The pick presented an asymmetric tail at higher binding energy, which could be related to 
the doping process, where the delocalized π-electrons in thiophene ring broaden the binding 

Figure 6. SEM images of textile fibres (a) before and (b) after the PRAP-CVD process. Owing to the induced conductivity 
of PEDOT, the two images resulted in different colours, darker the raw PET and lighter the PEDOT/PET fibre. Respective 
EDX spectra identified the presence of (c) carbon and oxygen in raw PET and (d) also sulphur and bromine residues in 
the PEDOT coated fabric [44].
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energy spectrum of the sulphur atom [52]. The quantitative analysis of PEDOT film showed 
the followed atomic percentage of 66% C, 21% O, 9% S, and 4% Br [41].

In the last years the demand of transparent flexible and conductive electrodes increased sud-
denly, in particular the research of materials to replace indium tin oxide (ITO). The main 
drawbacks presented by ITO are on one side the cost of indium itself and the remaining 
amount of this element the earth and on the other the brittleness of ITO based electrodes. 
PRAP-CVD PEDOT could answer to these requirements because as demonstrated it can be 
deposited on flexible substrate as plastic and it shows optical transparency properties, as 
reported in Figure 3. More in detail, transmittance and absorbance values of PEDOT depos-
ited on glass in UV range were recorded and presented in Figure 10.

In Figure 10a, the transmittance of PEDOT thin films decreased while wavelength increased 
beyond 500 nm, this is owing to the presence of the free carrier tail but PEDOT still showed a 
value of transmittance over 70%.

In Figure 10b, the peculiar absorption feature, which characterises PEDOT film, known in the 
literature as a ‘free carrier tail’, is confirmed and can be attributed to the conductivity of the 
polymer films [53]. The presence of this band has been found and investigated for the first 
time in the doped polyaniline. It corresponds to the polymer having a longer conjugation 
length and greater order, which allows for greater mobility of charge carriers [54].

Figure 7. SEM micrographs of PET fibres cross-section with PEDOT film (a, c) at different magnification; (b, d) 
corresponded coloured picture at same magnification. The darker area corresponded to PET fibres. Conductive PEDOT 
film responded differently from PET while irradiated by the electron beam [44].
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Figure 9. XPS HR high resolution spectra of S 2p.

Figure 8. XPS C 1s high resolution spectra of (a) PET and (b) PEDOT/PET and relatively chemical states [44].
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Figure 8. XPS C 1s high resolution spectra of (a) PET and (b) PEDOT/PET and relatively chemical states [44].
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Figure 10. UV-Vis-NIR spectrum of thin PEDOT films as a function of (a) transmittance and (b) absorbance.

Figure 11. (a) Conductivity of the 50 nm thick PEDOT film deposited on BOROFLAT® 33 as a function of the sample 
temperature. The measurements were performed both during cooling-down (red) and warming-up (blue) the sample. 
(b) Natural logarithm of the conductivity plotted as a function of 1000/T (black points) for the data measured during the 
cooling-down. The red curve is a fit of the data by Eq. (1), with the power α = 0.63 ± 0.07.
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Figure 12. Raman spectra of PEDOT film recorded all along 1 year [41].

Performances of films have been investigated also in terms of conductivity as function of tem-
perature. Figure 11 shows the conductivity as a function temperature in the range 130–350 K, 
both when cooling-down and warming-up the sample.

The good reproducibility showed that there was no structural changes in the film, and that 
the temperature-dependence of the conductivity was owing to the intrinsic carrier trans-
port mechanism in the film. The observed decreasing in conductivity, while the temperature 
decreases, is typical for an organic conductor, where carrier transport usually occurs by hop-
ping conduction. In order to further investigate the carrier transport mechanism, in Figure 11b 
the natural logarithm of the conductivity as a function of the inverse temperature, 1/T have 
been reported. It was observed a good fit with a power, implying the following dependence 
for the conductivity as reported in Eq. (1):

  σ =  σ  0   exp  [−  (  
 T  0   __ T  ) α]   (1)

The best fit was obtained with α = 0.63 ± 0.07. This value is far from 1/4, already reported for 
3D variable range hoping (VRH), far from 1, as reported for nearest neighbour hoping, and 
far from 1/3, as reported for 2D variable range hoping [25, 55, 56]. The value is closer to 1/2, 
already reported for PEDOT:PSS and which corresponds to 1D VRH or hopping in a granular 
material where, the exponent α for 3D VRH varies from1/4 to 1/2 due to charging energy-
limited tunnelling between grains [57, 58].

Another requirement that PEDOT film has to show is the stability of the time. PEDOT films 
were exposed to ambient conditions over 1 year and its chemical structure was followed by 
Raman spectroscopy investigation, as reported in Figure 12.
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Previous studies suggested that exposure to water vapour in the atmosphere could induce 
an increase in PEDOT, in particular PEDOT:PSS, sheet resistance as the hygroscopic polymer 
absorbs moisture over time [59, 60]. As shown in Figure 12, the main Raman peaks did not 
suffer of changing during the year. This different behaviour can be explained by the absence 
of PSS, which reveals all its acid character when exposed to the moisture.

3. Conclusions

PRAP-CVD has been successfully demonstrated to be a novel promising technique to 
deposit conjugated polymers. In particular, PRAP-CVD of EDOT leading to the formation 
of uniform conducting doped PEDOT film, by using bromine as oxidant, has been attested. 
Raman spectroscopy confirmed the chemical composition of PRAP-CVD PEDOT films. The 
use of bromine, as oxidant, allows to avoid every supplementary rinsing process, making 
the process completely dry, comparing to the PSS. All issues related to the corrosion, owing 
to the acidic behaviour of PSS, are bypassed in the PRAP-CVD. The use of bromine and the 
absence of PSS allow the use of PRAP-CVD on a wide range of substrates which could be 
damaged by a wet step like papers, plastics, etc. as demonstrated above. 3D samples benefit 
of a high conformal coverage. PRAP-CVD, developed in a β-side machine version, allows 
the treatment of quite large samples compared to VPP. This technique can be easily scaled 
up featuring highly competitive growth rate compared to other vapour phase growth of 
PEDOT thin films. Finally PRAP-CVD PEDOT film is transparent in the visible range and 
stable over the year.
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Appendices and nomenclatures

BE  Bonding Energy

CVD  Chemical vapour deposition

EDX  Energy Dispersive X-ray

ITO  Indium tin oxide
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Abstract

The technologies based on holographic and photonic techniques related to the optical
storage and optical processing of information are rapidly evolving. One of the key
points of this evolution are the new recording materials able to perform under the most
specific situations and applications. In this sense, the importance of the photopolymers
is growing spectacularly. This is mainly due to their versatility in terms of composition
and design together with other interesting properties such as self-processing capabili-
ties. In this chapter, we introduce the diffractive optical elements (DOE) generation in
these materials and some of the most important parameters involved in this process. The
deep knowledge of the material is essential to model its behavior during and after the
recording process and we present different techniques to characterize the recording
materials. We also present a 3D theoretical diffusion model able to reproduce and
predict the experimental behavior of the recording process of any kind of DOE onto the
photopolymers. The theoretical results will be supported by experimental analysis using
a hybrid optical-digital setup, which includes a liquid crystal on silicon display. Besides
this analysis, we study a method to improve the conservation and characteristics of
these materials, an index-matching system.
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1. Introduction

The holographic recording materials are traditionally used to record holograms, and they have
been mainly studied and characterized for holographic applications [1–3]. Along with the
evolution of photonics, communications and optical processing of information, the relevance,
and capabilities of these materials to store any kind of phase or amplitude diffraction pattern,
with good results also for low spatial frequencies, are surfacing [4–6]. At this point, the
complete characterization of these materials for low spatial frequencies is decisive to design a
material with the optimum characteristics for each specific application [7, 8].

The holographic recording materials change their properties when they are exposed to the
light, and there are many examples of them, for example, the photographic emulsions [9],
photochromic materials [10], dichromated gelatin [11], photorefractive materials [12], or pho-
topolymers [13].

The last ones, photopolymers, are a very promising option, for example, for the development
of holographic memories due to its high resolution and fidelity. The use of this recording
material has spectacularly been increased because of its versatility at the time of changing their
composition or design [14]. Moreover, they present high reliability, repeatability, and flexibility
together with their tunable thickness, self-processing capabilities, and low cost. It is undeniable
how those features set the photopolymers as one of the best holographic storage media and a
good option for applications inside the diffractive optics and optical processing fields.

In these fields, one of the main drawbacks to be faced is the conservation of the element
recorded into the photopolymer. In this sense, along this chapter, we will study the effects
and improvements added by a coverplating together with an index-matching system. This
system not only improves the lifetime of the material but also affects to the molecules diffusion
inside the material.

2. Overview of the materials and DOE recording process

2.1. The recording materials

A photopolymer is a formulation based in an organic polymer sensitive to the light of certain
wavelength. The basic formula is made of a sensitizer dye, an initiator to generate free radicals
and one or more polymerizable monomers. These components are disposed in a matrix
composed of a polymer such as poly(vinyl alcohol) (PVA), sodium polyacrylate, or vinyl
chloride (PVC).

The basic way to record a DOE into a photopolymer, a phase media, is by refractive index
modulation between the polymerized and nonpolymerized areas, which correspond to illumi-
nated and nonilluminated areas, respectively [15].

A great variety of these materials can be developed based on a given monomer, a support
matrix, a dye, and the rest of the components of the solution. These components and their
concentration will affect the final properties of the photopolymer, as well as its applications.
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The main factor is the binder, because it will determine the range of monomer, dye, and
initiator to be used in the final compound.

In this chapter, all the results presented are based on three different materials: one of the most
studied photopolymers, based on PVA and acrylamide (AA) as main monomers, which has
demonstrated its high linearity and fidelity working in low- and high-spatial frequencies [4, 5].
Despite these good characteristics, the main drawback of this material is its high toxicity,
mainly given by AA, which is known to be carcinogenic since many years. Also, it is known
that the low environmental compatibility in terms of the low biodegradability of the devices is
made of this material [16]. In this sense, our research group has developed a biocompatible
photopolymer, called Biophotopol [17], which use sodium acrylate (NaAO) as a main mono-
mer and has demonstrated to have a great dynamic range and high sensitivity together with its
high biocompatibility and the main properties of the photopolymers such as the self-processing
capabilities and low cost.

The third material used, polymer dispersed liquid crystal (PDLC), demonstrates how the
versatility of the photopolymers can be improved by the inclusion of new components, like
nanoparticles or dispersed liquid crystal (LC) molecules, in their formula [18, 19]. In this case,
thanks to the addition of LC molecules, it is possible to fabricate polymers that change their
optical properties by means of an external stimulus, in this case an electrical field. A hologram
can be recorded into the material and then modulate its DE on real time thanks to the electrical
field applied. The formulations of the different materials are shown in Table 1.

2.2. The photopolymerization reaction

The photopolymerization reaction (Figure 1) starts when the photopolymers are illuminated
by light of certain wavelength, and the monomer starts to polymerize, causing a shrinkage on
the illuminated areas, increasing the refractive index and decreasing the monomer concentra-
tion of these areas. This chemical compound gradient of the monomer, dye and radical gener-
ator causes a diffusion of the different components from the areas where the concentration is
high, “dark areas” to the areas where the concentration has decreased, the “illuminated areas.”
This diffusion causes a decreasing of volume in the dark areas, and therefore, the volume of the
illuminated areas is increased by incoming molecules, counteracting the shrinkage due to the
polymerization process.

Material: PVA/AA-based photopolymer

TEA (ml): 2.0 PVA (ml) (8%, w/v): 25 AA (g): 0.84 BMA (g): 0.2 YE (0.8%, w/v) (ml): 0.6

Material: Biophotopol

PVA (8%, w/v): 15 NaAO (M): 0.34 TEA (M): 0.15 PRF (M): 1.00 � 10�3

Material: PDLC (wt%)

DPHPA: 48.8 BL036: 29.2 YEt: 0.1 NPG: 1.5 NVP: 16.4 OA: 4.4

Table 1. Formulation of different photopolymers used.
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The simplest DOE that can be recorded into a photopolymer is the sinusoidal profile, which
can be obtained by the interference of two plane beams, controlling the period of the grating by
changing the angle between the two beams. To record more complex DOE, it is necessary to
control the shape of the incident beam to generate the desired profile. Nowadays, the advances
on the spatial light modulators (SLMs) based on liquid crystal on silicon (LCoS) displays,
thanks to the microelectronics technology, are allowing the production of commercial devices
with resolutions higher than 4094 � 2464 (4 K) in the same size that of a conventional LCD
screen. The use of this device in the optic setups allows the recording of an enormous variety of
different complex DOEs with an active control of the function displayed by the LCD screen
through a computer.

Figure 1. Representation of the formation of the hologram in a photopolymer.
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These complex profiles may suffer a smoothing of the profile due to different factors such as
the cutoff frequency of the optical system, the cross talk between pixels, the finite size of the
polymer chains, the diffusion of the monomer or the nonlinearity of the recording process. This
deviation from the ideal profile depends on the R parameter, which indicates the relative
importance of the photopolymerization with respect to the monomer diffusion:

R ¼ DK2
g

FR
(1)

where D is the monomer diffusivity, FR is the polymerization rate, and Kg is the grating
number, related with the grating period Λ by means of Kg = 2π/Λ. At the time of modeling the
behavior of these materials, there are many other parameters involved in the phase image
formation process to consider, starting by the intensity and the fringes visibility, V. The impor-
tance of these parameters is analyzed by the relationship between polymerization rate and
incident intensity.

FR tð Þ ¼ kR tð Þ � Iγ x; z; tð Þ ¼ kR I0 1þ Vcos Kgx
� �� �

e�α tð Þz
� �γ

(2)

The kR(t) factor is the polymerization parameter, which indicates the speed of the photochem-
ical reaction that takes place in the material and depends on the concentration and type of the
substances involved and their media, I(x,z,t) is the recording intensities’distribution, exponen-
tially attenuated with depth due to the dye absorption (Beer’s law [20]), α indicates this
absorption (it decreases when the dye is consumed), V is the fringes visibility (typically 1),
and γ represents the relationship between the polymerization rate and the recording intensity.
This parameter usually takes values between 0.5 and 1, corresponding the value 0.5 to more
liquid polymerizable systems and 1 to more solid systems.

To model the three-dimensional behavior of the monomer and polymer volume fractions, m
and p, respectively, the following general equations can be used, where φ(m) and φ(p) are the
monomer and polymer concentrations, respectively:

∂φ mð Þ x; z; tð Þ
∂t

¼ ∂
∂x

Dm tð Þ ∂φ
mð Þ x; z; tð Þ
∂x

þ ∂
∂z

Dm tð Þ ∂φ
mð Þ x; z; tð Þ
∂z

� FR x; z; tð Þφ mð Þ x; z; tð Þ (3)

∂φ pð Þ x; z; tð Þ
∂t

¼ FR x; z; tð Þφ mð Þ x; z; tð Þ (4)

where Dm is the monomer diffusion inside the material, which decreases with time. To solve
these differential equations, there are different methods. In the recording model used through
this chapter, we have used the finite-difference method (FDM) to obtain a numerical solution.

Once we have measured the monomer and polymer concentrations, the refractive index of the
photopolymeric layer can be calculated as a function of the volume fraction variations of each
component using the Lorentz-Lorenz equation [21]:
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1� φ m0ð Þ

� �
(5)

where φ(m0) is the average initial value for the monomer volume fraction, np is the polymer
refractive index, nm is the monomer refractive index, and nb is the support matrix refractive
index. These two last parameters can be measured using a refractometer, and the value of np
can be obtained through zero-spatial frequency measurement technique [22].

The linearity in the material response can be studied in very low spatial frequencies to avoid
the influence of the monomer diffusion in the diffractive image formation; the R parameter,
described in Eq. (1), takes values higher than the ones obtained in holographic regime due to
the high value of the spatial period.

The diffraction efficiency (DE) of the different diffracted orders in Fraunhofer domain is given
by the Bessel functions [23]. Figure 2 shows the behavior of the main four diffracted orders as a
function of the phase shift. The comparison of this figure and the DE results obtained for
certain material gives an approach of the linearity in the response of the material.

2.3. Influence of the index matching

As we mentioned in Section 1, one of the main drawbacks of the photopolymers is their
conservation. In this sense, the inclusion of an index-matching system and coverplating not
only improves the lifetime and conservation of the materials, but also allow us to measure the
internal monomer diffusion [24]. This index-matching system allows us to clarify how the fast
changes are measured in uncovered layers. Therefore, some authors observed in PVA/AA
materials some fast changes on the surface [4]. They fitted this monomer diffusion around
10�7 cm2/s. Some years late, Close et al. [25], using a coverplating and index-matching agent to

Figure 2. Diffraction efficiency of the main four orders of a sinusoidal grating as a function of the phase depth.
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avoid the surface changes, measured the monomer diffusion inside the material around
10�10 cm2/s. They also obtained the diffusion of other substances such as acetone inside the
material, which lead us to make a distinction between the “apparent” diffusion of the surface,
the first one, and the “real” diffusion, the internal monomer diffusion, the second one.

The thickness variations of the material play an important role in the DOEs formation at very
low spatial frequency recording [5]. In DOEs recorded in materials without index matching,
the transmitted beam has the information of the thickness and refractive index modulation
mixed. By using the index-matching system (Figure 3), it is possible to study separately the
changes produced by the refractive index variation. To achieve the index matching, we must
choose a liquid with a refractive index very close to the mean of the polymer refractive index

Figure 3. Diagram of a DOE recording using index-matching system. The so-called “apparent” diffusion is due to the
recovering surface changes and the “real” diffusion is due to the internal monomer motion.
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and not soluble with the photopolymer. When the shrinkage due to the polymerization takes
place, this liquid will fill up the holes generated in the surface of the material, minimizing the
diffractive effects due to the relief structure.

The value measured for uncovered layers due to this “apparent” diffusion is around 10�7 cm2/s,
which is not a suitable value to record complex DOEs with sharp profiles, due to the fast mass
transfer, which produces a smoothening of these sharp profiles. For index-matched samples; this
value is around 10�11 cm2/s, suitable for complex structures recording. Thanks to the reduction
of the mass transfer produced by the sealant, it is possible to record sharp profiles with insignif-
icant smoothening of the profile.

2.3.1. Characterization of the different materials

To analyze the effects of this index-matching system, we use the setup shown in Figure 4; in
this setup, we can distinguish two beams, the recording beam, provided by a solid-state Verdi
laser (Nd-YVO4) with a wavelength of 532 nm (green light), at which the material exhibits
maximum absorption, and the analyzing beam, provided by a He-Ne laser at a wavelength of
644 nm, at which the material is not sensitive.

The DOE to be recorded is provided by an LCoS SLM, placed along the recording arm of our
setup and sandwiched between two polarizers (P), oriented to produce amplitude-mostly
modulation. To obtain a linear response for each level of gray and good contrast, this device

Figure 4. Experimental setup used to record and analyze in real time the DOEs formation on the photopolymers. Di,
diaphragm; Li, lens; BS, beam splitter; SFi, spatial filter; LP, linear polarizer; and RF, red filter.
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was characterized using the model proposed in [26]. Then, a 4F system images the intensity
distribution generated by the SLM onto the recording material. The intensity of the recording
beam is 0.25 mW/cm2.

The analyzing arm, which allows us to study on real time the grating formation onto the
photopolymer, was designed to collimate the light incident on the recording material, and a
diaphragm (D1) was used to limit the aperture of the collimated beam. A nonpolarizing beam
splitter (BS) split the beam in two within the same path. A red filter (RF) was placed behind the
recording material to ensure that only the analyzing beam is incident on the CCD camera
placed at the end of the setup. To separate the different diffraction orders, we placed a lens
behind the material, obtaining the Fraunhofer diffraction pattern on the camera.

In Figure 5, the experimental DE of the four main orders for a sinusoidal grating with spatial
period of 168 μm is shown. The sample has a thickness of 85 μm.We made two experiments, one
without the coverplating and index-matching system (Figure 5a) and a second one using the
index-matching system and coverplating (Figure 5b). It is noticeable how for longer exposure
times, greater than 300 s, the phase modulation of both cases looks similar. In samples without
index-matching, the recorded phase grating can be understood as the superposition of two phase
gratings: a refractive index grating and a relief grating. It can be assumed that the effects of the last
one are weaker for long exposure times. At these times, the fast diffusion through the surface in
the uncovered sample has mitigated the effects of the relief grating. On the other hand, this relief
grating causes that, in the case of the nonindex-matched sample, the maximum DE is achieved
after 180 s, three times later that in the index-matched case. This is produced by the decrease in
the phasemodulation caused by the shrinkage, which is canceled at longer exposure times, as has
already been said. In the experiments carried out for gratings with different spatial periods, we
have observed that the behavior is similar. This is important for the recording of complex
elements with different spatial frequencies mixed in their shapes such as diffractive lenses.

For the holographic regime, the diffusion times are very short and they do not exceed 0.1 s,
which greatly hinders its measurement. Thus, to measure the species diffusion in frequencies
around 1000 lines/mm, it is necessary to use indirect methods. At very low spatial frequencies,

Figure 5. Experimental DE during recording of a grating with spatial period of 168 μm and thickness of 85 μm without
index-matching system (a) and with index-matching system (b).
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we can measure many diffracted orders to obtain information about the phase profile and its
evolution after recording due to the diffusion. An interesting experiment is to measure the
evolution of the DOE stored after recording. These variations are called in-dark evolution. In
Figure 6, it can be appreciated the in-dark evolution of a nonindex-matched sample and an
index-matched sample, exposing the sample during 50 s and shutting off the recording laser,
analyzing the post exposure evolution of the DOE. For the nonindex-matched samples, the
variation of the DEs is very fast in comparison with the index-matched ones. In the last case, it
is noticeable how the two first orders remain practically constant after recording. The fitted
values of the monomer diffusion in each case can be observed in Figure 7. We noted that the
phase depth, Δφ, becomes time independent after a time range, which goes from several
minutes to a few days after exposure. Taking this into account, it is possible to follow the

Figure 6. Experimental DE during 50 s recording of a sinusoidal grating of 168 μm in an 85 μm thickness index-matched
and nonindex-matched samples and the in-dark evolution.

Figure 7. Fitting of the experimental values after 50 s of recording time a nonindex-matched sample (a) and index-
matched sample (b).
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procedure of [27] to obtain the “apparent” diffusion of this kind of materials, which depends
on two variables: Λ, the grating period and τ, the characteristic time of monomer variation.

D ¼ Λ2

4π2τ
(6)

τ can be calculated by fitting the phase depth of the grating variation with time [6]. To obtain
this value, we can use Fick’s Law equation to describe species concentration after exposure and
the fitting of the temporal variation for Δφ:

φ ið Þ x; tð Þ ¼ φ ið Þ
f þ Δφ ið Þ xð Þexp �t

τ

� �
(7)

Δϕ x; tð Þ ¼ VmΔφ avgð Þ xð Þ exp
�t
τ

� �
� 1

� �
(8)

where the species modulation generated inside the photopolymer is represented by Δφ(i)(x),
φf

(i) is the average value of the residual species concentration, and Δφ(avg) is the average for all
molecules. This corresponds to the point at which monomer diffusion eventually stops due to
a uniform monomer distribution. The molar volume of the monomer is represented by Vm and
tends asymptotically (in practice in some minutes) to the value:

Δϕ x; t! ∞ð Þ ¼ �VmΔφ avgð Þ xð Þ (9)

Thus, Eq. (8) can be simplified as:

Δϕ x; t! ∞ð Þ � Δϕ x; tð Þ ¼ Δϕ x; t! ∞ð Þ exp �t
τ

� �
(10)

And applying logarithm to both sides of the equation, we obtain:

ln Δϕ x; t! ∞ð Þ � Δϕ x; tð Þð Þ ¼ ln Δϕ x; t! ∞ð Þð Þ � t
τ

� �
(11)

The only assumption is that Δφ is proportional to Δ(avg), which is reasonable for small polymer
concentrations.

In Figure 6, it can be seen how the slope of the linear fitting for the nonindex-matched sample is
almost two magnitude orders higher than the index-matched one. The diffusion measured for the
last one is 3.5� 10�10 cm2/s, within the expected values for these materials. On the other hand, the
“apparent” diffusion measured for the nonindex-matched sample is 1.6 � 10�8 cm2/s. The differ-
ences between using or not the index-matching system are clear together with this separation
between “apparent” and “real” diffusion. Using this index-matching system, it is possible to
get a phase depth of 2π for PVA/AA samples of 105 μm without using any crosslinker. To get
this, 2π phase depth modulation is very important as is needed by many applications related
to the complex DOEs recording, such as blazed gratings or diffractive lenses [29, 30].
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One of the methods to increase the phase depth is the inclusion of a crosslinker monomer. The
role of this component is to increase the chain length and compaction by linking the polyacryl-
amide chains between them. Therefore, the polymerization rate, shrinkage, and refractive
index are increased [30]. With the use of a crosslinker, it is possible to get the 2π phase depth
in samples around 85 μm. In Figure 8, the effects of using N,N0-methylene-bis-acrylamide
(BMA) as a crosslinker agent in the PVA/AA photopolymer formulation is shown. Comparing
this figure with Figure 2, it is noticeable that the phase depth of 1.4�2π is reached after 200 s of
exposure time in a sample of 95 μm thickness, a value substantially lower than the 105 μm
needed for materials formulated without this crosslinker. Therefore, including agents such as
BMA can drastically improve the material properties at very low spatial frequency recording.

The same analysis had been done for the Biophotopol green photopolymer, studying the effects of
the index-matching system. Due to the similarities between this material and the PVA/AA-based
one, Biophotopol also presents important relief structures formed during recording, avoiding the
separate study of the refractive index distribution generated by polymerization. We have also
studied the use of different crosslinker agents such as the already-mentioned BMA or the N,N0-
(1,2-dihydroxyethylene) bisacrylamide (DHEBA), a highly environmental compatible crosslinker,
which is also able to dissolve the NaAO, increasing the utility life of the samples up to 10 times,
preventing the monomer crystallization [31]. Figure 9 shows the experimental diffraction efficiency
of a Biophotopol + DHEBA sample. In general, the results obtained are very similar to the ones
obtained for the other photopolymers. In this case, the maximumphase depth obtainedwas around
1.4 π for a 90 μm sample. Therefore, assuming a linear behavior with thickness, a sample of around
128 μm will be required to achieve a phase depth of 2π. Regarding the monomer diffusion, the
values obtained were around 10�10 cm2/s, a bit slower compared to PVA/AAmaterial.

At this point, it is also interesting to show the capabilities of the PDLC material to work with
low spatial frequencies and develop tunable DOEs by means of an electrical field. The use of
this material is very common for holographic regime, where it presents a high value of
refractive index modulation providing DEs very close to 100% for optical thicknesses around
10 μm. The main drawback of this material is its high scattering. Regarding this factor, it is

Figure 8. Experimental DE for the recording of a sinusoidal grating of 168 μm during 200 s of exposure time in an AA/
PVA material with 95 μm thickness without the index-matching and coverplating system.
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important to remark that this family of materials is always enclosed between indium tin oxide
(ITO) glasses that make impossible to use the index-matching technique used in the other two
materials. Thus, in this case, it is impossible to distinguish between “real” and “apparent”
diffusion. The results obtained for the recording of a 168 μm period sinusoidal grating into a
30 μm thickness layer are shown in Figure 10. It can be seen how the phase depth of 2π can be
achieved, but despite this, the fast values of diffusion, around 10�8 cm2/s, together with the
impossibility to distinguish the internal monomer diffusion from the “apparent” one make its
selection difficult as a candidate to record low-frequency DOEs.

2.4. Simulation of the behavior of the materials

A model able to simulate the behavior of the material is a powerful tool to obtain the desired
material or illumination parameters to fabricate a particular DOE. We have already introduced
our recording model in Section 2.2. Based on the solving of the differential equations that

Figure 9. Experimental DE for the recording of a sinusoidal grating of 168 μm during 400 s of exposure time in an
Biophotopol + DHEBA material with 90 μm thickness.

Figure 10. Experimental DE for the recording of a sinusoidal grating of 168 μm during 600 s of exposure time in a PDLC
material with 30 μm thickness.

Polymerizable Materials for Diffractive Optical Elements Recording
http://dx.doi.org/10.5772/intechopen.71511

173



represents the behavior of the monomer and polymer volume fractions, it is possible to predict
with fidelity how the different materials will behave during the DOEs recording. This model
also includes the effects of the holes produced in the surface during polymerization process
and analyzes both the hole and monomer diffusion separately [32].

Holes generation and its diffusion role in the model can be taken into account adding the
following equations to the previously introduced, in Section 2.2:

∂φ hð Þ x; tð Þ
∂t

¼ ∂
∂x

Dh tð Þ ∂φ
hð Þ x; z; tð Þ
∂x

� Kh x; tð Þφ mð Þ x; tð Þ (12)

where φ(h) represents the holes volume fraction and Kh is the holes rate generation, propor-
tional to FR, and Dh is the diffusion constant for holes. We assume that the holes are concen-
trated close to the surface, and their motion is along x direction, with the grating vector parallel
to x-axis.

To check the capability of the recording model to simulate both the recording process on the
material and the role of the sealant in this process, we recorded sinusoidal gratings in a PVA/
AA material. The results obtained were compared with the simulation results, introducing in
the model the parameters of the analyzed material. In Figure 11 both the experimental results
are shown that are compared with the simulation results of the DE of the main four orders of a
sinusoidal grating with a period of 168 μm recorded into a PVA/AAmaterial of 80 μmwithout
(a) and with index matching (b). In both cases, the good agreement can be appreciated
between the model and the experimental results. The results obtained are in line with the
results shown previously, and the index-matched sample takes less time to reach the maxi-
mum DE due to the mitigation of the effects produced by the thickness variations.

The model is also capable to faithfully reproduce the postexposure evolution of the material in
both index-matched and nonindex-matched samples. In Figure 12, it can be seen, apart from
the good agreement between experimental and simulation results, how for the nonindex-

Figure 11. Comparison between experimental and simulated results of the main four orders of DE as a function of time
for the recording of a sinusoidal grating of 168 μm in a PVA/AA material with 80 μm thickness, without index matching
(a) and with it (b).
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matched sample (a) the DE continues changing after shutting of the recording beam due to the
hole diffusion through the surface. These effects are not present in the index-matched sample
(b), in which the DE evolution stops with the shutdown of the laser.

3. Recording of complex DOEs

3.1. Recording of blazed gratings

The lower monomer diffusion shown by the materials with index-matching system together
with their capabilities of reaching 2π phase depth makes us able to explore the recording of
more complex DOEs. One of these complex profiles is the blazed grating, a sharp profile with
abrupt changes, which has many applications in communications and theoretically can reach
DEs of 100% [28].

Taking into account the previous results of monomer diffusion, we attempt to store this kind of
DOE in PVA/AA and Biophotopol materials. The value of D0 tested for PDLC materials avoids
the generation of sharp profiles on them. The recording model used is the one described in
Section 2.2. In this case, the light intensity distribution during the recording process can be
written as follows:

I ¼ I0
1

f s �Δx
þ 1

(13)

where fs is the period of the grating and I0 is the maximum recording intensity.

The experimental setup has been described previously in Section 2.3.1. We placed the CCD
camera in the material plane, and the image at this place and the intensity distribution of this
image are shown in Figure 13. This figure shows a smoothening of the abrupt edges of the
profile due to the low-pass filtering that the experimental setup introduces, especially due to

Figure 12. Comparison between experimental and simulated results of the postexposure evolution of the main four
orders of DE as a function of time for the recording of a sinusoidal grating of 168 μm in a PVA/AA material with 80 μm
thickness, without index matching (a) and with it (b).
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the diaphragm (D3) placed to eliminate the pixilation of the LCoS screen of the SLM. To
improve the accuracy of the recording model, we introduced this recording intensity on it so
that the model takes into account the low-pass filtering introduced by the experimental setup.

To analyze the response of the different materials and the capability of our model to predict the
behavior of these materials, we perform different period gratings recording. First, we simu-
lated the recording of this kind of DOE using our model to have an idea of the index-matching
influence in both materials for different periods. Once we had a theoretical idea of the influ-
ence of index matching and period, we compared the simulations with the experimental
results. Figure 14 shows the simulated and the experimental DEs of a blazed grating of
672 μm recorded in a PVA/AA photopolymer 90 μm thick and a 336 μm one recorded in a
Biophotopol photopolymer of 90 μm. It can be seen how the DE of the first order reaches a
maximum of almost 70% after an exposure time of 150 s in the PVA/AA photopolymer and
almost 55% in the Biophotopol one. Considering the low-pass filtering introduced by the
setup, these are good results because we achieved near the maximum value of DE achievable
taking into account this low-pass filtering. It is also noticeable that there is a good agreement
between the simulation and the experimental results. The lower value of DE obtained for
Biophotopol is due to the lower values of kr and np of this family of photopolymers and can

Figure 13. Image of a 672-μm blazed grating provided by the LCoS captured by the CCD at the material plane (a) and
intensity profile across a vertical line of this image (b).
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results. Figure 14 shows the simulated and the experimental DEs of a blazed grating of
672 μm recorded in a PVA/AA photopolymer 90 μm thick and a 336 μm one recorded in a
Biophotopol photopolymer of 90 μm. It can be seen how the DE of the first order reaches a
maximum of almost 70% after an exposure time of 150 s in the PVA/AA photopolymer and
almost 55% in the Biophotopol one. Considering the low-pass filtering introduced by the
setup, these are good results because we achieved near the maximum value of DE achievable
taking into account this low-pass filtering. It is also noticeable that there is a good agreement
between the simulation and the experimental results. The lower value of DE obtained for
Biophotopol is due to the lower values of kr and np of this family of photopolymers and can

Figure 13. Image of a 672-μm blazed grating provided by the LCoS captured by the CCD at the material plane (a) and
intensity profile across a vertical line of this image (b).
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be increased using thicker samples or higher concentrations of crosslinker in the final solution.
For shorter period gratings recorded in the same kind of material, it is also appreciable a
reduction of the maximum DE reached. This is due to the higher influence of the low-pass
filtering at shorter spatial periods together with a higher diffusion.

In both cases and in the rest of the analysis carried out, the results present similarity indepen-
dent of the spatial frequency of the grating, showing the low influence of the monomer
diffusion at these spatial frequencies.

The recording model allows us to probe the capability of the materials to reach the 100% of DE
without considering the low-pass filtering introduced by the experimental setup. This simula-
tion is shown in Figure 15, where it can be seen how a DE of 100% could be reached for
PVA/AA-based material and a DE of 97% for the Biophotopol one. The low-pass filtering
introduced by the experimental setup means a reduction of over 20% of DE for both materials.
This value is achieved at less exposure time than in the experiments by both materials due to the
ideal recording intensity. It is also noticeable how in this ideal simulation, the PVA/AA-based

Figure 14. Comparison of the simulated and experimental DE of a 672 μm blazed grating recorded in a PVA/AAmaterial
(a) and a 336 μm blazed grating recorded in Biophotopol (b), both during an exposure time of 300 s.
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material takes less time to reach the maximum DE than the Biophotopol due to the differences in
np and kr.

3.2. Diffractive lenses

The capabilities of the materials working with a complex profile such as blazed gratings have
been proved obtaining near the maximum DE achievable taking into account the low-pass
filtering introduced by the setup. Also, the recording model has demonstrated its fidelity
reproducing the recording of this element in the different materials, with different spatial
periods and considering the index-matching system and low-pass filtering.

Going further, another example of complex DOE to evaluate the model and materials capabil-
ities is diffractive lenses. This DOE includes different spatial periods in its shape, being critical
to avoid the smoothening of the profile and to achieve similar behavior for the different spatial
periods.

The study of the recording of this kind of DOE has been made only for PVA/AA materials and
Biophotopol for the same reasons of the blazed gratings. It is also important to remark that it is
necessary to adapt the recording model to make it able to reproduce the cylindrical and
spherical lenses formation in these materials. The two-spatial dimension equation shown in
Section 2.2 can be applied to reproduce the cylindrical lenses behavior; nevertheless, it is
necessary to add a new dimension, the “y” variable dimension, to simulate the case of a
spherical lens recording [30]. Eqs. (3) and (4) remain as follows:

∂φ mð Þ x; y; z; tð Þ
∂t

¼ ∂
∂z

Dm tð Þ ∂φ
mð Þ x; y; z; tð Þ

∂z
þ ∂
∂y

Dm tð Þ ∂φ
mð Þ x; y; z; tð Þ

∂y
þ ∂
∂x

Dm tð Þ ∂φ
mð Þ x; y; z; tð Þ

∂x
�

� FR x; z; tð Þφ mð Þ x; z; tð Þ
(14)

∂φ pð Þ x; y; z; tð Þ
∂t

¼ FR x; y; z; tð Þφ mð Þ x; y; z; tð Þ (15)

Figure 15. Simulation results of the DE as a function of time for PVA/AA and Biophotopol materials without taking into
account the low-pass filtering introduced by the experimental setup.
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The recording intensity distribution is generated by the LCoS SLM in the amplitude regime,
which, as in the previously shown experiments, is projected on the material to generate the
corresponding phase element. This intensity distribution is defined in Eq. (16), where the
phase depends on the quadratic value of the distance between the point and the lens centrum.
This equation then is wrapped to 2π and normalized to the maximum value of intensity, I0.

= x; yð Þ ¼ exp j
π
λf

x2 þ y2
� �� �

(16)

In this equation, f is the focal length and λ represents the light wavelength. The intensity
distribution of a 50 cm focal length lens generated using the SLM is shown in Figure 16.

The experimental setup used to record diffractive lenses is also the one already shown in
Figure 4, with the particularity that in this case, L5 is not present as the lens recorded into the
photopolymer is responsible for the focusing of the 633 nm wavelength beam. We imaged the
point spread function (PSF) generated by this lens onto the CCD camera, controlling the magni-
fication of the setup bymeans of the 4F system. The camera is also placed in the material plane to
evaluate the intensity pattern imaged on the material. The image taken at this plane and the
intensity profile across a horizontal line passing through the center of the lens are shown in
Figure 17. We can see the characteristic ring structure with a decreasing spatial period as we
move away from the center of the diffractive lens. Also, in the intensity profile image, it is
noticeable the improvement of the profile with respect to ones presented using a transmissive
LCD as SLM with a pixel size of 44 μm [33].

Using the recording model, it is possible to predict the refractive index distribution generated
by the incident beam modulated by the SLM. Once we had obtained this refractive index
distribution, we can apply the Fresnel propagation [34] to calculate the intensity distribution
as a function of time. Thus, we can analyze the focalization of the lens and the optimum
recording time to obtain a good focalization. In Figure 18, the results of the recording simula-
tion can be seen for the recording of a 50 cm diffractive spherical lens in a PVA/AA material

Figure 16. Horizontal cut of the theoretical intensity distribution of a 50 cm focal lens to be projected onto the photopoly-
mer by the SLM.
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with index matching compared to the experimental results, specifically the intensity at the
focal point as a function of time. At this point, it is important to add that the simulated
behavior exhibited by cylindrical and spherical lenses in the photopolymers used and different
focal lenses is similar. Thus, the results shown correspond to the spherical one. In the figure,
the good agreement is noticeable between the simulation and the experimental results,
together with the good focalization power of the lenses. The model is also capable to predict
the optimum recording time for the lenses in the different materials, as it will be shown in the
following figures, and the decrease in the focal intensity. This occurs when the exposure time is
longer than the optimum and the phase modulation overcomes 2π, as we chemically design
the materials to obtain phase depth saturation slightly higher than 2π for the physical thick-
ness used.

Thanks to the small pixel size of the LCoS screen of the SLM, it is possible to attempt to store
shorter focal lenses, for example, 13 cm, to study the influence of the focal on the lenses

Figure 17. Image provided by the LCoS SLM at the material plane captured by the CCD camera (a) and intensity profile
across a horizontal line passing through the center of the lens (b).

Figure 18. Intensity at the focal point as a function of time for a spherical lens f = 50 cm in a PVA/AA material of 95 μm.
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Figure 18. Intensity at the focal point as a function of time for a spherical lens f = 50 cm in a PVA/AA material of 95 μm.
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recording. Figure 19 shows the comparison between the simulation and the experimental
measurements of the intensity at the focal point as a function of time for two different focal
lenses recorded in Biophotopol material. In this case, there is also a good agreement between
the simulation and the experimental results. Both focal lenses present similar behavior than the
one exhibited by the lens recorded in PVA/AA material. The lens with shorter focal takes less
time to focalize, maybe due to the higher influence of the monomer diffusion.

3.2.1. Influence of the material parameters

At the beginning of the chapter, the importance of different parameters in the recording
process was remarked. One of the most important aspects of having a recording model that
takes into account many of these parameters is that we can study separately the influence of
each one of them in the final DOE recorded. In this section, we will discuss the influence of one
of these parameters, the internal monomer diffusion (D0), as a sample of the model’s capability.
The influence of other parameters, such as the relationship between intensity and polymeriza-
tion (γ) and the influence of the depth attenuation (α), can be consulted in Ref. [29]. We have
studied the variation of each one of these parameters keeping the rest constant. This gives us
the idea of which parameters are more important for the lens formation.

To check the influence of D0, we have simulated different lenses with a range of monomer
diffusivities from 3 � 10�8 to 3 � 10�11 cm2/s and studied how the diffusion affects in the focal
plane. Figure 20 shows the intensity at the focal point for different internal monomer diffusiv-
ities. In this case, the intensity at the focal point for the two smallest values does not show any
important difference. On the other hand, for both highest values of diffusivity, we appreciate a
clear variation as it was expected. The increase in the monomer diffusivity has influence for
these spatial frequencies for values higher than 3 � 10�10 cm2/s. Below this value, the influence

Figure 19. Comparison of the experimental results and the simulation of the intensity at the focal point for two different
focal lengths (13 and 60 cm) of diffractive lenses recorded in Biophotopol material of 140 μm thickness.
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is low in the lens formation. Therefore, we assumed that for the PDLC material presented in a
previous section, the results will not be as good as for the PVA/AA and Biophotopol materials.

4. Conclusions

In this chapter, we have presented a method to record low-frequency diffractive optical elements
into photopolymers. This process is influenced bymany parameters that we have introduced in a
three-dimensional diffusion model to predict the phase image formation. Using this model
together with different experimental measurements, we have developed an analysis of the
requirements needed to achieve a phase modulation range of 2π in different families of mate-
rials. The results show the effectiveness and versatility of the recording model used. Thanks to
this model, it is possible to predict the experimental behavior of the recording of any kind of
DOE in the different photopolymers. The effectiveness of the model was validated by the
experimental work carried out and based in the inclusion of an LCoS SLM. This device allows
us to store any kind of DOE selected dynamically and analyze the influence of the different
material properties during the recording.

Together with that, we have shown the effects of using the index-matching system, which
apart from improving the conservation and lifetime of the recorded DOE, let us differentiate
between the diffusion in the surface of the photopolymer and the internal diffusion. The lower
values of diffusion obtained in the index-matched materials can be exploited to record sharp
DOEs without significant smoothening of the refractive index profile.
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Figure 20. Intensity at the focal point as a function of time for different internal monomer diffusivities.
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Abstract

As one typical kind of ionic electroactive polymers (iEAPs), ionic polymer metal com-
posites (IPMC) consist of an ionomer and two thin layers of metallic electrode on its 
both sides. The micro-properties of the ionomer, usually Nafion as the most used iono-
mer, exert strongly effects on the responses of IPMC actuator. Our works revealed the 
effects of casting process with different additives (ethylene glycol (EG), dimethyl sulfox-
ide (DMSO), N, N′-dimethyl formamide (DMF) and N-methyl formamide (NMF)), and 
blending with sulfonated multi-walled carbon nanotube (sMWCNT) on properties of 
ionomer and the electromechanical responses of IPMC actuators. Some important prop-
erties of casting membrane and sMWCNT/Nafion blending membrane, such as surface 
morphology, water uptake and ionic exchange capacity, etc., were measured and evalu-
ated. Among the casting membrane-based IPMC actuators, EG based IPMC actuator has 
larger deformation at 2 V DC voltage. And a trace amount of sMWCNT can improve the 
performances of IPMCs significantly for realistic applications.

Keywords: ionomer, IPMC actuator, casting, blending, electromechanical responses

1. Introduction

As a typical kind of copolymers, an ionomer is an ion containing polymer, which consists of 
nonionic repeat units and a small amount of ion containing repeat units [1]. In an ionomer, the 
nonpolar chains are grouped together and the polar ionic groups are attracted to each other. 
The attractions of ionic units result strongly influence the polymer properties. Due to the pres-
ence of non-ionic groups and ionic groups, the membranes made with ionomers are used to 
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achieve special ion-exchange ability, such as letting water molecules pass through and not 
the metal ions. One specific ion-selective membrane is a perfluorosulfonate ionomer which is 
called Nafion by DuPont, and the chemical formula is shown in Figure 1. The microstructure of 
Nafion varies in the length of back bones (I) and branches (II) and in the nature of the ionic side 
group, usually sulfonate anions (III). Usually, Nafion resins can be made into films or tubes and 
used in the process of production of chlorine, regeneration of spent acids, separations in chemi-
cal processing, lithium-sulfur batteries, as well as used in fuel cells and electrodialysis. [2–5]

In past two decades, significant attention has been directed to the field of ionic electroactive 
polymers (iEAPs), which generates quick and large strain due to the mass transfer effects in 
itself. [7] As one typical kind of iEAPs, ionic polymer-metal composites (IPMC) are very suit-
able for actuators and sensors with many unique advantages of large deformation, low actu-
ating voltage, high compliance, lightness, softness, etc [8–10]. A typical IPMC has a sandwich 
structure (Figure 2(a)), which consists of a matrix membrane, usually Nafion membrane, and 
two thin metallic electrode layers on both sides of the membrane. So far, Nafion remains as 
the benchmark for a majority of research and development in IPMC technology [11].

The actuation mechanism of IPMC involves a variety of physical and chemical processes. 
When an external voltage is applied at the both sides of IPMC, it will induce an electric field 
gradient across the thickness direction. The ions carrying some solvent molecules will be 
dragged from one side to another side and results in difference in ion concentrations across 
the thickness direction. Then the expansion and contraction on both sides of IPMC occur, 
which consequently results in bending deformation of IPMC (Figure 2(b)) [12].

One of the most important factors seriously affecting the performance of IPMC is the proper-
ties of Nafion, which mainly provides the backbone and ion transport medium of IPMC dur-
ing the actuating process. Commercial Nafion series have a relatively poor thickness range 
from 50 to 250 μm, which will finally result in low output force. From the perspective of 
increasing the output force of IPMC, the easiest and most efficient way is to increase the thick-
ness of the matrix membrane. So far, there are two ways to form thick Nafion: hot pressing [13] 
and solution casting [14], developed by Lee and Kim, respectively. The former uses hot-press 
technology to integrate multi-layers of commercial Nafion membranes, which easily result 
to delamination after actuating IPMC repeatedly [15]. The latter overcome this defect, which 
can obtain the ionomer with arbitrary shape and thickness. However, the work from [14] did 
not report more information about the micro-properties of casting ionomer. Other research-
ers [16–18] researched the formation of casting ionomer a lot for fuel cell and chlor-alkali 
application. They revealed that temperature, curving time, and the choice of additive affected 

Figure 1. A typical chemical formula of Nafion series [6].
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microstructure of ionomer [19, 20], in which the effects of curving time and temperature on 
the micro-properties of casting ionomer have been clearly clarified. From the perspective 
of the additives, Moore et al. [21] has confirmed that casting ionomer would display worse 
mechanical intensity and higher solubility without the addition of the high boiling additives. 
Then researchers [22–25] began to pay attention to the effect of additives and tried to find out 
that why and how additives seriously affect the morphology formation of casting ionomer. 
And they experimentally confirmed that the addition of the high boiling additive changed the 
water content, conductivity and modulus, of casting ionomer. These factors also will exert sig-
nificant influences on the electromechanical responses of IPMCs based on the casting ionomer.

Another method to improve the performance of IPMC is to blend conductive or nonconductive 
compounds into Nafion matrix. The emerging nano-scale carbonaceous materials, such as car-
bon nanotubes (CNTs), graphene, fullerenes, carbon nano-fibers (CNF) and carbon-filled mate-
rials and so on, have prompted the research into a new class of actuators consisted of “smart 
nano-materials”-carbonaceous materials [26–29]. The mentioned materials just now typically 
have the advantages of remarkably large specific surface area together with nano-porous struc-
ture to guarantee a lot of insertion sites for electrolyte ions [30]. Due to the high strength, stiff-
ness and excellent electrical conductivity of CNTs, CNTs-based composites are widely applied 
in various research fields [31–33]. CNTs are also applied to improve the performances of Nafion-
based IPMCs. Sulfonated multi-walled carbon nanotube (sMWCNT), with sulfonic acid groups 
(-SO3H) covalently bonding to the surface of MWCNT and very weak Van der Waals’ force 
among the bundles, is water-soluble and possess numerous insertion sites while the mechanical 
properties are hardly weakened compared to the original MWCNT [34–36]. Therefore, it has 
been widely used in super capacitors [37, 38] and lithium ion batteries [39, 40]. Considering the 
working mechanism and characteristics of the Nafion-based IPMCs, sMWCNT is expected to 
improve the mass transfer performance and elastic modulus, and then result in improvements 
on the electromechanical and electrochemical performances of the IPMC actuators.

2. Experimental section

2.1. Experimental materials

The 5 wt. % Nafion® dispersions (D520) were purchased from DuPont TM. Commercially 
available Nafion® 117 membrane (N117), purchased from DupontTM, was used as a  reference. 

Figure 2. Schematic diagram of the configuration (b) and actuation mechanism of IPMC.

The Effects of Casting and Blending on Properties of Ionomer and the Electromechanical…
http://dx.doi.org/10.5772/intechopen.72440

189



Concentrated nitric acid (69.5 wt. %), sodium hydroxide Sodium p-aminobenzenesulfonate, 
NaNO2, Pd(NH3)4Cl2, NaBH4, and N2H4·H2O were purchased from Aldrich. Four additives 
for casting membranes were purchased from TianLi Chemical Co., including EG, DMSO, 
DMF and NMF. MWCNT was purchased from the Chinese Academy of Sciences Chengdu 
Organic Chemical Co. Ltd. All of the materials were analytically pure and used without fur-
ther purification.

2.2. Preparation process

2.2.1. Solution casting process

We performed a typical solution casting process of Nafion ionomer as follows: Firstly, we sep-
arately pipetted 50 mL of 5 wt. % Nafion® dispersions into four glass vessels. Subsequently, 
we in sequence added EG, DMSO, DMF and NMF into four glass vessels with the fixed quan-
tity of 5 mL respectively. And then treated the solutions by ultrasonic for 0.5 h for the purpose 
of uniformity. The solutions were put into oven under vacuum condition with a constant 
temperature of 80°C for 0.5 h. After the volatilization of solvents with low boiling point, the 
temperature of the oven was turned up to 120°C for further curing process. The curing time 
was set up for 6 h. After the oven cooled down, the glass vessels were took out and then 
immersed into cool water. The casting ionomer peeled off naturally 5 min later. To get the 
acid form of the ionomers, they were immersed in boiling 5% H2O2, 0.5 M H2SO4 solution and 
DI water for 1 h, respectively, and finally saved in DI water. As shown in Figure 3, the casting 
process mainly consists of four steps.

For the convenience, we mark the casting membranes with the additive of EG, DMSO, DMF 
and NMF as EG, DMSO, DMF and NMF, respectively. During the casting procedure, we only 
control additive as a variable. Other parameters, such as the precursors, mixed ratio and heat 
treatment, were employed from the literature [41], as illustrated in Table 1.

2.2.2. sMWCNT/Nafion blending membrane

A certain amount of sMWCNT was added to 3 mL ethylene glycol (EG) and sonicated for 
30 min, then the suspensions was mixed with the Nafion solution and stirred for 1 hr. in a 
poly(dimethylsiloxane) (PDMS, Sylgad184) container (40 × 60 × 40 mm). The mixture was 
evaporated at 90 and 100°C for 12 h successively to cast sMWCNT/Nafion hybrid  membrane. 

Figure 3. Solution casting procedure.
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After that, the membrane was annealed at 120°C for 1 h. The hybrid membranes were 
obtained with sMWCNT weight fraction of 0, 0.25 and 0.5 wt%, respectively. Another hybrid 
membrane with MWCNT content of 0.5 wt% was also prepared for comparison. The sizes of 
Nafion membranes are 60 × 40 mm × (210 ± 10) μm (length × width × thickness) under dry 
state. The composition of the casting solutions and membranes are summarized in Table 2.

2.3. IPMC fabrication

The Pd-IPMCs were fabricated via assembling a hybrid Nafion layer and two palladium elec-
trode layers by the impregnation-reduction method, which has been described in detail in 
our previous report [42]. The major steps were as follows: 1) Surface roughening treatment. 
The membranes were roughened with a sandblasting machine, then washed with 20% etha-
nol solution in an ultrasonic cleaning machine and boiled in 1 M HCl and water for 30 min, 
successively. 2) Ion adsorption. This step was to soak the membranes in Pd(NH3)4Cl2 solution 
to adsorb [Pd(NH3)4]2+ via an ion-exchange process. 3) Reduction. In this step, the adsorbed 
[Pd(NH3)4]2+ was reduced to metallic state by strong reducing agent NaBH4 to form infiltrate 
electrode. 4) Further plating. In order to increase the thickness of the surface electrode and 
reduce the surface resistivity effectively, Pd(NH3)4Cl2 and H2NNH2 were put into the same 
solution simultaneously to grow Pd nano-particles above the infiltrate Pd electrode layer. 5) Ion 
exchange. This step was to exchange H+ into Li+ (the working ions) by soaking the IPMC strips 
in 2 M LiCl solution at room temperature for 24 h. The size of IPMC specimens for final charac-
terization was 30 × 5 mm × (220 ± 10) μm (length × width × thickness) under hydrated condition.

Samples Nafion® precursor Additives Mixed ratio Heat treatment (°C, h)

EG D 520 EG 10:1 120, 6

DMSO D 520 DMSO 10:1 120, 6

DMF D 520 DMF 10:1 120, 6

NMF D 520 NMF 10:1 120, 6

Nafion 117a — — — —

adata from Nafion 117 are tested as a contrast.

Table 1. Parameters set-up during casting process.

Membrane type Casting solution composition Membrane composition

CNT (mg) Nafion (aq) (g) EG (g) CNT (mg) Nafion (s) (g)

Pure Nafion 0 19.00 4.5 0 0.9500

0.25 wt% sMWCNT 2.375 18.95 4.5 2.4 0.9475

0.5 wt% sMWCNT 4.750 18.90 4.5 4.8 0.9450

0.5 wt% MWCNT 4.750 18.90 4.5 4.8 0.9450

Table 2. Composition of the casting solutions and membranes.
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2.4. Characterizations

2.4.1. Characterization of ionomer morphology

We examined the microstructure properties of the casting ionomers using AFM equipment 
from BRUER, USA with resonance frequency of 380 kHz and selection of tapping mode, 
which was performed at room temperature and humidity. Due to the fact that surface nano-
morphology of the casting ionomers was affected easily by the change of room humidity, 
we mounted the samples on a silicon substrate. The surface and cross-section morphology 
of so based IPMCs were observed by SEM (VG3210677 and Hitachi SU-8010). Scanning 
electron microscopy (SEM) was performed at an accelerating voltage of 20.0 kV. All sample 
cross-sections were obtained by low-temperature cracking, being placed in liquid nitrogen 
for 5 min and then broken into pieces.

2.4.2. Characterizations of the membranes

2.4.2.1. Differential scanning calorimetry (DSC) and thermogravimetric (TG) measurements

We employed a Thermal Analysis Model DSC1 from Mettler Toledo, Switzerland to perform 
DSC analysis of the ionomers and so based IPMCs. The weights of test samples were at the 
range of 4–8 mg. Before DSC observations, the surface of each sample needed to be treated 
in an oven with the temperature of 80°C for 2 h. The heating rate 10°C/min and N2 flow rate 
80 ml/min of DSC was selected. Thermogravimetric (TG) measurements of sMWCNT and 
MWCNT were carried out by using a TG analyzer (STA 449C, NETZSCH, Germany) at a heat-
ing rate of 20°C min−1 from 20 to 800°C and nitrogen flow rate of 30 mL min−1.

2.4.2.2. Water-uptake ratio (WUR)

In order to measure the WUR, the membranes with different sMWCNT weight fraction were 
soaked in DI water for 24 h to be fully saturated; then the membranes were weighed imme-
diately after wiping the water on the surface with filter paper, and the mass was recorded 
as Mwet (g). After that, the hydrated membranes were dried at 100°C for at least 24 h until a 
constant mass was obtained, which was recorded as Mdry (g). The WUR (w) of each membrane 
can be calculated according to Eq. (1).

  w (%)  =   
 M  wet   −  M  dry   ________  M  dry  

   × 100   (1)

2.4.2.3. Ionic exchange capacity (IEC)

The IEC was measured using the acid–base titration method with KOH (aq) and HCl (aq) 
described in detail in ref. [36] and calculated according to Eq. (2).

  IEC =   
 V  KOH   ×  N  KOH  

 __________  m  membrane      (meq / g)    (2)

where VKOH is the quantity (ml) of KOH (aq), NKOH is the normality (mol) of KOH (aq) and 
membrane is the mass of the membrane. A minimum of three sets of experiments were per-
formed until the percentage error was well within the experimental limits.
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2.4.3. Electromechanical test of IPMCs

The equivalent elastic modulus of IPMCs was measured using the free oscillation attenuation 
method, and the geometry of the IPMC specimens for the stiffness and electromechanical 
tests in this work is illustrated in Figure 4(a). During the test, the specimens were prescribed 
a small initial deformation firstly, and then the natural frequency f of the specimens was 
obtained by a fast Fourier transform of the free vibration response curve. Every specimen 
was tested in wet state in two minutes. The equivalent elastic modulus can be calculated via 
Eq. (4), which is derived from Euler-Bernoulli beam theory.

  E =   (  2π ____ 3.52  )    
2
    
m  f   2   l   3 

 ____ I   = 3.87   
 π   2  m  f   2   l   3 

 ______ h  t   3      (3)

Electro-active performance was characterized by measuring the displacement and blocking 
force of IPMC specimens using the same test apparatus described in detail in ref. [42]. The 
specimen was clamped by a gold-plated copper clamp on one end firstly, while the other 
end is freestanding with a free length of 30 mm. Then the specimen was applied a constant 
potential by a Labview software and an arbitrary power supply (HM8143). The displacement 
and blocking force were measured with a laser displacement sensor (Keyence LK-G80) and a 
micro force transducer (Transducer Techniques, GSO-10) at the measuring distance of 15 mm, 
respectively. All the measurements were carried out in air. The current, potential, displace-
ment and blocking force were recorded by the Lab view software simultaneously for 300 s. 
The experimental apparatus is shown in Figure 4(b).

3. Results and discussions

3.1. Morphology analysis

As shown in Figure 5, we obtain AFM topography micrographs of polymer chain conforma-
tions of the sample EG (a), DMSO (b), DMF (c), NMF (d), with Nafion 117 (e) as a reference. 
In each subfigure of Figure 5, we defined that bright region is high both in topography and 
in phase, in which high phase represents the backbone consisted of long polymer chains 
under tapping mode. Likewise, the gray regions in height reveal the ionic or nano-porous 
domains with a diameter range of 5–50 nm. We can see some significantly differences by 

Figure 4. Schematic illustration for dimensions of IPMC strip (a) and experimental apparatus(b).

The Effects of Casting and Blending on Properties of Ionomer and the Electromechanical…
http://dx.doi.org/10.5772/intechopen.72440

193



these  subfigures of Figure 5. It is interesting that backbones conformations of casting iono-
mers are more amorphous and loose in Figures 5(a) and 5(b). On the other side, the polymer 
chains together with ionic domains are more uniform and compact in Figure 5 (c), (d) and 
(e), which is responsible for the differences of the compatibilities between Nafion chain mol-
ecules and additives. When evaporated from casting solutions, additives assist Nafion side 
chain sulfonic acid groups to move along with perfluorocarbon backbones so as to form solid 
membranes. Meanwhile, backbone aggregations in ionomers result in the formation of more 
sulfonic acid group aggregations, i.e. larger size of ionic clusters, which had been revealed 
by Ma et al. [22].

Figure 6 shows the inner morphology of P-membrane (a), M-membrane (b, d) and S2-membrane 
(c, e) at different magnification levels. The two hybrid membranes presented quite rough 
surfaces, while the P-membrane presented a typically smooth polymer surface with several 
wrinkles. For the S2-membrane, sMWCNT was homogeneously dispersed in Nafion matrix 
without any entangled structure or obvious agglomeration, which is advantageous to improve 
the electrochemical and electromechanical performances of the reinforced membranes and 
corresponding IPMCs. It is also obvious that the dispersion of sMWCNT was much more 
uniform than that of MWCNT in Nafion matrix, in that the hydrophilic nature of sMWCNT 
facilitated their dispersion in the Nafion matrix via the hydrophilic interaction between -SO3H 
groups of Nafion and sMWCNT [43]. The electrode morphology of the S2-IPMC is also shown 
in Figure 8f. The thickness of the Pt layer on the membrane surface of each IPMC was around 
11–16 μm, and the range of the surface resistance of each IPMC was around 2–5 Ω/□. As a 
result, the surface electrodes, without remarkable difference, had no direct correlation with 
the increasing content of the sMWCNT. Systematic and quantitative correlations of the surface 
electrode with other fundamental parameters are complex, which is beyond this work and will 
be discussed in our forthcoming works.

Figure 5. AFM topography images (200 × 200 nm). Images (a), (b), (c), (d), and (e) correspond to the topography of EG, 
DMSO, DMF, NMF and Nafion 117, respectively.

Recent Research in Polymerization194



these  subfigures of Figure 5. It is interesting that backbones conformations of casting iono-
mers are more amorphous and loose in Figures 5(a) and 5(b). On the other side, the polymer 
chains together with ionic domains are more uniform and compact in Figure 5 (c), (d) and 
(e), which is responsible for the differences of the compatibilities between Nafion chain mol-
ecules and additives. When evaporated from casting solutions, additives assist Nafion side 
chain sulfonic acid groups to move along with perfluorocarbon backbones so as to form solid 
membranes. Meanwhile, backbone aggregations in ionomers result in the formation of more 
sulfonic acid group aggregations, i.e. larger size of ionic clusters, which had been revealed 
by Ma et al. [22].

Figure 6 shows the inner morphology of P-membrane (a), M-membrane (b, d) and S2-membrane 
(c, e) at different magnification levels. The two hybrid membranes presented quite rough 
surfaces, while the P-membrane presented a typically smooth polymer surface with several 
wrinkles. For the S2-membrane, sMWCNT was homogeneously dispersed in Nafion matrix 
without any entangled structure or obvious agglomeration, which is advantageous to improve 
the electrochemical and electromechanical performances of the reinforced membranes and 
corresponding IPMCs. It is also obvious that the dispersion of sMWCNT was much more 
uniform than that of MWCNT in Nafion matrix, in that the hydrophilic nature of sMWCNT 
facilitated their dispersion in the Nafion matrix via the hydrophilic interaction between -SO3H 
groups of Nafion and sMWCNT [43]. The electrode morphology of the S2-IPMC is also shown 
in Figure 8f. The thickness of the Pt layer on the membrane surface of each IPMC was around 
11–16 μm, and the range of the surface resistance of each IPMC was around 2–5 Ω/□. As a 
result, the surface electrodes, without remarkable difference, had no direct correlation with 
the increasing content of the sMWCNT. Systematic and quantitative correlations of the surface 
electrode with other fundamental parameters are complex, which is beyond this work and will 
be discussed in our forthcoming works.

Figure 5. AFM topography images (200 × 200 nm). Images (a), (b), (c), (d), and (e) correspond to the topography of EG, 
DMSO, DMF, NMF and Nafion 117, respectively.

Recent Research in Polymerization194

3.2. DSC and TG analysis of casting and blending Nafion

In order to evaluate the influence of the additives on thermal behavior of the casting mem-
branes and IPMCs, DSC was performed from 0 to 300°C. We divided the overall morphology 
change of the sample into two temperature points based on the temperature range. 110°C is 
the first temperature point (Tg), which appears an intense endothermic valley. We thought the 
reason was due to the glass transition of the polymeric matrix, and the other temperature point 
™ is about 230°C [44]. The enthalpy change displayed crystalline region is very little inside the 
casting ionomers. By testing, we got the Tgs of the samples, which were 104.90, 131.37, 114.81, 
109.39 and 117.58°C in sequence. Their Tg values were similar, during which the Tg of DMSO 
was highest. The difference of Tgs may be attributed to the morphology change of the polymer 
chain structure and ion clusters [45]. From the DSC results, the Tms of the samples are almost 
the same, which only exhibit a small difference. We considered that the curing temperature 
would result to form the same percentage of crystalline region inside the ionomer. DSC results 
of casting ionomers are shown in Figure 7 and relative parameters are summarized in Table 3.

From Figure 8a, it can be found that the weight of SCNT nearly decreased by 10%, while the 
weight of MWCNT only decreased by 5%. In the curve of MWCNT, the small weight loss 
around 100°C was caused by the evaporation of absorbed water molecules, while the weight 
loss between 220 and 400°C was most likely due to the elimination of amorphous carbon [46]. 
In comparison with MWCNT, the sMWCNT showed a slightly prominent weight loss, which 
was mainly caused by the decomposition of the grafted azobenzene-4-sulfonic acid and the 
elimination of amorphous carbon. The slow weight loss between 30 and 130°C was also due to 
the evaporation of absorbed water molecules. The weight decreased dramatically in the range 
from 220 to 800°C, which was caused by the decomposition of the side chains of sMWCNT 
and the elimination of amorphous carbon [40]. The results can also indicate that the sMWCNT 
would be thermally stable in the membrane casting process.

Figure 6. The inner morphology of P-membrane (a), M-membrane (b, d) and S2-membrane (c, e) at different magnification 
levels, and the electrode morphology of the S2-IPMC (f).
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The TG curves of the S2-membrane and M-membrane shown in Figure 8b, with the same trend, 
indicate that the hybrid membranes are thermally stable up to ca. 300°C, which is the same as 
that of the P-membrane. The similar curves were also obtained by Lage [47] and Almeida [48], 
respectively. The gradual weight loss in the range between 30 and 300°C was mainly due to the 
evaporation of water molecules. The thermal degradation of the membranes occurred in three 
stages: the initial stage between 300 and 400°C was due to the desulfonation process of -SO3H 

Figure 7. The DSC results of sample EG(a), DMSO(b), DMF(c), NMF(d) and Nafion 117(e).

Materials Tg/°C ∆H/mJ Tm/°C ∆H/mJ

EG 104.90 ± 2.1 −25.14 224.88 ± 2.4 −7.27

DMSO 131.37 ± 1.6 −29.06 228.85 ± 3.2 −1.69

DMF 114.81 ± 2.8 −29.71 233.25 ± 4.2 −8.00

NMF 109.39 ± 2.2 −30.27 237.37 ± 3.2 −5.59

Nafion 117 117.58 ± 3.1 −192.92 234.00 ± 2.6 −3.51

Table 3. Thermal analysis (Tg,Tm) of Nafion, modified Nafion and so-based IPMCs.
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groups, while the second stage between 400 and 480°C was caused by the decomposition of 
the branch chain from the polymer backbone, and the final stage between 480 and 550°C was 
related to the decomposition of PTFE (polytetrafluoroethylene) chain. It can be concluded that 
the hybrid membranes had the same thermal stability as that of the P-membrane.

3.3. WUR and IEC of the casting and blending Nafion

According to vehicle mechanisms and Grotthus ‘hopping’ theory, water-uptake ratio (WUR) 
and ionic exchange capacity (IEC) are important factors that strongly affect the hydrated 
cation migration in Nafion membranes and in terms of mechanical strength and actua-
tion performance of the resulting IPMCs [49, 50]. The water contents of the casting mem-
branes are summarized in Figure 9. Evidently, EG and DMSO have higher water contents 
than that of the Nafion 117 in fully hydrated states. The water contents follow the sequence: 
EG > DMSO > Nafion 117 > DMF > NMF.

Figure 8. The TG analysis of MWCNT and sMWCNT(a), the P-membrane, S2-membrane and M-membrane(b).

Figure 9. Water content of the samples.
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These results show that the additives exert an important effect on the conformational forma-
tion. When the ionomer was absorbed enough water molecules, the conformation of ionic 
clusters will present different morphologies. The conformation formation of ionomer is very 
complex due to the interaction between polymer backbone and ionic clusters. When sol-
vents were heated and evaporated out of casting solutions, the side chains of ionomer will 
curve and shrink to form solid ionomers. During this process, the ionic aggregation occurs 
as well. Generally, the water content of ionomer is proportional to the size of ionic aggre-
gations [45]. From Figure 8, the results confirmed that the additive exerted its impact on 
the water content of the casting ionomer, which was similar to the results reported by the 
reference [22].

The IEC of ionomer decides by the quantity of ionic groups in fixed volume of ionomer, which 
is consistent to the number of H+ in the ionomer. Usually, the increase of the number of sul-
fonate will result to the increase of IPMCs performance. Figure 4 shows IECs of samples. As 
shown in Table 4, the used additives lead to the differences of the IECs, of which the IEC of 
Nafion 117 is highest.

The WUR and IEC of the membranes with different CNT content are summarized in Table 5. 
The WUR increased as the content of sMWCNT in the polymer matrix increased. The WUR 
of the S2-membrane was nearly increased by 20% with comparison to that of the P-membrane. 
On the contrary, there was a sharp decrease in WUR of the M-membrane (decreased by 15%), 
which is consistent with other Nafion-nano-filler systems like MWNT-Nafion [51] and gra-
phene-Nafion [33]. It has been proposed that MWCNT is a hydrophobic particle [51], the 
substitution of Nafion by MWCNT would lead to a dramatical decrease in water absorption 
ability of the membrane. Even so, great changes in its hydrophobicity would occur [30] when 
MWCNT is subjected to chemical modification of MWCNT, like grafting and coating. In this 
research, the hydrophilic -SO3H groups were grafted onto the surface of MWCNT, which 
provided sMWCNT with the sites of hydrogen bonding with water. Therefore, there was a 
significant increase in the water absorption capacity of all the sMWCNT/Nafion membranes 
than that of the M-membrane. It can also be seen that the IEC increased slightly with the 
content of sMWCNT increasing in the polymer matrix, which is attributed to the great proton 
exchange ability of -SO3H groups. In addition, the increase in WUR and IEC of the sMWCNT/
Nafion membranes maybe due to the sMWCNT increasing the size of the ion clusters and the 
number of exchange sites for each cluster [52].

Samples Ion-exchange capacity (meq/g)

EG 953 ± 14

DMSO 978 ± 22

DMF 996 ± 10

NMF 941 ± 11

Nafion 117 1104 ± 16

Table 4. Ion-exchange capacity of ionomer samples.
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3.4. Electromechanical properties evaluation of IPMCs

Figure 10 represents the deformations of the EG, DMSO, DMF, NMF, and Nafion 117-based 
IPMC actuators as a function of time at 2.0 V DC voltages, the tip displacements of which 
show 4.02, 3.22, 3.17, 1.1 and 6.9 mm, respectively. Nafion-based IPMC exhibits a highest tip 
displacement. And EG-based IPMC has a larger tip displacement than other samples. This 
reason is attributed to the higher water content of EG-based IPMC than other samples.

In order to study the dynamic response, the change histories of the deformation of the IPMCs 
under sinusoidal stimulation under the voltage amplitude of 1 and 2 V at an excitation fre-
quency of 0.1 Hz were recorded and shown in Figure 11a and b, respectively. These results 
indicate that the deformation of the IPMCs can be controlled well using low sinusoidal volt-
ages. Notably, the peak-to-peak (P–P) displacement increased significantly with respect to 
the increasing content of sMWCNT. For the S2-IPMC, the maximum P–P displacements were 

Figure 10. The deformations of the EG, DMSO, DMF, NMF, and Nafion 117-based IPMC actuators.

CNT content WUR (%) IEC(meq/g)

0% 22.74 0.79

0.25% sMWCNT 23.54 0.82

0.5% sMWCNT 27.06 0.93

0.5% MWCNT 19.44 0.84

Table 5. Properties of the membranes.
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measured to be about 2.06 and 5.28 mm at the driving voltages of 1 and 2.0 V, respectively. 
In contrast, the maximum P–P displacements of the P-IPMC were 0.40 and 1.96 mm, and the 
maximum P–P displacements of the M-IPMC were 1.19 and 3.83 mm at the same driving 
voltages, respectively. The DC excitation measurements have also been carried out under 
DC 1 and 2 V at 0.02 Hz, respectively. The results, with the same trend to that of the dynamic 
response, are shown in Figure 12. The maximum displacement of the IPMCs also increased 
with respect to the content of sMWCNT in the Nafion matrix.

It can be demonstrated that the sMWCNT reinforced IPMCs have much more excellent bend-
ing performance than P-IPMC and M-IPMC. Due to the favorable hydrophility, ion-exchange 
capacity and proton conductivity, sMWCNT showed a higher degree of solvated cation dif-
fusion with comparison to MWCNT. With the incorporation of sMWCNT into Nafion matrix, 
the improvement in potential difference between the interface electrodes could promote the 
flux of cations. As a result, the incorporation of sMWCNT induced significant improvement 
in the deformation of the resulting IPMCs.

Figure 13 shows the maximum peak-to-peak displacement versus the excitation frequency 
of the harmonic responses under AC 2 V. Obviously, the maximum P–P displacements 
decreased remarkably as the excitation frequency increased, indicating an inverse relation-
ship between the deformation and the excitation frequency. The decrease in deformation is 

Figure 12. The maximum displacement of step response of the IPMCs under DC 1 V (a) and DC 2 V (b) with the excitation 
frequency of 0.02 Hz.

Figure 11. The peak-to-peak (P–P) displacement of harmonic response of the IPMCs under AC 1 V (a) and AC 2 V (b) 
with the excitation frequency of 0.1 Hz (P: P-IPMC, S1: S1-IPMC, S2: S2-IPMC, M: M-IPMC).
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caused by shortening the driving time of the potential as the frequency increased. Even so, 
the harmonic response of the S2-IPMC is much better than those of the P-IPMC and M-IPMC, 
and that of the SWCNT-Nafion IPMCs with the content of 14 wt% [53]. These results can also 
demonstrate that a trace amount of the sMWCNT can significantly improve the harmonic 
response and bending deformation of IPMCs. This may be due to that the reinforcing filler-
sMWCNT can effectively shorten the hopping distance and reduce the negative impact of 
water diffusion [54].

4. Summary and conclusions

The effects of casting and blending on the performances of ionomers were analyzed, using a 
series of experimental tests, as well as the so based IPMCs. The ionomers were successfully 
obtained based on commercial Nafion® dispersion by solution casting process. The sMW-
CNT/Nafion membranes and crossponding IPMCs were prepared and characterized as well. 
The morphologies of the membranes were characterized by AFM topography. Among the 
casting membrane-based IPMC actuators, EG based IPMC actuator has larger deformation 
at 2 V DC voltage, whose electromechanical property is most close to that based on Nafion 
117. And it is clearly that EG is a more preferable additive during the casting process for the 
enhancement of IPMC performance. Due to the improvement of water-uptake ratio, proton 
conductivity and elastic modulus of sMWCNT/Nafion blending membrane, a superior bend-
ing deformation and carrying capacity were observed in the sMWCNT/Nafion IPMCs.

Our work has confirmed that additives have great influences on the mechanical properties 
of the casting membranes and consequently electromechanical coupling of IPMCs. And the 
sMWCNT/Nafion blending membrane would be promising candidates for use in IPMC actu-
ators. Further research works will focus on exploring more methods to improve the perfor-
mance of the so based IPMCs for different application background.

Figure 13. The maximum peak-to-peak displacement versus the excitation frequency of the harmonic responses under 
AC 2 V.
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