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Preface

This book comprises the contributions of several authors in the area of polymer
physics by application of conducting polymers; hydrogel films on optical fiber core;
thin film polymers; PDLC films application; photopolymers for holographic media;
microwave absorption and EMI shielding behavior of nanocomposites based on
intrinsically conducting polymers and graphene and carbon nanotubes; in the area of
polymer synthesis of conducting polymers; oxidative polymerization of aniline; electro
reductive polymerization; polysilanes with ordered sequences; radiation cross-linking
poly(urethane-imide) and nitrogen-rich polymers as candidates for energetic
applications; development of ruthenium complexes to novel functional nanocomposites.

Dr. Ailton de Souza Gomes
Universidade Federal de Rio de Janeiro,
Brazil
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Chapter 1

Conducting Polymers Application

Kareema Majeed Ziadan
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/76437

1. Introduction

Organic polymers are normally insulators, it can be presumed that conducting polymers
must have an unusual structure. Polymers with conjugated m-electron (i. e. system have C=C
conjugated bonds) backbones display unusual electronic properties such as low energy
optical transition, low ionization potentials, and high electron affinities. The result is a class
of polymers that can be oxidized or reduced more easily and more reversibly than
conventional polymers. The effect of this oxidation or reduction on polymer is called
doping, i. e. convert an insulating polymer to conducting one) Kroschwitze, 1988).

Conducting polymers (CPs) such as polypyrrole, polythiophene and polyanilines are
complex dynamic structures that captivate the imagination of those involved in intelligent
materials research. (Spinks, et al., 2000; Riley, & Wallace, 1991). The application of electrical
stimuli can result in drastic changes in the chemical, electrical and mechanical properties of
CPs. These complex properties can be controlled only if we understand, first, the nature of
the processes that regulate them during the synthesis of the conducting polymers, and
second, the extent to which these properties are changed by the application of an electrical
stimulus. polyaniline and its derivative is one of important conducting polymer, it has many
application such as organic light emitting diodes (OLEDs) (Burn et al, field-effect transistors
(OFETs) (Nam et al 2011), corrosion (Solange, (2007) and solar cells (Alet, 2006. & McEvoy et
al, 1994; Williams, 2005) In this chapter focusing on mechanism of conduction and
mechanism of charge transport of organic conducting polymer. Also on application solar
cell. chemical sensor and corrosion.

2. The mechanism of conduction

The polymer in their pure (undoped) state are describe as electronic insulators. When these
polymer are doped the conductivity change from insulators to metals. The conductivity, 6, is
proportional to carrier concentration, n, and the carrier mobility, y, i. e.

I NT EC H © 2012 Ziadan, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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6 =enuyu (1)

For intrinsic conductivity, n decreases exponentially with increasing band gap, since the
conjugated polymers have relatively large band gap, consequently, n is very low in normal
temperature, so that a low value of n leads to a low value of conductivity of undoped
polymers even-though the polymers have high carrier mobility Kroschwitze J. I, 1988

In doped polymers, the doping of conjugated polymers generates high conductivities by
increasing the carrier concentration n. This accomplished by oxidation or reduction with
electron acceptors or donors respectively. The polymer is oxidized by the acceptors
(removal of electron), thereby producing a radical cation (hole) on the chain.

The radical cation with lattice distortion around the charge is called polaron with positive
charged hole site. This hole site moves through the polymer and contributes to the
conductivity. This polymer is called p-type polymer. For donor doped polymer (n-type) that
is obtained by reduction is adding electron to the chain. This process produces polaron with
negative charge. The Hall effect measurement in polymer shows positively charged carriers
for acceptor doped polymer (p-type) and negatively charged carrier for donor-doped
polymer (n-type). The thermo power and junction measurement show the same result as
that determined by Hall-effect (Krichelore, 1992).

The doping concentration in polymer is high compared with that in organic semiconductors
(in parts per — million). In some case the doping reaches 50% of the final weight of
conducting polymer. This can be determined by chemical or spectroscopic analysis or
simply by weight up take. The conducting polymer doped can be return to insulating state
by neutralization back to the uncharged stat. This return to neutrality is referred as
compensation. Exposure of ox datively doped polymers to electron donors or conversely, of
reductively doped polymer to electron acceptors effects compensation. This ability to cycle
between charged and neutral states forms the base for the application of conducting
polymer in rechargeable batteries (Kareema 1997).

The doping process produce number of carriers in polymer, but these carriers must be
mobile in order to contribute to conductivity, eq. (1). The carriers transport in doped
conjugated polymer are analogies to doped semiconductor. In both cases doping introduces
new electronic states within the band gap of material. The difference is that in conductive
polymer, the total oscillator strength dose not increased upon doping, and generated
polaron density of state is created by shifted the band density of state to band gap. At high
doping concentrations these states interact strongly with each other, and as a result, the
overlap of their electronic wave functions yield a band of electronic state within the band
gap instead of discrete levels. The mechanism of carrier transport in conducting polymer is
probably more likely to that in amorphous semiconductors (hoppingtransport) than
crystalline semiconductors (band transport). A conclusion may be drawn that the doping
creates an active sites (polarons) which enable the carriers (electronic & holes) to move from
one site to another. By hopping mechanism through these sites.
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3. The mechanism of charge transport

The doping of conducting polymer induces charge transfer along the chains which leads to
local relaxation. The equilibrium geometry in ionized states is different from that in ground
state, and that the electronic structure is affected by the localized electron states in the gap
which modify the 7 system. In order to understand the mechanism of conduction, we must
have information about ground-state geometries and doped state. Polyacetylene has
degenerate ground state (two geometric structures having the same total energy). The defect
divides the chain of PA into two parts with the same energy. The movement of defect can be
described by soliton scheme (1).

ASNAZ — NAAA

Scheme 1. Polyacetylene (degenerate ground stat)

Polythiophene, polypyrrole and heterocycle polymer processes a nondegenerate ground
stats Kroschwitze J. I, 1988 scheme (2

L L

Scheme 2. Heterocyclic polymer x=S5, O, NH (nondegenerate ground stats).

It has suggested that the stable defect state formed upon doping are polarons and
bipolarons and optical data seem to support the evidence of the fommation of polarons
(Single charge parameter state) and bipolarons. (Kareema 1997)

Conduction and \ \ i
— N N N

Figure 1. Schematic variation of band gap as a function of doping concentration \ (a) undoped (b) very
small doping (polaron) (c) small doping (bipolaron) (d) high doping bipolaronic band (e) 100% doping
(theoretically speaking.

Fig. (1-a) shows the neutral undoped heterocyclic polymer of band gap tabulated in table (1-
1). Fig. (1-b) shows the doping levels of order (0. 1-1%) %. The appearance of an ESR signal
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and of optical bands in the gap is consistent with formation of polarons. Fig. (1-c) indicates
the increasing of the doping give rise a few percent (1-5%), leading to drop in spin
concentration and the presence, in the optical data, two peaks located respectively below the
conduction band and above the valence band indicated that the polarons bind in pairs to
form diamagnetic bipolaron state. Fig. (1-d) expresses when the doping levels reach (25 - 50)
mol. % the bipolarons states overlap and form the bands in the gap. Fig. (1-e) shows when
doping reach to 100% (theoretically speaking) the bipolaronic band may merge with
conduction band and valence bands respectively leaving a reduced gap. This is consistent
with optical data indicating that the band gap disappear (Skotheim, 1986).

4. Polymer solar cell

Polymer solar cells have attracted broad research interest because of their advantageous
solution processing capability and formation of low-cost, flexible, and large area electronic
devices. (Williams, 2005); Vignesh et al, 2006, Schiff, 2002). However, the efficiency of polymer
solar cells is still low compared to that of inorganic solar cells. Therefore, it is a challenge to
find a polymer that has all the required properties for high efficiency devices, such as strong
and broad absorption, high carrier mobility, and appropriate energy levels. One possible
solution to avoid the strict material requirements is to stack two or more devices with different
spectral responses, which enables more efficient utilization of solar energy.

A typical example of the usability of organic semiconductors is the dye-sensitised solar cell
which owes its first demonstration Gratzel and his co-workers (McEvoy et al., (1994);
Michael, 2003).

Organic/inorganic hetero structure solar cells have also been studied recently and power
conversion efficiency in the region of 2. 5% has been achieved by (Hussein, 2010). Solar cells
based on conducting polymer/amorphous silicon (a-Si:H) structures have also been reported
which demonstrate solar conversion efficiency in the range of 2% (Williams et al., 2005; Alet
2006). Blend heterojunctions consisting of a bulk mixture of poly (3-hexylthiophene) (P3HT)
as donor and 6, 6-phenyl C6l-butyric acid methyl ester (PCBM) as acceptor are very
promising structures Brabec, C. ]. (2004). Studies on blend nanoscale morphology Hoppe H.
et al (2006) and stability of organic solar cells (Bettignies et al, 2006) are currently subjects of
intense research.

In recent years, the development of thin film plastic solar cells, using polymer-fullerene
(Gao et al., 1995); Shaheen et al., 2001) or polymer-polymer (Granstrom et al, 1998) bulk
heterojunctions as an absorber (and transport layer at the same time), has made significant
progress. Efficiencies between 1% and 2. 5% for laboratory cells under AMI. 5 illumination
conditions have been reported (Gao et al., 1995;. Dyakonov. et al 2001). The typical structure
of these devices consists of a composite of two materials with donor and acceptor properties,
respectively, sandwiched between two electrodes. One advantage of this type of devices is
their ease of processability. The active layer is solution processed by using spin-coating
technique. Kareema et al, 2010). study photovoltaic properties of Polyaniline/Si solar cell in
the dark and under illumination investigated hybrid and was found to deliver short circuit
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current density Jsc =45uA/cm2, open circuit voltage Voc = 400mV, and solar cell efficiency
n=0. 3% under AM 1. 5 simulated solar light with the intensity of 100mW/cm?2.

In this paragraph investigated some of the photovoltaic properties of organic polymer poly
(o-toluidine) (POT) doped with para-toluene sulphonic acid (PTSA) deposited onto n-type
silicon substrates (Kareema, 2012) (this study part of thesis done under my supervisor by
Hussein, 2010).

Poly (o-toluidine) (POT) doped with para-toluene sulphonic acid (PTSA) were prepared
following chemical methods described in the literature (Kulkarni, & Mulik, 2005). Powder of
the doped polymer was dissolved in formic acid (HCOOH) in the concentration of 10 mg.
ml-1. Single layer heterojunction solar cells were then prepared by spin casting solutions of
POT-PTSA onto the silicon substrates using spin speeds in the range 1000-5000 rpm and
spinning time of 60 sec. Thin films were then placed on a hotplate with temperature of 90°C
for a period of 15 min for drying. Aluminum (Al) contact of about 90 nm in thickness was
thermally evaporated onto the back (the unpolished side) of the Si substrate. This was
carried out under vacuum of 10 -10 ® mbar and evaporation rate of 5 nm. sec?. Similar
procedure was followed for the deposition of gold (Au) contacts onto the polymer film, with
Au film thickness of about 20 nm evaporated through a suitable mask which provides
device area of about 3x10°° m2. For DC electrical measurements of the solar cell devices a
Keithley electrometer (Model 6517A) was used to measure current density (J) as a function
of applied voltage in range £1V and in steps of 0. 05V.

The photovoltaic properties of the solar cells were measured under illumination using a
Bentham 605 solar simulator fitted with a xenon lamp. The photocurrent was measured for
devices of different polymer film thickness and under four different light illuminating
intensities between 10-100 mW/cm?2.

Figure (2) shows the ] (V) characteristics of the fabricated POT-PTSA/n-Si solar cell
structures, both in dark and under illumination. The polymer film thickness for this
particular result is 35nm as determined by spectroscopic ellipsometry measurements and
the illumination intensity is of 100 mW/cm?. Both J (V) curves clearly possess good diode
characteristics which clearly demonstrates the occurrence of a rectifying junction. This
junction is expected to exist at the interface between the silicon substrate and the polymer
film. This can be further justified by the fact that the silicon substrate used in this work is of
n-type while the POT-PTSA films are considered as the hole transporting layer (Mangal et
al., 2009). The POT-PTSA films are thin enough to allow the photon flux to reach the n-5Si
substrate and thus allowing the photocurrent current to saturate. Solar cell parameters, i. e.,
Vo, Js, Vp. Jp. Pmax, and FF have been determined and are summarised in Table I. The solar
conversion efficiency 1) is given by the formula:

ﬂ:(FF VOC ]SC / Zjill) (2)

where Pin is the power of the incident light. A typical solar conversion efficiency value value
of 2. 55% for the studied devices is found to be in line with data found in the literature and
are thought to be limited by uncontrolled interface states at the POT-PTSA/n-Si junction
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(Wang &. Schiff, (2007). A closely related structure of the type aluminium /polyaniline /
GaAs metal-insulator semiconductor solar cell was found to give efficiencies in the region of
5%. The value of 0. 46 V for the short circuit voltage obtained in this work compares well
with the value 0. 51V obtained for Pani /n-Si solar cell devices (Wang & Schiff 2007). A low
values of FF of about 0. 43 is associated with a high series resistance and a low shunt
resistance with typical values of 37Q and 465Q), respectively. High values for RS may
originate from a poor absorber morphology limiting the electron hopping transport
transport, (Levitsky et al., 2004; Riedel et al., 2004).

d=47nm —e—dark  —=—light

0.7 0. -0. 0. . 0.7

J(mAjcm ?)

-30
v(V)

Figure 2. Current density as function of voltage for Au/POT-PTSA/n-Si/Al solar cell. The white light
illumination intensity is 100mW/cm?2.

Figure (3) shows the conversion efficiency as a function of film thickness of POT-PTSA spun
films in the range 25-73nm. The efficiency is shown to increase sharply with increasing film
thickness reaching a maximum value of 2. 55% for film thickness of 35nm, and then
decreases for slightly larger thickness (43 nm), before it starts to increase again, but more
gradually, for higher thicknesses. The organic thin film of POT-PTSA is typically
characterized with a lower charge carrier density and charge mobility compared to
polyaniline which is subjected to a similar doping treatment (Kulkarni. & Viswais, 2004).

It is expected that for thin films of relatively small thickness (in this case 35nm), the surface
texture is more suitable for light trapping compared to smaller or larger film (25nm and
43nm) (Izabela et al., 2008; Haug, et al., 2009). Furthermore, the gradual increase in light
conversion efficiency may be associated with the increase in grain size leading to reduced
grain boundary charge scattering. Figure (4) shows the current density as a function of
applied voltage with different illuminating light intensities. The parameters of solar cells are
tabulated in Table (I). The short circuit current and open circuit voltage are decreasing with
decreasing illumination intensity, however, the solar conversion efficiency is found to
increase with decreasing light intensity with a maximum efficiency of about 5% observed
under 100 mWem-2. Such effect has been associated with light dependent parallel resistance
which affects the solar conversion efficiency of such devices.
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Figure 3. Efficiency versus film thicknesses of (POT-PTSA) /n-Si solar cell at room temperature.

20

15 1 d=30nm —o— I=100(mW/cm2)

—8— |=50mW/cm2)

1=25(mW/cm2)

—%— I=10mW/cm2)

Figure 4. J (V) Characteristic of Al/n-Si/ (POT-PTSA) /Au solar cells measured at different light intensity
with film thickness of 35nm.

Jse Je Prmax
Intensity X(;) (mA X;’) (mA | mW | FF n I; Ig‘
/cm?) /cm?) | /cm?)
100 | 0.46 13 0.3 | 7.5 | 2550 | 0.426 [ 2.5 37 | 465
50 | 0.45 9 0.3 6 1800 | 0.444 | 36| 44 | 719
25 | 044 | 65 | 0.24 4 960 | 0.335 [3.84] 46 | 917
10 | 0.38 4 0.22 | 22 | 484 | 0.318 [4.84| 55 | 1666

Table 1. Parameter calculated form J (V) characteristics of (POT-PTSA) at different light intensity (film
thickness 30nm



10 New Polymers for Special Applications

Photocurrent generation parameters of POT-PTSA/n-Si structures are expected to improve
further by improving POT conductivity which can be achieved by increasing the ratio of the
dopant (PTSA) concentration into POT solutions. Thin films of POT have been shown to
have lower conductivity and charge mobility compared to Pani films due to the introduction
of -CH3 groups into the Pani chains in order to produce POT (Gordon et al., 2003). It was
demonstrated that Pani Conductivity in the range 10--10' S/cm can be achieved by
increasing its Xylene concentration. In the current work poly (o-toluidine) doped by para-
toluene sulphonic acid was prepared following the procedure of Kulkarni and his
coworkers (. Kulkarni et al., 2004). The conductivity of 1. 93x10 S/cm was obtained for POT-
PTSA samples in pellet form. Our preliminary study shows that solar cell properties based
on hybrid structures incorporating POT-PTSA is quite promising. Therefore further work
towards improving the electrical conduction properties of PTSA doped POT films is
underway.

5. Chemical sensors

Conducting polymers, such as polypyrrole (PPy), polyaniline (Pani), polythiophene (PTh)
and their derivatives, have been used as the active layers of gas sensors since early 1980.
(McQuade et al, 2000].

There are two main types of applications for the Conducting organic polymers in
electronics: first one is that a polymer can be used as a material for constructing different
devices and as discriminating layers in electronic chemical sensors.

In both cases, interacting with surrounding gases is vital. It can possibly determine the
performance of the devices that are depending on conducting polymers, while it is helpful
and supportive in chemical sensors. Conductivity has been the main property of concern;
the aim is of study and to identify the usability of the conducting polymers in the two kinds
of electronic applications mentioned above.

Electronic Chemical Sensors for gases are thought of to be at the top of gaining the
information related to the environment that we live in. The quality of the air that we breathe
in our bodies is very important Issue and is a real concern of modern society.

The rich literature concerned about different applications of CPs could be classified within
two groups: conducting polymers (CPs) in electronic (Angelopoulos, 2001),
electromechanical (Gazotti, 2001), and optoelectronic (Otero, 2000) devices in the first group,
and conducting polymers (CP’s) in electronic chemical sensors that are based on the
mechanisms of mechanical, electronic, or optical transduction (Bailey & Persaud, 2000).
Sufficient operation of the first group depends on the chemical stability of the conducting
polymers in the surrounding environment, where the applications of a sensor obtain benefit
of the physical changes that occur to the CP as it is exposed to several chemical solvents.
That property is due to the macroscopic and molecular structure of Conducting Polymers
(CPs). They are quite open materials that allow gases to enter their inner structure (Fig5).
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Figure 5. (a) polyaniline Open structure set by electropolymerization. The white dots are gold clusters
created by immersion of the film (b), Filament growth onto compact and smooth 300-nm-thicklayer of
electropolymerized polyaniline

On the contrary, the resistance of usual “silicon solid-state electronics” to changes in the
surrounding chemical environments is up to the exceptional passivating properties of the
layers of the fine inorganic surface (Huber, 1985).

This statement will only discuss sensors that are based on the chemical modulation of the
CPs electronic properties which result from interacting with gases. Recently, reviews have
been about changes of other properties that are used as principles of transduction, e. g.,
mass (Milella, & Penza, M. SAW (1998) (36) or optical properties Leclerc, M (1999) (37), and
in liquid applications (Michalska, & Lewenstam, 2000)

Carbon nanotube and single polyaniline nanofiber gas sensors were investigated (Da-Jing
CHEN et al., 2012) in this study. Carbon nanotube gas sensor was constructed by means of
dielectrophoresis. Single nanofiber was deposited as nanofiber sensor across two gold
electrodes by means of near-field electrospinning without conventional lithography process.
The nanofiber sensor showed a 2. 7% reversible resistance change to 1 ppm NH3 with a
response time of 60 s. Carbon nanotube sensor showed good linearity in the concentration
range above 20 ppm with response times between 100 and 200 s. The fibers with smaller
diameter showed quicker response to NH3 on the basis of gas diffusion mechanism. As
such, CNT sensor and nanofiber-based sensors could be promising for gas sensing array and
multi-chemical sensing applications.

Arenas (Arenas et al., 2012) studied conducting Polyaniline films (Pani) on Corning glass
substrates, produced using either an in-situ doping process or a co-doping process, were
prepared by the oxidative polymerization of aniline in N, N, dimethylformamide. Bicyclic
aliphatic camphorsulfonic acid (CSA), aromatic toluenesulfonic acid (TSA) and carboxylic

1"
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trifluoroacetic acid. The codoped process reduces the roughness of the CSA-doped films by
50%, but the conductivity depends on the acid type used for this process (TSA or TFA). The
optical gas sensor response of the films is related to both the morphology and the degree of
protonation. In this study, Pani with a microfiber morphology obtained from TSA-doping is
the most sensitive to ammonia gas sensing, and Pani with flower-like morphology is the
least sensitive.

The performance at room temperature of nanostructured polyaniline (Pani) —titanium
dioxide (TiO2) ammonia gas sensors was investigated by (. Pawarl et al., 2012) The PANi-
TiO2 thin-film sensors were fabricated with a spin-coating method on glass substrates.
PANi-TiO2 (0-50%) sensor films were characterized for their structural, morphological,
optical, and various gas-sensing properties. The gas-sensing properties showed that the
sensors exhibited selectivity to ammonia (NH3) at room temperature

Patil (Patil S. V et al., 2012) studied room temperature (300 K) liquefied petroleum gas (LPG)
sensor based on n-polypyrrole/p-polyaniline (n-PPy/p-Pani) heterojunction has been
fabricated using simple inexpensive electrodeposition method. The n-PPy/p-Pani
heterojunction was fabricated by depositing polyaniline over predeposited polypyrrole thin
film. The n-PPy/p-PANI heterojunction showed selectivity towards LPG as compared to N2
and CO2. The room temperature maximum gas response of 33 % (+ 3 %) was achieved upon
exposure of LPG at 1040 ppm

Conductive polyaniline (Pani) and single-walled carbon nanotube (SWNT) composite
materials and its sensing property when NH3 and CO gases co-existed investigated by
(Hyang Hee Choi et al., 2012). To improve the gas sensor properties, we deposited PANI
using a drop-casting method to warp the Pani surrounding the SWNT. The Pani/SWNT
composite material sensors showed a faster response to NH3 gas than CO gas. The CO gas
increased the composite conductance, while the NH3 gas had the opposite effect.

Conducting polymers (CP’s) could be utilized as discriminating layer in a sensor or to be the
transducer itself. Therefore, for instance, change in conductivity of a Conducting Polymer as
it is exposed to a gas is the mechanism of sensing in a chemiresistor or field effect transistor
characteristic.

5.1. Chemiresistors

The most widespread group of sensors is those that use Conducting Polymers. They are
cheaply and quite easily made-up. In addition they utilize of the main property of
Conducting Polymers (their conductivity). See figure. 6 shows a schematic diagram of a
chemiresistor.

At its basic, a Chemiresistor is simply formed by two electrodes as contact points with the
conducting polymer (CP) put onto an insulate substrate. When applying a constant current,
the probable difference occurs on the electrodes represents the response output signal.
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Although. The easiness of the sensing concept and its recognition does not come without a
price. Since it is rarely to know what is occurring between the two electrodes. There will be a
number of spots whereby the chemical change of a signal might initiate (Fig7) (Janata, 2002).
For the measurements that use a constant current the capacitors used with equivalent
resistors could be ignored. However, these capacitors have very significant role if an
alternating current is used to excite those chemiresistors as well as if transient signals are
involved.

Conducting polymmer

Figure 6. “Chemiresistor; B: bulk of the CP, S: surface, I: interface with the insulating substrate. C:
interface with the contacts”.

Polyaniline by chemical method then used as ammonim gas sensor (Kareema et al., 2010;
Rawng, 2009)

The conducting polymer CP can be acting as electrons donor or electrons acceptor when it is
interacting with gaseous forms. The Hole Conductivity of a conducting polymer increases
when it acts as an electron donator to the gas, on the other hand, the conductivity of the
same conducting polymer decreases when it accepts electronics from the gas. Beside the
changes of the carriers’ number, changes could occur to their mass mobility. This is
normally because of the adaption changes of the CP backbone (Zheng, 1997). Drawback of
initiating the response in the mass of a Conducting Polymer is relatively long time (parts of
second till a few minutes), usually coupled with a delay. Those consequences happen
because of the slow diffusion of the gas into the Conducting Polymer. Due to the secondary
doping results of modulation of the carrier number and the mobility, their related role in the
total conductivity change differs. Change in the conductivity on the CP/electrode contacts
could attribute to modulation of the Schottky barrier height. The contact barrier value is
defined by the difference into work functions of both the organic semi-conductor and the
metal. At this contact, there is a space-charge area generated into the interface of the semi-
conductor and the metal. This means that the effecting resistance depends on the applied
bias voltage as the measurement is being carried out. It was calculated (Leisinget al., 1998)
that for a Conducting Polymer with about 3Venergy gap and carrier concentration of n>10"
cm® on contact with a small work function metal (e. g., 2. 7 eV to calcium) the “depletion
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width” was <30 nm. The conductivity changes on the surface are much more complicated to
be interpreted due to the complexity of the surface morphology.

Even though it is possible to describe the basic interaction with the analyte by one of
adsorption isotherm forms, its outcome onto the surface layer conductivity is much more
complicated compared with the case of semi-conducting oxide sensors (Barsan& Weimar,
2001). It is an acknowledged fact that the conductivity of matching samples of a Conducting
Polymer differs from preparation to another. Such variability is referred to the sort
preparation method and the film thickness (Stussi et al., 1997), which has a great effect on
the surface morphology (Fig. 1b). Fine films (<300) of PANI electro-chemically developed
are soft and compacted, in contrast the thick films have dendritic structure of the surface
(Josowicz,. & Janata, 2002). The interface amid the Conducting Polymer and the insulating
substrate is an additional place that could add to the total conductivity. Substrates such as
(quartz, glass, sapphire... etc) are normally oxides. It is acknowledged (Domansky, et al.
1993), that the conductivity of the surface for oxides changes with the hydration degree.
Therefore, the well known interferant to a chemi- resistor run at room temperature is the
water vapour. To avoid this problem, it is recommended to make the substrate surface
hydrophobic when performing the deposition of the conducting polymer.

All Those things and their unexpected behavior do not allow the precise analysis of the
chemiresistor results to be easy, and several supportive techniques are often required to
achieve additional detailed characterization. Because of all of that, the following techniques
have been in use; Spectroscopy for Impedance (Ogura et al., 2001; Musio, et al., 1995),
methodical changes of the chemiresistor geometry, changes of the electrodes geometry
(Ingleby et al., 1999) and their materials. However, the relationship between the analyte gas
concentration and the measured bulk conductivity (the response of chemiresistor) is
constantly experimental.

5.2. Field-Effect Transistor (FET) sensors

The interaction among the neutral gases and organic semi- conductors has been utilized as
the principle of transduction in Field-Effect Transistor (FET) sensors from the late 1980s
(Josowicz & Janata, 1986), while it has been almost uncared for within non-sensing
applications.

The category of sensors that are based on work function modulation contains three kinds of
Micro Fabricated Devices which are; “Chemically sensitive Diodes, chemically sensitive
capacitors, and chemically sensitive FET’s (CHEMFETs) ”

Several systems of CHEMFETs are found for both applications of liquid and gas species
(Josowicz. & Janata, 1988). It is really key point to differentiate whether the current runs
throughout the silicon or throughout the conducting polymer CP. In this case they could be
divided in more detailed categories as follows; (a) thin film transistors (TFT) (Covington et
al., 2001) as seen in figure 7 and (b) insulated gate Field-Effect Transistors (IGFET) (Janata,
1989) as shown in figure 8
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Figure 7. Shows C P’S in field-effect transistors, thin film transistor
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Figure 8. Shows CP’s in field-effect transistors, insulated gate

For the TFT the current flows throughout a conducting polymer (CP) that its conductivity
produced from the reaction with the analytes and/or by the electric fields. So, it can be said
that the response signal depends on two things; the work function and the conductivity of
the Conducting Polymer. Therefore, the analysis of the TFTs chemical response will be
complex due to the same reasons for the chemiresistors, specifically, the division of different
types of conductivity modulation, and of various forms of work function. The work function
values can be affected by the interpreted energy states but the conductivity of the
Conducting Polymer (CP) cannot be (Polk et al., 2002).

Conversely, in other usual silicon based transistors the situation will be very simple when
the Conducting Polymer is employed only as a gate conductor. Then, the current will flow
from side to side using the silicon channel, and the CP conductivity will not make any
difference.

The Output response of these sensors relies just on the chemical modulation of a conducting
polymer’s work function. The possible outcome of the tuning of work function is the
probability of building multi-sensing micro fabricated arrays. Look at figure (9) which
shows a general platform for a similar array has been constructed.
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Figure 9. A sensor array consisting of eight CHEMFETSs, for more details look at (Polk, et al., 2002).

6. Corrosion

Conducting polymers of various forms will be electrodeposited onto oxidisable metals and
electrochemical and environmental means will be used to access their applicably for
corrosion protection.

Polyaniline (Pani) (Zhong et al., 2006;Wejood. 2005) and its derivatives (Bernard etal 2006)
are among the most frequently studied CPs used for corrosion protection. In addition, the
use of PANI for corrosion protection of metals has been of wide interest since the works by
(DeBerry 1988; Mengoli et al. 1981) reporting that electro active coatings of the Pani could
provide adequate protection against corrosion of stainless steels and iron sheets,
respectively. Ever since, numerous studies have been published in which various CPs in
different configurations were evaluated for corrosion protection of different metals and
alloys: mild steel (Pritee, etal., 2006;Wejood, 2005, Solange de Souza, 2007).

(Pritee et al. 2006), study electrochemically synthesized of polyaniline on mild steel from an
aqueous salicylate medium. The extent of the corrosion protection offered by polyaniline
coatings to mild steel was investigated in aqueous 3% NaCl solution, 0. 01M Na2504
solution and in aqueous solutions of NaCl+Na:SO: with different concentrations by
potentiodynamic polarization technique and electrochemical impedance spectroscopy (EIS).
The results of these studies reveal that the corrosion resistance of the polyaniline-coated
mild steel is significantly higher and the corrosion rate is considerably lower than that of
uncoated steel.

Polyaniline (Pani) nanofibers were were successfully fully synthesized by a modified rapid
mixing method,) Sude Ma et al. 2012), that is, by the rapid mixing of solutions of aniline and
ammonium peroxydisulfate in either hydrochloric acid or (filtrates of oxidative
polymerization of aniline. Composite coatings were fabricated with the dispersions of
nanofibrous PANI and solutions of epoxy. Greatly enhanced corrosion protection
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performances were demonstrated by the coatings loaded with a small quantity of
nanofibrous Pani.

Kamaraj et al. (2012) have been syntheses polyaniline (Pani) and polypyrrole (Ppy) and
studied the effect of electropolymerised Pani films on corrosion protection performance of
epoxy coating on AA 2024 and AA 7075 aluminium alloys. Polyaniline was
electropolymerised on both the alloys by galvanostatic method. A post treatment of cecrium
was given to seal the pinholes of PANI film. Epoxy coating was applied over these films and
their corrosion protection performance was found out by EIS studies in 3% NaCl and salt
spray test. EIS studies have shown that the coating resistance (Rc) of PANI with the epoxy
coated aluminium alloys has remained above 106 ) cm2 whereas the alloys coated with
epoxy alone have shown the Rc values less than 104 QO cm?2. Besides, the salt spray tests
showed a better corrosion protection of PANI with epoxy coated aluminium alloys.

Good research investigates the possibility of improving the corrosion resistance of buried
steel by coating it with polyaniline (Pani) layer, (A. H. El-Shazly& H. A. Al-Turaif, 2012).
The formed Pani layer was examined for its corrosion resistance while coupled with
stainless steel cathode and buried in sand containing different known amounts of moisture,
salt (NaCl) and sulphuric acid (H2504) using the potentiodynamic examination test. The
results show that coating steel with Pani layer can improve its corrosion resistance against
NaCl, H2SO4 and water by factors up to 1. 88, 1. 89 and 1. 54 respectively

Solange de Souza (2007) work vary good research, he studies the electrochemical behavior
of a blend formed by camphor sulphonate-doped polyaniline and poly (methyl
methacrylate) used for iron, copper and silver corrosion protection in acidic environments
with or without chloride ions. The results obtained showed the good efficiency of these
polymeric coatings against metal corrosion, proved by open circuit potential, linear
voltammetry, electrochemical impedance spectroscopy, and scanning electron microscopy.
It was observed that the protection depends on the formation of a passive film between the
polymeric coating and he metallic substrate. SEM technique. Show at Fig. 10 (A) and (B), the
micrographs reveal polymeric films with quite mogeneous morphologic appearance. As a
consequence of the high miscibility of both acrylic polymers (PMMA) and the conducting
[Pani (CSA) ] amidst organic solvent, the presence of polymeric agglomerates is not
observed in the films of Pani (CSA) -PMMA. ]. After OCP and LV measurements, scanning
electron microscopic micrograph of the Fe/Pani (CSA) -PMMA electrode reveals that surface
is covered by homogeneous film [Fig. 10 (C) ]. On the other hand, after OCP and LV
measurements, visual observation of the Fe/PMMA electrode reveals a damaged film with
many cracks [Fig. 10 (D) ]. This damage may explain the lower OCP (around -0. 56 V (SCE),
value corresponding to iron dissolution) and the higher current density value of
approximately 2. 0x102 A cm? More information about the ability of this Pani (CSA) -
PMMA blend to provide stabilization and enhancement of the iron passivity against pitting
corrosion was obtained by peeling off the Pani (CSA) -PMMA layer and observing the metal
substrate. After removing the organic film and the powder precipitated between this film
and the iron surface, the formation of a second physical barrier was observed. Fig. 11. (A)
shows an appearance of little iron dissolution, which is attributed to Pani (CSA) polymer
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and to The coating based on polyaniline acrylic blend stabilized the potential of the metals
Cu and Ag in a passive regime, maintaining a protective layer on the metal. The SEM
micrographs of Pani (CSA) -PMMA-coated Cu and Ag electrodes Fig. 12 (A) and (B),
respectively indicated that, after 85 days of immersion of these electrodes in acid solution,
the morphology of Pani (CSA) -PMMA films did not show significant inference in
comparison with the Fe/Pani (CSA) -PMMA electrode[Fig. 10 (C) ]. After removing the
polymeric coatings, the forming of a second physical barrier between the copper and
polyaniline film was observed [Fig. 12 (C) ]; whereas, for Ag/Pani (CSA) -PMMA electrode,
there was no precipitate at the interface between polymeric coating and silver substrate [Fig.
12 (D) ]. second layer that avoided penetration of aggressive ions.
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Figure 10. SEM micrographs of the (A) Pani (CSA) -PMMA film on Fe and (B) PMMA film on Fe,
before OCP and LV measurements, and (C) Pani (CSA) -PMMA film on Fe and (D) PMMA film on

(Solange de Souza 2007)
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Figure 11. SEM micrographs of the (A) Fe/Pani (CSA) -PMMA interface, after removing of the
polyaniline film and powder precipitated and (B) Fe/PMMA interface, after removing of the acrylic film,
after OCP and LV measurements (Solange de Souza 2007)
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Figure 12. SEM micrographs of the (A) PANI (CSA) -PMMA film on Cu, (B) Pani (CSA) -PMMA film
on Ag, (C) Cu/Pani (CSA) -PMMA interface, after removing of the polyaniline film and (D) Ag/Pani
(CSA) -PMMA interface, after removing of the polyaniline film, after OCP and LV measurements.
(Solange de Souza 2007)

7. Conclusion

Conducting polymers have an immense advantage of being simple to synthesis, with their
chemical structure tailored to alter their physical properties, such as their band gap. They
exhibit an extensive rangeof electrical conductivity and can exhibit metallic to insulator
property (10°- 10 S/cm). Further to theirease of synthesis and with lower cost, they are known
to have low poisoning effects. So that they have many application such as solar cell,, sensor
and corrosion Solar cells devices incorporating thin films of poly (o-toluidine) doped in p-
toluene sulfonic acid (PTSA) spin-coated onto n-Si substrates have been produced and their
photovoltaic characteristics have been studied and discussed. Solar conversion efficiency of
about 2. 55% is Acknowledgments obtained for films with thickness of 35 nm. This efficiency is
found to depend on film morphology as determined by the effect of film thickness and that
lower incident light intensity is shown to cause an increase in these devices efficiency.
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1. Introduction
1.1. Properties of hydrogels

Gels are most generally understood to be 3D-polymeric networks with cross-linked long
chain molecules, which absorb a large amount of solvent to cause macroscopic changes in
dimensions. Polymer network immersed in an aqueous medium is referred to as a hydrogel.
The three-dimensional network of a hydrogel can be stabilized as a gigantic single molecule
by chemical (covalent bonds) or/and physical (ionic bonds, entanglements, crystallites,
charge complexes, hydrogen bonding, van der Waals or hydrophobic interactions) cross-
links. A hydrogel is also considered as an open container with semipermeable boundaries,
across which water and solute molecules can move whereas charged (ionizable) groups
fixed on the network chains cannot move (Figure 1).
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Figure 1. A schematic presentation of a gel immersed in a solvent.
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Networks of cross-linked polymers (hydrogels) exhibit both liquid-like and solid-like
behavior [1-4]. Polymer networks are able to absorb water up to a thousand-fold of the dry
weight of a polymer [5]. The unique property of hydrogels is the abrupt volume changes
under transition from their collapsed to swollen state in response to external stimuli [6-14],
see Figure 2. Due to this property, hydrogel is an “intelligent” material suitable for design of
regulated systems. Hydrogels are especially desirable for bioanalytical applications because
of their high water content and elastic nature similar to natural tissue.
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Figure 2. Different effectors of the swelling capacity of polymer networks (hydrogels).

Thermodynamically, the ability of hydrogels to swell in the course of water absorption is the
matter of solubility of macromolecules comprising their 3D networks. We have already
described elsewhere [15] possible types of solubility phase diagrams available within a
window of the experimentally accessible thermodynamic parameters (e.g. temperature,
pressure, concentration).

Various types of hydrogels based on both natural (e.g., hyaluronic acid, collagen, chondroitin
sulfate, alginates, fibrin, and chitosan) and synthetic polymers made of neutral (e.g., 2-
hydroxyethyl = methacrylate, =~ N-alkylmethacrylamides, = N-alkylacylamides, = N,N-
dialkylacrylamides), acidic (e.g., acrylic acid, metacrylic acid, 2-acrylamido-2-methyl propane
sulfonic acid), and basic (e.g., N,N-dialkylaminoethyl methacrylate, 1-vinylimidasole,
methacryloyoloxyethyltrialkylammonium bromide) monomers have been prepared, studied,
and used in numerous applications (bioseparation, tissue engineering, sensing and molecular
recognition, drug and gene delivery, controlled release, artificial muscles, flow control). It is
not our intention to present a comprehensive review on hydrogel properties and applications.
In this section, we would like to let the readers get a feeling of how significant the volume of
hydrogel matrix can change in response to different stimuli.

1.2. Effectors of volume change in hydrogels

Temperature. The most pronounced volume changes of hydrogels are observed at the volume
phase transition corresponding to the solubility phase diagram of a polymer in the hydrogel
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network. Many polymers exhibit coexistence curves with LCSP, so that the range of transition
temperatures (Tc) and concentrations are dependent of the chemical nature of the polymer. As
a consequence, a temperature range where the hydrogel shrinks expelling water upon heating
intrinsically depends on the type of polymer constituting its network. Figure 3 shows the
examples of temperature dependencies of the swelling ratio for different polymeric hydrogels.
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Figure 3. Relative volume changes as a function of temperature for hydrogels of different types: MC —
methylcellulose, HPMC — hydroxypropylmethylcellulose, HPC — hydroxypropylcellulose, NIPA — N-
isopropylacrylamide, MMA — methacrylic acid, VME — vinyl methyl ether. The hydrogel transition
temperature is close to the polymer LCST. PMAA hydrogel is not temperature sensitive because PMAA
polymer is supposed to not exhibit a solubility phase transition at the experimentally achieved
thermodynamic conditions. Data are adapted from [16-18].

The studies [16,19,20] show that increased cross-linking may significantly decrease swelling
ability of hydrogel, especially, below T, but has a little effect on the value of Tc. These
conclusions agree with our results (Figure 4).

It has been shown [21] that incorporation of a small amount of ionizable groups into the
nonionic gel network drives the volume phase transition from continuous volume changes
toward discontinuous one. Figure 5 explicitly demonstrates that an increase in the portion of
sodium acrylate with carboxylic groups on the PNIPA network increases T. and extent of
swelling ability below the transition temperature.

It is worthy to highlight, that the volume changes in a water-swollen hydrogel are expected
to be continuous as a function of environmental stimuli, if the system remains totally
miscible at given thermodynamic conditions. On the contrary, if changes in chemical nature
of the polymer network, solvent quality, or environmental stimulus “push” the system into
a two-phase (unstable) region of the solubility phase diagram, a swollen hydrogel collapses
to a shrunken state due to reduction in solubility. During such volume phase transition, one
can expect that properties of the hydrogel, most notably its volume, change discontinuously.
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Figure 4. Swelling ratio [Q = (W-Wo)/Wo, Wo is the weight of dry gel] of PNIPA hydrogel cylinders (10
mm x 10 mm) as function of temperature for different relative amount of the cross-linker
(methylenebisacylamide, MBA) in the hydrogel-forming solution. The numbers near the curves are the
values of ratio: nwsa/(nvsa+nnra), where nwvsa and nwea are the number of moles of MBA and N-
isopropylacrylamide (NIPA), respectively, at constant nwsatnxira = 0.66.

Ions and ionic strength. Figure 5 also suggests that incorporation of charged (anionic,
cationic, or both) groups on the polymer network makes the volume transition
temperature and degree of swelling dependent on pH and ionic strength. Indeed, the
poly(N-isopropylacrylamide-co-methacrylic acid) (PNIPA-MAA) microgel particles [22] at
pH 3.4 exhibited a decrease in T. from 33.5 to 28 C° with an increase in MAA content,
whereas at pH 7.5, the higher MAA content resulted in the higher Tc. In weakly charged
PNIPA hydrogels, addition of ionizable groups on the polymer network pronounced the
volume changes when temperature crossed T. [21,23,24]. The experimental studies [25]
revealed that even distribution of ionic groups in the network affects the temperature of
volume change transition.

The type of ionizable groups on the polymer networks makes the maximum swelling ability
of a gel strongly dependent on pH. For example, the anioic PNIPA-MAA microgels
exhibited the maximum swelling in the range of pHs from 6.5 to 10 [22 ], whereas for the
cationic PNIPA-VI nanogels (VI stands for 1-vinylimidazole) the maximum swelling ratio
was observed in the range of pHs from 6 to 3.5 [26]. It becomes even more intriguing if the
so-called polyampholyte hydrogels are designed [27] by addition of both cationic (VI) and
anionic (AA) groups on the network. The polyampholyte gel was in a shrunken state in the
vicinity of the isoelectric point (pH ~ pl), and it swelled at both higher and lower pHs. It is
interesting that such designed polyampholyte gels can work like biochemo-mechanical
systems in which the enzymatically induced pH changes control the volume of
polyampholyte network or, in opposite direction, the pH sensitive volume changes control
the activity of enzymes immobilized into the gel [28].
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Figure 5. The degree of swelling of the poly(N-isopropylacrylamade-co-sodium acrylate) gel in water
as a function of temperature. Numbers are the molar concentrations of sodium acrylate in the
preparations. Data are adapted from [21].

There are experimental evidences [29-31] of de-swelling effects of different monovalent (Li*,
Na*, K*, Cs*) and divalent (Ca?, Mg?, Sr?*, Ba?) ions in hydrogels of different chemical nature,
including the biologically relevant gels [32] and cross-linked DNA [33]. Interestingly, at the
same molar ratios of divalent to monovalent cations, ~ 1 mM to 30 mM, respectively, similar
volume changes were observed in biological polyelectrolyte systems during physiological
processes like nerve excitation, musle contraction, and cell locomotion [34-40].

Surfactants. The extensive theoretical [41-43] and experimental [44-48] studies have shown
that addition of anionic, cationic, and nonionic surfactants to the solution containing a gel
can also influence the volume phase transition temperature and swelling degree of
hydrogels depending on their hydrophobicity and charge of the polymer network. In
general, addition of anionic or cationic surfactant to the solution of nonionic hydrogel rises
the transition temperature as well as the swelling range, whereas the nonionic surfactant
does not affect the transition temperature or the volume change. The surfactants with ionic
head groups convert the neutral hydrogels to a polyelectrolyte gels when bind to the
nonionic polymer networks, so that the transition temperatures elevate due to introduction
of additional osmotic pressure by ionization. The changes in the volume phase transition are
also dependent on the length of hydrophobic tail of ionic surfactants and the critical
concentration of micelle formation. Indeed, it was found [45] that the transition temperature
of nonionic poly(acryloyl-L-proline methyl ester) hydrogels increases more drastically in
solutions of anionic sodium alkane sulfonate surfactants with the higher number of
methylene units in the tail and at lower concentration than those with the shorter tails. The
other interesting findings are [47]: (i) the amount of an ionic surfactant bound onto the
swollen network of the nonionic PNIPA hydrogel is much greater than that to the collapsed
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one, (ii) on the contrary, the amount of nonionic surfactant bound onto the collapsed
network of the PNIPA gel is greater than that on the swollen one, (iii) the transition
temperature changes with the amount of the surfactant bound much stronger for anionic
surfactants (e.g., sodium dodecyl sulfonate) than for cationic ones (e.g., dodecylamine
hydrochloride), (iv) the distribution of anionic surfactant (e.g. sodium dodecylbenzene
sulfate) bound within the PNIPA hydrogel is appeared to be heterogeneous [48] - the
surfactant concentration is higher in the vicinity of the gel surface, whereas a central region
of the gel may not contain any bound surfactant molecules. Therefore, there can be a
gradient of swelling ability along the depth of surfactant penetration into the gel, namely:
the peripheral layers are in the more swollen state with a higher transition temperature in
comparison with the hydrogel core.

The uptake of a surfactant into the ionic and neutral polymer networks has been found to be
different [49,50]. Particularly, when the cationic surfactant (e.g., N-alkylpyridinium chloride,
CnPyClL n =4, 8, 10, 12, 16) was absorbed from the solution into the anionic hydrogel [e.g.,
poly(sodium 2-acylamido-2-methylpropane sulfonate) (PNaAMS) gel], the polymer network
was collapsed not swelled, herein the degree of shrinking increased with the length of the
surfactant alkyl tail. Surprisingly, the surfactant influx (mol/s/cm?) was enhanced by the
increase in the network density. It was also observed that ionic strength significantly affects
the uptake of surfactants into PNaAMS hydrogel, namely: (i) in pure water, the hydrogel
began absorbing surfactants at concentrations below 10 uM and the level of fluxes was high
for alkyl tails of different lengths, (ii) in the 10 mM NaCl solution, the uptake of surfactants
was practically absent at the concentrations lower than 100 uM of Ci2PyCl and 400 uM of
CwPyCl, but abruptly increased at higher concentrations, especially for surfactants with
longer tail, e.g., the surfactant flux jumped ~ 3-fold for the surfactants with the number of
carbon atoms in the alkyl tail greater than 10. The kinetics of surfactant uptake clearly
indicated [50 and references therein] that binding process significantly increases the amount
of surfactant absorbed by the gel and slows down the diffusion of surfactant inside the gel.
Theoretical and experimental analyses [43,48-50] also showed that the closer to the surface
of the gel, the higher is the concentration of the bound surfactant. Herein, this non-
uniformity of surfactant binding increases with the cooperativity of binding in the presence
of a salt. Thus, it was predicted that the progress of surfactant binding within the gel can be
observed as the movement of the front of network collapse from the surface toward the
center of gel.

Light. Hydrogels sensitive to light have been reported as well. For example, photosensitive
gels with incorporated photosensitive molecules, such as leucocyanide and leucohydroxide,
into the gel network have been reported [51]. These gels underwent volume changes upon
irradiation and removal of ultraviolet light as a result of ionization reaction and internal
osmotic pressure initiated by UV light. Significant volume changes in hydrogels can be also
induced by visible light [52]. The mechanism of volume transition is different; it is due to
direct heating of the polymer network by light. By the way, the fact that this process is
extremely fast is of great importance from the practical point of view.
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More recent reports [53] show that a focused laser beam was able to generate the radiation
force which induces reversible shrinkage in polymer gels. Control experiments confirmed
that the laser-induced volume phase transitions are due to radiation forces, rather than local
heating, modifying the weak interactions in the gels. Due to shear-relaxation processes, gel
shrinkage occurs up to several tens of micrometers away from the irradiation spot. The
compaction was also found in acrylamide gels, which are not temperature sensitive. In
hydrogels with temperature sensitive volume phase transitions, such as PNIPA gel, it was
found that the radiation force of the laser beam not only induces the volume phase
transition, but also lowers the transition temperature T« by about 10 °C at an irradiation
power of 1.2W (A = 1064 nm).

The light induced volume changes in photosensitive hydrogels have received increasing
attention because of their scientific and technological significance for the so-called shape-
memory polymeric systems [54]. Being exposed to the light with lower wavelengths, the
shape-memory materials become deformed and their temporary shape is fixed due to cross-
linking. When irradiated with higher wavelengths, they recover their initial shape because
of cleavage the cross-links.

Electrical field. Back in 1950s, it was found that contraction, oscillation, and bending of
polyelectrolyte gels can be activated electrically [55-57]. In particular, gels prepared from
polymers and copolymers that contain ionizable groups exhibited remarkable contraction
when placed between a pair of electrodes connected to a direct current source. Polymer gels
containing no ionizable groups showed no volume change under electrical field applied.
The extent and rate of volume change of the polyelectrolyte gels were shown to increase
with increasing electrical field [58]. An increase in the ionic strength (e.g., an addition of
Na(l) also increases the rate of gel shrinkage, whereas an addition of organic solvent (e.g.,
acetone or ethanol) decreases both the extent and the rate of shrinking. In different types of
hydrogels, an electrically activated volume changes were associated with the induction of
the medium pH change by the electric field [59], the electrically initiated volume phase
transition [60], and the so-called electrokinetic phenomena — ion transport of counter-ions in
the electric field [61].

The reversible shrinking and swelling of the polyelectrolyte gels stimulated by an electric
field have become a basis for development of the so-called mechanochemical
(chemomechanical) devices (engines) [62] functioning as actuators and artificial muscles [63-
65] and drug delivery systems [66].

1.3. Supported hydrogel films

Polymer networks being capable of stimuli responsive volume changing and controllable
mass transferring have been increasingly recognized as building blocks in microfluidic
devices (sensors, actuators, fluid pumps, and valves) [67], scaffolds in tissue engineering
and regenerative medicine [68-70], actuators in artificial muscle development [63-65], and
targeted and controlled release elements in drug delivery systems [17], including
iontophoresis [71]. Hydrogels are flexible and fragile and require mechanical support. The
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idea of a supported hydrogel has been employed for decades in the planar configurations.
Deposition of planar polymer networks onto supports allows for

i.  biofunctionalization of surfaces, providing a natural environment for immobilization of
highly specialized proteins, lipids, carbohydrates, and nucleotides

ii. preparation of flat homogeneous surfaces with nanoscale smoothness and
heterogeneous substrates with more complex structures

iii. development of “cushions” that effectively separate from the solid surface more fragile
layers, such as lipid bilayer membranes with reconstituted proteins

iv. detection of the changes in electrical or optical signals induced by the events of
binding/dissociation or variations in the integral characteristics (hydrophobicity,
charge, etc.) in relation to varied degrees of swelling

v. miniaturization of the abovementioned devices and systems.

1.4. Methods for planar hydrogel micropatterning

In the development of the intelligent biomaterials and biochips, based on the supported
polymer networks, one goal is to synthesize regions with different physico-chemical
properties: e.g., hydrophobic/hydrophilicc a wide range of shapes, thicknesses and
dimensions, sensitive to different stimuli (pH, temperature, electrical field, radiation, etc.).
Coupled with the need to synthesize regions of different properties, there is also a need in
techniques to form high aspect ratio structures. Optical lithography or photolithography is
the most suitable technique for micropatterning cross-linked polymer networks as high
aspect ratio structures with features of controlled surfaces. The change in the solubility of
polymer-coated substrate after exposure to radiation allows the selective removal of one
part of the polymer coating, if irradiated part becomes soluble in the developer, it is called a
positive-tone resist. When it becomes insoluble, it is called a negative-tone resist. The latter
one provides a tool for preparation of patterned hydrogels, when water-soluble polymer
subjected to the cross-linking step [72]. State-of-the-art photolithographic techniques are
capable of mass-producing patterned structures in thin films with feature sizes as small as
~250 nm with possible extension to features as small as ~100 nm by use of a combination of
deep UV light and improved photoresists [73]. However, the so-called 100 nm barrier cannot
be easily surmounted. Advanced lithographic techniques, such as extreme UV (EUV)
lithography, soft X-ray lithography, e-beam writing, focused ion beam (FIB) writing, and
proximal-probe lithography (74, 75), have the capability of generating extremely small
features (as small as a few nm), but their development for manufacturing of nanostructures
requires substantial effort and they, as the conventional photolithography, are poorly suited
for patterning non-planar surfaces.

1.5. Evanescent wave as a tool for nanoscaling

To improve the resolution, a procedure for the fabrication of very thin nanoparts has been
proposed — photopolymerization by evanescent waves (PEW) [76].
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The total internal reflection (TIR) is the phenomenon guiding light in a higher refractive
index (RI) medium [77]. Under conditions of TIR, light can totally reflect from a dielectric
interface, remaining inside the medium of a higher RI (n1). The critical angle (6c), at which
the reflected ray will travel along the boundary surface, is determined by the ratio nz/n,
where n2 is the lower RI of the second medium:

6. =arcsin(n, / n;), 1)

During the propagation of electromagnetic radiation inside high RI medium, a portion of
the electric field can penetrate outside, to the medium of the lower RI. The penetrated
electric field is called the evanescent wave. The intensity of the evanescent wave decays
exponentially [77] as follows:

E(z) = Eyexp(-z/d), 2)

where Eo is the amplitude at the interface and z is the distance outside the high RI medium.
The depth of penetration of the evanescent wave is the distance at which the intensity of the
electric field has decayed to 1/e of that at the interface:

= a , 3)
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where 0 is the incident angle and X is the wavelength of the radiation. The penetration depth
of the evanescent field can be interpreted as the thickness of the layer in which acting light is
confined. Typically d is about few tenth of A. Within the depth of penetration, the evanescent
wave can interact with molecules located nearby the interface. Thus far, the evanescent
wave can be absorbed within the polymerizable formulation to initiate a polymerization
reaction around the area of the interface exposed to the light (Figure 6).

Evanescence area Excited photoinitiator

Hydrogel forming
solution

Monomer

Incident radiation

Figure 6. Schematic representation of photopolymerization by evanescent waves in the planar
configuration. The laser beam is totally reflected at the interface between the high refractive index glass
and the hydrogel forming solution, as the angle of incidence is greater than a critical angle 6c. Close to
the interface, the electromagnetic field is non-zero in the polymerizable medium but decays
exponentially to zero.
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It has been shown [76] that the thickness and the shape of the hydrogel planar films
obtained by this lithographic technique correlated with the properties of the incident
radiation. In particular, a linear dependence of the film thickness on the logarithm of the
exposure time was observed. The film thickness varied with the angle of incidence of the
laser beam at the surface of the photopolymerizable mixture. When the wavelength of laser
used was 514 nm, the films of 30 nm thickness were obtained. To fabricate homogeneous
planar films, the light intensity had to be constant over the whole irradiated area. On the
other hand, it was demonstrated that 2D and 3D photolithography were also possible, i.e.
when the intensity of the incident radiation was not uniform at the interface, the
polymerized parts were non-planar. The light intensity at the interface was modulated using
photomasks or causing interfering pattern in the evanescence plane. It was also possible to
control the thickness of the hydrogel layer locally by varying the exposure time. A
diaphragm of variable diameter was imaged at the glass/solution interface, so that the
central part was illuminated for a longer time than the peripheral area — a stepwise structure
with controllable height of every step was obtained. These experiments present the
indications that PEW may provide a simple method of stereophotolithography well suited
for patterning non-planar surfaces.

1.6. Hydrogel/optical fiber assembly

Cylindrical surface of optical fiber core seems to be the next step in the development of
methods for micropatterning non-planar supporting surfaces. Cylindrical surfaces of optical
fiber core offer several advantages over conventional planar configuration, e.g.:

e Optical fibers provide the method for monitoring optical signal of different spectral
composition

e They have potential for a higher density of extremely small features (as small as a few
nm) deposited on the cylindrical surface

e Regions with different physico-chemical properties can be synthesized and multiple
reagents can be immobilized on their surfaces

e Simultaneous response to more than one analyte can be recorded, stored, and
interpreted

o They allow devising the miniature devices which can be used for monitoring
parameters in vivo

The idea of a hydrogel/optical fiber assembly has been already employed for decades mostly
in the context of the fiber optic chemical and biochemical sensors [78-81]. The features of
hydrogels relevant to the purpose of optical fiber coating are: satisfactory light transmission,
low refractive index (lower than that of glass), compatibility with glass substrates,
permeability for water-born analytes, and mechanical stability due to cross-linking. The
work on sensors development has also shown that cross-linked polymer matrix on the
optical fiber is of great potential due to its functionality:

1. hydrogel capable of swelling and shrinking can produce microbending in fiber [82],
2. it can absorb the evanescent tail of the light propagating within the fiber core [83,84],
and
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3. hydrogel matrix can serve as a container for ligands, which are normally adsorbed onto
[85], entrapped into [86-88] or covalently bound to [89-91] the supporting matrices, so that
biological recognition processes through antigen-antibody, enzyme-substrate, or ligand-
receptor interactions can be incorporated to identify and quantify biochemical substances.

There exist numerous sensing schemes [78-81], however, a simple analysis shows that only
two methods of deposition of hydrogel matrix on an optical fiber have been employed: (i)
hydrogel spots were polymerized on fiber distal ends (not on the side wall of a fiber core) by
direct light [78,92,93] and (ii) hydrogel was deployed on side-surface of a fiber core by
spreading a preliminary prepared polymer followed by its further cross-linking [94].

The disadvantage of the polymer matrices deposited by those “macroscopic” methods is in
that they are relatively thick (microns to cm). As a result, the polymer matrix exhibits a
prolonged response time (minutes to days), hampered expansion and contraction, and
hindered mass transfer. Thus, it is advantageous to have a cross-linked polymer matrix of
nanometer thickness (hydrogel nanofilm) as a prerequisite for future applications. The
bottom up question is how to prepare the nanometer sized hydrogel layers with controllable
thickness. Polymerization by evanescent waves (PEW) has been shown [76] to be a versatile
and convenient method for fabrication of nano- and microparts with controllable
submicrometer heights on the planar surface of glass slide. We have proposed the
employment of evanescent waves for preparation of ultrathin hydrogel films in the
proximity of the side surface of a fiber core, i.e. in cylindrical configuration [95]. We believe
that cylindrical surface of an optical fiber core is more practical compared to a flat surface to
support ultrathin cross-linked polymer fabrics. First, the cylindrical architecture of the
“nanofilm/fiber structure” will not allow the polymer “cylindrical sock” to come out of the
fiber core. Second, optical fiber connected to a spectrometer is a polymerization setup and
an analytical device in one. Considered below are the distinct prospects of using the
combination of a spectroscopic tool (optical fiber) and environmentally responsive element
(cross-linked polymer matrix on side wall of optical fiber core) in various bioanalytical
applications. The cylindrical configuration of the hydrogel/fiber structure is a promising
approach to miniaturization of lab-on-a-chip devices.

2. Basic model of polymerization by evanescent waves
2.1. Evanescent waves produced by TIR

The evanescent waves have been widely used for the spectroscopic detection of chemical and
biological species by fiber-optic sensors [78-81]. In our previous work [95], evanescent waves
were used to initiate a polymerization reaction around a fiber core. This procedure is really
new: (i) for the first time, EW were used to fabricate very thin polymer films of cylindrical
configuration, (ii) for the first time, the PEW procedure is developed for a photopolymerizable
formulation sensitive to ultraviolet light which is preferred for a higher spatial resolution, (iii)
it requires no preforming of the polymer layer, (v) the thickness is just governed by the
penetration of acting light into the polymerizable formulation, which in turn is a function of
the radiation properties (intensity, exposure time, spectral composition), optical properties of
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fiber core and hydrogel forming solution (refractive indexes), and geometry of the fiber core
(diameter). In other words, because of the propagation mode of EW produced by TIR, the
PEW procedure is a unique way to reduce the interaction volume of light with the reactive
formulation to the utmost, i.e. down to the nanometer scale — it looks possible to obtain
cylindrical cross-linked polymer films with the record thickness of 1 to 5 nm.

Consider a light beam that propagates in a higher index medium (refractive index n1) of the
fiber core and reflects at the interface with a lower index medium (refractive index n2) of the
hydrogel forming solution (Figure 7). The beam propagates by a series of total internal
reflections at the core/solution interface. The interference between the incident and the
reflected waves gives rise to standing waves inside the fiber core, perpendicular to the
interface, and to the generation of an evanescent field inside the solution. The intensity of
the electromagnetic field transmitted by EW decreases exponentially as it propagates farther
away into the sample and is expressed as follows:

I(z) = I exp(-2z/ d) 4)

with d expressed by Eq (3) has the dimension of a length and is called the characteristic
penetration depth.

The evanescent wave can interact with molecules located within the depth of penetration.
Thus far, the evanescent wave can be absorbed, scattered or can excite molecules around the
area of a fiber core exposed for polymerization (Figure 7).
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Figure 7. Optical fiber arrangement for polymerization by evanescent waves: (a) free-cladding area of
fiber core exposed to the hydrogel-forming solution (cylindrical configuration); (b) in the course of the
propagation of electromagnetic radiation inside the optical fiber, a portion of the electric field, which
penetrates out of the fiber core (evanescent wave) initiates the polymerization reaction in nanometer
layer around the fiber core.
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2.2. Polymerization process

Radical initiation of the photopolymerization generally provides high polymerization yield,
and photosensitivity for radical polymerization can be extended in the visible range by
adding a suitable sensitizer [96]. The radical photopolymerization requires three essential
elements: electromagnetic radiation (hv), photoinitiators (PI), and mono/macromers (M)
with unsaturated moieties such as a vinyl group and its derivatives. Ultraviolet (190 — 400
nm) and visible light (400 — 800 nm) can be harnessed for photopolymerization.
Accordingly, the maximal absorption wavelength (Amx) of the photoinitiator is in the
relatively high energetic UV or near UV visible range.

2.2.1. Photopolymerization reaction scheme

The photopolymerization of a monomer (M) in the presence of a photoinitiator (PI) can be
represented schematically by the following equations:

Step 1. Radical formation and initiation of the polymerization

PI—" s R e +R e —121 s deqctivation

s

Re+M—" oM,

It is known [76] that in the early stages of irradiation, the absorbed light is used mainly to
consume oxygen, which acts as a strong deactivating agent by trapping the formed radicals
through peroxidation. This phenomenon is one of the main reasons accounting for a delay
between the beginning of the irradiation and the start of polymerization. After a while, as the
concentration of oxygen decreases, it becomes low enough and the reaction of initiating
radicals with monomers competes successfully with the deactivation processes. The dose of
energy absorbed before polymerization occurs, the so-called the threshold dose Ew, is the
dose of energy necessary to consume a sufficient amount of oxygen. By the way,
polymerization by evanescent waves allows one to circumvent the problem: the total
internal reflection provides the thinnest diffusion layer with the highest rate of oxygen
consumption. Moreover, polymerization in N2 atmosphere (nitrogen-blanketing) is a
precaution that allows substantial overcoming O: inhibition of photopolymerization [98].
Therefore, assuming that the formation of monomer radicals M is much faster process than
the formation of radicals Re, the initiation of polymerization in the absence of Oz is the rate-
limiting process determined by the rate of R e formation:

1, =k, [PI], (5)

where PI is the concentracion of a photoinitiator, ki is the rate constant of the initial step. As
monomer radicals M are produced, the absorbed energy is used to form the 3D polymer
network.
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Step 2. Propagation

Polymer chains start growing and the cross-linking reaction proceeds rapidly to reach the
gel point and finally vitrify. Letting [eM] represent the sum of concentrations of all radicals
including eMi and Re, the rate of propagation determines the rate of polymerization:

1p = kp[M][eM], (6)

where ke is the rate constant of the propagation step. Mechanical resistance appears only
when the dose of energy received by the system is greater than Ege.

Step 3. Termination

M, ., mutual termination
oM, +oM — . ) .
M, +M,, disproportionation

The termination of chain propagation usually proceeds by standard radical coupling
(mutual termination), when two growing radical chains combine, or disproportionation,
when unsaturation exchanges through B-hydrogen migration involving ambient oxygen
[97]. The rate of termination can be expressed as follows:

2
rp =k [oM]?, @)
where kr is the rate constant of the termination step.

Assuming that monomer radical is formed very quickly and its concentration is constant in
the course of the chain reaction (steady-state approximation), one can show that in the case
of termination by coupling, the average degree of polymerization (px) is a function of the
concentrations of monomer [M] and initiator [PI], which can be controlled experimentally:

§ )2

[eM]= (—1] (P2
kr

> the rate of propagation(r,) 2k,

(p,)= [M][PIT?

the rate of termination (r;) - \/ k ke

Therefore, kinetics of chain reaction controls the polymerization as follows:

e The slower the initiation of the chain (the lower [PI] and the smaller ki), the higher is
degree of polymerization
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e The higher the concentration of monomer [M], the longer is the average length of
polymer chain
¢  The higher the concentration of initiator [PI], the shorter is the average polymer chain

2.2.2. Time dependence of photopolymerization

In order to find the time course of the concentration of the polymer [M:], we begin with the
kinetic equation for polymerization

_AMI I
" kp\/g [M]. 9)

Separating variables and integrating with the assumption of no time dependence for all
terms except the concentration of monomer [M] gives

g
[M]=[M]ye \/;' (10)

The concentration of the polymer [Mx] can be obtained from the mass conservation law and
Eq.(5) for the average degree of polymerization

[M], =[M]+[M, Kp,)

o, 1= ML~ [M] JnT f (1)

vy 2%

Expanding the exponential function into a series in powers of x=k, \/;It and limiting
.

ourselves with only two terms (e* ~ I-x), the increase of polymer concentration with time
can be estimated as follows:

<
(M, ]~ > £ (12)

2.2.3. Photochemical and processing parameters and the point of gelation

At the gel point, [Mu] = [Mu]., the critical concentration of the polymer represents a critical
conversion point of a gel formation and corresponds to the dose of energy (Eg.) absorbed by
the system during the time of exposure t.. Our goal is to find the relation between Eg: and
the photochemical and processing parameters. The initiation rate ri (1ol/L/s) is related to the
photonic flux I(z) (= amount of photons per surface area per second, Einstein/m?/s = 10-m
xmol/L/s) [98,99]

1 = ¢e[PI]I(2), (13)
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where ¢ is the quantum yield of the photoinitiator, & is the molar extinction coefficient
(L/mol/m), and I(z) is the incident intensity of the electromagnetic field transmitted by EW at
depth z. In the absence of a photoinitiator, the photonic flux, or intensity, at depth z
decreases exponentially according to Eq. (4). However, in the presence of the molecules of
photoinitiator additional absorption should be taken into account by Beer’s Law factor:

—2z/d_-¢In10[PI -z/d,
I(z) = [ye 2=/ e s 10MPTz - g o™ (14)

d .
=24 ds[PI]
the effective penetration depth of the evanescent waves, and &' stands for eln10. It seems
reasonable that this effective depth of penetration of the evanescent field into the hydrogel
forming solution is inversely related to the extinction coefficient and concentration of
photoinitiator. Now, in the first approximation, the dose of energy received at depth z and
time t is given by the following relationship:

where o is the incident intensity at the fiber core/solution interface (z =0), d

E(z,t)=Ite . (15)

We use this equation to define the Eg: as the dose of energy (= amount of photons per
surface area, Einstein/m? = 10*mxmol/L) absorbed by the system to polymerize a layer with
thickness Iy at exposure time t., i.e.:

-1 /d,
Egy =E(l, t,)=Ite """ (16)

Substitution of Egs. (16) and (13) into Eq. (12) at z = I, t = te, and [Mx] = [Mu]c allows the
following expression to be obtained for the critical dose of energy necessary to reach the gel
point as a function of the concentration of photoinitiator

— Z[MH ]C
87 ge[PI]’

(17)

Note that the less the concentration of the photoinitiator in the polymerization formulation,
the higher dosage is necessary to polymerize a stable film on the fiber core. Combining Eqs.
(17) and (16), one can predict the dependence of the thickness of polymerized hydrogel on
the photochemical properties of the hydrogel forming solution ([PI], [M]) and processing
condition (¢, €, Ioxte)

Iy xt Iy xt
gﬁln 0%l _ d In—-0""e
E 2 +deg'[PI] 2[M,,]. [ ge

L,=d [PI]. (18)

gel
With all these assumptions in place, one can conclude that the presence of photoinitiator
results in the decrease in the effective depth of penetration of evanescent light because of its
absorption by the photoinitiator molecules. The second and main finding is that for a given
concentration of photoinitiator [PI], the thickness of polymerized film [, remains zero until
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the dose of energy received by the system Ioxt. exceeds the critical value defined by the
critical concentration of polymer [M:]. corresponding to the point of gelation:

2M,]
Iyxt,>E  =—7=
0 gelPl]

According to this model, if I xt,>E_,, the polymer thickness around the fiber core is

gel ”
expected to increase linearly with the logarithm of I,xf,, whereas the slope of this

dependence is equal to the effective penetration depth of the evanescent wave.

3. Optical fiber evanescent wave spectroscopy (FEWS)

3.1. Real time recording of polymerization on the side surface of optical fiber
core

The polymerization as well as observation and characterization of the nanofilm formation
on the side surface of a fiber core, if any, are the-state-of-the-art and the “know-how”. How
to detect the formation of ultrathin films made of tiny cross-linked polymeric threads with
optical properties similar to the solvent? This is the critical question. Experimental
approaches to the question of hydrogel nanofilm monitoring usually fall into direct
microscopic methods, such as optical microscopy (OM), atomic force microscopy (AFM),
and electron microscopy (EM), which can be used at the step of film characterization.
However, they are not convenient for routine measurements especially at the step of film
formation. Spectroscopic methods are much practical in this case.
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Figure 8. Spectroscopic detection of polymerization on the optical fiber core. The formation of polymer
network changes the microenvironment of the fluorescent probe resulting in an increase in fluorescence

emission (red line). Absorbance increases due to scattering on microheterogeneities of newly formed
polymer network (black line).

Strikingly, the optical fiber arrangement for polymerization by evanescent waves (Figure 7)
can be used for the real-time monitoring of hydrogel photopolymerization on the side
surface of the fiber core. Indeed, in the course of initiation of polymerization, the intensity of
light passing through the fiber core decreases due to excitation of molecules of
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photoinitiator, radical formation, and consumption of oxygen within the evanescence area.
Furthermore, during polymerization the refractive index of the material changes, thus,
inducing a modification of the refractivity of the core/solution interface. And finally, when
the point of gelation is reached, the energy of evanescent wave scatters on the
microheterogeneities of the cross-linked network.

The other way to record the polymerization on the side surface of a fiber core with time is to
apply fluorescent probes. The fluorophores capable of changing the quantum yield of
fluorescence depending on the microenvironment can be used (Figure 8). For example, 1-
anilinonaphthalene-8-silfonate (ASN) may exhibit 100-fold emission intensity in the
polymerized network in comparison to the pre-polymerization solution. Moreover, the
maxima of both absorption and fluorescence picks shift with changes in the polarity of the
microenvironment [100,101].

3.2. The ideas of hydrogel film detection by FEWS

Actually, the measured polymerization kinetics itself is the evidence for hydrogel formation.
Nevertheless, a hydrogel film, which has already been polymerized on the fiber core, could
be detected spectroscopically. Indeed, studying the mechanical and electrochemical
responses of hydrogels in the course of swelling/de-swelling of polymer matrix [102-106],
we have observed that being swollen in water hydrogels were soft, gentle, and transparent
materials, whereas under dehydration or wet/dry transition, polymer networks revealed a
drastic volume decrease (up to 1000 times) resulted in the transparency drop. Thus, the
correspondence between variations in physical properties (volume, thickness, density,
refractive index, etc.) of hydrogel films and changes in the spectral composition and total
intensity of light passing through the fiber stands behind the ideas of hydrogel film
detection on the fiber core.

Swollen state Shrunken state
(wet) (dry)

wavelength " wavelength

Figure 9. Spectroscopic detection of a polymer network on the optical fiber core: an increase in density
(refractive index) of the polymer network in the course of dehydration of gel results in higher
scattering/absorption of the evanescent light nearby the fiber core.

The first approach to the detection is illustrated in Figure 9. The scattering/absorption of
evanescent light is greater in the dried polymer network than in its swollen wet state.
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The second approach is based on using fluorescent probes (e.g. fluoresceins) with a
capability of self-quenching at high concentrations [107-109]. Fluorescence resonance energy
transfer (FRET) is a distance-dependent interaction between the electronic excited states of
two dye molecules in which excitation is transferred from a donor molecule to an acceptor
molecule without emission of a photon. Fluorescein/fluorescein is a donor/acceptor pair
with 4.4—nm Forster radius, the distance at which ~50% of excited donors are deactivated by
FRET. Fluorescence intensity is expected to decrease in the course of nanofilm shrinkage
(the distance between fluorescent molecules becomes smaller) and to increase with hydrogel
swelling (Figure 10).
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Figure 10. Spectroscopic detection of a polymer network on the optical fiber core: when fluorophores
are loaded into the swollen hydrogel layer (red circles), the shrinkage of the polymer network will
decrease the distance between these trapped molecules (white circles), resulting in a decrease in the
fluorescence emission (red line). Herein, the absorption (black line) increases due to scattering of
evanescent light on the denser polymer network.

3.3. Cylindrical hydrogel film characterization by FEWS

To the best of our knowledge, the first report on polymerization of hydrogel in a cylindrical
configuration using the evanescent tail of light propagating in fiber was published in 2010
[95]. So long the hydrogel is on the fiber core, experimental techniques concerned with
characterization of the extent of its volume change modality are in demand. The formed
cylindrical polymer network is supported by, but not covalently bound to the side-surface of
fiber core. It is a kind of “cylindrical sock” on a fiber core, and its thickness can vary with
the photochemical and processing parameters discussed in Section 2.2.3. Understanding of
the hydrogel functionality, specificity, and biochemical activity is required as well. It looks
quite relevant to use the optical fiber evanescent wave spectroscopy (FEWS) as a method for
characterization of hydrogels on the fiber core:

On the one hand, because hydrogels are the so-called soft matter materials with
environmental response, i.e. relatively small external perturbations can cause dramatic
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structural changes in them followed by substantial physical expansion/contraction. Since the
perturbed polymer networks with swelling/de-swelling ability in many cases, are not in
equilibrium, it is of great importance to characterize the relaxation of their physical
dimensions (especially, at the nanometer length scale) with time.

On the other hand, because the experimental scheme of FEWS allows one not only to record
time-changes in integral intensity of light passing through the fiber, but also to provide a
novel information on the spectral composition of light scattered/absorbed within the
medium in the immediate vicinity of the fiber core surface, and how the spectrum changes
with time at different external conditions, thereby taking advantage of time-resolved and
nanometer-scaled measurements.

Thus, the hydrogel/fiber optics assemblage offers a method for studying the kinetics of
swelling and shrinking spectroscopically with minor modifications of the same
experimental scheme as used for polymerization and detection.

4. Experimental procedures

4.1. Photopolymerizable formulations

Even a brief review of physical and chemical properties of hydrogels present in Introduction
allows the reader to realize that any hydrogels with relevant chemical composition and
environmental responsiveness could be synthesized for numerous applications. The
photopolymerizable formulations are specified by the desirable functionality and specificity
of the hydrogel film on the fiber core. For example, in order to prepare a temperature
sensitive hydrogel, N-isopropylacrylamide (NIPA) monomer can be used, since it forms
polymers with volume phase transition temperature varied from 20 to 45 °C, i.e. in the
physiologically relevant range [110]. Combined temperature and ionic sensitivity of the
hydrogels can be achieved by co-polymerization of NIPA with corresponding cationic (e.g.
vinylimidazole) or anionic (e.g. carboxyl) moieties [8-10]. Hydrogel materials with biological
responsiveness built in can be achieved by introducing ligands that bind specific
biomolecules into the the material matrix [111]. When exposed to a biological target
(nutrient, growth factor, receptor, antibogy, enzyme, or whole cell), molecular recognition
events in the bioresponsive hydrogels trigger macroscopic responses, such as swelling/de-
swelling or solubility transitions.

The cross-linking density, which is the main effector of swelling ability, can be varied by
changing the [monomer]/[cross-linker] ratio. As a standard cross-linker N,N*
methylenebisacrylamide (MBA) is used in many formulations. To optimize the composition
of polymerizable formulations in terms of the final swelling/de-swelling ability, a hydrogel
forming solutions of different composition should be tested on bulk gels by varying
concentrations of monomer, co-monomer, and cross-linker (see Figure 4).

To prove the concept of photopolymerization by evanescent waves on the side surface of the
optical fiber core, the composition of temperature sensitive PNIPA hydrogel has been
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optimized. The method for preparation of a bulk PNIPA hydrogel by polymerization of a
hydrogel-forming medium induced by a UV-lamp (~365 nm, 100 W) has been described
elsewhere [102,103]. From the homogeneity standpoint, it was found that during
polymerization the temperature should be kept below the Lower Critical Solution
Temperature (LCST, Tc) of the final hydrogel. Particularly, the polymerizable aqueous
solution of NIPA (5 wt %) and MBA (0.5 wt %) yielded a clear temperature-responsive
hydrogel with 10-fold volume change in water near Te.

Successful photopolymerization relies on the effective initiation step, so that the
photointiator (PI) is a critical component of a polymerizable formulation to reach the final
cross-linked product. The vast majority of photoinitiating systems are based on free radicals
as reactive species. Commercially available photoinitiating systems with different specific
maximal absorption wavelengths (Amax) and corresponding molar extinction coefficients (&)
were studied [96,112]. The typical examples of PIs sensitive in UV range are 2,2-
diethoxyacetophenone (DEAP, 365 nm) and 2,2-dimethoxy-2-phenylacetophenone (DMPA,
365 nm). Sensitivity of the photoinitiating system can be extended to the visible range either
by adding a suitable co-sensitizer (e.g. 4,4"-bis(dimethylamino)benzophenone, 300-500 nm)
to one of the aforementioned PIs or by using the typical visible light photoinitiating
systems such as camphorquinone, ethyl 4-N,N’-dimethylaminobenzoate, trethyl amine,
isopropyl thioxanthone (470 nm). A considerable attention has been paid to the studies on
the PIs sensitive in near infrared range (>700 nm). For example, cyanine dye-borate
complexes have been studied [113] as promising PIs with Amax = 780 nm. The near infrared
sensitive Pls give a possibility to use cheap, compact and easy operational laser diodes
and polymer fibers, which are less fragile and more robust and rugged than UV
transparent ones.

Because of differences in chemistry for synthesis of hydrogels with the desired end
properties, two or three different initiators are suggested to be tested. As an example, Figure
11 shows the photopolymerization kinetics for two hydrogel forming solutions with the
same monomer (NIPA, 5 wt %) and cross-linker (MBA, 0.5 wt %) content, but different PIs —
DEAP and DMPA. The time course of light intensity at A = 365 nm and 391 nm scattered at a
90° angle from the polymerizable formulation shows that photoinitiating activity of DMPA
is higher than that of DEAP under the same conditions. Indeed, polymerization started three
times earlier when initiated by DMPA than DEAP (arrows).

The concentration of PI should be also optimized because of the following reasoning: on the
one hand, the high concentration of PI provides a reliable polymerization with a high rate.
On the other hand, too high rate and high level of cross-linking near the surface does not
allow the light effectively penetrate farther inside the hydrogel forming solution. Moreover,
limited water solubility of PI may lower its initiating efficiency and increase heterogeneity
of the resultant polymer network. Solubility in water may be improved by dissolving the
initiator in 70% ethanol solution before adding to the polymerizable formulation. The range
of reasonable concentrations for DEAP was found to be from 0.01 to 1 %, whereas for DMPA
it is 3 times lower due to a higher extinction coefficient.



46 New Polymers for Special Applications

1.0} :
© f“ :;\
- i i
°
5 08f [ 3 : “
‘© T /' .. °
g o ¢ b ° ‘o
= o I b i ‘
£ 06f . o ' \
g ’ :
N ? ?
T .I ey | | *
g 041 | |
5 7 & 0.05%DMPA o &  0.05%DEAP
> ] —o—36m / l ——365m
e —®39mm - ./ —— 391 nm)
02} |
¥
0 0 100 150 200 250 300 350 400

Time/sec

Figure 11. Polymerization kinetics of bulk PNIPA hydrogel with two different photoinitiators - 2,2'-
diethoxyacetophenone (DEAP, red circles) and 2,2'-dimethoxy-2-phenylacetophenone (DMPA, black
circles) measured by intensity of two spectral lines 365 nm and 391 nm) scattered perpendicular to the
light initiating the polymerization. Diffuse radiation of Blak® Ray mercury lamp (365 nm, 100W) was

used for the photopolymerization. Arrows show the instant when polymerization starts.

4.2. Optical fiber preparation and reaction chamber design

When selecting an optical fiber, it is important to work towards its transparency in a
required spectral range, maximizing the light intensity collected into the fiber, and
optimizing the length of the cladding-free area to provide a sufficient average path length
within evanescence area for detectable level of an evanescent wave spectrum.

A plastic clad silica optical fiber with a high OH content is needed for UV and visible
transmission. Since the light penetrates ~0.1A into surrounding polymer, the depth of
evanescent field penetration varies from ~30 to 70 nm for 300-700 nm wavelength range.
The systematic studies show that the total path length for spectral measurements should be
at least on the order of a micrometer. An appropriate path length necessary for an
evanescent wave spectrum recording is determined by the portion of fiber with removed
cladding. Herein, the critical angle of the total internal reflection and number of reflections
depend on the core diameter (&) and numerical aperture (NA) of a selected fiber: For
example, for a fiber core with @600 um and NA = 0.48, a 4-cm-long cladding free area

provides a path length of ~1.6 um for an evanescent wave with A = 365 nm.

Based on this estimations the reaction chamber has been designed (Figure 12). A 50-cm

length SMA-SMA ending fiber cord (BFH48-600, Thorlabs Inc., Newton, NJ) having a 600-
um core diameter and numerical aperture of 0.48 was used. This hard polymer clad
multimode fiber with high OH content is transparent in the spectral range from 300 to 1200
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nm. The evanescence area is prepared by removing a plastic clad in the middle of the cord.
In general, there are three methods known for the removal of the cladding on different types
of fibers: mechanical, thermal, or chemical. A chemical cladding-removal technique would
be ideal, since it greatly reduces the possibility of mechanical damage to the surface of the
fiber core. However, a 30-um thickness polymer cladding of this fiber is too hard to be
dissolved in any solvents in a reasonable time. Mechanical methods also are not reliable
due to fragility of the fiber core. The fiber cladding was removed by a burning method
using a propane or butane burning torch. When the fiber is stripped from the buffer, it
should be held by an appropriate fixture in which fiber can rest and which protects that
portion of the fiber core after cladding removal. The design of the reaction chamber
(removable bottom cover) allows it to be used as the fiber fixture during the burning
process and as a cleaning bath after. The surface of fiber core free of polymer cladding
thoroughly cleaned with isopropyl alcohol, distilled water, and finally, compressed air to
remove any carbonization. The quality of the surface was controlled under an optical
microscope.

Figure 12. The reactor-container: (1) SMA ending fiber cord, (2) reservoir containing a polymerizable
formulation (~7 mL), (3) sealing gaskets, (4) fiber core without cladding exposed to a hydrogel-forming
solution.

The recent studies suggested [114] that evanescent field can be pronounced and sensitivity
of FEWS can be drastically increased by decreasing the diameter of fiber core. Since the extra
caution should be taken with fibers under 200-um diameter, the evanescent wave cuvette of
a new design was developed (Figure 13). Now, the so-called detection element is a movable
module made of a cladding-free fiber core with the SMA compatible connectors. The distal
ends of the detection element are polished to maximize the intensity of light passing
through the fiber core. The modified reaction chamber offers the following advantages:
maintains the integrity of the evanescence area, offers the feasibility of handing at all steps
(polymerization, cleaning, detection, characterization), suits to a broad range of applications,
such as a sensor with specifically modified functionality, and allows real-time watching the
evanescence area during polymerization.
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Figure 13. Schematic (a) and manufactured (b) the evanescent wave cuvette of a new design for
polymerization on a side surface of the fiber core and recording the hydrogel swelling/de-swelling
kinetics. The status of the hydrogel on fiber core can be controlled microscopically in the course of
polymerization and swelling/de-swelling. Detection element is a removable part allowing for
characterization by the other methods (e.g. atomic force microscopy).

4.3. Instrumentation

Light sources. Of equal importance to the PI, however, is the light source. Basically, two
types of light sources are available: arc lamps, lasers, and light-emitting diodes. Recent
advantages in light source technology are the development of lamps, lasers and/or diodes
which offer increased light intensity at specific wavelengths. Regardless of the type of light
source the emission spectra of the source must overlap the absorption spectrum of the
chosen initiator. In this work, the Oriel Research Arc Source (Newport Corp., NJ) with a
condenser, built-in ignitor, and 200 W Hg-Xe or 100 W Hg lamp was used for the purposes
of PEW on optical fiber. A Blak Ray mercury lamp (365 nm, 100 W) was used for
polymerization of a bulk hydrogels. A Deuterium-Tungsten halogen light source (DT-MINI-
2) from Ocean Optics was used for spectroscopic detection and characterization of hydrogel
films on the fiber core.

Fiber-optic spectrophotometers. Fiber-Optic CCD Array UV-Vis Spectrophotometer (Ocean
Optics, Inc.) with a convenient fiber optics connectorization, high sensitivity, high recording
speed (1 spectrum/sec), broad wavelength range (180-900 nm), and high spectral resolution
(<1 nm) was used for routine spectroscopic measurements. SpectraSuite software was used
to record, treat, and store radiation, transmission and absorption spectra.

Optical microscopy. Digital Optical Microscope (DC3-163-PH, Microscope World, CA) with
Imaging Software (Motic Images 2000, Motic Group, Ltd.) was used to measure the diameter
of the bare fiber core and thickness of the cylindrical hydrogel on the fiber core after
washing. To detect and characterize a relatively thick hydrogel film (> 10 um) on fiber core
after polymerization or during swelling/de-swelling, an optical microscope with low
magnification was used as well.
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4.4. Experimental setup for photopolymerization on side-surface of optical fiber
core

The effect of radiation intensity and exposition time on the hydrogel film formation by
evanescent wave photopolymerization was examined using the 200 W Hg-Xe lamp. The UV
light was focused with a condenser and collimating lenses on SMA905 ending fiber, which
directs the light through the bandpass filter to the cladding-free portion of fiber core fixed
within the chamber containing a polymerizable solution as shown in Figure 14. The other
SMA end of the fiber cord was connected through an attenuator to a fiber optic
spectrophotometer (USB4000-UV-VIS) with CCD array, which allowed for observing the
spectrum of light transmitted through the whole pathway. The spectra recorded in the range
from 180 to 900 nm were stored in a 1 sec time interval.

The reaction chamber was placed into a temperature insulating box to provide a
temperature control (£0.1°C), A temperature sensor was dipped into the reactor-container
nearby the fiber core.

When the hydrogel forming solution was poured into the reaction chamber in the amount
necessary to cover the fiber core, light was on. Passing through the fiber core, it causes
evanescent waves penetrating outside to initiate polymerization in the close vicinity to the
fiber core. Any changes in the intensity of light transmitted through the fiber are recorded
by the fiber optic spectrophotometer which serves as a light detector. The PNIPA hydrogel
film synthesized on fiber core was washed in deionized water for 3 days at room
temperature before further characterization. It was found that thickness of the hydrogel film
could vary from nanometer scale (<1 pm, cannot be detected by optical microscopy) to
hundreds of microns by varying the dose of energy — the product of power of the light
source and polymerization time (see section 2.2.3).
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Figure 14. Optical scheme of the system for polymerization of cylindrical hydrogel on a side surface of
the fiber core and recording the hydrogel swelling/de-swelling kinetics. L —lenses.

The same optical scheme (Figure 14) was used to examine the kinetics of hydrogel
swelling/de-swelling in the course of film hydration and during the volume changes. The
only difference was that a Deuterium-Tungsten Halogen light source (DT-MINI-2) provided
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continuous spectrum in the whole UV-VIS range from 180 to 900 nm. The time course of
integral intensity and spectral composition of light passing through the fiber core with
hydrogel film on it was measured at different temperatures. Temperature control inside the
reaction container was carried out permanently in the course of swelling kinetics study.
Transmission or absorption spectra were saved each second when temperature stabilized on
a certain level within the experimental uncertainty of +0.1°C.

5. Properties of hydrogel film on the fiber core
5.1. Hydrogel films of nanometer and micrometer thicknesses

5.1.1. Kinetics of photopolymerization of a thin hydrogel film on the fiber core

To polymerize a thin PNIPA hydrogel on a side surface of the optical fiber core, a mercury
100 W lamp without condenser was employed as a light source. The lamp was turned on
after a 15 min equilibration of the hydrogel forming solution within the reaction chamber at
room temperature. The polymerization reaction was followed in situ by monitoring the
integral intensity of light passing through the fiber core and recording it every 0.2 sec
(sample time) using the above described setup (Figure 14). A typical integral intensity
versus exposure time kinetic curve is shown in Figure 15.
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Figure 15. Time course of integral intensity during photopolymerization by evanescent waves on the
fiber core surface: (UV lamp power = 100 W, composition of the hydrogel forming solution is 5 wt %
NIPA, 0.5 wt % MBA, and 0.5 wt % DEAP).

As it has been explained in the section 2.2.1 on the photopolymerization process, there is a
delay between the beginning of irradiation and the formation of gel because the absorbed
dose of energy is used not only for the decomposition of the initiator molecules into radicals,
but also for the consumption of oxygen which deactivates the formed radicals. The
pronounced decrease in integral intensity at the very beginning of UV illumination (red
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arrow) can be assigned to the oxygen consumption. When the concentration of oxygen
decreases enough, the reaction of radicals with monomers competes successfully with the
deactivation processes and the intensity of light returns to a higher level. Therefore, the
minimum in integral intensity located at about 60 seconds (t#) corresponds to the threshold
dose of energy necessary to consume a sufficient amount of oxygen. The radicals react with
functional groups of monomer and cross-linker forming a polymer, but absorbed dose of
energy is not sufficient yet to reach the gel point. This happens only after ~100 seconds (tzi),
when a significant portion of evanescent light scatters on the polymer network as it becomes
denser to decrease the integral intensity — propagation of polymerization starts. A further
decay of the integral intensity continues until the thickness of hydrogel reaches the depth of
penetration. At this step (~15 min), the average level of integral intensity becomes constant
indicating that radicals react with each other and polymerization is terminated. The total
polymerization time was ~30 min. Thus, the three key steps of polymerization kinetics
(initiation, propagation, termination) have been distinguished.

5.1.2. Hydrogel film of micrometer thickness on fiber core

Theoretically, the thickness a hydrogel film on the fiber core polymerized by evanescent
waves can be varied within the depth of evanescent field penetration out of the fiber core
surface (typically ~A/10). To examine experimentally how thick the hydrogel film can be
formed, the intensity of UV light collected into the fiber and exposition time were
maximized. The power of the UV light was increased by using the Hg-Xe 200 W lamp and
fused silica condenser along with focusing lenses (Figure 14).

Figure 16. Optical micrographs (x10) of (a) bare fiber core on air, (b) hydrogel film on the fiber core on
air after polymerization and washing, and (c) the same hydrogel film as for (b) dried overnight.

As in the previous experiment, before the UV light was allowed to pass through the fiber,
thoroughly cleaned fiber core (Figure 16a) was completely covered with the hydrogel
forming solution. The appearance of hydrogel was controlled by optical microscope and by
measuring intensity of light passing though the fiber (polymerization kinetics) in real time.
Figure 16b shows the cylindrical hydrogel film around the fiber core as a result of two hours
of its exposition to UV light. It was a surprise that the average thickness of the film in wet
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state was ~175 um, i.e. remarkably thicker than the depth of evanescent wave penetration.
After overnight drying on air, the thickness decreased up to ~30 pm, still remaining thicker
than the penetration depth (Figure 16c). In both cases, a blue glitter around the hydrogel
cylinder is an indication that evanescent waves scatter within the hydrogel film. Herein, the
intensity of light scattered inside the film in a wet state is much weaker than in the same
film but dried overnight. Thus, the polymerization of hydrogel film of a macroscopic
thickness, definitely, is the result of a successive scattering of evanescent waves on the
newly formed polymer layers farther and farther from the surface of fiber core.

5.2. Properties of environmentally sensitive hydrogel film on the fiber core

5.2.1. Detecting the hydrogel film of nanometer thickness by dry-wet swelling

After measuring the polymerization kinetics as described in Section 5.1.1, the area exposed
to polymerization was thoroughly and carefully washed in the reaction chamber by flowing
distilled water at least for 48 hours. As expected, inspection of the fiber core surface under
microscope did not allow us to prove the formation of a hydrogel film, since its thickness
and the surface roughness was beyond the optical resolution. To detect the hydrogel film,
the washed area of the fiber core was dehydrated by drying for 2 days on air. Then the
measurements of the integral intensity of light passed through the fiber were carried out on
air and after the addition of distilled water (see Sections 3.2 and 4.4 for details). Figure 17
shows three steps of changes: (i) an abrupt drop in intensity corresponds to the change in
the refractivity of the fiber core/external medium interface, (ii) a very fast increase in the
integral intensity due to immediate swelling of hydrogel in water, and (iii) a slow relaxation
of the polymer network to equilibrium by smoothing up its microheterogeneities. Control
experiments with bare fiber core did not show the later two steps. Together with
polymerization kinetics data, these results unequivocally confirm the formation of a thin
hydrogel film on the surface of fiber core.
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Figure 17. Time-dependence of the integral intensity of light passing through the fiber core during
hydrogel film hydration on its surface.
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5.2.2. Dry-wet transition in hydrogel film of micrometer thickness

The macroscopic PNIPA hydrogel film (Figure 16) was washed in deionized water for 3
days and dried on air for 120 hours at room temperature. The kinetics of hydrogel swelling
in the course of film hydration is shown in Figure 18. The process is a multistep one. As for
the thin film, the three steps can be clearly seen: (1) penetration of water inside the gel to
reach the fiber core surface, (2) swelling of the hydrogel throughout the entire thickness, and
(3) a slow relaxation of the polymer network to the equilibrium state. Totally, fiber
transmittance increases 2-fold as a result of the hydrogel swelling (hydration).
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Figure 18. Integral intensity of light passed through the fiber core covered with dried micrometer
PNIPA hydrogel film in the time course of its hydration.

5.2.3. Temperature sensitive volume transition of hydrogel micrometer film on the fiber
core

The PNIPA hydrogel film on fiber core (Figure 16) was equilibrated at room temperature in
the reaction chamber filled with distilled water. The hydrogel in water is in a swollen state.
The integral absorbance (200-880 nm) in the fiber core was measured at different
temperatures using the same scheme as described in previous section. Figure 19 clearly
shows that absorption/scattering of evanescent light inside the PNIPA hydrogel film begins
to increase at ~32 °C. This value is in good agreement with the transition temperature (Tc)
known for PNIPA hydrogels from the literature [110] and our previous data [103] as the so-
called Lower Critical Solution Temperature (LCST) at which a temperature sensitive
hydrogel in aqueous medium collapses. As a result, the portion of evanescent wave
scattered on the dense polymer network increases. Assuming the linear proportionality
between absorbance and density, the temperature sensitive PNIPA hydrogel film
underwent more than 4-fold volume decrease when temperature increased from 32 to 55 °C.
Absorbance in the bare fiber core without any hydrogel has been measured for comparison,
to illustrate that changes are attributed to the hydrogel layer collapsing.
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Figure 19. Integral absorbance (200 — 880 nm) in fiber core with and without PNIPA hydrogel film as a
function of temperature.

Importantly, the continuous (without abrupt steps) changes in fiber transparency in the
course of both dry-wet and temperature sensitive volume transitions indicated that the gel
polymerized on the fiber core was tightly adhered to the surface without losing a contact at
swelling/contraction. Applications of hydrogel spots on fiber distal ends and on a fiber core
as chemical and biochemical sensors also confirm an excellent adhesion of hydrogel to the
fiber surface.

5.2.4. New spectral properties of the temperature sensitive hydrogel film on the fiber core

The hydrogel/fiber core assembly proposes the experimental scheme which allows not only
the integral intensity, but also the transmission (or absorption) spectra to be recorded in the
whole range of wavelengths. For the first time, the spectral composition of light passing
through the fiber with PNIPA hydrogel on it has been analyzed at different temperature in
the course of the polymer network collapsing. The absorption spectrum at 28.8°C, below the
volume transition temperature, was taken as a reference (0) with respect to which the
spectra at higher temperatures are represented in Figure 20.

Strikingly, the spectral range of absorption depends on temperature, widening with the
extent of temperature increase above Tc. Herein, maximum of absorbance shifts more and
more to the longer wavelengths with temperature. Finally, at temperatures higher than
55°C, absorption was maximized in the whole range from 200 to 900 nm (in red) enveloping
the absorption ranges at lower temperatures. This process was reversible, reflecting the
reversibility of the volume transition.

The observed variations in the absorption range with temperature can be explained by
scattering of evanescent waves [115] on growing microheterogeneities of the polymeric
network when it collapses. At the volume transition temperature T the size of
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heterogeneities is small, so that only light with short wavelengths considerably scatters,
contributing to the absorption range of the recorded spectrum. In the course of temperature
rising, the heterogeneities grow and new spectral components of evanescent light with
longer wavelengths begin to scatter — the spectral range of absorbed light expands from
ultraviolet to visible and further to the near infrared domain. Moreover, one can expect that
concentration of growing heterogeneities also increases with density of collapsing polymer
network. At some instant, the scattering features of evanescent light changes from Rayleigh
to Mie scattering [15,116].
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Figure 20. Absorption spectra of the fiber core covered with the cylindrical PNIPA hydrogel (PNIPA) at
different temperatures indicated and numbered in accord with points labeled in Figure 19.

6. Future applications of hydrogel film/fiber core structures

6.1. Scientific and practical aspects of photopolymerization, detection, and
characterization

The main reason of focusing on optical fiber core is that being a source of evanescent waves
it provides the spectroscopic access to the surrounding medium. Connected to a
spectrometer, an optical fiber with open core becomes an apparatus for polymerization and
analytical device in one.

Since polymer networks of different chemical origin are increasingly studied for
applications in biosensing, drug delivery and tissue engineering, their polymerization
kinetics will be examined using the evanescent wave spectroscopy on the fiber core. The
diversity of polymerizable formulations will initiate the development of new photoinitiating
systems for reliable polymerization by visible and near infrared light.

Controllable formation of hydrogel nanoparts of different shapes and sizes on side surface
of a fiber core is another direction of the future studies. Good quality and reproducibility of

55
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the nanoparts patterning on cylindrical support is a specific aim of the research on PEW.
The development of technology for optical fibers with sub-wavelength diameter will
drastically increase the evanescent field power and resolution of cylindrical nanopatterning.

Once hydrogel film is formed on a fiber core, its swelling/shrinking kinetics should be
compared to theoretical predictions. However, quantitative kinetic model of swelling/de-
swelling is still in demand, especially on a submicrometer scale. Despite some of the kinetic
approaches to hydrogel swelling [117,118] exist, the changes in spectral composition of
evanescent light scattered within polymer networks affected by external stimuli, chemical
composition, dimensions, and load have never been able to measure.

Immobilization of chemical and biological specificity on the hydrogel cylindrical
nanofilms is the other aspect of the future studies. A possible scheme for introduction of a
polypeptide specific to biological moieties into polymer matrix of nanofilm developed in
conjunction with bacterial spore interaction with liposomes [119] is shown in Figure 21. At
Step 1, amine-groups (NH2-) are incorporated into hydrogel film by co-polymerization of
N-isopropylacrylamide with N-(3-aminopropyl)methacrylamide in the presence of N,N’-
methylenebisacrylamide (cross-linker) and 2,2-diethoxyacetophenone (photoinitiator).
Polypeptide-hydrogel conjugation is performed with heterobifunctional cross-linker
[85,86], N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP), as shown in Figure 21
(Steps 2 and 3).
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Figure 21. Polypeptide-hydrogel conjugation: (Step 1) Photo-co-polymerization of N-isopropylacrylamide
(I) and N-(3-aminopropyl)methacryl-amide (II) on the surface of a fiber core. The amine-groups are
everywhere in the bulk of hydrogel including the surface of the nanofilm. (Step 2) Preparation of pyridyl
disulfide-activated surfaces by aminolysis leading to the release of N-hydroxysuccinimide (IV) and
formation of an amide bond. (Step 3) Polypeptide (R) coupling to hydrogel nanofilm.
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6.2. New materials: Quasi-two-dimensional network

The proposed cylindrical architecture of hydrogel film on side surface of fiber core may
revolutionize conventional applications of supported polymer matrices. The use of
evanescent waves for preparation of a cylindrical ultrathin hydrogel film on the side surface
of a fiber core is a promising method for thickness control on nanometer scale. The dosage
of energy (intensity times polymerization time) can be optimized in an attempt to get a new
class of materials — quasi-2D-polymer webs (Figure 22).
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Figure 22. Cylindrical quasi-two-dimensional polymer web on optical fiber.

Future applications of the “ultrathin film/fiber core structures” originate from the unique
properties of the ultrathin hydrogel film, namely: (1) the world’s highest level of expansion
and contraction, (2) the most sensitive externally induced mass transfer, and (3) the record
fastest response to different stimuli. Therefore, the cross-linked polymer matrix of
nanometer thickness on a fiber core is of great potential for a much broader spectrum of
applications than just sensors. Generally speaking, the intersection of optical fiber
technology and polymer nanotechnology offers numerous new science and technology
opportunities. For example, the cylindrical sheet (Figure 22) prepared from a conductive
polymer is expected to be stable, highly flexible, strong and remarkably conductive, so that
electrons can travel with small scattering over submicron distances. Those cylindrical
nanofabrics are important for making very-fast-switching transistors leading to biological
computers which can use living cells and microorganisms as high memory density elements
[120].

6.3. Modeling cell-like structures

Recent successful approaches to the development of new models of biological membranes
by designing solid-supported phospholipid bilayers have demonstrated the importance of a
water-filled space between the solid substrate and bilayer [121-125]. Up to now, only the
planar architecture of the model has been considered. The proposed nanofilm/fiber structure
might be an initial step in building a cylindrical model of biological membrane which is
named “shish kebob structure” (Figure 23). We believe that the cylindrical architecture is a
starting bottom-up polymer-chemistry-driven model of intracellular organization with the
possibility to monitor biochemical processes spectroscopically within the cell, thereby
revolutionizing cell biology.
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Figure 23. “Shish kebob structure” as a cylindrical polymer-driven model of a biological membrane:
A) the preliminary prepared nanofilm/fiber structure is exposed to the proteoliposome suspension, B)
the proteoliposomes adhere on the appropriately modified surface of the hydrogel ultrathin layer, C)
spontaneous fusion of the proteoliposomes and formation of the cylindrical bilayer supported by the
nanofilm/fiber structure.

6.4. New types of biosensors: From chemicals and biological agents to biofilms
and single cell

The proposed cylindrical hydrogel/fiber core structure is a bicompartmental (optical and
chemical) spectroscopic tool which can be specifically designed for accurate
monitoring/detection of chemicals and living entities within “microscopic” environment,
particularly, within a single cell or microorganism.

The optical part (fiber core) allows the monitoring of biochemical processes if not within the
single cell, then within a biological community, and manipulating of cellular processes by
transmission of information into biological systems, for example, using different
wavelengths of electromagnetic radiation delivered by the fiber into the cell as shown in
Figure 24.

The chemical part provides the following features: (i) hydrogel is a suitable semiwet 3D-
environment for biological interactions, (ii) many hydrogels are inert surfaces without
nonspecific adsorption of proteins (antifouling), (iii) biological molecules can be covalently
incorporated into hydrogel using different chemistries (e.g. see Figure 21), (iv) mechanical
properties of hydrogel materials are tunable by modifying cross-linking density, and (v)
hydrogel can be responsive to external or internal stimuli (see Introduction).

Imagine Figure 23B where proteoliposomes are substituted for microorganisms. The
proposed structure looks extremely potential for application as a microbial biofilm —
microorganisms’ culture growing on a supported polymeric matrix [126]. Cells within a
biofilm are embedded in a matrix of the so-called extracellular polymeric substances (EPS),
primarily produced by the microorganisms themselves. Little is known about this matrix.
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The composition of EPS varies depending on the organisms present and environmental
conditions. Characterization of EPS matrix is a daunting proposition.

The ability of bacterial spores to coordinate their alert sensory behavior and processes to
respond to the germination effectors [119] are increasingly studied. However, several key
features of sporulation and germination in bacteria are not understood at the molecular
level. Presumably [127-129], under proper pre-germination circumstances, the spores can
and will attempt to influence their surrounding chemical and physical environment by
secreting specific biological macromolecules and solutes. The challenge is in determining
when, why and how the bacterial spore population regulates external matrix composition
and what the ultimate functional consequences are. It would be especially interesting to
deploy spores on specifically modified hydrogel/fiber core structure.
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Figure 24. Single cell supported by cylindrical hydrogel film on optical fiber core.

Evanescent field penetrates through the hydrogel cushion and membrane into the living cell either for
detection or initiation of biochemical processes inside. With fluorescent probe or without, spectroscopic
signal can be recorded.

Fiber Core

Both for dormant (spores) or living cells, fiber core can serve as an optical guide for recording
spectroscopic information on the structural transformations and chemical changes in real time,
whereas responsive hydrogel material can be modified to provide triple functionality: (i) the
cell-adhesive ligands (e.g. polypeptides [119]) can be incorporated into the so-called bioselective
hydrogel to adsorb a certain type of cells (spores), (ii) the bioresponsive hydrogels can be
designed to contain bioactive ligands (peptides, polysaccharides) to direct cell behavior
(germination, secretion, differentiation, division, etc.) [130-133], and (iii) the biointeractive
hydrogel can be modified to contain receptors (proteins, antibodies, enzyme-sensitive
substrates, enzymes) for biomolecules or cells that, when stimulated, trigger local or bulk
changes in the hydrogel properties (swelling/collapse) [134-137].

59
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6.5. Tissue engineering

Hydrogels have been widely used in tissue engineering [130-138]. Due to their
biocompatibility, ability to simulate the properties of living tissue, and controlled diffusivity of
nutrients and methabolites, hydrogels are versatile scaffolds which can support the implanted
cells. The whole pool of recent study of 3D hydrogels scaffolds for tissue engineering puts
forth a hypothesis that the thinner is the hydrogel scaffold, the more effective are the processes
of cell differentiation and growth, presumably, because of the enhanced mass transfer in thin
films. Thus, nanofilm/fiber structures may offer significant improvement over the current
methods of tissue engineering providing the most sensitive biological, chemical, and physico-
mechanical response of ultrathin hydrogel film. Furthermore, nanofilm/fiber structures offer
the capability of spectroscopic controlling the properties of a functional tissue in the course of
cell growth on the side surface of an optical fiber.

6.6. Drug delivery devices

The nanofilm/fiber structure with drug filled polymer matrix on the side surface of the fiber
core can be inserted into the organ of interest. The battery of such kind of structures can be
patched on the skin. Both configurations of the drug delivery devices can provide methods
for triggering the drug release and for spectroscopic control of the delivery dose. Numerous
techniques [2, pp. 95-126] have been used for immobilizing drugs on/within a hydrogel:
physical entrapment, electrostatic attraction, physical adsorption, and/or chemical bonding.
The polymerization of hydrogel by evanescent waves in the presence of a drug offers a new
method for entrapping the drug into the ultrathin hydrogel film. Thus prepared
nanofilm/fiber structures could be a key step in designing a combined drug delivery
systems with precise quantification of a delivery dose: (1) various drugs entrapped in
different structures can be simultaneously or in desired order released in the targeted
organs in the body; (2) several nanofilm/fiber structures can be loaded with different pre-
drug reagents (non-harmful for surrounding organs) which are allowed to react once being
delivered to the targeted site, thereby the surrounding organs would be protected against
the final form of the drug.

7. Closing remarks and conclusions

The increasing amount of studies has already demonstrated that environmentally
responsive hydrogel materials could be successfully used for detection of chemicals,
biological compounds, living cell, and microorganisms, for targeted delivery of drugs in
response to disease-specific biomolecules, and for triggering cell behavior and tissue
repairing. Traditionally, only the planar design of these “smart” polymer networks has been
considered. In this paper, cylindrical configuration of responsive hydrogels supported on
side-surface (not distal end) of an optical fiber core was introduced. It was shown that
absorption/scattering of the evanescent field penetrating out of the fiber core surface
(typically, ~A/10) can be feasibly used not only for the fabrication of the responsive hydrogel
film around the cylindrical surface of fiber core, but also for recording the response of thus
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deposited soft material to environmental changes. Photolymerization by evanescent waves
is a versatile and convenient method for synthesizing hydrogels films with thicknesses
varied from nanometers to hundred micrometers. A simplistic model of PEW predicts that
within the depth of evanescent field penetration out of the fiber the thickness is controlled
by the dosage of absorbed energy (light intensity x polymerization time). The thicker
hydrogel films are due to scattering of evanescent waves on the newly formed polymer
microstructures and initiation of polymerization relatively far from the surface of fiber core.

The designed bicompartmental spectroscopic tool of cylindrical configuration allows one to
use the same experimental scheme to polymerize, to study the kinetics of polymerization, to
detect and characterize the deposited polymer network simultaneously. One major new
option that was not previously available is the capability of real time analyzing the spectral
composition of light absorbed/scattered within a hydrogel during polymerization,
swelling/de-swelling, and other macroscopic changes in response to external stimuli or
triggered internal interactions.

The option of spectral analysis was demonstrated on swelling kinetics of the temperature
sensitive polymer network of poly(N-isopropylacylamide) synthesized around fiber core in
the course of film hydration and the gel temperature sensitive volume transition.
Particularly, the hydrogel supported by fiber core began to absorb/scatter light in ultraviolet
region at the temperature of volume transition T.. However, the spectral range of absorption
continued to expand into the visible and farther to the near infrared domains while
temperature was getting higher.

Polymer network formed is not covalently bound to fiber side-surface. It is a kind of
“cylindrical sock” on the fiber core. Its structure and responsiveness depend on polymer
chemistry whereas its thickness is a function of polymerization kinetics. Since the sensitivity
of the method is expected to increase with fiber core of sub-micrometer diameter, the
hydrogel/fiber core nanostructures will be especially useful for testing of nanometer-sized
biological objects and spectroscopic study of an individual living cell. We believe that
further research on optimization of the non-planar (cylindrical) design of supported
bioresponsive and biointeractive hydrogel nanoparts will bring us to a stage where we
better understand both potentials and limitations of the approach in order to compete with
that induced by conventional flat nanopatterning in the market.

The approach is generic — any soft biomaterials (pigments, surfactants, liposomes, lipobeads,
proteins, polysaccharides, biomembranes, blood, cells and their organelles, spores, and even
organisms) could be supported on the side surface of an optical fiber core and the study of
their structural changes using the evanescent wave spectroscopy would benefit from the
development of the hydrogel/fiber core nanostructures.

This is not a complete review on possible applications. Nevertheless, the aforementioned
examples allow one to conclude that the methods for hydrogel nanofilm preparation and
support on a fiber core of sub-micrometer diameter are in demand.
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1. Introduction

Electromagnetic interference (EMI) is an undesirable and uncontrolled off-shoot of explosive
growth of electronics and widespread use of transient power sources. Conducting polymers
nanocomposites represent a novel class of materials that possess unique combination of
electrical, thermal, dielectricc magnetic and/or mechanical properties which are useful for
suppression of electromagnetic noises. Now it is possible to incorporate various dielectric or
magnetic fillers within conducting polymer matrices to form multifunctional nanocomposites.
The first section of this chapter gives a brief overview of fundamentals of EMI shielding &
microwave absorption, theoretical aspects of shielding, governing equations, various techniques
for measurement of shielding effectiveness and different strategies for controlling EMI. In the
next section, a comprehensive account of potential materials for handling of EMI are described
with special reference to nanocomposites based on intrinsically conducting polymer matrix
filled with conducting [e.g. metals, graphite, carbon back, carbon nanotubes, graphene],
dielectric (e.g. BaTiOs or TiOz) or magnetic (e.g. y-Fe20s, FesOs, BaFe12019) inclusions.

2. Electromagnetic Interference (EMI) shielding

Electromagnetic interference shielding (EMI) is an undesired electromagnetic (EM)
induction triggered by extensive use of alternating current/Voltage which tries to produce
corresponding induced signals (Voltage and current) in the nearby electronic circuitry,
thereby trying to spoil its performance. The mutual interference among electronic gadgets,
business machines, process equipments, measuring instruments and appliances lead to
disturbance or complete breakdown of normal performance of appliances. The EM
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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disturbances across communication channels, automation, and process control may lead to
loss of time, energy, resources and also adversely affect human health. Due to these reasons
only, use of mobile phone is restricted inside robotic operation theatres or during
onboard/flight which may trigger series of electronic failures and a crash in worst
case/scenario. Therefore, some shielding mechanism must be provided to ensure
undisturbed functioning of devices even in the presence of external electromagnetic (EM)
noises. For efficient shielding action, shield should possess either mobile charge carriers
(electrons or holes) or electric and/or magnetic dipoles which interact with the electric (E)
and magnetic (H) vectors of the incident EM radiation. Therefore, in the recent past, a wide
variety of materials (Abbas et al, 2007; Colaneri et al, 1992; Joo & Epstein, 1994; Ott, 2009;
Paul, 2004; Saini et al, 2009a, 2010, 2011; Schulz et al, 1988; Singh et al, 1999a, 2000b) have
been used for EMI shielding with a broad range of electrical conductivity (o), good
electromagnetic attributes such as permittivity (¢) or permeability (u) and engineered
geometries. The designing a EMI shielding with a certain level of attenuation, meeting a set
of physical criteria, maintaining economics and regulating the involved shielding
mechanism is not a straight forward task and involves complex interplay of intrinsic
properties (o, € and p) of shield material and logical selection of extrinsic parameters.
Therefore, to touch the theoretically predicted shielding performance of a materials and to
satisfy stringent design criteria, elementary knowledge of shielding theory, set of governing
theoretical equations, important design parameters and relevant measurement technique
becomes a prime prerequisite.

3. Shielding definitions and phenomenon

EMI shield is essentially a barrier to regulate the transmission of the electromagnetic EM
wave across its bulk. In power electronics, term shield usually refers to an enclosure that
completely encloses an electronic product or a portion of that product and prevents the EM
emission from an outside source to deteriorate its electronic performance.

Conversely, it may also be used to prevent an external susceptible (electronic items or
living organisms) from internal emissions of an instrument’s electronic circuitry.
Shielding is the process by which a certain level of attenuation is extended using a
strategically designed EM shield. The shielding efficiency is generally measured in terms
of reduction in magnitude of incident power/field upon transition across the shield.
Mathematically shielding effectiveness (SEt) can be expressed in logarithmic scale as per
expressions (Saini et al 2009a, 2011):

SET(dB) =SBy +5E , + 5y, =10log,, (%] = 20logyg (%} = 20logy (%J Q)

where Pr (Etor Hi) and Pr (Er or Hr) are the power (electric or magnetic field intensity) of
incident and transmitted EM waves respectively. As shown in Fig. 1, three different
mechanisms namely reflection (R), absorption (A) and multiple internal reflections (MIRs)
contribute towards overall attenuation with SEr, SEa and SEwm as corresponding shielding
effectiveness components due to reflection, absorption and multiple reflections respectively.
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3.1. Theoretical shielding effectiveness

Before starting the shielding analysis, it is necessary to understand the various
electromagnetic terminologies (Ott, 2009).

Incikent Vawe
{E.H}
Albsogibance
(A)
-
- ~
Refecied Wavwe -
(E. H}) "
Reflectance (R) _-
- Tansmitied Weve
e (E. H)
a=" I N - Transmittance {T)
2™ Reflection Inkewmal ~
>l - ™ Eansmission
a~ = - -
Incident Field

Swengih{E, Hj}

DistEnee kom Shickd Face 1)

Figure 1. Schematic representation of EMI shielding mechanism
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According to the distance r between the radiating source and the observation point, an
electromagnetic radiative region can be divided into three parts (Fig. 2) relative total
wavelength A of the electromagnetic wave. The region within the distance r < 4/27z is the
near field while the distance r> /27 is the far field. Between the two regions, as the
distancer ~ /27 , is the transition region. For designing a material for particular shielding
application, it is imperative to have in-depth knowledge of both intrinsic & extrinsic
parameters on which shielding effectiveness depend alongwith suitable theoretical relations
correlating them with reflection, absorption and multiple-reflection loss components.

3.1.1. Shielding theory

This section presents the shielding basics based on the transmission line theory
(Schelkunoff, 1943) and the plane wave shielding theory (Schulz et al, 1988). Assume a
uniform plane wave characteristic by E and H that vary within a plane only with x direction
as showed in Fig. 3. The Maxwell’s curl equations give:

4k = —jouH and 4" =—(o + jows)E )
dx dx

where u is the permeability of the material and g = g 4, . u, and 4, are the permeabilities

of air (or free space) and shield material respectively, o is the conductivity of material in S/m.
where ¢ is the permittivity of the material and s =¢.,. &, and ¢, are the permittivities of

air (or free space) and shield material respectively, @=27f . o ( f) is angular frequency

(linear frequency) in Hz.
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Figure 3. Propagation of electromagnetic waves and its interaction with the shield material
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All homogenous materials are characterized by a quantity known as the intrinsic impedance:

_Jop 3)
o+ jws

When an electromagnetic wave propagates through the material, the wave impedance
approaches the intrinsic impedance of the material. For dielectric material, the conductivity
is extremely small (o < we ) and the intrinsic impedance of Eq. (3) becomes:

— (4)
&

For a conductor used below optical frequencies defined by o > we , the intrinsic impedance

= 2% ey L 5)
O (o2

It is customary to define propagation constant ( 7 ) in the media such that:

y=(a+jp)=yjouo + jos). (6)

where ¢ is attenuation constant and £ is phase constant. A good conductor is a medium for
which o / we > 1. Under this condition the Eq. (6) becomes:

y=+jou =1+ jWmufo )

Therefore, we can write ¢ = #=1/5 = \Jzufo , where quantity & represents skin depth

of Eq. (3) can be written as:

which is defined as the distance required by the wave to be attenuated to1/e or 37% of its
original strength. For a dielectric plane sheet o / we < 1and Eq. (6) becomes:

¥ =\-0" ue = jor ue (8)

The impedance of a homogenous barrier of thickness ¢ is

7 Z(t)cosh(yt) + nsinh(yt) )
ncosh(yt) + Z(t)sinh(yt)

- n
HH= ncosh(yt) + Z(t)sinh(yt) HO) (10)

_ Z(t)
- Z(t)cosh(yt) +nsinh(yt)

E(t) E(0) 11)

where Z(0)is the impedance at interface 0 looking into the plane and H(t)is the
impedance at interface ¢ looking into the right of the plane at x=t.If Z(t)#7, reflection
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occurs at the boundary x =t . Let E' and H' are the incident electric and magnetic fields, E"
and H” the reflected fields, and E'and H' the transmitted fields as shown in Fig. 3. With the
continuity of the tangential field component at a boundary we can write:

E' +E =E' and H' +H = H' (12)

The electric and magnetic fields of a plane wave are related by the intrinsic impedance of the
medium

E'=pH', E'=—pH" and E' = Z())H' (13)

Solving the above equations, the expression of reflection coefficients can be written as:

_E_Z#t)-n 14
T T Uty .
H n-Z
= _n=Z0) (15)

H gz

The corresponding transmission coefficients can be written as:

E' 2Z(t)
=— =" 14 (16)
P o n+2() qe
H' 27
L 17)
Pu H n+Z() qu

When two mismatched interfaces must be considered in the same plane, the net transmission
coefficients is the product of the transmission coefficient across the two boundaries i.e.:

P=ve =Py =PcO)p:(t)=py(0)py () (18)
Considering the re-reflection effect, the transmission coefficients across the plane are:

_H(t) _ H(t) H()

—_— 19
H' H0) H 19)

H

r _EO_Z0) HO 20, 0)

E Z, H Z,
where E(0), E(t), H(0)and H(t) are the actual values at interfaces i.e. at x=0and x=t¢.

Z,, is the impedance of the incident wave. Using equations (9), (10) and (11) for the plane of
the thickness 0 and ¢

H(t) _ 1 (21)
H(0) ncosh(yt)+ Z(t)sinh(yt)
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E(t) _ Z(t)

X (22)
E(0) Z(t)cosh(yt)+nsinh(yt)
From equations (14) and (15) we may write:
HY 22, @
H Z,+Z(0)
i’f‘) __220 (24)
E'  Z,+Z(0)

where Z(0) is the impedance at interface x =0 looking into the plane. By substituting (23)
and (24) into equations (19) and (20) we get:

T=Tg= PH(l - QHeizyt)efyt

(25)
where
47 n
= w 26
P (Z, +n)(2(t)+n) (26)
(2, —n)(2(t)-n)
= 27
T (Z,+n)(Z(H)+n) @7
when Z(t)=Z ,taking k=Z  /n we can write:
4k
p= pH = 2 (28)
(k+1)
2
k-1
9=qu = ( )2 (29)
(k+1)
T,=T, = T=p(1-g™")e” (30)
By definition total shielding effectiveness is:
SE; = 2010g10|T| = 2Olog10|p(1 —qge " )e"7t| (31)
SE; =20log,p| + 2010g, e | + 20l0g,(1- e " (32)
— |
SEp SE , SE,,
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Therefore, after careful comparison of ® with shield thickness (t) two situations can be
visualized:

a.  When (t << 8): which occurs either at low frequencies or in case of electrically thin sample
where actual shield thickness is much less than skin depth. In such a case the absorption
which is a bulk (or thickness) related phenomenon, can be neglected and attenuation
occurs almost exclusively by reflection. The total shielding becomes frequency
independent and can be expressed in terms of free space impedance (Zc=377 Q) as:

Z
SE (dB) = —2010g10{1 + TOtGT} (33)

b. When (t >> 8): which is valid in our case and generally occurs at higher frequencies
where skin depth becomes much less as compared to actual shield thickness i.e. in case
of electrically thick samples. In such regime, attenuations due reflection, absorption and
multiple internal sub-phenomenon becomes a straight forward exercise after making
good conductor approximation i.e. o, / ws>1 [or k< 1(i.e. Z,> 77) 1.

3.1.2. Reflection loss

The reflection loss (SERr) is related to the relative impedance mismatch between the shield’s
surface and propagating wave. The magnitude of reflection loss under plane wave (far field
conditions) can be expressed as (Saini et al, 2011):

SE, (dB) = —101og10[ J (34)

l6we .
where or is the total conductivity, f is the frequency in Hz, p is the relative permeability
referred to free space; The above expression shows that SEr is a function of the ratio of
conductivity (or) and permeability (pir) of the shield material i.e. quantity (o1/pr). Further,
for a given material (i.e. fixed or and ur) SEr decreases with increase in frequency.

3.1.3. Absorption loss

As shown in Fig. 1, when an electromagnetic wave pass through a medium its amplitude
decreases exponentially. This decay or absorption loss occurs because currents induced in
the medium produce ohmic losses and heating of the material, and E: and H: can be
expressed as E, = Eie’t/‘s and H, = Hie*f/‘s (Ott, 2009). Therefore, the magnitude of

absorption term (SEa) in decibel (dB) can be expressed by following equation:

(o3 Ta),ur

1
t _ t 2
SE,(dB) = -20—log;y € = - 8.68(5] =- 8.68t[T] (35)

where t is shield thickness in inches and f is frequency in Hertz. The above expression
revealed that SEa is proportional to the square root of the product of the permeability (yir)
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times the conductivity (or) of the shield material i.e. quantity (or.ur)"? (Saini et al, 2009a,
2011). Further, for a given material, absorption loss increases with increase in frequency.
Therefore, a good absorbing material should possess high conductivity and high
permeability, and sufficient thickness to achieve the required number of skin depths even at
the lowest frequency of concern.

3.1.4. Multiple Internal Reflections (MIRs)

If the shield is thin, the reflected wave from the second boundary is re-reflected from the
first boundary and returns to the second boundary to be reflected again and again as shown
in Fig. 1. The attenuation due these multiple internal reflections ie. SEm can be
mathematically expressed as (Ott, 2009, Saini et al, 2011):

SEA

SE,, = 20log,,(1-¢ /%) =20log, [ 1-10 10 (36)

Therefore, it can be seen from the above expression that SEwm is closely related to absorption
loss (SEa). SE,,; is also important for porous structures and for certain type of filled
composites or for certain design geometries. It can be neglected in the case of a thick
absorbing shield due high value of SEa so that by the time the wave reaches the second
boundary, it is of negligible amplitude. For practical purposes, when SEais > 10 dB (Saini, et
al 2009a, 2011) SEm can be safely neglected. Usually SE,, is important only when metals are
thin and are used at very low frequencies (i.e. ~kHz range). However, for highly absorbing
materials or at very high frequencies (~GHz or high), condition |SE 41=10dB gets satisfied
and re-reflections can be safely ignored i.e. SE,; ~0.

3.2. Experimental shielding effectiveness

Experimentally, shielding is measured using instruments called network analyzer. Scalar
network analyzer (SNA) measures only the amplitude of signals whereas vector network
analyzer (VNA) measures magnitude as well as phases of various signals. Consequently,
SNA can not be used to measure complex signals (e.g. complex permittivity or permeability)
and therefore, despite its higher cost VNA is the most widely used instrument.

The incident and transmitted waves in a two port VNA (Fig. 4) can be mathematically
represented by complex scattering parameters (or S-parameters) i.e. Su1 (or Sz) and Sw2 (or
S21) respectively which in-turn can be conveniently correlated with reflectance (R) and
transmittance (T) i.e. T = |Er/Eil2 = [S1212 = [S212, R = |Er/E1l2 = [Su1l2 =521, giving
absorbance (A) as: A = (1-R-T). When SEa is greater than 10 dB, SEm becomes negligible ~ (~
-1.0 dB) and can be neglected (Saini et al, 2011) so that SEr can be expressed as: SEr = SEr +
SEa. In addition, the intensity of the EM wave inside the shield after primary reflection is
based on quantity (1-R), which can be subsequently used for normalization of absorbance
(A) to yield effective absorbance {Aes=[(1-R-T)/(1-R)]} so that experimental reflection and
absorption losses can be expressed as (Hong et al, 2003; Saini et al, 2009a, 2011):
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SE, =10log,,(1-R) (37)
T
SE, =10log,,(1-A ;)= 101og10[W] (38)

Therefore, from the knowledge of reflected and transmitted signals i.e. R and T, VNA can
easily compute reflection and absorption loss components of total shielding.
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Figure 4. A two port VNA (left) and its internal block diagram (right)
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3.3. Estimation of electromagnetic attributes

The attenuation of EM radiation by intended shield material is critically dependent on its

electromagnetic attributes like complex permittivity [£*=(&' j&")] and complex
permeability [u*=(u' ju")], and their estimation is of paramount importance. Both
complex dielectric permittivity and magnetic permeability consists of real part and

imaginary parts as shown in Fig. 5
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Figure 5. Complex electromagnetic attributes of a shield

Parameter &'ore, (real permittivity) represents the charge storage (or dielectric constant)
whereas &" (imaginary permittivity) is a measure of dielectric dissipation or losses.
Similarly, ' (or &,) and u" represents magnetic storage and losses respectively. The extent
of losses can be assessed by calculating dielectric/magnetic loss tangent (tan d) (Colaneri et
al, 1992; Joo. et al, 1994; Saini. et al, 2009a, 2011) which is the ratio of imaginary and real
permittivity/permeability.

3.3.1. Measurement and conversion techniques

While designing a shield, all the above parameters must be taken into consideration. The
incident and transmitted travelling waves inside a VNA can be represented by complex
scattering parameters (or S-parameters) i.e. Su (or Sz) and Si2 (or Sz1) respectively, which are in-
turn closely related to the electromagnetic (EM) attributes (Nicolson & Ross, 1970; Ott, 2009;
Paul, 2004; Weir, 1974). There are many techniques developed for measuring these S-parameters
like Transmission/Reflection method, Open ended coaxial probe technique, Free space
technique, Resonant cavity method and Parallel plate technique (Ott, 2009; Tong, 2009). Among
these techniques Transmission/Reflection method is the most popular as it simultaneously
measures of all four S-parameters and gives complex permittivity as well as magnetic
permeability by using suitable algorithms or models developed for obtaining the permittivity
and permeability from the recorded S-parameters. Table 1 gives an overview of some the
conversion techniques, S-parameters & to and their evaluation capability for output attributes.

Each of the above conversion technique has different advantages and limitations. The selection
of the technique depends on several factors such as the measured S-parameters, sample length,
desired output properties, speed of conversion and accuracies in the converted results. Among
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above-mentioned procedures, Nicholson-Ross-Weir (NRW) technique is the most widely used
regressive/iterative analysis as it provides direct calculation of both the permittivity (&*) and
permeability ( «* ) from the input S-parameters.

Conversion technique Input S-parameters Output attributes
. . S11, S21, S12 and S22 or and

Nicolson-Ross-Weir (NRW) Su and Sz (or S and Si2) erand pir

. . S11, Sa21, S12 and S22 or pair B

NIST iterative S11 and Sa1 (or S22 and Si2) erand pr =1

New non-iterativ S11, S21, S12 and S22 or and cand e =1
ewnon-te ¢ S11 and Sa1 (or S22 and S12) ' Hr

Short circuit line (SCL) S110r S» &r

Table 1. Conversion techniques, input S-parameters & output attributes

3.3.2. Nicholson-Ross-Weir (NRW) technique

Nicholson-Ross-Weir (NRW) technique (Nicolson & Ross, 1970; weir, 1974) provides direct
calculation of both the permittivity (& * ) and permeability ( «* ) from the input S-parameters.
It is the most commonly used technique for performing such conversions where the
measurement of reflection (I") and transmission (T ) coefficient requires all four (Su, Sz1, St2,
Sz) or a pair (Si, Se1) of S-parameters of the material under test to be measured. The
procedure proposed by NRW method is deduced from the following set of equations:

_—F(l—Tz) and S, =

T(l—rz)
= (1-1272)

[i-rr) 9

Once these S-parameters are extracted from the network analyzer, simultaneous solving of
equation set (39) gives the reflection coefficient as:

FZXi\/XZ—l (40)

The condition [IT'| < 1] is used for finding the correct root of the quadratic equation so that
parameter X can be expressed as:

_ S121 _Sgl +1

X (41)
25,4
Therefore, the transmission coefficient can be written as:
_ S,y +5,-T 42)

1-(S;;=5,)T

The permeability is then given by:
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1+T

o = — (43)
o

where Ao and A are free space and cutoff wavelength respectively and A is given by (Tong,

2009):
1 (e*u* 1 1 (1
7
A2 { PE sz LﬂL n(Tﬂ )

Therefore, the permittivity can be written as:

2 2
g*:i i_ Lln l (45)
u* 162 2zL T
Equations (44) & (45) have infinite number of roots since the imaginary part of the term
In(1/T) is equal to i(0 + 2rtn) where n=0, £ 1, £ 2..,, i.e. the integral multiples of ratio L/Ag

where L is sample length and Ag is wavelength inside the sample. This brings phase
ambiguity and the correct value of ‘n’ can be determined by either of two methods:

a. The analysis of group delay:

The calculated group delay for n' solution can be determined from:

2 d(&,u,
2 [fgr'ur +f7 (d )]
d| |epf? 1| _ f
Toaln = L— > 2 | L (46)
, df ¢ ﬂ’C 2 gr/urfz _i
? /13

The group can also be directly measured by network analyzer by measuring the slope of the
plot between phase (¢ ) of the transmission coefficient versus frequency as:

__ 14

= 47
Tmeas 2” df ( )

The correct root (n=k) should satisfy the condition 7, -7, =

b. Phase unwrapping method:
By estimating n from Ag using initial guess values of € and p for the sample, we get:

2
1_1" 12 22
gr:;gg———l-l——% Lo (48)
iﬂ ﬂrﬂC
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where & and pr are initially guessed permittivity and permeability respectively, v is
propagation constant of material, c is velocity of light and f is frequency of incident EM
radiation.

3.4. Shielding material and design considerations

The careful analysis of theoretical shielding expressions revealed that in order to meet
design requirements and for extending efficient shielding action, shield should possess a
balanced combination of electrical conductivity (o), dielectric permittivity (¢) and
magnetic permeability (i) and physical geometry (Chung, 2001; Joo & Epstein, 1994;
Saini, 2009a). Further, as shown in Fig. 1, the primary mechanism of EMI shielding is
reflection from the front face of the shield, for which the shield must possess mobile
charge carriers (electrons or holes) that can interact with the electromagnetic fields to
cause ohmic (heating) losses in the shield. As a result, the shield needs to be electrically
conducting, although only moderate conductivity (102 to 1.0 S/cm) is sufficient (Olmedo
et al, 1997; Saini, et al 2011). The secondary EMI shielding mechanism is absorption for
which shield should possess electric and/or magnetic dipoles which can interact with the
electromagnetic fields in the radiation.

Metals are by far the most common materials for EMI shielding (Ott 2009; Paul 2004; Schulz
et al, 1988) owing to their high electrical conductivity. In principle, for a highly conducting
material (e.g. metals like Cu, Ag or Ni), only conductivity (o) and magnetic permeability (i)
are important, such that the reflection loss (SEr) is dependent upon their ratio (i.e. o/u)
whereas the absorption loss (SEa) is a function of their product (i.e. o.u) [Chung, 2001; Joo &
Epstein, 1994; Ott, 2009, Saini et al, 2011). However, in the case of moderately conducting
materials permittivity (g) also plays a significant role (besides o and ) in deciding absolute
values of SEr and SEa . Such compounds are capable of displaying dynamic dielectric and/or
magnetic loss, upon impingement by incident electromagnetic waves (Abbas et al, 2005,
2006; Joo & Epstein, 1994; Olmedo et al, 1997). Nevertheless, metal based compositions are
suffered from problems (Ott, 2009; Paul, 2004; Saini et al, 2009a, 2009b) such as high
reflectivity, corrosion susceptibility, weight penalty and uneconomic processing. Among
other alternatives, carbon based materials (graphite, expanded graphite, carbon black,
carbon nanotubes and graphene) have also been widely explored for possible applications in
EMI shielding (Chung 2000, 2001, Gupta & Choudhary, 2011; Huang et al, 2006; Joo et al
1999, Makeiff & Huber, 2006; Pandey et al, 2009; Saini et al 2007, 2009a, 2009b, 2010, 2011;
Singh et al, 2011; Yang, 2005a, 2005b). However, graphite exhibit poor dispersibility and
high percolation threshold (Friend, 1993; Olmedo, 1997; Saini, 2009a). Similarly, CNTs are
economically non-viable, difficult to produce at bulk scale and often require purification,
auxiliary treatment and functionalization steps (Bal, 2007; Olmedo, 1997; Saini, 2009a, 2011).
In this regard, intrinsically conducting polymers (ICPs) with tunable electrical
conductivity/dielectric properties, facile processing and compatibility with other polymeric
matrices can offer an attractive solution over other conducting fillers (Chandrasekhar, 1999;
Ellis, 1986; Olmedo, 1997; Skotheim, 1986; Trivedi, 1997). Interestingly, due to their inherent
electrical conductivity and dielectric properties, these ICPs can be used either as conducting
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filler for various insulating matrices or as an electrically conducting matrix with
incorporated conducting/dielectric/magnetic inclusions.

3.4.1. Intrinsically conducting polymers (ICPs)

Intrinsically conducting polymers (ICPs) combine moderate conductivity, good
compatibility and ease of processability (as compared with carbons) with low density (~ 1.1-
1.3 g/cm® compared to metals e.g. ~9.0 g/cm?® for copper) and corrosion resistance (compared
to metals) (Baeriswyl, 1992; Chandrasekhar, 1999; Ellis, 1986; Freund & Deore, 2007; Heeger,
2001a, 2001b; Joo & Epstein, 1994; MacDiarmid, 2001; Nalwa, 1997; Olmedo, 1997; Saini,
2011, Shirakawa, 2001; Skotheim, 1986; Trivedi, 1997). They possess unique shielding
mechanism of reflection plus absorption rather than dominated reflection for metals and
carbons. The ability to regulate their electrical conductivity by controlling parameters such
as oxidation state, doping level, morphology and chemical structure, makes them powerful
candidate for various techno-commercial applications. Fig. 6 shows the structure of some of
the well known conducting polymers in their undoped forms.

) g 10

trans-Polyacetylene  cis-Polyacetylen Polyparaphenylene

y /3

)
n
n H
Polyparaphenylenevinylene Polypyrrole
|
H/n

Polyaniline

Figure 6. Chemical structures of some undoped conjugated polymers

Since the first ICP, polyacetylene (PA), was successfully synthesized by Shirakawa et al.
(1977) and Chiang et al (1977, 1978a, 1978b) with conductivity as high as 10° S/cm in doped
form, great interest has been aroused and a series of ICPs such as polyaniline (PANI),
polypyrrole (PPY), polythiophene (PTH), poly(p-phenylene-vinylene) (PPV) etc have been
developed (Carter et al, 1985; Rahman et al, 1989; Saxman et al, 1985; Snow, 1981; Soga et al,
1983; Thomas et al, 1988; Yamamoto et al, 1988). These undoped polymers display poor
conducting properties and lies in insulating or semiconducting range (10-° to 10-° S/cm) as
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shown in (Fig. 7). However, the controlled doping can transforms the poorly conducting
undoped material into a system which displays semiconducting or metallic conductivity
(10°to 10° S/cm). The predicted theoretical value for highly doped PA is about 2 x 107 S/cm,
which is even higher than that of copper (Chiang et al, 1978a, 1978b). However, the highest
experimentally recorded conductivity for PA (in highly oriented thin films form) was
greater than 105 S/cm, which is still the highest value that has been reported for any
conducting polymer till date. In contrast, conductivity of other conjugated polymers reaches
a maximum value ~10% S/cm (Baeriswyl, 1992; Cao et al, 1992, 1995; Chaing et al, 1978a,
1978b; Chandrasekhar, 1999; Ellis, 1986; Heeger, 2001a; Nalwa, 1997; MacDiarmid, 2001;
Shirakawa, 2001; Skotheim, 1986).

The display of metal like electrical and optical properties by the highly doped forms of these
ICPs (synthetic polymers) also entitled them to be called synthetic metals (Freund & Deore,
2007; Heeger, 2001a, 2001b; Nalwa, 1997, MacDiarmid, 2001; Shirakawa, 2001; Skotheim,
1986). The intrinsic conductivity of conjugated polymers in the field of microwave (100 MHz
- 20 GHz) makes them a viable shielding material. In particular, dependence of their
conductivity on frequency, has inspired many scientific ideas to adopt these phenomenon to
microwave applications (Coleman & Petanck, 1986; Karasz et al, 1985; Natta et al, 1958;
Olmedo, 1995, 1997; Saini et al, 2009a, 2011).

4 a3 Metals Polyacetylene
Polyaniline

Polypyrrole

Conductivity (S/cm)

Figure 7. Conductivity of some conjugated polymers in comparison to typical metals, semiconductors
or insulators.

The unique properties like tunable conductivity (between insulating and metallic limits),
adjustable permittivity/permeability via synthetic means, low density, non-corrosiveness,
nominal cost, facile processing (melt or solution), and controllable electromagnetic
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attributes, further strengthen their candidature as futuristic shielding material for various
techno-commercial applications. Their utility can also be extended to high-tech areas like
space, defense (military), or navigation/communication control or as a radar absorbing
material (RAM) in the stealth technology (Ellis, 1986; Knott et al, 1993; Olmedo, 1997;
Nalwa, 1977). Especially, conducting polymers appear to be one of the few materials capable
of displaying dynamic (switchable) microwave absorption behavior, which are called
“intelligent stealth materials”, due to the reversible electrical properties of conducting
polymers affected by redox doping/de-doping processes.

A careful comparison of properties of large number of available shielding materials revealed
that no single phase material can take care of all the aspects of shield (e.g. absorption
coefficient, thickness, volume, broadband response) to give desired level of performance
under different environments and applications. Therefore, several attempts have also been
made to exploit the worthy property of above materials by making strategic combinations
e.g. admixtures, blends and composites (Ajayan et al, 2000; Cao et al, 1992, 1995; Chung,
2000, 2001; Colaneri et al, 1992; Dhawan, 2003; Gangopadhyay et al, 2001; Grimes, 1994;
Gupta & Choudhary, 2011; Huang et al, 2000; In et al, 2010; Joo et al, 1999; Koul et al, 2000;
Liang et al, 2009; Pomposo, 1999; Ramanathan et al, 2008; Saini et al, 2009a, 2009b, 2011,
Sanjai et al, 1997; Shacklette et al, 1992; Shi & Liang, 2008; Singh et al, 2011; Stankovich et al,
2006; Taka, 1991; Varrla, 2011; Wang & Jing, 2005; Wessling, 1999; Wojkiewicz et al, 2003;
Zhang et al, 2011). Among these options, composites based on various organic/inorganic
filler (guests) loaded ICP matrices (hosts) as well as ICP (guest) loaded insulating matrices
(hosts) have captured maximum attention due to fascinating properties and wealth of
prevalent applications (Chandrasekhar, 1999; Ellis, 1986; Freund & Deore, 2007; Heeger, 2001a,
2001b; MacDiarmid, 2001; Nalwa, 1997; Shirakawa, 2001; Skotheim, 1986). Recently, the
discovery of various nanomaterials (NMs) and ability to design and tailor their electrical and
electromagnetic properties has lead to scientific surge to identify the best materials for
shielding and other applications (Ajayan et al, 1994; Alexandre, 2000; Baughman et al, 2002;
Geim & Novoselov, 2007; Geim, 2009; jima, 1991; Meyer et al, 2007; Moniruzzaman & Winey,
2006; Rozenberga & Tenn, 2008; Stankovich et al, 2006, 2007, Thostenson et al, 2005).
Especially, nanocomposites have attracted enormous scientific attention due to distinguished
set of properties as well as promising applications.

3.4.2. ICP based nanocomposites

Nature has the astonishing ability to form self-organized functional nanomaterials with
perfect structures and unusual properties e.g. bacteria, viruses, proteins, cells etc. which
ordinarily falls in the size range of 1-100 nm (1 nm = 10 m). In fact, nature is considered as
maestro nanotechnologist who has created one of the best known nanocomposites such as
bones, hairs, shells, and wood. Therefore, in quest of making perfect nanocomposites,
researches are trying to learn and mimic the natural material synthesis principles. However,
though high quality bulk composites (e.g. straw reinforced mud, concrete, carbon/glass fiber
reinforced polymers) were already realized by researchers, formation of perfect
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nanocomposite remained a biggest scientific challenge. In case of nanocomposites, fillers
possess nanoscale dimensions (~10* times finer than a human hair) and extend ultra-high
interfacial area per volume to host polymeric matrices. Consequently, marked differences in
the properties of nanocomposites are observed compared to their bulk counterparts e.g.
enhanced strength, better optical or electrical properties etc. (Ajayan et al, 1994; Alexandre,
2000; Choudhary & Gupta, 2011, Mathur et al, 2010; Moniruzzaman & Winey, 2006;
Ramasubramaniam, 2003; Rozenberga & Tenn, 2008; Thostenson et al, 2005) even at the
lower loadings. Polymer is a versatile choice as a matrix material due to advantages like low
density, mechanical flexibility, facile processing and corrosion resistance. Interestingly, most
polymeric matrices possess poor electrical, dielectric or magnetic properties and are
transparent to electromagnetic radiations (Saini et al, 2009a, 2011). Therefore, most of the
electrical and electromagnetic properties of the conventional nanocomposites are mainly
contributed by the nanofillers (nature and concentration) and matrix simply plays the role of
holding the filler particles. In this consideration, utilization of ICPs as host matrix can offer
an attractive solution over conventional (insulating) polymer based matrices (Ellis, 1986;
Nalwa, 1997; Olmdo, 1995, 1997; Saini et al, 2011) primarily due to microwave non-
transparency and design flexibility. However, the incorporation of nanofillers within
polymeric matrices is not a straightforward task because of the ultrahigh surface area and
agglomeration tendencies. These often resulted in failure to efficiently translate the
nanoscopic properties of these fillers into macroscopic properties of resultant
nanocomposites, thereby inability to utilize their full potential. Hence, handling and
dispersion of nanofiller is the biggest challenge for nanocomposite science and technology.

3.4.3. Synthesis of ICP based nanocomposites
i. ICP as filler

As already mentioned in the previous section, inherent electric conductivity/dielectric
properties (i.e. without any added conducting additive e.g. metals, graphite or carbon
nanotubes), design flexibility and good compatibility with various insulating polymer
matrices (e.g. thermoplastic/thermoset/rubber/elastomer/fiber/fabric etc.), ICPs can be used
as filler to form composites.

As shown in Fig. 8, such composites are formed either by solution processing or by melt phase
mixing/blending (Pud et al, 2003; Cao et al, 1992, 1995; Colaneri & Shacklette, 1992; Taka, 1991;
Shacklette et al, 1992; Saini, et al, 2011; Wessling, 1999). In the former case both ICP and matrix
polymer are dissolved/dispersed in a common solvent and stirred/sonicated to achieve the
final mixing followed by casting (shaping) and drying/curing. In contrast, melt blending
involves mixing of filler particles with molten matrix polymer followed by molding (shaping)
and cooling/curing. In some case e.g. thermosts, ICPs are mixed with pre-polymer (resin) by
solution blending technique. Finally, cross-linkers (curing agents) are added and curing is
achieved by a combination of heat (not required for room temperature cross-linkers) and
pressure (not required when no volatiles are expelled during curing process).
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Figure 8. Schematic representation of steps involved in the formation of ICP (as conducting filler)
loaded insulating polymer matrix by solution and melt processing techniques

ii. ICP as matrix polymer

The utilization of different ICPs as nanocomposite matrix can be attributed to advantages as
design flexibility, good filler incorporation-ability, specific interactions with fillers and
microwave non-transparency.

Monomer (s)|| Filler (s) Reaction Dopant/
Medium Catalyst

~NN\ /7

Reactor
(T, P, Stirring)

Polymerization | Initiator/Oxidant

ICP based nanocomposite

Figure 9. Schematic representation of formation of mechanism of ICP matrix based nano-composites by
in-situ polymerization route.
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The incorporation of various conducting, dielectric or magnetic nanoparticles within
conducting polymer matrices can be achieved either by ex-situ physical mixing processes or
by in-situ polymerization (Abbas et al, 2005, 2006; Das & Mandal, 2012; Dong et al, 2008;
Fang et al, 2006; Joo et al, 1999; Moniruzzaman & Das, 2010; Pant et al, 2006; Phang et al,
2007, 2008; Saini et al, 2007, 2009a, 2009b, 2010; Yang et al, 2010, 2011). However, ex-situ
mixing leads to poor dispersion of filler particles and failure to overcome their
agglomeration tendencies that results in inferior and non-reproducible electrical and
electromagnetic attributes. In contrast, the electronic properties of such synthetic metals can
be strictly controlled by following in-situ incorporation (Fig. 9) approach i.e. carrying out
the polymerization under the controlled conditions and in the presence of specific dopants
and fillers (Bredas et al, 1998; Chandrasekhar et al, 2002, Mattosso et al, 1994; Nalwa et al,
1997; Saini et al, 2007, 2009a, 2009b; Savitha et al, 2005; Skotheim, 1986). In a typical reaction,
monomer(s), filler and dopant or catalyst are charged into a suitably designed reactor to
maintain required temperatre (T), pressure (P) and agitation (stirring) conditions. During
such pre-polymerization process, monomers are generally adsorbed over dispersed nano-
filler particles. The polymerization was initiated by addition of specific initiator/oxidant and
allowed to proceed till reaction gets completed leading to formation of ICP based
nanocomposite.

3.4.4. Electrical properties of ICP based nanocomposites

As already mentioned and shown in Fig. 1, the primary shielding mechanism is reflection
for which shield should possess free charge carriers (electrons/holes) that can interact
with incident EM field. But the organic conjugated polymers are insulators in their
undoped forms e.g. room temperature electrical conductivity (odc) of emeraldine base (EB)
is ~10° S/em (Fig. 10, Gupta et al, 2005). However, controlled doping leads to
enhancement of conductivity due to formation of charge carriers (Fig. 11) i.e. polarons/
bipolarons (Saini et al, 2008; Stafstrom et al, 1987; Trivedi, 1997; Zuo et al, 1989) that can
move under the influence of external potential and in the Coulmbic field of counter-ions
distributed along the chain.

Therefore, increasing dopant concentration leads to increase in concentration and mobility
of proto-generated charge carriers resulting in enhancement of conductivity. Furthermore,
such a conductivity enhancement in conductivity is strongly dependent on nature and
concentration of dopant and in some case conductivity well exceeds the required limit
(Olmedo et al, 1997; Saini et al, 2011) for exhibiting good shielding effectiveness.

The addition of ICPs particles (guests) as a conducting filler within insulating polymer
matrices (hosts) leads to establishment of electrical conductivity (in resultant
nanocomposites) due to formation of percolation networks (Colaneri & Shacklette, 1992;
Hsieh, 2012; Lakshmi et al, 2009; Shacklette et al, 1992; Taka, 1991; Wessling, 1999). At
percolation threshold, ICP particles form a 3D conductive network within host matrix,
which can be easily estimated by plotting the electrical conductivity as a function of the
reduced volume fraction of filler (Fig. 9) and performing data fitting with a power law
function (Saini et al, 2011):
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o =o,(v-0,) (49)

where o is the electrical conductivity of the composite, o, is characteristic conductivity, v
is the volume fraction of filler, v, is volume fraction at the percolation threshold and ¢ is the
critical exponent. The log ( o ) versus log (v - v, ) plot (Fig. 12) gives a straight line according
to egn. 10. The values of scaling law parameters i.e. v.and t can be subsequently obtained
by least-square analysis of the above double logarithmic plots. When the densities of the
host polymer and the filler are similar, mass fraction () becomes same as volume fraction
(v) and can be used in above calculations.
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Figure 10. Variation of electrical conductivity (In odc) of hydrochloric acid (HCI) doped Emeraldine
base (EB) samples as a function of dopant (HCl) concentration (a) 0.0 M (b) 0.001 M, (c) 0.01 M, (d) 0.1
M, (e) 0.3 M, (f) 0.5M, (g) 0.7 M, (h) 0.9 M and (i) 1.0 M.

However, it has been observed that formation of such networks and percolation thresholds
(minimum loading level at which first continuous network of conducting particles is
formed) critically depend on nature of ICP, its intrinsic conductivity, particle shape,
morphology, aspect ratio, its concentration, degree of dispersion and extent of compatibility
with host matrix.

Nevertheless, at percolation conductivity (op) remained too low to exhibit any acceptable
shielding action and generally higher loadings (>30 wt. %) are required though in most
cases, oy is sufficient to extend antistatic action. Interestingly, when ICPs are combined with
other conducting fillers (e.g. Polyaniline with MWCNT, Saini et al, 2011) significant
reduction in percolation threshold, higher conductivity and better shielding performance is
observed as compared to pristine (unfilled) ICPs.
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Figure 11. Protonic acid doping of polyaniline leading to formation of charge carriers polarons (radical
cations) and bipolarons (dications)
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Figure 12. Variation of conductivity (odac) of PANI-MWCNT nanofiller loaded polystyrene solution
blends. Inset shows the percolation and scaling details

In many cases conjugated polymers are used as matrix instead of conventional insulating
polymers. When conducting fillers (e.g. metal particles, carbon black, graphite or CNTs) are
incorporated within undoped (poorly conducting) ICP matrices, electrical conductivity
increases and follows a typical percolation behavior. In contrast, the loading of above
conducting fillers within microwave non-transparent doped (intrinsically conducting) ICP
matrices lead to further enhancement (Fig. 13) of electrical conductivity. Such improvement
can be explained on the basis of granular metal/inhomogeneous doping model (Sheng &
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Klafter, 1983) which considered that ICPs consists of highly conducting metallic islands
dispersed within low conductivity amorphous matrix. Therefore, above improvement in
conductivity can be attributed to bridging of these metallic islands (Saini et al, 2009a) by the
metallic filler particles facilitating enhanced inter-particle transport. The increase in
conductivity is strongly dependent on nature, concentration and aspect ratio of filler
particles as well as type and morphology of host ICP matrix.
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Figure 13. Dependence of electrical conductivity of in-situ polymerized PANI-MWCNT
nanocomposites on MWCNT content
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Figure 14. Correlation between electrical conductivity (o) and shielding effectiveness (SE) showing
linear dependences of (a) reflection loss (SEr) on log o and (b) absorption loss (SEa) on /2.

Nevertheless, the establishment and enhancement of electrical conductivity is of paramount
importance because it leads to parallel enhancement of reflection and absorption loss
components (Fig. 14, Saini et al, 2009a) leading to enhancement of overall shielding
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effectiveness. Interestingly, absorption loss (SEa) increases by much larger magnitude (with
conductivity) compared to corresponding reflection loss (SEr) component. For a non-
magnetic material, this can be explained on the basis of logarithmic [i.e. log(o)] and square
root [i.e. (0)"?] conductivity dependence of SEr and SEa respectively as shown in Fig. 14.

3.4.5. Dielectric and magnetic properties of ICP based nanocomposites

A secondary mechanism of shielding is absorption for which shield should possess electric
or magnetic dipoles. These dipoles can interact with transverse electric (E) and magnetic (H)
vectors of the incident EM waves to introduce losses into the system. It is interesting to note
that pure (without any external filler loading) conjugated polymers in their undoped (base)
forms possess poor dielectric and magnetic properties. However, controlled doping leads to
marked improvement (Fig. 15) in dielectric properties (e.g. dielectric constant/real-
permittivity, dielectric losses/imaginary-permittivity), although even after doping magnetic
properties (e.g. real and imaginary magnetic permeability) remained poor.
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Figure 15. Dependence of (a) real permittivity or dielectric constant ( ¢') and (b) imaginary
permittivity or dielectric loss (&" ) on the dopant concentration for acrylic acid (AA) doped emeraldine

base (EB) samples

As already discussed, doping of ICPs leads to formation of polarons/bipolarons (Fig. 11) that
produces pronounced polarization/relaxation effects (Olmedo et al, 1995, 1997; Saini et al,
2008, 2009a, 2011; Stafstrom et al, 1987). Therefore, observed improvement of dielectric
properties with doping level can be attributed formation and increase in concentration of
above localized carriers. The correlation between dielectric properties and shielding
response for various ICPs is presented in Fig.16 which clearly shows that the total shielding
efficiency (SEr) increases as the absolute value of complex dielectric constant increases.

The increase of both real and imaginary parts of dielectric permittivity contributes (Joo &
Epstein, 1994) towards enhancement of SEr. Furthermore, the complex dielectric constant
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dependence of absorption loss (SEa) component (inset of Fig. 16) was found to be much
stronger compared to that due to reflection loss (SEr). In some cases, especially for highly
doped and stretch oriented ICPs; dielectric constant becomes negative (Javadi et al, 1989; Joo
& Epstein, 1994; Joo et al, 1994; Hsieh et al, 2012; Wang et al, 1991) and ultra-high
attenuation is observed which suggests the possibility of ICP based left handed materials
(LHMSs) or meta-materials.
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Interestingly, for ICPs, besides doping induced polarization filler induced interfacial
polarization may also contribute towards dielectric properties. For example, when
conducting fillers like metal particles, graphite or carbon nanotubes are introduced into ICP
matrices; further improvement of dielectric properties was observed. Such a polarization
occurs due to electrical conductivity differences between ICP and metallic fillers leading to
charge localization at interfaces via Maxwell-Wagner-Sillars (Kremer & Schonhals, 2003;
Riande & Diaz-Calleja, 2004; Sillars, 1937, Wagner, 1914) interfacial polarization
phenomenon. Such polarization and related relaxation phenomenon contribute towards
energy storage and losses. The actual losses can be computed by normalization of these
losses with storage terms [i.e. by ratio of dielectric losses/imaginary permittivity (&") with
dielectric constant/real permittivity (&')] to quantity loss tangent (tan d).

In case of in-situ formed MWCNT-polyaniline nanocomposites, improvement of dielectric
properties leads to high value of loss tangent (Fig. 17) which further increases (Saini et al,
2009a) with increase in MWCNT loading. However, though for a given thickness, total
shielding is dominated by absorption, reflection loss component becomes too high form the
viewpoint stealth technology. Nevertheless, despite good dielectric properties, magnetic
properties of ICPs remained poor to extend any significant contribution towards EMI
regulation. In principle, for highly conducting materials, only conductivity (o) and magnetic
permeability (u) are important, such that the reflection loss (SEr) is dependent upon their
ratio (i.e. o/pu) whereas the absorption loss (SEa) is a function of their product (i.e. o.u) (Saini
et al, 2011). In contrast, for moderately conducting materials (e.g. ICPs) permittivity (¢) also
plays a significant role (besides o and ) in deciding absolute values of SEr and SEa (Joo &
Epstein, 1994). As most ICPs are non magnetic in nature (p=pi=0), observed attenuations are
mainly governed by o and & only. Therefore, it is expected that any improvement in
magnetic properties will lead to definite improvement of absorption loss alongwith parallel
reduction of reflection loss. In addition, the incorporation of high dielectric constant
materials like BaTiOs, ZnO, TiO: etc. within ICP matrices are expected to further improve
the microwave absorption response. Consequently, in recent years, lot of work has been
carried out to formulate composites of polyaniline with the dielectric or magnetic filled
inclusions, either by in-situ polymerization or by ex-situ physical mixing processes (Abbas
et al, 2005, 2006, 2007, 2008). Such composites possess moderate polarization or/and
magnetization alongwith good microwave conductivity so as to introduce absorbing
properties into the material. They display dynamic dielectric and/or magnetic losses, upon
impingement by incident electromagnetic waves. As electromagnetic wave consists of an
pulsating (orthogonal to each other) electric (E) and the magnetic (H) fields; therefore, above
multi-component composites are expected to yield good attenuation efficiencies, primarily
due to interaction of conducting/dielectric and conducting/magnetic phases with E and H
vectors of the incident EM waves (Fig. 5). Furthermore, most insulating polymer matrices
possess poor electrical, dielectric or magnetic properties and are transparent to radio
frequency (RF) or microwave (MW) electromagnetic radiations (EMRs). Therefore, only
fillers contribute towards shielding and leakage of radiation from EMR transparent regions
tends to degrade shielding effectiveness. However, microwave non-transparency (Olmedo
et al, 1995, 1997; Saini et al, 2011) of ICPs compared to conventional polymers is an added
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advantage as both filler and matrix contribute towards shielding. Moreover, the dominant
shielding characteristic of absorption for above nanocomposites materials other than that of
reflection for metals render ICPs more useful in applications requiring not only high EMI SE
but also shielding by absorption, such as in stealth technology.

When ICPs are exploited as microwave non-transparent matrices, the added dielectric or
magnetic filler particles result in establishment of properties (e.g. dielectric/magnetic
character, thermal conductivity etc.), that are extrinsic to these intrinsically conducting
polymers. Therefore, combination of dielectric or magnetic nanoparticles with conducting
polymer leads to formation of multi-component composite possessing unique combination
of electrical, dielectric and magnetic properties useful for suppression of electromagnetic
noises and reduction of radar signatures (Abbas et al, 2005, 2007; Chan, 1999;
Chandrasekhar, 1999; Cho & Kim, 1999; Dong et al, 2008; Ellis, 1986; Gairola et al, 2010;
Huang, 1990; Knott et al, 1993; Kurlyandskaya et al, 2007; Meshram et al, 2004; Nalwa, 1997;
Ngoma et al, 1990; Pant et al, 2006; Phang et al, 2007, 2008, 2009, 2010; Xiaoling et al, 2006;
Xu et al, 2007; Yang et al, 2009). The incorporation of magnetic fillers (e.g. ferrites like -
Fe20s or Fe3Os) within ICP matrices leads to improvement of magnetic properties (Fig. 18)
without much loss of conductivity. Such a combination is expected to display additional
magnetic loss leading to enhanced absorption.
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Figure 18. Magnetization of polyaniline (PANI), y-Fe:03 nanoparticles and nanocomposites formed by
in-situ polymerization taking different weight ratio of aniline: y—Fe20s (a) 2:1, (b) 1:1 & (c) 1:2

The magnetization plots (Fig. 18) of polyaniline/y-Fe2Os composites revealed that pure -
Fe20s nanoparticles display pronounced magnetic signatures with narrow hysteresis loop.
The saturation magnetization (Ms) value of of these particles was found to be 59.3 emu/g (at
5.0 kG) alongwith very small retentivity (Mr~ 4.3 emu/g) and coercivity (He~ 83.8 G), which
indicate the super-paramagnetic (SPM) nature of these particles. The SPM character imparts
fast relaxation behaviour and originates due to small size of the ferrite particles i.e.
approaching towards the single domain limit (Qiao et al, 2009). However, PANI possesses
weak ferromagnetic behaviour and with increase in ferrite content, enhancement of Ms was
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observed with as parallel reduction of coercivity (Hc). The initial permeability (u) of
ferromagnetic materials can be expressed as (Stonier, 1991):

2
A (50)
P\ GKH_M_ + bAZ

where a and b are two constants determined by the material composition, 4 is the magneto-
striction constant, ¢ is elastic strain parameter of crystal, and k is a proportionality
coefficient. The above equation shows that permeability can be enhanced either by
enhancing Ms or by reducing Hc. In the present system, the incorporation of ferrite within
PANI matrix is expected to affects the surface electron density of y-Fe20s nanoparticles and
hence the spin-spin or spin-lattice interactions. The results show that Ms value increases
(5.94 to 164 emu/g) with increasing ferrite content (plots a-c) whereas Hc shows a
simultaneous decrement (35.7 to 57.8 G). Therefore, It can be seen from the eqn. (50) that
both higher Ms and lower Hc values are favorable to the improvement of i value, which in
turn is expected to enhance the microwave absorption capability.

In many cases, highly doped ICP particles are used as conducting fillers (in place of metal or
carbon based materials) for various insulating polymer host matrices. This not only leads to
establishment and improvement of electrical conductivity but also contribute towards
improvement of both real as well as imaginary permittivity (Abbas et al, 2005; Colaneri &
Shacklette, 1992; Joo et al, 1994; Saini et al, 2011; Shacklette et al, 1992; Taka, 1991; Wessling,
1999).

Again the magnetic properties remained poor due to non-magnetic nature of most ICPs.
However, when magnetic filler loaded ICPs is use hybrid filler, improvement in magnetic
properties has also been observed besides regular improvement of dielectric attributes. For
example use of PANI-MWCNT hybrid filler within polystyrene matrix leads to formation of
composites with magnetic properties due to MWCNT core (containing entrapped
ferromagnetic iron catalyst phase) and electrical conductivity/dielectric properties due to
ICP and MWCNTs. As the concentration of PANI-MWCNT filler increases, real and
imaginary parts of both permittivity and permeability increases as shown in Fig. 19. Most
importantly, losses due to reflection (SEr) and absorption (SEa) follows the permittivity and
permeability trends and exhibit corresponding increase. However, SEa was more sensitive
towards electromagnetic attributes compared to SEr which may be attributed to their square
root and logarithmic dependences. Furthermore, two most important parameters that
decide the relative magnitudes of SEr and SEa are microwave conductivity (or) and skin
depth (0). The ot can be related to imaginary permittivity (¢" or i) as (Saini et al, 2011):

O = (O-ac +Gdc) = a)gog" (51)

where 0ac and odc are frequency dependent (ac) and independent (dc) components of or
respectively, w is angular frequency and ¢ is permittivity of free space (8.85 x 102 F/m).
Higher the value of or more will be reflection for a given absorption. Further, the skin depth
() of the shield is defined as depth of penetration at which strength of incident EM signal is
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reduced to ~37% of its original magnitude. For a good conductor (i.e. o} >»we), it (d) can be
expressed in terms of ot real permeability (' or 4;) and w as (Joo. et al, 1994):

1
5:( 2 ,jz (52)
oraou

Now shallower is the skin depth, higher will be absorption loss for a given thickness of
material. Fig. 20 shows that as the loading level of PANI-MWCNT filler within PS matrix
increases, ot increases whereas d value decreases.
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Figure 19. Frequency dependence of (a) dielectric constant ( &' ) & real permeability ( '), (b) dielectric
loss (¢") & magneticloss ( 1" ) of PANI-MWCNT/Polystyrene nanocomposites with increasing
loading (10, 20 & 30 weight %) of PANI-MWCNT filler. Dependences of losses due to absorption (SEa)
and reflection (SEr) of above composites as a function of absolute value of (c) complex permittivity [(

&% + &% )12], (d) complex permeability [( 1 + 1 )12].
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Figure 20. Dependence of (a) o and (b) d value of PANI-MWCNT loaded polystyrene composites on
the loading of PANI-MWCNT

3.4.6. EMI shielding performance of ICP based nanocomposites

In the previous section we learned about the importance of parameters such as electrical
conductivity and dielectric/magnetic attributes in regulating the shielding effectiveness and
their correlation with reflection and absorption loss components. This section is devoted to
measurement and interpretation of shielding effectiveness alongwith detailed analysis of
reflection and absorption sub-components.
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Figure 21. Frequency and dopant concentration dependence of total shielding effectiveness (SEt) value
of samples prepared by doping of emeraldine base (EB) with different concentrations of acrylic acid
(AA)viz. (a) 0.0 M, (b) 0.05M, (c) 0.1 M, (d) 0.5 M, (e)1.0 M and (f) 2.0 M

As already discussed doping produces localized defects (polarons/bipolarons) that are
responsible for polarization and electrical conductivity. With the increase in dopant
concentration, achieved doping level increases leading to enhancement of polaronic
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concentration as well as related conductivity/permittivity, which ultimately leads to
improvement of shielding effectiveness (Fig. 21). Nevertheless, though based on microwave
dielectric constant and electrical conductivity values many speculations were made about
the shielding properties of ICPs, the first direct evidence of shielding response of ICP based
composites alongwith actual shielding effectiveness values was presented by Taka (1991).
He prepared poly(3-octyl thiophene) composites by melt mixing chemically synthesized
poly(3-octyl thiophene) with PS, PVC, and EVA in and tested for EMI shielding at frequency
range from 100 kHz to 1GHz. EMI SE of these composites (3 mm thick) increased with the
polymer loadings and -45 dB (from 100 kHz to 10 MHz) was achieved with high (i.e. 20%)
loading in the PVC that was still lower than that of a nickel painted sample (-80 dB). The
measurements showed that P30T blends behave as pseudo-homogenous metals (PHM). A
PHM has no intentional holes or slits but lacks homogeneity. The shielding efficiency
depends strongly on the amount of conducting polymer mixed in the blends due to
regulation of conductivity. The authors concluded that composites with 20% or less loading
of poly(3-octyl thiophene) were not readily applicable as EMI shielding.
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Figure 22. EMI shielding effectiveness (at 1.0 GHz frequency) of ICP loaded PVC blends as a function
of DC electrical conductivity under (a) far field and (b) near field regimes

Later, systematic study of EMI shielding behavior of conducting polymer (PANI) based
thermoplastic blends with polyvinyl chloride (PVC) or Nylon was reported (Colaneri &
Shacklette, 1992; Shacklette et al, 1992). The EMI SE values of these highly conducting
blends (~0.1-20 S/cm) were measured over a frequency range of 1 MHz to 3 GHz and also
calculated theoretically under both near and far field regimes. The results are graphically
presented in Fig. 22 which showed that both near and far filed SE followed the DC electrical
conductivity and exhibit rapid initial rise followed by slow increment at higher
conductivity. Far field SE of -70 dB was obtained for the melt blend of polyaniline (again at
higher loading level of 30 wt. %) with PVC which agreed well with the theoretical
calculations as per expressions derived by authors. Pomposo et al (1999) have prepared PPY
based conducting hot melt adhesives by melt mixing appropriate amounts of ethylene-co-
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vinyl acetate (EVA) copolymer and PPY, which was synthesized with oxidant of FeCls. Both
near and far field EMI shielding properties of the adhesives were measured at room
temperature and found to increase with the loading of PPY. Near field SE in excess of -80 dB
was determined at 1IMHz and above -30 dB at 300 MHz, though a decrease with increase of
frequency. Far field SE values of -22, -27 and -30 dB were determined (in the 1 to 300 MHz
frequency range) for PPY loadings of 15, 20 and 25% respectively. Similarly, Wessling (1999)
prepared highly conductive blends of PANI with PVC, polymethylmethacrylate (PMMA) or
polyester at Ormecon Chemie, with conductivities of ca. 20 S/cm and in some cases up to 100
S/cm. These blends exhibited EMI SE of -40 to -75 dB for both near and far field conditions.
However, mechanical properties were not encouraging and demanded considerable
improvement. In addition the higher necessary thicknesses of 2-3 mm of these blends were
found to be higher than technically acceptable thickness of 0.5-0.8 mm for practical uses.

Naishadham & Kadaba (1991), Naishadham & Chandrasekhar (1998) and Chandrasekhar &
Naishadham (1998) reported the cumulative broadband (4-18 GHz) measurements and
computations of all microwave parameters (e.g. conductivity, absorption, complex
permittivity, shielding and reflection) of sulfonate doped PANI. It was found that the total
SE of -35 to -15 dB was obtained with return loss of -5 to -1 dB and nominal absorption of -
5 dB for PANI samples of conductivity 1-7 S/cm. Authors also demonstrated that better SE
value upto -50 dB can be realized by stacking several polymeric sheets of different
thicknesses or by sandwiching a lossy dielectric between two sheets of the same thickness.
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Figure 23. Thickness dependence of total shielding efficiency (SEr) of various ““crosslinked”” polyaniline
(XPANI-ES) samples. Sample I: highly XPANI-ES [3.5 times () stretched, parallel ()], sample II:
intermediate XPANI-ES [3.5%,| ), sample III: highly XPANI-ES (3.5x, L ), sample IV: highly XPANI-ES
(unstretched), and sample V: non-XPANI-ES (12.5%, L ). Inset: comparison of omw , &, and tan d.
Reprinted with permission from [J. Joo and A. ]. Epstein, Appl. Phys. Lett. 65 (18), 2278-2280, 1994].
Copyright [1994], American Institute of Physics.

It has been found that electrical conductivity is not the sole scientific criteria for exhibiting
high shielding effectiveness (Joo & Epstein, 1994) and good attenuations were also extended
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by moderate conductors with good dielectric properties. In fact as mentioned in the
previous section, it has now been established that shielding effectiveness increases (as
shown previously in Fig. 16) with absolute value of complex dielectric permittivity.
Furthermore, absorption loss was found to be more sensitive towards permittivity (inset Fig.
16) than corresponding reflection loss. Figures 23 and 24 show the microwave SE of pure
ICPs including PANI and PPY (in thin film forms) as a function of their intrinsic properties
(insets of Fig. 23 and Fig. 24) such as microwave conductivity (omw) and dielectric constant
(&) alongwith its dependence on extrinsic parameters like thickness (t) and temperature (T).
The role of parameters like degree of crosslinking and parallel (I1) or perpendicular (L)
stretch orientation which tends to affect omw, &r or loss tangent (tand) has been clear from the
table data (above insets).
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Figure 24. Thickness dependence of total shielding efficiency (SEr) of highly conducting polymers.
Sample A: stretched heavily iodine doped Tsukamoto polyacetylene (dotted line is obtained by using
approximated a and n), sample B: unstretched heavily iodine doped Tsukamoto polyacetylene, sample
C: camphor sulfonic acid doped polyaniline in m-cresol solvent, sample D: PFs doped polypyrrole, and
sample E: TsO doped polypyrrole. Inset: comparison of omw , &, and tan d. Reprinted with permission
from [J. Joo and A. J. Epstein, Appl. Phys. Lett. 65 (18), 2278-2280, 1994]. Copyright [1994], American
Institute of Physics.

It can be concluded that SE of PANI and PPY films show weak temperature dependence.
However, pronounced thickness effects were observed with attenuation level of -30 to -90
dB depending on thickness and conductivity. Different types of shielding mechanisms i.e.
reflection, absorption and multiple reflections were discussed and corresponding theoretical
equations were also presented. It has been found that absolute value of tand plays a critical
role in determining the shielding effectiveness. When tand >> 1 (e.g. for heavily doped and
highly conducting ICPs or metals), shielding is solely determined by o. However, when
tand ~ 1, both o and & must be considered when calculating absorption coefficient () and
complex index of refraction (n) which decide overall shielding effectiveness. Therefore, one
can expect higher shielding efficiency for materials with higher o and &r.

103



104 New Polymers for Special Applications

It has been observed that magnetic properties also play a vital role in improving shielding
response. Kathirgamanathan et al (1993) have demonstrated that PPY impregnation
microporous membranes such as polyurethane, polyethylene, poly(ethylene terephthalate)
(PET), poly(propylene) etc., showed higher SE (~ -10 to -50 dB) in the 10 kHz to 1000 MHz
frequency range as compared to metal (e.g. Al) based membranes. The authors pointed out
the higher relative magnetic permeability (u>1) due to the incorporation of paramagnetic Fe
(III) during the synthesis process provided extra shielding by absorption as compared with
the pr~1 for aluminum. Furthermore, the microscopic orientation of ICPs is expected to
improve SE as showed by the fact that higher SE was exhibited by the PPY impregnated
polyethylene membranes (-40 to -45 dB) than that of the impregnated polyurethane
membranes (-20 to -25 dB), despite the much lowered thickness (1/5%) which was due to the
more oriented PPY produced in polyethylene than that in polyurethane.
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Figure 25. Frequency dependence of losses due to reflection (SEr) and absorption (SEa) for MWCNT
loaded PANI nanocomposites having different loadings of MWCNT relative to aniline monomer viz.
PCNTO (0.0 wt. %),PCNT5 (5.0 wt. %), PCNT10 (10 wt. %), PCNT20 (20 wt. %) and PCNT25 (25 wt. %).

Synergistic coupling of fillers can give unique combination of properties (Saini et al 2009a)
like enhanced conductivity, better dielectric/magnetic traits and improved
processability/thermal conductivity that can not be achieved by individual fillers. This
ultimately gets resulted in superior shielding performance (Fig. 25) so that reflection loss
(SERr) increases slightly from -8.0 to -12.0 dB whereas absorption loss (SEa) exhibited rapid
enhancement from -18.5 to -28.0 dB with the increase in CNT loading. This may be ascribed
to increase in the conductivity (as well as capacitive coupling effects) of composites leading
to proportional decrease in skin depth which may be helpful in designing thinner EMI
shields. The increased conductivity may manifest itself as increase in both long range charge
transport as well as number of possible relaxation modes, leading to enhanced ohmic losses.

The well-dispersed PANI NPs within insulating epoxy matrix provides continuous
conducting networks with higher level of charge delocalization which leads to huge
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negative permittivity (Hsieh et al, 2012) which is a signature of left handed materials (LHM).
The observed EMI SE in an electric field at low frequency (100-1000 MHz) range was found
to be -30 to -60 dB.

A straight forward solution for handling low conductivity and poor processability (or
agglomeration tendency) of ICPs and CNTs respectively is combining these two fillers in
composites. Saini et al (2009a) prepared polyaniline (PANI) coated multiwall carbon
nanotubes (MWCNTs) which inherit dielectric and magnetic attributes (ferromagnetism due
to entrapped iron phase) from PANI and MWCNT respectively.
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Figure 26. (a) Frequency dependence of SEr and (b) variation of SEr and SEa with loading of PANI-
MWCNT. Inset shows the theoretical and experimental SEr and SEa value of the composite (PCNT30) in
the 12.4 - 18.0 GHz frequency band.

This PANI-MWCNT hybrid filler was solution blended with polystyrene (PS) matrix (10-30
wt % loading) resulting in absorption dominated total shielding effectiveness (SErt) of -45.7
dB (Fig. 26a) in the 12.4-18.0 GHz range and at a sample thickness of ~2.0 mm. The SEr was
found to exhibit strong dependence on shield thickness as well as loading level of hybrid
filler PANI-MWCNT).

The enhanced SEr was ascribed to optimization of conductivity, skin-depth, complex
permittivity and permeability leading to nominal reflection and high absorption (Fig. 26b).
A good agreement between theoretical and experimental shielding measurements (inset of
Fig. 26b & Fig. 27) was also observed. Besides, role of highly reflecting planes of PANI-
MWCNTs separated with less conducting matrix regions was also explained to introduce
multiple reflections resulting in enhancement of absorption loss.

The above studies suggests that ICPs based nanocomposites may give SE value as high as -
70 to -80 dB depending on nature of ICP, its loading level and presence of co-fillers.
However, high loadings (>30-40%) are required which leads to phase segregation and
extreme disturbance of physical properties of host matrices and consequently poor
mechanical properties in most cases. Nevertheless, combination of strategies like thin
film/membrane technologies, porous structures, negative permittivity materials (or left
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handed materials), multilayered structures and hybrid fillers based on broad range of ICP-
filler combination are expected to provide an effective solution to realize a lightweight,
mechanically strong, processable and economically viable shielding material suitable for
commercial and defence sectors.
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Recently, nanoscale materials based on 2-D graphene sheets have attracted much attention
recently due to unusual properties (Geim, 2009; Geim & Novoselov, 2007; Meyer et al, 2007).
Like CNTs, here again it is expected that the use of graphene, with large aspect ratio and
high conductivity would provide a high EMI SE. Although many studies (In et al, 2010;
Liang et al, 2009; Ramanathan et al, 2008; Stankovich et al, 2006; Varrla et al, 2011, Zhang et
al, 2011) about the EMI shielding properties of graphene loaded insulating polymer matrix
composite systems are available, Basavaraja et al (2011) presented the first EMI shielding
results on ICP/oxidized graphene based nanocomposites ie. Polyaniline/gold-
nanoparticles/graphene-oxide (PANI-GNP-GO) based composites in the 2.0-12.0 GHz
frequency range. According to authors, the SE values observed for GO and PANI-GNP and
PANI-GNP-GO composites were in the ranges -20 to -33 dB, -45 to -69 dB and -90 to -120 dB
respectively. However, considering the fact that GO is a poor conductor, conclusion from
the presented thickness dependences of above composites and from our own experience, the
results seem to be far from realistic. Nevertheless, the graphene nanocomposites research is
still at very early stage of evolution especially from the view point of EMI shielding material
development.

For many applications e.g. radar absorbers or stealth technology, the sample should reflect
as low energy as possible. However, conducting filler loaded composites gives significant
reflection (primary shielding mechanism) alongwith absorption which is secondary EMI
shielding mechanism. For reduction of reflection loss and significant absorption of the
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radiation, the shield should have electric and/or magnetic dipoles which interact with the
electromagnetic fields in the incident radiation. Therefore, numerous attempts have also
been made to introduce dielectric (BaTiOs, TiO2 etc.) or magnetic (y-Fe2Os, FesOs, BaFe12019
etc.) materials within various ICP matrices as filled inclusions (Abbas et al, 2005, 2007; Chan,
1999; Chandrasekhar, 1999; Cho & Kim, 1999; Dong et al, 2008; Ellis, 1986; Gairola et al, 2010;
Huang, 1990; Knott et al, 1993; Kurlyandskaya et al, 2007; Meshram et al, 2004; Nalwa, 1997;
Ngoma et al, 1990; Pant et al, 2006; Phang et al, 2007, 2008, 2009, 2010; Xiaoling et al, 2006;
Xu et al, 2007; Yang et al, 2010, 2011). It has been observed that thickness is an extrinsic
parameter that can be adjusted to regulate the shielding offered by a shielding with given
permittivity or permeability which can be tuned by nature and concentration of filler. An
optimized dielectric particulates filled composite sample based on BaTiOs and polyaniline in
polyurethane matrix (Abbas et al 2005) exhibited a maximum reflection loss of -15 dB (>99%
power absorption) at 10 GHz with a bandwidth of 3.0 GHz for a 2.98 mm thick sample.
Again the role of thickness and dielectric attributes to modulate absorption was
demonstrated by theoretical calculations and experimental results. Similarly, they have also
prepared polyaniline-BaTiOs-carbon based composites (Abbas et al 2006) with maximum
reflection loss of -25 dB (2.5 mm thick sample) at 11.2 GHz and bandwidth of 2.7 GHz. Many
attempts were also made to introduce magnetic losses into the system for example, Yang et
al (2009) produced PANI-FesOs composites with reflection loss of -2 dB at 14.6 GHz for 3
mm thick sample. Gairola and coworkers (2010) prepared PANI with Mno2Nio4Zno.sFe2O4
ferrite nanocomposites by mechanical blending with absorption loss of -49.2 dB in the 8.2-
12.4 GHz range. Dong et al (2008) synthesized PANI-Ni core shell composites with reflection
loss of less than -10 dB in the 4.2-18 GHz range. Phang and coworkers (2009) formulated
PANI-HA based nanocomposites containing TiOz and FesOs nanoparticles as dielectric filler
and magnetic filler, respectively. The resultant composites show good microwave
absorption response with attenuation of -48.9 dB. Phang et al (2007, 2008) produced PANI
nanocomposites containing combination of dielectric (TiOz) and conducting (CNTs) fillers
possessing moderate conductivity and dielectric property with maximum reflection loss of -
31 dB (for PANI-TiOz) at 10 GHz and -21.7 dB (PANI-TiO>-CNT) at 6GHz. In above
composites, use of conducting fillers such as CNTs is expected to improve thermal
conductivity (e.g. 0.19 W/mK for PANI and 0.3-0.6 W/mK for PANI-CNT composites)
besides extending enhanced shielding performance. Such an improvement in thermal
conductivity is beneficial for fast dissipation of heat which is generated due to interaction of
shield with high frequency (GHz range) microwave radiations.

4. Conclusions

Although, much work has been done to introduce electrical conductivity in various polymer
matrices but high percolation threshold and lower aspect ratios of ICPs compared to metals
or carbon based fillers remained a challenging issue. Therefore, considerable work is still
needed to improve further the SE as well as mechanical properties of conducting polymer
based composites. Synthesis of hybrid filler materials based on various combination of
conducting polymers, carbon based materials and dielectric/magnetic nanoparticles seem to
be a possible solution. Nevertheless, in the light of current scenario it may be stated that
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there is a lot be done to attain a shielding material that can satisfy all the techno commercial
specification and maintain the process economics at the same time.
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1. Introduction

Polymeric coatings such as polyurethanes, acrylic, epoxies and silicones have been used for
over 40 years to protect printed wiring boards (PWB) from moisture, handling and
environmental influences. Special semiconductor grade polymers have been developed for
chip passivation layers. Polyimide became the standard passivation layer for memory chips
and other devices needing surface protection for handling and testing procedures.
Photosensitive resins have been developed to reduce processing costs. Thin film polymers are
used widely in the area of electronic packaging and as an interlayer dielectric (ILD) in nearly
every electronic device. Typical layer thickness ranges from 5 pm up to 15 um. These polymers
films should be temperature stable up to range of 150°C (permanent), and for a short time up
to 250°C and higher, depending on the soldering process of the components. This is the reason
to use thermoset polymers in most cases. The coating process is the spin-coating technology.
Spray coating and other techniques are only niche processes. The polymer supplied by the
chemical company is a so-called pre-cursor consisting of a partially polymerized polymer in an
organic solvent. Nearly all of the thin film polymers need a polymerization step, which is done
in most cases by a thermal process after the deposition on the wafer. Polymerization changes
the pre-polymer into a long-term stable and much more inherent polymerized dielectric layer.
The polymerization process is generally called the cure or cure step of the process. But the
definition “cure” does not mean in every case a fully finished polymerization reaction. Also
partly cured polymer films are possible and becoming important if multiple layers have to be
deposited. Partly polymerized layers have better adhesion to the following layer compared to
fully cured ones. To get something more precise the following definitions have been used:
partly cured or soft cured polymers for a 60 — 80 degree of polymerization, and full cured or
hard cured for a complete polymerized layer.

There are a huge range of different polymer materials which are used as interlayer dielectric
such as polyimides, polybenzoxazole and benzocyclobutene [1]. An example of such a
polymer layer on a CMOS-wafer is shown in figure 1:

I NT EC H © 2012 Woehrmann and Toepper, licensee InTech. This is a paper distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. A thin film polymer (BCB from Dow Chemical) as protection layer on a CMOS-wafer

In the last few years, the development of new polymer materials for thin film applications
has increased more and more. One main driver for this is the 3-D integration technology
which demands optimized material behaviors of the polymers, such as a low coefficient of
thermal expansion (CTE) or higher tensile strength. The 3-D technology also demands more
and more the low temperature processing. The material combinations get more temperature
critical. The reliability will be increased at the same time with low cure temperature, because
of a decreased thermal stress in the material stack. In contrast to the demand of low cure
temperature, a tough polymer layer is desired with a high decomposition temperature.
Analyzing and engineering the polymerization process will help enormous to reach these
goals.

This chapter will focus on the benzocyclobutene (BCB) from The Dow Chemical Company
being a well-known material for thin-film applications. The full cured BCB has a
decomposition temperature well above 350°C. The cure temperature of 250° has been
reported in dozens of publications. The analyzing and modeling of the BCB polymerization
process will be discussed here in detail. Understanding the behavior of the polymerization
process in different states and their kinetic modeling shows the potential for decreasing the
cure temperature for a BCB layer which has nearly the same material stability and
decomposition temperature as standard processed BCB layers.

2. The relevance of thin film polymers in micro electronics

The Dow Chemical Co. (Midland, MI) has developed a variety of low-dielectric (low-k)
polymers which are based on different benzocyclobutene monomers (BCB, also known as
biscyclo[4.2.0]octa-1,3,5-triene or 1,2-dihydrobenzocyclobutene). Based on these studies, the
Dow Chemical Co. commercializes a BCB-Polymer under the registered trademark
CYCLOTENE. CYCLOTENE is a family of thermosetting polymers prepared from 1,3
divinyl-1,1,3,3-teramethyldisiloxane-bis-benzocyclobutene (DVS-bis-BCB) monomer. The
structure of the DVS-bis-BCB monomer is illustrated in figure 2. Today CYCLOTENE is just
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called BCB in most of the literature. BCB has been developed for electronic coating
applications. Based on the low-k characteristic of BCB, the material is very attractive as an
interlayer dielectric for RF-components [2] [3]. The BCB has been widely used for multilayer
re-distribution on wafer level (wafer level packaging-WLP). Since the early 90’s, there are
hundreds of application notes for BCB (e.g. bumping and redistributing chips, and for
planarization and isolation in flat-panel displays, MEMS hermetization, wafer bonding,
passivation, gap filling). The wide field of application is based on the material properties
such as good planarization, no outgassing, and low copper migration. The Dow Chemical
Co. also releases the chemical structure of the monomer and the final polymer, which is not
common for the most commercialized thin film polymers. Knowledge of the structure
allows for a better understanding of material behavior and material analyzing, which leads
to the fact that BCB is used very often for academic research. Most of the newer polymers
are years away from such a comprehensive database. BCB is available as photosensitive
(CYCLOTENE 4000 series) and non-photosensitive (CYCLOTENE 3000 series) in the form of
a spin-on solution. CYCLOTENE can be purchased in different viscosities to obtain a wide
film thickness range of <1 um up to 26 pm (see table 1). CYCLOTENE is shipped in a partly
cross-linked state in mesitylene solvent (trimethylbenzene). The non-photosensitive
CYCLOTENE can be structured by dry etch processes or laser ablation. On account of this, it
is often called dry-etch BCB. The initial extent of polymerization is slightly different when
comparing dry etch BCB with photo BCB. The dry etch version is stable at room
temperature, in contrast to the photosensitive parts of the 4000 series, which have a shelf life
of a week at room temperature, due to the photo-sensitizer. In a frozen state, the durability
increases up to a couple of years.

e g
O -si— 0— i< (0

| |

CHy  CHg

Figure 2. Structure of a DVS-bis-BCB monomer [4]

In contrast to polyimides, which are also often used as thin film layers, BCB has a couple of
advantages. BCB is highly cross-linked, based on the small monomer, which leads to higher
thermal stability in comparison to the cure temperature [4]. It also leads to a complete
isotropic behavior of the polymer film. On the other hand, the long-chain characteristic of
the polyimide leads to a higher elongation at break, which is an important factor in
reliability [1]. The polymerization reaction of the BCB does not emit any volatile by-
products, resulting in low cure shrinkage (less than 5 %). The non-polar chemical structure
of BCB leads to low dielectric constant (&=2.65) and a high breakdown voltage (530 V/pum)
in combination with a low water uptake (less than 0.2 %). The good planarization properties
also make BCB attractive for 3-D and adhesive bonding [5] [6].
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Notation | Viscosity (cST@25°C) Thickness (um) | Solid content (%) | b-stage (%)
3022-35 14 1.0-24 35 35
3022-46 52 2.4-58 46 35
3022-57 259 5.7-15.6 57 35
3022-63 870 9.5-26.0 63 35
4022-35 192 2.5-5.0 35 47
4024-40 350 3.5-7.5 40 47
4026-46 1100 7.0-14.0 46 47

Table 1. CYCLOTENE with different solid content

3. Overview of the polymerization process
3.1. General polymerization behavior of thermosets

BCB is a thermoset like most other ILD polymers. The polymerization is the process which
forms the small molecules or monomers into large polymers structures. The chemical
reaction (polymerization) of the thermoset during the processing allows an easy processing
of thin film layers. In most cases, a liquid solvent is deposited by spin coating on a substrate,
and after the polymerization a tough solid state with a high glass transition temperature is
formed. In contrast to thermosets, thermoplastics need a physical condition change for the
polymerization. The disadvantage of thermoplastics is the low glass transition temperature
ranging from below room temperature up to 180°C, which is a result of the low Van der
Waals forces between the polymer chains. For the following processes, such as sputtering, a
high thermal stability above 200°C is necessary. A softening of the polymer based on low Tg
during sputtering could lead to buckling of the deposited metal layer.

The result of the polymerization of thermosets is a more or less strong 3-D cross-linking of
the polymer chains with strong covalent connections in combination with solidification of
the polymer layer, which leads to an insolubility of the material. In most cases, thermal
energy is used for the polymerization reaction, but there are also other methods like
radiation or hardener materials which work like a catalyzer being used for other polymers.

The polymerization is not a monotonic reaction, because it progresses through different
stages which change the characteristics of the reaction significantly. The reaction starting
point is an ideal solvent in which there are only monomer structures in the solvent. The
material is in a “liquid phase” (also called an a-stage). With the supply of enough energy in
the system, the cross-linking of the monomers starts and polymer chains build up. The
degree of cure describes the rate between reacted parts and unreacted parts (reactants and
products). In literature there is a different notation which means more or less the same
thing, like extent of cure, extent of reaction, extent of conversion and fraction
transformation. The reaction rate is nearly constant in a viscous liquid stage up to the
gelation point, which described the abrupt and irreversible transformation of the material
into an elastic gel or rubber, and the material loses its ability to flow. At this point, there are
infinitesimal networks which are more or less cross-linked to each other (b-stage). The
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gelation leads only to a small change in the reaction rate, but could be estimated with
rheological measurement. The point of gelation is for a thermoset on a fixed degree of cure
with the conclusion, that it is independent of the polymerization method (radiation,
convection oven or microwave). Because of that, the measurement of the gelation point
allows for calculating the activation energy of the polymerization reaction [7].

With the increase in the polymer network, the material becomes more and more rigid. The
movement of the monomer reactants slows down abruptly when the glass transition point
(Ts) of the polymer overwhelms the process temperature. The material vitrificates as a solid
state, for polymers often called the glassy state, based on their more or less amorphous
structure. The reaction rate drops down by an order of two or three magnitudes, and is
significantly dependent on the mobility of the reactive monomers. In gel state, the
polymerization is controlled by a chemical reaction rate, but in glassy formation, the
reaction is controlled by the diffusion of the reactants. The glass transition temperature
increases with the polymerization degree. Based on that, the glass transition temperature is
highly dependent on the cure process. The vitrification is, in contrast to the gelation,
reversible by heating. When the process temperature is again above the Ty devitrification
occurs. A fully cured thermoset (c-stage) has a glass transition temperature near the
dissociation temperature, which makes the measurement of such a Ts in most cases
impossible. Based on that it can be postulated that a fully polymerized thermoset does not
have glass transition temperature anymore [8].

3.2. The polymerization reaction of BCB

The fully polymerized BCB has a high 3-D cross-linked network, which leads to isotropic
properties. The polymerization reaction consists of two steps. The first step is a thermal activated
BCB four-membered ring opening reaction. This reactive intermediate readily undergoes a [2+4]
Diels-Alder reaction (see figure 3). The Diels-Alder reaction is a reaction where a conjugated
diene will be added on a double bond, building a six terms ring. Both reaction partners are
named dien and dinophile. The reaction is also called a [4+2] cycloaddition.

After ring opening, the BCB monomer has two diens and dinophiles, which allow a highly
cross-linked polymer. The ring opening is a first order reaction, and depends on the
concentration of the pre-polymer. The reaction rate of the ring opening and the Diels-Alder
reaction was measured by ROTH et. al. The ring opening has a 10 times higher reaction rate
constant [9] [10].
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Figure 3. Ring opening reaction and Diels-Alder reaction of BCB
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The polymerization reaction could be described by a pseudo first-order reaction equation,
because the Diels-Alder reaction is the reaction rate limited factor. The thermal activated
polymerization process of BCB or the reaction rate depends on temperature, time and extent
of cure. Figure 4 show a Time-Temperature-Transformation diagram (TTT-diagram) for the
polymerization reaction of BCB. The numbers in the diagram describes the extent of cure
which could be measured by different methods.

The reactions rate is strongly influenced by the mobility of the molecule chains which
generally increase with the temperature, but also decrease with the extent of cure, because
increased cross-linking decreases the mobility. During the cure, the reaction kinetic runs
through different stages, from liquid pre-polymer through a gelation to a vitrification.
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Figure 4. Extent of cure of photo BCB in relation to soak temperature and soak time. The colors describe
the material conditions: liquid state (green), gel state (blue) and solid state (red) [11]

The gelation point has no significant effect on the polymerization reaction. The change into
the solid state impacts the reaction rate based on the change from a chemical controlled to a
diffusion controlled regime. That leads to a significant drop in molecule mobility, which
could decrease the reaction rate down to nearly zero. The slowdown factor of BCB is
relatively weak because of the small monomers.

The commercially available CYCLOTENE (see table 1) has been pre-cured (b-stage resin).
Especially for structured photo BCB layers, a viscous liquid state during processing is
avoided by a higher molecular weight of the b-stage state. After the evaporation of the
solvent, the polymer layer lost its flow ability and the layer could be structured. A flowing
of polymer during the cure would limit the critical structure dimension. The reaction rate is
nearly constant during the entire gelation phase. The fully cured BCB has a Ts near the
decomposition temperature above 350°C. But the Tg of an uncured CYCLOTENE will
exceed approximately 60°C, and will rise dependent upon the degree of cure (figure 5) [6].
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Figure 5. Glass transition temperature of photo BCB [6]

It is shown for some other polymers that the degree of cure is nearly fixed after vitrification
without a temperature rise, because of the extremely slow reaction rate [12]. This means for
polymerization process optimization a full cure is not possible if the temperature is
decreased. A lower processing temperature leads to the glass transition temperature
occurring earlier, which can be seen in figure 4. The polymerization process stops at a lower
degree of cure, because the reaction changed earlier from a reaction controlled to diffusion
controlled characteristic.

The slowdown of the reaction rate of BCB after vitrification has been described in previous
publications [13] [14]. However, the reaction does not stop and proceeds to the solid state. In
contrast to many other polymers, the diffusion controlled reaction rate is high enough to
continue the polymerization process. DIBBS et. al. specifies only that above 95 % the
diffusion controlled reaction rate will slow down so that it could be seen as a fixed state [2].
A degree of cure of about 95 % can be accepted as nearly fully cured. There is no significant
difference measurable because of the approximation failures of measuring methods for the
degree of cure.

4. Measurement of the polymerization degree of BCB

The datasheet of CYCLOTENE describes a cure at 250°C for 90 minutes to get a full cured
film. Any change in the cure process or the creation of a kinetic model needs knowledge
about the extent of cure. There are a couple of methods to monitor it, like Fourier
transformed infrared-spectroscopy (FT-IR spectroscopy), change of the refractive index or
the difference scanning calorimetric (DSC).

The determination of the reaction rate, and the extent of reaction by time and temperature
are investigated further to develop a kinetic reaction model. Real-time measurements during
the cure process are necessary to monitor the degree of cure. DSC measurement was used
for kinetic model creation. Based on the kinetic model, cure processes were set-up and the
expected extent of cure was controlled by FT-IR spectroscopy. The FT-IR spectroscopy
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allows the measurement on product wafers, but for the creation of a kinetic model, a special
oven with integrated measurement equipment is necessary. The discrete IR wavelength gets
into resonance with the rotation or vibration of some molecule groups. The rate of reactants
and products of the polymerization could be estimated by the peak height [15]. The samples
were measured before and after the curing by the “FT-IR 2000 System” from Perkin-Elmer.

The broadly used method for the investigation of thermal processes like polymerization is
difference scanning calorimetric. The DSC is preferred because of an accurate temperature
regulation and good recording of the energy dissipation [12] [16]. The DSC-analysis was
done with 7 mg CYCLOTENE 4024-40 in an inert atmosphere using a “Q2000” machine
from the TA Instruments Company. The samples were dried and exposed before they were
analyzed. The DSC analyzer could perform high heat-up and cool-down rates, up to
300°C/min. Higher heat-up rates leads to more inaccuracy based on a stronger overshoot of
the thermal system.

The DSC records the heat flow to a sample during a tempering in comparison to a reference
cell. The integration of the heat flow over time gives the heat dissipation of the sample. The
polymerization reaction is an exothermic reaction and occurs in DSC plot by a dip/peak of
the heat flow curve [14]. The integration of the heat flow peak over time allows the
estimation of the heat transformation (enthalpy change) of the reaction.

The DSC experiments for the estimation of the BCB polymerization has been done in
isothermal and non-isothermal mode with a constant heat rate. In figure 6 a non-isothermal
signal of a BCB DSC sample is shown. The heat of the reaction of 294.4 J/g is calculated by a
linear baseline. A more accurate calculation can be done by using a blind curve, which
means a second measurement of the fully polymerized sample. The difference between the
two curves gives the energy dissipation of the polymerization process. The blind curve also
compensates the parasitic endothermic signal which came from heating up the aluminum
sample pan [8].

The heat of the reaction could be set in relation to the extent of reaction. The reaction rate
da/dt at any state of the polymerization can be estimated at any stage of the reaction by the
following relation:

do _dH / dt
dt  AH

1)
total

The total heat of reaction AHtwta describes the integral of heat flow from the initiation of
reaction up until the full polymerized material form. The constant heat rate  allows for
applying the extent of reaction over the heat rate, instead of the extent of reaction over time,
which is measured with a higher inaccuracy:

da o dH ) dt
dT” " AH

2

total
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Figure 6. DSC plot of the polymerization of a photo BCB sample during a non-isothermal experiment
with a heat rate of 2 K/min

This is the reason why non-isothermal experiments are often used to analyze the reaction.
The degree of cure at any state could be estimated by the rate of the heat of reaction AH to
the total reaction heat AHwota of a fully cured layer:

AH 1 dH
o= tao; = —
AH total AH total dt

)

where ai is the initial degree of cure of the b-stage resin. The estimation has included an
inaccuracy by the calculation of the total heat reaction of the complete polymerization. Linear
heating experiments at different heating rates are performed. The AHww of the non-
isothermal experiments with different heat rates are printed in table 2. The blind curve
corrected DSC-curves are shown in figure 7. By increasing the heat rate, the reaction is shifted
more and more into higher temperatures. The average total heat of reaction of the fully cured
BCB film is about 281.8 + 5.3 J/g. The results are in good correlation to the measurement of
CHAN, who measured a heat of reaction for CYCLOTENE 4024-40 of 291.3 + 8.8 J/g [17]. The
measurement of the heat reaction is strongly dependent on base line settings. The estimation
of the total heat reaction has in general an inaccuracy of 3 to 5%. It should be noted that the
photosensitive CYCLOTENE will be shipped out with an initial degree of cure of about 47 %.
Based on this, the true total heat of the reaction is around 531.7 J/g. The value is confirmed by
BAIR et. al. which shows a value of 515+10]/g for the complete polymerization of a
monomer BCB resin [18]. T An increased heat rate leads to more intensive reaction peak but
with less time resolution, which increases the inaccuracy for a kinetic model development.
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Heat rate [K/min] Reaction heat AH [J/g] Treax [°C]
2 289,6 233,35
5 283,6 245,24
10 276,4 255,52
20 281,8 266,00
40 2774 277,12
Average AHwotal 281,8+5,3
Table 2. Heat reaction and the peak temperature of photo BCB
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Figure 7. Non-isothermal DSC measurement of CYCLOTENE 4026-46 versus temperature and time

The state change at the glass transition temperature caused more or less a peak in the DSC
curve. This peak increases significantly with higher heat rates [19]. The uncured coated BCB
has a T of around 60°C. In figure 7 the parasitic peak which is caused by the overwhelming
of the glass transition temperature (gelation) could be seen for the two heat rates at 20K/min

and 40K/min in the temperature range from 60°C up to 100°C.

The vitrification of the polymer is the important factor for the reaction kinetic caused by the
gradual decreasing of the rate. When the material returns to a glassy state, the same peak is
generated, but the high slope of the reaction signal absorbs the additional peak. The

vitrification could only be observed by the gradual change of the reaction rate.
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The gradual change is in the case of non-isothermal experiments softened by the permanent
increase in the temperature. The heat signal of the state change is calculated into the total

heat of reaction.

Based on the knowledge of the Ty (figure 5), the influence of the vitrification could be
estimated for the different heat rate experiments. The theoretical development of the Tg for
the non-isothermal experiments is plotted in figure 8. The influence of the diffusion
controlled part decreases with higher heat rates and has shifted the vitrification to higher

temperatures.
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Figure 8. Prediction of the glass transition temperature for the non-isothermal experiments of photo
BCB

Low heat rates or isothermal experiments allow to analyze better the influence of the
virtification on the reaction rate. An isothermal measurement is based on a heat up phase, a
soak temperature and a cool down phase. An isothermal experiment also gives a better
prediction for the real cure process in a convection oven. But an isothermal measurement
method has some disadvantages in contrast to an experiment with a continuous heat rate.
The extent of cure is calculated by the integration of the reaction peak signal to get the
reaction heat AHds over the soak temperature. The higher time resolution of the reaction
signal is in relation to a much smaller reaction peak. The small peak and the possibility of
not a fully polymerized layer at the soak temperature, caused by vitrification or short
process time, are critical impacts in estimating the total heat reaction AHttl. A simple
estimation of the total heat reaction can lead to an inaccurate interpretation of cure degree
(see Eq.(3)). The reaction already starts during the heat up and cool down phases, which
takes into account the integration of heat flow over time. The discontinuity of the
temperature function produce parasitic signals. The DSC signal of a BCB soft cure at 210°C
at 30 minutes is plotted in figure 9. The heat flow signal shows that there is a parasitic signal
peak between isothermal and dynamic heat phases. The reaction start during the heat up
phase, which can also be seen. The short process time leads only to a soft cured layer, which
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means that the measured reaction heat does not equates to the total reaction heat. After the
soft cure, the sample was again heated up to 350°C with a constant heat rate. A leftover heat
of reaction AHres can be measured. The sum of AHas and AHres leads to the total heat of
reaction AHtotal [12].
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Figure 9. DSC measurement of a BCB soft cure process with additional non-isothermal heat up step to
estimate the cure degree.

5. Development of a kinetic model of the polymerization reaction

The extent of cure for a dedicated cure program can be measured by DSC experiments. But
the prediction of the extent of cure and the polymerization behavior based on any
temperature — time program is necessary for any process optimization with respect to
energy consumption, process time or material properties. On account of the DSC
experiments, a kinetic model can be set up to characterize the polymerization reaction and
can be used to design and optimize the cure process. The reaction is described by a
mathematical relation between time, temperature and the extent of cure. In general, special
software is required to develop the kinetic equation. The kinetic model in combination with
a chemical-rheological model allows a simulation of the complete polymerization reaction

[14] [8].
The kinetic models are generally sorted into two types:

A phenomenological model and
A chemical model.

The phenomenological model describes the reaction by a relative simple equation. This
model type intentionally ignores details of the reaction with the benefit of simple
application. Detailed relations and progression of the different chemical reaction steps and
the relationship of the reaction groups will be ignored. The chemical reaction model takes
into account the chemical steady state of the partial reactions. These types of models have a
much better prediction and interpretation potential, but it is often not useable, especially for
complex reactions. In contrast to a phenomenological model, the efforts involved for such a
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model are much higher, because many more reactions parameters are necessary, and the
users need to do a chemical analysis of every reaction step. The phenomenological model
can be used without chemical understanding, and can be created only by a comparison of
reactants and products. The extent of cure behavior, which has been estimated by DSC
experiments, was used to create a phenomenological model for BCB. The simple application
makes the phenomenological model the most preferred for polymerization reactions [20]
[21].

The two-step polymerization reaction of BCB can be described by a pseudo first-order
equation. Based on that simplification, the BCB reaction could described as follows:

X kmf@ @
Where a is the degree of cure, ke(T) is the reaction rate constant which depends on the
temperature, and f(x) is the reaction model which describes the reaction order [22]. The
kinetic equation such as Eq.(4) is a simplified assumption which describes the reaction rate
as a product of a temperature-depending function and a fraction-transformed-depending
function. There is a range of empirical mathematical forms for the reaction model [23]. Some
particularly idealized reaction models are proposed in table 3.

Reaction model f(a)
Power law 4a3/*
Power law 3a?/3
One-dimensional diffusion 1/2a71
Mampel (first order) 1-a
Avrami-Erofeev 4(1-a)[-In(1 — a)]?/*
Three dimensional diffusion 2(1 - a)?3[-In(1 — a)V/3]71
Contracting sphere 31 - a)?/3

Table 3. A range of reaction models which are often used in kinetic analytics

The reaction rate constant could be realized for the simplest case by the Arrhenius relation:
-E
k, = Aexp| —4 5
SPEA ’

Where R is the universal gas constant, Ea is the activation energy, T is the temperature and
A is the reaction rate constant at an infinite temperature [24]. The Arrhenius equation
describes a reaction in gas phase. In approximation, the relation can be used for liquid and
solid materials. But influence by molecule mobility and vitrification are ignored and could
be added by the adaptation of the reaction function.

The determination of the three important kinetic parameters, the two Arrhenius parameter
Eaand A and the reaction model f(a) is an interlinking problem. The measurement of one of
the parameters, and especially the accurate estimation, influence the other two parameters.

125



126 New Polymers for Special Applications

Based on this problem they are often called a kinetic triplet [25]. There are many different
methods for the determination based on DSC measurements. The method of KISSINGER
has been used for the investigation of the polymerization process of BCB. It allows for a
simple application with a small inaccuracy, which is also described in detail by STARINK.

The KISSINGER method is focusing on the determination of activation energy as first
parameter with the most accuracy possible. The reaction rate in Eq.(4) is calculated by the
Eq.(1) from a DSC experiment. The Eq.(5) is inserted into the Eq.(4). The logarithm of Eq.(4)
leads to the following equation:

da E
T A (6)
For non-isothermal experiments with constant heat rate (f=dT/dt) the Eq.(6) could be
changed to:

da E
lnd—Tﬂz—ﬁ—lnf(a). (7)

The activation energy could be obtained from the slope of plots of In(dat/dT) versus 1/T. It is
estimated without any knowledge of the reaction model f(c). In literature, the principle is
also termed model free kinetic (MFK). The slope in the plot should be constant. If there is a
change in the slope, it indicates a phase change in the reaction. The calculation of the
reaction rate by Eq.(1) leads to an inaccuracy which could have a huge impact on the kinetic
equation caused by the triplet relation. The assumption of the reaction rate can be replaced
by correlation of a set of non-isothermal DSC experiments. Based on Kissinger, the Eq.(7) is
integrated by separation of variables and the following approach was postulated:

-E
. AE  exp(—2)
J‘O ;_da é-[oTwu% eXP(—%)dT I _gT .

The Eq.(5) have been logarithm and lead to following equation:

m?f-_ L .c )
TS RT

Cis a constant for different heating rates at a constant degree of polymerization and belongs
to the reaction model. Tt means the temperature of experiments with different heat rates
where the same extent of cure occurs. The variable 1 is a correction factor in the range of
1,92 up to 2. With the Eq.(9) the Ea can determined as the slope of the plot In(8/Tf) versus
1/Tf independent of constant C. Three or more experiments with different heating rate 3 are
necessary to determine the activation energy with MFK. The correct estimation of Tt is the
main challenge at this method. For the normal reaction, analyzing the maximum rate
method or peak method is used, which is described also in the ASTM E698 norm [26]. The
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peak method avoids the defective calculation of cure rate by Eq.(1). It was found that the
extent of cure is approximately fixed at the maximum reaction rate, but a small error will be
introduced. The peak temperatures of the non-isothermal experiment are shown in table 2.
The temperature of the peak is shifted with the heat rate. The results of Eq.(9) for the five
non-isothermal experiments are plotted in figure 10.

-8 -

n (RTA2) [In(1/Kmin)]
T

|
1

12 . . T v . . .
000180 0,00185 0,00190 0,00195 0,00200

1T [1/K]

Figure 10. Non-isothermal measurement of BCB. The slope approximate the activation energy of the
polymerization reaction cure degree of around 73%

A value of 149.5k]J/mol +£1.75 k]/mol was measured, which acknowledges the declarations of
DIBBS et. al.. Different literature sources describe an activation energy in a range from 146
kJ/mol up to 197,6 kJ/mol [27] [17] [28]. A disadvantage of this method is that the values are
only estimated at one degree of cure (around 73 % conversion). Therefore, in relation to the
used heat rates, the value describes only the chemically controlled kinetic. With a first-order
reaction model, the A has a value of 1,35 h™! for a reference temperature To of 210°C:

2 1,550 exp| 22K (moll L1 g4 (10)
dt T \T T,

The plot for the non-isothermal experiments (Figure 11) shows that the model fits the
chemically controlled regime very well. The estimated model is in good agreement with the
already proposed kinetic model for BCB [2] [6]. There is a poor estimation for the diffusion
controlled part, which is also described in previous publications [6] [28]. With the focus on
lower cure temperatures, the influence of the diffusion controlled part increases.

The polymerization analysis aims for a better understanding of the influence of the vitrification.
That demands a modulation of the normal kinetic model Eq.(10). There are many different
methods for correcting the conventional reaction model by a conversion-dependent diffusion
contribution. One of the most popular methods for thermosetting systems is to modify the
kinetic equation by a “diffusion control function” which is described by SCHAWE [29].
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Figure 11. Extent of polymerization based on the non-isothermal experiments and calculation based on
Eq.(10)

da

T~ (Df(@)fy(eT) (11)
The diffusion control function works in an electro-technical analogy like a low-pass filter.
During the polymerization up to the change in the solid state, the function should not
influence the reaction which means fa(T<Tg)=1. After the vitrification, the function decreases
down to zero. A function which achieves this condition is proposed by SCHAWE:

T,-T, (@)Y
fuei )= fi(T(@) =1-| 1+ == (12)

where To is the temperature at which the diffusion control function is zero and A is an
empirical constant to smooth the function. The function is focused for a reaction which is
nearly stopped in a glassy state. The difficulty of this method is to estimate the empirical
diffusion control function which leads to the best fit. Another problem is the influence of the
diffusion control function for the chemically controlled part.

MENCZEL describe an alternative model from RABINOWITCH for small-molecule
reactions, where the rate constant k is based on a sum of a chemically controlled and
diffusion controlled rate constant [8]:

S
k,(T,a) k(T) kT, )

(13)

where ke is the overall rate constant, kr is the Arrhenius ratio constant for the chemical
reaction and ka is the diffusion rate constant. The overall reaction rate constant ke is
governed prior the vitrification by the Arrhenius rate constant, and after vitrification is
dominated by the diffusion rate constant. The disadvantage is an extended interlink
problem of the parameters.
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A combination of both models from SCHAWE and RABINOWITCH has been used to create
an advanced model for the polymerization reaction of CYCLOTENE. Two different rate
constants (krkd) were calculated. The overall reaction rate constant is the sum of both, but
the terms are combined with a step-function, which works like a switch and allows the
change between gel and glassy state kinetic models.

”;—‘f=kﬂ)f(amte,,(a;T)+kd(T>f(a)(1—fst@p<a;T)) (14)
The step-function belongs to the process temperature and the glass transition temperature
and gets a value between one and zero. For both reaction regimes, a first-order reaction
model was used based on a good fit, but the model allows for the declaration of two
different reaction models for chemically controlled and diffusion controlled states. The
following expression was used for the step-function:

1
" T+exp((T - T (a))B)

Faep(@T) (15)

where B is a parameter to smooth the changeover between the two reaction functions. The
value was set at 0.1 to get a change in temperature range of +5°C around the glass transition
temperature. The glass transition temperature depends on the extent of cure (see figure 5),
and the following relation was estimated based on the measurements of TOEPPER:

35 , 10865 3070
T = a” - a+
8 0.054 27 27

(16)

For the kinetic model, two Arrhenius terms need to be calculated, one for the chemically
controlled part and one for the diffusion controlled part. The Eq.(9) allows the calculation of
the activation energy for different extents of reaction. In contrast to the peak method, the
extent of reaction need to be calculated by Eq.(3). The consideration of the vitrification-heat
rate relation for the estimation of the activation energy of the two regimes is necessary to see
any difference. For example, the highest heat rate of 40 K/min leads to a vitrification above
90% in contrast to the slowest heat rate of 2 K/min, which vitrificates around 80%. Therefore
the heat rate of 2K/min is used to calculate the activation energy for the chemically
controlled state up to 80%, above this value it is used for the calculation of the activation
energy of the diffusion controlled state. The calculated activation energies for different
extents of reaction are shown in figure 12.

The change in the reaction kinetic is marked by the change in the activation energy. The
activation energy for the chemically controlled region has an approximate value of 157.1 + 3.6
kJ/mol. The activation energy is slightly higher than the value which was estimated by the
peak method /ASTM E698 norm (pointed line). For the diffusion controlled kinetic, a higher
activation energy of around 166.1 + 8.1 kJ/mol was measured. The increase in the activation
energy in a diffusion controlled regime shows a higher temperature dependency for the
reaction, which could be explained by the more temperature-dependent molecule mobility.
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Figure 12. Activation energy estimated by the ASTM E698 norm and dependent of the degree of cure

The results for the reaction rate at the reference temperature are 1.41 hr! for the chemically
controlled regime, and 0.27h' for the diffusion controlled regime. In figure 13, the
calculated degree of polymerization for the conventional (Eq.(10)) and modified kinetic
model (Eq.14) is compared to a measured curve for a cure at 190°C. The modified model
shows a much better fit in comparision with the real behavior above a degree of cure of
approximately 80 %.
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Figure 13. Degree of cure of a photo BCB sample at 190°C
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6. Benefits of the kinetic model for the BCB polymerization and the
relation for the polymer properties

The investigation of the cure behavior of BCB shows that an ongoing polymerization reaction in
solid state is also possible with the requirement of a minimal process temperature above 150°C
caused by the thermal activation. The enhanced model which is described in Eq.(14) allows a
much better prediction for the polymerization of BCB in glassy state. The polymerization in
vitrificated state is relative slow and should only use if the device is temperature critical. But the
cure in glassy state could be interesting with the focus on the properties of the polymer. The
stress development of BCB during the cure at 250°C is plotted in figure 14. The thermal stress of
a polymer film on a substrate could be calculated as followed:

L (a; - a,)AT (17)

Where Et and vr are the Young’s modulus and Poisson ratio of polymer. For silicon as
substrate CTE as are approximately 2.6 pm/mK, and BCB has a CTE of 42 pm/mK. Delta T is
the temperature difference between ambient temperature and the vitrificated temperature.
The polymer is in gel phase during the heat up phase and the stress is nearly zero. When the
polymer vitrificates, the stress state at that point is set to zero. During the cool down, the
thermal tensile stress in the layer increases based on the coefficient of thermal expansion
mismatch to the substrate [8] [30] [31]. A nearly fully cured BCB has a Ts near the
decomposition temperature, which means the zero stress point could not reset by processing
at a higher temperature. A reheating of the BCB after the cure at 250°C above the
temperature where the polymer vitrificate leads to a compressive stress, which could be
seen in figure 15. The stress measurements were done by Toho Technology with a Flexus-
2320-S system. In comparing the stress values at room temperature between the
measurement of figure 14 and figure 15 a slightly difference occurs. This could be explained
by a visco elastic behavior of the BCB which is discussed elsewhere [32].

There are trends in microelectronics towards enlarging the wafer size in combination with
thinner wafers to decrease costs. In contrast to this, the signal frequency gets higher and
higher, which means packaging thick dielectric polymer layers to assure good signal
integrity. It results in two major challenges. The first is in handling, because the stress leads
to a bow of the wafer, which is a problem for automatic handling tools and also for the
processes because of the topography. The second point is that the stress in the layer stack is
a continual problem for reliability. It force cracks through the layers and delamination. The
decrease of the stress in the layer stack becomes more and more a focus in the future. This
could also be seen by the polymer supplier who presented a couple of new polymers with
low temperature cure properties in the last few years.

The stress in the polymer layer can be minimized by the optimization of the cure process
with the help of a kinetic model. There are already some works which try to decrease the
stress by cure process optimization [33] [34], but they unaccounted the meaning of the
vitrification for the stress formation. A set of BCB experiments was done to examine the

131



132 New Polymers for Special Applications

[\
(=)

Stress (MPa)
S o

S W

1
(9]

0 100 200
Temperature (°C)

—#—heat up —&—cool down

Figure 14. The stress in the material during a cure at 250°C
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Figure 15. Stress curve of a cured BCB layer on a silicon substrate measured with Flexus-2320-S
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potential of stress decreasing by process optimization. In relation to the lowest temperature
where vitrification occurs, and a nearly fully cured layer is obtainable, a theoretical minimal
stress of around 18 MPa should be achievable. There has been shown a possible decreasing
of the stress in a BCB layer from 28 MPa based on a normal cure at 250°C down to a stress
value of 19 MPa [32]. Nevertheless, the process time will increase exponentially with a
decrease of the temperature, and for higher volumes a decrease of the temperature down to
150°C is not economically feasible. The kinetic model allows for the creation of curing
processes with more than one soak temperature, with the benefit that the processing
temperature before and after the vitrification is higher to decrease the processing time, and
the temperature is set lower in the phase change to a solid state. The cure of the polymer is
generally performed in convection ovens. The slow temperature change in a convection
oven limits the difference between the high and low temperature levels. A programmable
control of the oven makes a dynamic heat process possible, which reaches the shortest
possible time in combination with low stress in the polymer layer. Such a theoretical
temperature profile is plotted in figure 16.
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Figure 16. Calculated process profile with a focus on a vitrification at low temperature

The oven will heat up to a high peak temperature to achieve fast polymerization. After that
the temperature is decreased to reach a vitrification at low temperature. The temperature
will be ramped up after the vitrification, but the process temperature is controlled to be
below the glass transition temperature, to decrease the process time and avoid
devitrification. The described program aims for a vitrification at low temperature in relation
to the stress in the polymer layer. DIBBS described a seven days process, which also aims to
get a vitrification at a low temperature and slowly increase the temperature after that [2].
The process involves a long time processing at 150°C, and after that a slow ramp up to
250°C. The expected cure profile of DIBBS process is plotted in figure 17. The long heat up
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phase of 6 days results due the lack of a detailed kinetic model for the diffusion controlled

part.
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Figure 17. Calculated process profile of the low stress cure of DIBBS

He realized only a small decrease of the stress down to 24 MPa. The results of DIBBS and
own experiments lead to the assumption that the ongoing of the polymerization in glassy
state also influences the stress. A BCB layer on substrate was soft cured at 210°C up to 70%,
which has a Tg of around 190°C. After soft cure, the layer was stored at 150°C for 100 hours
and reached 93% polymerization. The stress in the layer decreased during the storage from
24 MPa down to 19 MPa [32]. A layer which was fully cured at 250°C shows no strong
relaxation after the storage. This could be explained by two things. First, the partly cured
film has a higher viscoplastic behavior and the material relaxed easier. Another possible
reason is stress relaxation caused by the ongoing polymerization at low temperature.
Further ongoing experiments are necessary to clarify in more detail the stress behavior in
solid state BCB layers.

The polymer dielectric layer is an essential component in packaging technology. The
temperature-activated polymerization processing of polymers has increasingly become a
key parameter for the process workflow. The investigation of polymerization processes
allows the optimization of the cure process down to lower temperatures. Based on the
example of BCB, a simple model was developed, which also described the
polymerization reaction of BCB in a solid state. The model allows for significantly
decreasing the stress in the layer and also decreasing down to very low cure
temperatures. The mechanical properties like Young’s modulus or tensile strength of
BCB will not be affected by the processing parameter changes [32]. In combination with
the low-temperature curing possibilities of BCB, a decrease in the stress of about
approximately 30% is possible.
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1. Introduction

1.1. Polymer Dispersed Liquid Crystals

Polymer dispersed liquid crystal (PDLC) films are a mixed phase of nematic liquid crystals
(LC) commonly dispersed as inclusions in a solid polymer!. They have remarkable electro-
optical behaviour since they can be switched from an opaque to a transparent state simply
by application of an electric field 2.

PDLCs have been prepared by two general methods: one in which the system remains
heterogeneous during the process, and another in which the system becomes
heterogeneous. The first case includes the solvent induced phase separation (SIPS): the LC
is mechanically dispersed in solution of a polymer. After evaporation of the solvent, the
composite structure obtained is stabilised because of the polymer morphology, but is
poorly controlled due to a coalescence of droplets during the preparation process. The
second case is called thermally induced phase separation (TIPS) or polymerisation induced
phase separation (PIPS)".

The main advantage of preparation by the PIPS method is the possibility to obtain a
composite directly between glass plates coated with conductive indium tin oxide (ITO) film
without additional laminating procedures. Thus, the PDLC film is produced in one
technological step, in which the phase separation of the initially homogeneous mixture and
the polymerisation occur simultaneously. The PIPS process was particularly suitable for our
purpose because it is quite simple and allows for high degree of control over the final
properties of the PDLC films.3

In this work the PIPS method was performed by thermal or photochemical polymerisation
of a homogeneous mixture of polymerisable monomers, initiator and liquid crystal. These

I NT EC H © 2012 Sotomayor et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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types polymerisations occur by the mechanism of free radical polymerisation, as explained
bellow.

1.2. Free radical polymerisation

Free radical polymerisation has been widely practiced method for chain polymerisation and
has been used in this work. This type of polymerisation can be described in three steps:
initiation, propagation and termination. It is initiated by radicals - chemical species
characterised by unpaired electrons which subsequently initiate polymerisations. Radicals
can be formed by monomers themselves without added initiators (self-polymerisation) but
normally by the action of initiators which were added deliberately. The decomposition of
initiators in radicals can be achieved electrochemically, thermally or photochemically.
Depending on the polymerisation conditions, the same monomer can originate polymers
that differ in configuration, molecular mass and therefore in properties. In this work more
attention was given to the thermal and photochemical polymerisation.

In thermal polymerisation the N,N-azobisisobutyronitrile (AIBN) is one of the most
common initiator which fragments mainly into isobutyronitrile radicals (figure 1).

CHs CHs CHs

| | 64°C .
H3C—C—N_—N—T—CH3 ——— 2 HC + N

CN CN CN

Figure 1. Reaction scheme for the thermal decomposition of N, N-azobisisobutyronitrile (AIBN) in two
isobutyronitrile radicals.

Thermal initiator decomposition normally depends on temperature, but also on the solvent
used and its solubility. AIBN decomposition normally occurs to an appreciable extent at
temperatures higher than 64°C.

In photochemical polymerisation, light sensitive compounds are required as initiators.
These compounds absorb light in the ultraviolet / visible wavelength range and undergo
fragmentation leading to the formation of radicals * An example is the photochemical
decomposition of 2,2-dimethoxy-2-phenylacetophenone (DMPA) which is illustrated in
figure 2. The main advantage of polymerisation with UV radiation is the possibility to
achieve high polymerisation rates in a fraction of second °.

OCHs
O OCHj ye OCHj4
hv
—_— R —|— ®—<-
<4 O

Figure 2. Reaction scheme for UV induced decomposition of 2,2-dimethoxy-2-phenylacetophenone
(DMPA) into a benzoyl and an acetal radical fragments.
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However, for thermal and photochemical initiators, it is necessary to take into account that
some of the radicals formed may recombine in secondary reactions to form compounds that
cannot decompose further into radicals and therefore only some radicals are useful to
initiate a chain reaction.

The initiation step includes radical production (described above for the AIBN and DMPA)
and the attack of these radicals to the monomer molecules. The overall mechanism for free
radical chain polymerisation can be described as:

Initiation:

i.  Generation of free radicals (R-) by homolytic dissociation of the initiator (I).

ky
[->2R.
(ka- rate constant for the dissociation of the initiator)

ii. Reaction between radicals (R) previously formed and monomer’s double bond (M)
producing new active species (Mr°).

St

Re+M, —>M, -
(ki- rate constant for the initiation step)
Propagation:

i.  Chain extension by successive addition of monomer molecules (M) to the monomer
radical unities (Mn") formed in the initiation step.

kic
M, M, «—>M_

(kp- rate constant for the propagation step)
Termination:

In last step, radicals combine or disproportionate to terminate the chain growth and form
polymer molecules.

i.  Combination (a simple interaction between two reactive species, Mn* and Mm).

kt(‘
M M oM __
(kt- rate constant for the termination step by combination)
ii. Disproportionation (when hydrogen atom is transferred from one chain to another).

Kia

M, +M_>M + M _
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(kta- rate constant for the termination step by disproportionation)

1.3. The nematic liquid crystal mixture E7

The liquid crystal used in this work was thermotropic calamitic nematic, know as E7. It is a
mixture composed by three different cyanobiphenyls and one cyanotriphenyl in different
proportions. The molecular structures of the different components of the nematic liquid
crystal E7 are shown in figure 3. The mass percentage and physical properties of E7
components are shown in table 1 67.

OO

Figure 3. Molecular structures of the components of the nematic liquid crystal mixture E7.

E7 is widely used in polymer dispersed liquid crystals, and it was selected to be studied in
this work, because it offers a wide range of operating temperatures in which it maintains
anisotropic characteristics. The refractive indices of E7 at T=20°C are given as: no=1.5183
(ordinary refractive index) and ne=1.7378 (extraordinary refractive index)?. It exhibits a
nematic to isotropic transition at nearly Tn=58°C. At room temperature it still exhibits a
nematic phase and no other transitions between 58 and -62°C, where it shows a glass
transition. Therefore, liquid crystalline properties are extended down to the glass transition’.
These features are possibly due to the multicomponent nature of E7°.

Designation | Molecular formula IUPAC name Con:g;);l)t % Tueo)
5CB CisHisN 4-cyano-4’-pentyl-1,1"-biphenyl 51% 35.3
7CB CooH2N 4-n-heptyl-4’cyanobiphenyl 25% 42.8

80CB CaH2sNO 4, 4’-n-octyloxycyanobiphenyl 16% 80
5CT CosHN 4'n-pentyl-4-cyanotriphenyl 8% 240

Table 1. Components and mass composition of the Merck E7 liquid crystal.

1.4. Microstructure of the polymer matrix

During polymerisation of what is initially a homogeneous solution of monomers and LC
molecules, the polymeric components grow in molecular weight, and when the two
components become sufficiently incompatible, there is a decrease of LC solubility which
induces formation of separate phases. The polymer matrix acquires a particular morphology
with liquid crystal dispersed in its clusters!'. The polymerisation conditions®, the chemical
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nature of the liquid crystal® and the polymerisable monomers!’ determine the morphology
of polymer matrix. Conventional PDLCs have two main morphologies: Swiss cheese or
polymer ball types each one with different characteristics. The observation of the
microstructure of the polymer matrix was carried out by scanning electron microscopy
(SEM). The dark areas in the SEM microphotographs reveal the absence of the material,
which would have corresponded to the original liquid crystal domains.

The Swiss cheese morphology type (figure 4A) is characterised by liquid crystal randomly
dispersed in a polymer matrix, as microdroplets. The size and shape of the LC
microdroplets are in strong dependence on the parameters of preparation and the type of
polymeric matrix ' 12,

—=  [Beenain of ligusd
erystal

Domain of liquid
crystnl

Polymer

Figure 4. SEM micrograph for the microstructure of the polymer matrix with a A) Swiss cheese
morphology type and B) polymer ball morphology type.

In PDLC morphologies with isolated LC microdroplets, two types of distribution of liquid
crystal molecules are typically observed, as shown in figure 5.

The bipolar and radial configurations (figure 5) are related to droplet size and shape and
depend on whether the liquid crystal prefers to align parallel or perpendicular to the
polymer surface, respectively. Due to these different configurations, liquid crystal molecules
would be randomly oriented within each droplet or from droplet to droplet, causing
dispersion of the incident light.

(a) (b)

Figure 5. Schematic illustration of bipolar (A) and radial (B) director configurations of the liquid
crystals inside spherical droplets.

In the polymer ball morphology type (figure 4B) the polymerisable monomers are phase
separated from the continuous liquid crystals and form micro-sized polymer balls. These
micro-sized polymer balls merge and form a large polymer network structure with diversely

143



144 New Polymers for Special Applications

shaped voids in which LC exists. In this case, the LC is in a continuous phase and fills the
irregular shaped voids of the polymer network, which are more or less interconnected'2.

1.5. PDLC films transmittance

As mentioned before, PDLC devices can be switched electrically from an opaque scattering
state to a highly transparent state when a film of liquid crystal-polymer mixture is
sandwiched between two conductive glass slides and the electric field is applied. The
polymer matrix material is optically isotropic so it has a single refractive index (np). The
liquid crystal within the micro-domains has an ordinary refractive index (no) and an
extraordinary refractive index (ne) when light ray travel through the liquid crystal.

When no electric field is applied although the liquid crystal molecules would be oriented
within each droplet, this orientation changes from droplet to droplet and light propagation
normal to the film surface will experiment a range of refractive indices between (no) and (ne).
Since the optical anisotropy of LC molecules used in PDLC is sufficiently large, the effective
refractive index is not generally matched with the refractive index of the polymer (np), light
will be scattered and the PDLC is opaque (OFF state). To maximize off-state scattering, the
birefringence (An= ne-no) should be as large as possible®. On the other hand, when an electric
field with sufficient strength to overcome the interactions between polymer matrix and
liquid crystal at interfaces of LC domains—polymer matrix, is applied across the film liquid
crystal directors within each droplet become uniformly oriented parallel to the direction of
the field. If refractive index of the liquid crystal matches the refractive index of the
polymeric matrix (np) the film become transparent (ON state)'s.

Normally, when the applied electric field is removed, the nematic directors return to their
random distribution. The film begins to appear opaque again. A schematic representation of
a functional PDLC film is shown in figure 6.

Visible light Visible light
LC domain

b
/ A = potymer matrix

OFF State
Opaque material Transparent material
(a) (b)

Figure 6. Schematic representation of the averaged molecular orientation of the liquid crystal within the
microdroplets without (a) and with (b) an applied electric field.

ITO

1.6. Electro-optical properties of PDLCs

Three main types of electro-optical response can be observed (figure 7). The factors
contributing to the different response are many and still poorly understood. Electro-optical
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response of PDLC is usually measured by ramping a PDLC up and down in voltage and
comparing the optical response at each voltage'. The different types of change of
transmittance of PDLC films as a function of the electric field are shown in figure 7.

One of the parameters used to evaluate the efficiency of electro optical response of PDLC is
the electric field required to achieve 90% of the maximum transmittance and is designated
as Evw. Thus, the lower the value of Ew, the more easily PDLC devices switch from the OFF
state to ON state.

The most common electro-optical response reported in the literature for PDLC is when the
increasing voltage curve is coincident to the decreasing voltage curve as shown in figure 7A.
It was observed that when the electric field is removed liquid crystal molecules relax back,
so that the long shaped molecules which were oriented in the same direction in each droplet
return to their original random orientation.

////_T nal OFEE Stnte— -
P (™ state
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Figure 7. Example of electro-optical response of PDLC A) with no hysteresis, B) with hysteresis and C)
with permanent memory effect.

When these curves are not coincident the PDLC shows electrical hysteresis. The
transmission with increasing voltage is lower than the transmission when the electric field is
decreased. This effect is illustrated on figure 7B and can be defined as the difference
between the increasing voltage curve and the decreasing voltage curve.

This difference is commonly attributed in literature to the fact that liquid crystal molecules
have a tendency to remain with a certain degree of alignment even after removal of the
electric field. The PDLC film is more transparent under decreasing field voltage than with
increasing field, because liquid crystals remain with certain degree of alignment caused by
the increasing field voltage. However, at the end of measured electro-optical response, the
value of the transmittance for the initial opaque state is coincident with that of the final
opaque state!4.

In particular cases, not only the transmission with increasing voltage is lower than the
transmission when the voltage is decreased but also a high transparency state is obtained for
a long period of time at room temperature even after the applied voltage has been switched
off, starting from an opaque state and later reaching a transparent state (figures 7C and 8)".

In figures 7C and 8, the initial OFF state corresponds to the transmittance of the initial
opaque state (zero electric field), the ON state to the transmittance upon applying electric
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field and the final OFF' state is the transmittance after removal of the applied field. The

PDLC film with this electro-optical response has a permanent memory effect and this still
remains a poorly understood aspect of PDLC electro-optical behaviour.

Appliad Ebutric Ficld Wemiwed Fhestric Field

Initial OFF Siale | CHFI

T

Lal

Figure 8. Images of PDLC devices with permanent memory effect: (a) initial OFF state, (b) upon
applying electric field and (c) OFF state after removed electric field.

Various factors can influence the performance of a PDLC and therefore the permanent
memory effect. However, the most frequently explanation mentioned in literature is related
to the anchoring effect® ' 15, 16, This effect consists of the interaction between the liquid
crystal molecules and polymer matrix at the interface of LC domains and polymer matrix.
When an electric field is applied inducing the orientation of LC molecules, it opposes the
anchoring effect. If this orientation remains even after the applied voltage has been switched
off, the liquid crystal does not relax back completely but remains aligned with the electric
field and a high transparency state is displayed without any more energy consumption.
Therefore for this to happen there must be a weak force between LC molecules and the
polymer surface.

The permanent memory effect is very revolutionary in the study of PDLCs because it allows
a switch in transparency and the new state is kept without the need for energy to be spent.
The only energy required is that needed to switch the PDLC from the OFF state to the ON
state, therefore these devices become low power consumers and environmentally friendly.

1.7. Parameters that influence the performance of PDLC films

Despite the fact that PDLC films can be switched between a highly scattering opaque state
and a clearly transparent state, these devices sometimes have disadvantages such as the
high driving voltage (Eo) and the insufficient maximum transmittance (Tmax)!”. The electro-
optical properties of PDLC films prepared by the polymerisation induced phase separation
(PIPS) method depend on a numbers of factors such as the type of liquid crystal, molecular
structure of polymerisable monomers and polymeric conditions. These factors could
seriously affect the microstructure of the polymer matrix, the size and the shapes of the LC
domains and molecular interactions between the LC molecules and the polymer matrix
(anchoring effect)® 1520, In general and in a simple way, in a nematic liquid crystal there is a
relationship between the size and the shape of LC domains and the anchoring effect. When
sizes decreased the anchoring effect increase. This effect is directly related with the voltage
needed to align the liquid crystal molecules in the domain. Strong anchoring forces hinder
the alignment of liquid crystal molecules. Therefore a high voltage is needed to align liquid
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crystal molecule along the electric field, and the reverse is valid for lower anchoring
effects's. Therefore, an understanding of the relationships between preparation conditions
and molecular structure of the monomers on electro-optical performance of PDLCs is crucial
to control device properties.

1.8. Polymerisation conditions

The phase separation phenomenon between LC and polymeric matrix in PDLCs is a kinetic
process where the transport parameters can play an important role in determining the
domain size and amount of LC separated from the polymer matrix. The rate of
polymerisation and also some physical parameters, such as the viscosity of the systems
change the LC domain size. In general, the thermal polymerisation is slower (can take
several hours), which combined with the effect of temperature that significantly decreases
the viscosity of the medium may cause a promotion of the growth of LC domains by
diffusion and coalescence. On the other hand, photochemical polymerisation produces a
higher polymerisation rate. Smaller domain size can be achieved by higher viscosity of the
systems and poor diffusion of free radicals of the polymerisable monomers during
polymerisation and hence the reduced coalescence of LC domains. Therefore, small LC
domains can be obtained®?.

1.9. Molecular structure of polymerisable monomers

The electro-optical response of PDLC films is greatly influenced by molecular structure of
the monomers to be incorporated as polymeric matrix!® 2, In literature reports there is not
a great variety of monomers used in research for applications for PDLC films, besides the
most common commercial ones. To the best of our knowledge, published results of the
synthesis of monomers to be incorporated as polymer matrix, were mainly dedicated to the
preparation of monomers bearing a cyanobiphenyl group?- 2. These monomers with a
molecular structure similar to the E7 liquid crystal molecules, could lead to better miscibility
and compatibility between the polymeric matrix and LCs during the preparation of PDLCs.
This could lead to a uniform phase separation and control of the LC domains, which could
enhance the performance of PDLCs. On the other hand, the low miscibility with the LC
molecules can lead to a premature separation from the matrix. Therefore, one of the main
objectives of this work was the design and synthesis of new photochemically and thermally
polymerisable monomers, mimicking some structural elements of the E7 liquid crystal
molecules. Besides the specific cyanobiphenyl groups, also aromatic systems in general with
and without a linear chain spacer with five methylene units were synthesised. Thus, a
number of aromatic mono- and dimethacrylates with and without spacer, as well as vinylic
monomers, were synthesised under microwave irradiation. A linear chain spacer with five
methylene units was introduced into some of the structures between the aromatic systems
and the methacrylate group to mimic the structure of 5CB, which is the liquid crystal
component present with the highest percentage in E7.
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2. Synthesis and characterisation

As mentioned before, a number of photochemical and thermal polymerisable monomers, as
well in some cases, their starting materials were prepared under microwave irradiation. The
synthetic methods and the full characterisation of the compounds obtained have been
described elsewhere?. All the compounds were synthesised using a microwave synthetic
reactor under mild or solventless procedures. For some reactions, it was necessary to add a
small amount of DMF (dimethylformamide) to obtain better homogenisation of the mixture.
DMF was chosen because of its dipolar nature and the high ability to absorb microwave
energy and convert it into heat, coupled with a comparatively high boiling point of 153°C?.
The protocol employed consisted in placing equivalent amounts of the corresponding
reagents in an open quartz tube and then subjecting the mixture to microwave irradiation at
200W. The reaction time was optimised by following the reactions by thin layer
chromatography (TLC) every minute and stopped when no starting material remained. The
authors have described® the data of compounds characterisation by 'H and *C NMR, FTIR
spectroscopy, elemental analysis and melting points. Also, a comparison between the results
described in the literature for the syntheses of the compounds under classical synthetic
methods with the results obtained under microwave irradiation have been made. Part of the
Gel Permeation Chromatography (GPC), Differential Scanning Calorimetry (DSC) and
electro-optical studies presented here have been previously published?.

2.1. List of synthesised monomers

The molecular structures of all synthesised monomers are shown in figure 9. Some of the
synthesised monomers have been already mentioned in the literature, but were lacking full
characterisation, which was provided in ref. 23. This was the case for compounds: 1%, 27,
32,4 28 5%, 6%, 72, 93110, 112, 13%, 14 34,15 %, 16%, 25 %7, 26 3. To the best of our knowledge,
the compounds 8, 12, 17, 18, 19, 20, 21, 22, 23 and 24 had not been synthesised before.

2.2. Selected monomers

Among all the synthesised monomers, the monomers containing cyano and/or spacer chain
group (figure 10) were studied further due to higher chemical structural compatibility with
E7 liquid crystal molecules. The monomers (with cyano and/or with spacer chains groups)
properties will be compared to the analogous monomers without cyano group and/or spacer
chain and the results will be presented later on.

2.3. Calorimetric characterisation

In order to determine the transition temperatures and their associated enthalpies differential
scanning calorimetry (DSC) was employed. Figures 11-14 present the DSC thermograms
collected on heating and on cooling run of cycle I. This cycle corresponds to the first heating
and cooling runs and the cycle II to the second heating and cooling runs.
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Figure 9. Molecular structures of synthesised monomers.

As mentioned before, the melting temperature (Tm) was obtained at the peak of the melting
endothermic transition, and in analogues way the crystallisation temperature either for cold-
(Tee) or for melt- (Tc) crystallisation was obtained at the peak of the respective exothermic
transition peak. The glass transition temperature (Ts) was taken at the inflection point of the
specific heat capacity variation in the transition. The melting and crystallisation enthalpies
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(AHm) and (AHw), respectively, were determined from the areas under the curve that
represents the respective transitions. The information obtained on the temperatures and
enthalpies is summarised in table 2.

Figure 11A presents the DSC thermogram collected on cycle I for liquid monomer 19. The
heat flux presents a discontinuity characteristic of the glass transition at Tg=-86.01°C. At
higher temperatures an exothermic peaks characteristic of cold crystallisation emerges at -
40.19°C with an enthalpy of -97.45 Jg™! followed by endothermic peak due to melting at Tm=-
3.62°C with an enthalpy of 115.52 Jg'. During the first cooling rate no transitions were
detected, so it is possible that the liquid remained in a supercooled state. During cycle II the
same calorimetric behaviour as that obtained for cycle I was observed.

NCHH WoUat

4'-isocyanobiphenyl-4-yl methacrylate 4-isocyanophenyl methacrylate
(0]
NCO_(CH2)504§7 (22) O (CHy)s- ‘/}7 21)
5-(4'-cyanobiphenyl-4-yloxy)pentyl methacrylate 5-(4-cyanophenoxy)pentyl methacrylate
0O
5-phenoxypentyl methacrylate 5-(biphenyl-4-yloxy)pentyl methacrylate

oot oot

Biphenyl-4-yl methacrylate Phenyl methacrylate

Figure 10. Molecular structure of synthesised monomers with and without cyano and spacer chain
group.

During cycle I for liquid monomer 1 (figure 11B) the thermogram showed endothermic peak
at 18.86°C with an enthalpy of 108.97 Jg! due to the melting of the crystalline form; on
cooling rate no transitions were detected, thus the liquid could have remained in a
supercooled state. However, during the cycle II the thermograms showed endothermic
transitions assigned to a glass transitions at Tg=-89.02°C and melting temperature at
Tm=18.86°C with an enthalpy of 107.67 Jg1. Cold crystallisation was also observed at Tee=-
55.13°C with an enthalpy of -71.0 Jg!. These thermal transitions were very similar to those
observed in the thermogram obtained for liquid monomer 19 (figure 11A).



New Polymer Networks for PDLC Films Application

e —

o W[
oo _:.:- _.."-.\. ) {1

(]

Heat low !mw

130 30 £ 0 1 ] a0 0 & )

Turmpsraturs | °C Tempadaun G

Figure 11. DSC measurement obtained for A) monomer 19 and B) monomer 1 during cycle I at 10°C
min.

The solid monomers, 7, 5, 22, 21 and 20 had different thermal behaviour compared with the
liquid monomers (19 and 1) described above. The thermograms for monomers 7, 5, 22 and
21 in figures 12 and 13, showed reversible systems that on heating gave endothermic peaks
characteristic of melting transition and on cooling rate - exothermic peaks of crystallisation.
The second heating and cooling rates were characterised by the same thermal behaviour.
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Figure 12. DSC measurement obtained for A) monomer 7 and B) monomer 5 during cycle I at 10°C min-..

& 8

Heal Mow/'mW

|
l
—
g
[
—

0

Temperaiure *C
Tamparabms °C

Figure 13. DSC measurement obtained for A) monomer 22 and B) monomer 21 during cycle I at 10°C
min!.

Monomer 20 (figure 14A), despite having the same thermal behaviour as described above, it
was not reversible. The thermogram of monomer 20 showed that the crystalline form melted
and partially crystallised on cooling. During the first heating rate it exhibited endothermic
peak due to melting transition with AHm=57.84 Jg-! and during the cooling - exothermic peak

151



152 New Polymers for Special Applications

due to melt-crystallisation but with AHe=-18.65 Jg!. During the second heating this crystalline
solid formed melted with AHm=14.93 Jg-! and partially crystallised again on cooling, but also
with lower value of AHcr=-2.86 Jg'. The difference between the values of enthalpies
associated with endothermic and exothermic transitions suggested that part of the material
previously melted could have remained in supercooled state, degraded or polymerised, and
only a small fraction of the monomer crystallised during cooling run. This possibility was
supported by previous studies of DSC between 25 and 200°C, which indicated that the
temperature of 100°C seemed to be enough to initiate polymerisation of the monomer.

All these monomers revealed high tendency to organise in crystalline form that melted
during the heating run followed by melt-crystallisation during the cooling run. The only
thermal event during the heating run was the melting transition that showed that until
melting the material was in a crystalline phase.

The insertion of a spacer chain, in monomers 20, 21 and 22 decreased the melting
temperatures, compared to the analogue monomers without the spacer chain, which have
made the later structures more rigid.
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Figure 14. DSC measurement obtained for A) monomer 20 and B) monomer 8 during cycle I at 10°C
min-.

It can be seen in figure 14B that for monomer 8 on the heating run there were two
endothermic peaks at 114.95 and 125.90°C with enthalpies of 29.09 and 60.40 Jg?,
respectively. However on the cooling run only one exothermic peak emerged at 107.72°C
with enthalpy of -14.74 Jg'. During the second heating run part of the amorphous material
underwent cold crystallisation at Te=63.61°C with an enthalpy of -10.43 Jg"! followed by two
endothermic transitions at 109.60 and 123.95 °C with 7.48 and 12.13 Jg'!, respectively. On the
second cooling run no transitions were detected, so it was possible that the liquid have
remained in supercooled state or that it had polymerised previously. This last possibility
was supported by DSC studies between 25-200°C. POM studies allowed better
understanding of the thermal transitions, especially those involved in the thermal behaviour
of monomer 8. Thus, the data from DSC and POM indicated that crystalline material
transited to a mesophase state which could be assigned to the first endothermic peak,
followed by transition to an isotropic state, assigned to the second endothermic peak. The
peak at 114.95°C could be assigned to solid to mesophase transition temperature (Tsm) and at
125.90°C to mesophase to isotropic transition temperature (Twr).
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2.4. Polarised optical microscopy characterisation

The thermal properties of monomers were complemented with polarised optical microscopy
(POM) studies. The polarised optical microscope equipped with a hot stage only allows the
observation of transitions from 20 to 300°C and therefore for the liquid monomers an analysis
by POM with the same conditions used in DSC (-130 to 25°C) was not possible. Optical
observations allowed the determination of not only temperatures for each transition, but also
the texture acquired by the sample. Furthermore, polarised optical microscopy can evaluate
the possibility of the existence of liquid crystalline phases. An isotropic phase placed between
crossed polarisers does not allow polarised light to pass through and what is observed is simply
a black uniform image, unlike what is observed for a birefringent phase (optical anisotropy).

The values of the thermal proprieties determined by POM are summarised in table 3.

Heating run at 10°C min"!

Cooling run at 10°C min*!

glass Cold- . Melt- Glass
. . .. Melting .. -
transition crystallisation crystallisation transition
Monomer Cycle Tg/°C Tee/°C AHa/ Tw/°C AHx/ T¢/°C AHe/ Tg/°C
Jg! Jg! Jg!

19 I -86.01 -40.19 9745 -3.62 11552 - - -

I -86.01 -39.83 -96.60 -3.58 114.80 - - -
1 I - - - 18.86 108.97 - - -

I -89.02 -55.13 -71.00 18.86 107.67 - - -
. I - - - 8153 56.03 4428 9192 -

II - - - 79.52  76.00 3826 -90.85 -
5 I - - - 83.99 -8345 -

II - - - 106.04 7135 8272 -82.02

114.95 29.09
. I - - - 19590 60.40 107.72 -14.74 -
109.60 7.48

I 63.61 -10.43 12395 1213 - -
1 I - - - 49.80 11570 32.53 -105.98 -

II - - - 49.68 11152 31.28 -91.19
20 I - - - 3819 5784 -924 -1865 -

II - - - 1627 2648 -8.13 -2.87 -

I - - - 79.77 8521 5590 -64.55 -
i II - - - 78.14 69.36 5371 -2429 -

Table 2. Thermal properties of monomers obtained by DSC during different cooling/heating cycles

The texture for liquid monomers 19 and 1 which may be analysed in the optical
microphotographs presented in figure 15, revealed an isotropic phase on heating and the
cooling runs between 30 and 100°C and no birefringent phase was observed. The spheres

that appear in the images are spacers of ITO cell.
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Optical microscopy pictures of monomers 7, 5, 22, 21 and 20 are present in figures 16-20. The
analysis of these figures revealed a birefringent texture in the solid state. However, this
property was lost with melting transition and the liquid state showed an optic isotropic
structure that remained until the crystallisation temperature where again the monomers
acquire a birefringent texture.

As mentioned before, in DSC analysis monomer 8 showed a particular thermal behaviour
with two endothermic transitions one after the other in the heating run. The results of
combined POM and DSC studies allow a better understanding of the type of transitions
involved in all the monomers and in particular in monomer 8. The optical microscopy
picture presented in figure 21 shows in the heating run that the birefringent solid material
first transition to a mesophase at 114°C (Tsm). This mesophase was assigned based on the
observation of birefringence and fluidity. However this phase with the increase of
temperature transited to an isotropic phase at 124°C (Twmi). During the cooling run, at 102°C
the isotropic phase crystallised out, so that in the second heating run transit to an isotropic
phase at 124°C. This isotropic phase crystallised at 100°C into a birefringent material. From
POM studies it was possible to observe the onset of polymerisation at 140 °C which is in
agreement with the DSC analysis.
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Figure 15. Optical micrographs of A) monomer 19 and B) monomer 1 at specific temperatures during
the heating and cooling runs at 10°C min-!.

The melting temperature determined by DSC for all the monomers analysed seemed to be
corroborated by the melting temperature determined by capillarity. However, the transition
temperatures determined by POM showed small differences. Although the programme for
the heating and the cooling runs was the same (10°Cmin?) it was difficult to keep exactly the
same ramp throughout the POM analysis. During POM measurements the runs of heating
and cooling were stopped momentarily to take optical micrographs.
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Figure 16. Optical micrographs of monomer 7 at specific temperature during the heating and cooling

run at 10°C min-!.
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Figure 17. Optical micrographs of monomer 5 at specific temperatures during the heating and cooling

runs at 10°C min-!.
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Figure 18. Optical micrographs of monomer 22 at specific temperatures during the heating and cooling

runs at 10°C min-L.
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Figure 19. Optical micrographs of monomer 21 at specific temperatures during the heating and cooling

run at 10°C min-!.
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Figure 20. Optical micrographs of monomer 20 at specific temperatures during the heating and cooling
runs at 10°C min‘.
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Figure 21. Optical micrographs of monomer 8 at specific temperatures during the first and second
heating at 10°C min-..
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Heating run at 10°C min™ | Cooling run at 10°C min~!

Melting Melt-crystallisation
Monomer Initial optical property T/°C  Optical property | T/°C Optical property
19 Isotropic - - - -
1 Isotropic - - - -
7 Birefringent 84(Tm) Isotropic 35 Birefringent
5 Birefringent 108(Tm) Isotropic 87 Birefringent
22 Birefringent 78(Tm) Isotropic 63 Birefringent
21 Birefringent 49(Tm) Isotropic 30 Birefringent
20 Birefringent 35(Tm) Isotropic - -
o 114 (Tsm Birefringent

8 Birefringent 124 ((TMI)) Isotrogic 102 Birefringent

Table 3. Thermal properties of monomers obtained by POM during heating/cooling runs.

3. Structural and electro-optical characterisation

3.1. Molecular weights and polymer structures

The molecular weight of the polymer matrix plays an important role in the morphologies of
the matrix and therefore in the liquid crystal domain size and shape. If the polymer chain
increases with an increase in molecular weight leading to a higher network density, the size
of liquid crystal domains should decrease. This promotes the interaction between polymer
and liquid crystal molecules; the opposite is valid for smaller chains. As previously
mentioned, the size and the shapes of liquid crystal domains are correlated with the
anchoring strength on the interface between the liquid crystal molecules and polymer
molecules. The anchoring strength determines the electric field needed to achieve the
transparent state in the PDLC. Generally, the strength of the field needed is inversely
proportional to the liquid crystal domain size. A number of factors influence the electro-
optical response of PDLCs and the investigation of these parameters allows control of the
performance of these devices. So, it is important to understand and establish the effect of the
molecular structure of the polymerisable monomers on the molecular weight of the polymer
and the effect of molecular weight on the morphology and electro-optical properties.

3.2. Characterisation of molecular weights

Gel permeation chromatography (GPC) is a liquid chromatography technique that separates
molecules according to sizes and not according to chemical affinities toward the porous
substrate®.Large polymer molecules with higher molecular weights can move into pores but
since there are only few large pores available to them, they reside, on average, less time in
pores than smaller molecules. Therefore, larger molecules are eluted first. On the other
hand, smaller polymer molecules with lower molecular weights can fit into the small pores
and penetrate into a larger number of pores. So, the elution time increases with decreasing
molecular size®. This correlation between elution time and molecular weight was observed
for the polymers analysed. The values of average molecular weights (Mn and Mw) and
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polydispersity index (PDI) for mixture of monomer/glycidyl methacrylate (50/50 w/w) after
thermal and photochemical polymerisations are summarised in Tables 4 and 5, respectively.
It was possible to observe differences between polymer matrixes prepared by thermal
polymerisation and by photochemical polymerisation. For thermal polymerisation, the
polymers had a number average molecular weight, Mn, around e® or e®?, and for
photochemical polymerisation polydispersions were higher and Mn was around e’
Generally, the polymers with lower molecular weight possessed lower polydispersion,
indicating that there were chains with more uniform lengths (sizes), but no correlation was
observed with the molecular structure of the respective monomers.

3.3. Microstructure of the polymer matrix

The microscopic images of the microstructure of the polymeric matrix were evaluated by
scanning electronic microscopy (SEM). Some microscopic images can be assigned to the Swiss
cheese (figure 22A) or polymer ball (figure 22B) types of morphology, but for some samples
these morphologies were not uniform across the sample. For other samples it was not
possible to identify any morphology. These results can suggest that the chemical affinity of
polymerisable monomers with liquid crystal molecules due to their similarities in chemical
structure produced smaller phase separation and therefore the E7 liquid crystal molecules

Monomers used in

.. PDI Peak/min In (Mw/gmol?) In (Mn/gmol)
co-polymerisation

8 1.91 13.86 12.80 12.15

22 1.40 14.97 12.51 12.16

19 1.44 13.57 13.05 12.69

5 1.04 20.51 8.13 8.09

7 1.04 20.81 8.02 7.99
21 1.04 20.47 8.16 8.12
20 1.05 20.14 8.22 8.17

Table 4. Values of average molecular weights (Mn and Mw) and polydispersity index (PDI) for
polymers prepared with a mixture of monomer/glycidyl methacrylate (50/50 w/w) by thermal
polymerisation.

Monomers used in

. PDI Peak/min In (Mw/gmol?) In (Mn/gmol™)
co-polymerisation
8 1.51 14.28 12.80 12.39
22 1.47 14.68 12.36 11.98
19 1.35 15.06 12.04 11.74
5 1.24 15.78 11.67 11.45
7 1.08 14.37 12.30 12.23
21 1.38 15.63 11.72 11.39
20 1.36 22.36 6.99 6.68

Table 5. Values of average molecular weights (Mn and Mw) and polydispersity index (PD) for polymers
prepared with a mixture of monomer/glycidyl methacrylate (50/50 w/w) by photochemical
polymerisation.
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Figure 22. Examples of SEM micrographs for the microstructure of the polymer matrix prepared by
thermal polymerisation of A) monomer 19 and B) monomer 7.

would be highly embedded in the matrix. It was also possible to observe that there could not
be established a correlation between the molecular structure of the polymerisable monomers
and polymerisation conditions. Although the samples for analysis by GPC and SEM were not
prepared under the same conditions, it was not possible to establish a correlation between the
molecular weight of polymers and the microstructure of the polymer matrix.

3.4. Electro-optical characterisation

The PDLCs prepared with the monomers synthesised showed poor electro-optical response
(figure 23). In most of the studies the PDLC cells showed good opacity after polymerisation with
transmittance of the initial opaque state TOFFo0%. However, the electro-optical study did not
reveal significant difference on the transmission of the sample with the application of electric
field up to 400V (20V um), the maximum transmittance, TMAX, being less than 4%. The reason
for this non-ideal behaviour is unclear, however, it was possible to suggest explications.

100
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Figure 23. General electro-optical response for PDLC films prepared by the PIPS method with the
monomers synthesised + E7 in a ratio of 30/70 (w/w).
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As mentioned before, the electro-optical properties of PDLC films depend on numerous
parameters, namely, the structure and the molecular weight of the polymeric matrix (size
and shape of the liquid crystal domains). These factors control the dynamics between
alignment and random distribution when the electric field is applied and after removal of
the electric field, respectively. These dynamics are very much dependent on anchoring force.
This force is related to the interactions between the liquid crystal molecules and the
polymeric matrix at the interface of LC domains and polymer matrix. The electro-optical
results for PDLC films studied in this work suggested that higher molecular affinity
between the polymeric matrix and the liquid crystal could increase the anchoring effect.

The similar molecular structure between the molecules of monomer and the LC could have
led to higher affinity between molecules of polymer and molecules of liquid crystal in the
interfaces matrix-LC domains. In this way, the electric field applied could not overcome the
interactions at the interface and the PDLC remained in an opaque state. This was due to the
fact that if the liquid crystal molecules do not align themselves along the electric field, the
PDLC films appear opaque. The higher affinity between molecular structure of polymer
matrix and LC molecules caused an increase in anchoring strength, i.e. it hindered the
alignment of the liquid crystal molecules and could be the cause of the low electro-optical
response of PDLC films.

In conclusion, the chemical affinity between the polymerisable monomers and the liquid
crystal molecules was able to provide better affinity between the two which created more
homogeneous mixture with consequent phase separation, in which the liquid crystal was
uniformly dispersed in the polymer matrix. However, this affinity could be high enough to
increase the anchoring effect not allowing a good electro-optical response.

4. Conclusions

A series of new monomers with structurally diverse functionalisation was successfully
synthesised under microwave irradiation. These results were compared with those obtained
following classical methods. The comparison of these methodologies clearly indicated the
considerable reduction in time and amount of solvent used in the reactions performed under
microwave irradiation. Therefore, two important advantages, reduction in time and solvents,
obtained by the use of microwave irradiation were demonstrated. Beyond that, the majority
of monomers were synthesised in one step and in some cases in two steps, which provided
simple and effective methods of synthesis. The GPC analysis of co-polymers (monomers
synthesised and glicidyl methacrylate) revealed that it was not possible to establish a
correlation between the molecular structure of the polymerisable monomers and the
molecular weight of polymers. The microstructure of the polymer matrix was evaluated by
SEM. From these studies, it was also not possible to establish a correlation between the
molecular structure and molecular weight of the respective monomers. Nevertheless, the
absence of a typical morphology on most microscopic images seemed to indicate that the
liquid crystal remained highly impregnated in the polymer matrix and thus, their micro-
domains could not be visualised. The phase transformations of the monomers were
investigated by DSC and complemented by POM. In general, the thermal behaviour seems to
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be that of a reversible system and the monomers show a high tendency to melting followed
by a melt-crystallisation. The spacer chain in the molecular structure of the monomers
decreases the melting temperature in comparison with the respective monomers without this
chain. The POM analyses confirmed the transition determined by DSC and allowed an
observation of the texture acquired by the sample. The analysis of solid monomers showed a
birefringent texture in the solid state that where lost in the melting transition where an
isotropic phase is acquired. However, monomer 8 revealed a different thermal behaviour
with a mesophase between 114-124°C. On the other hand, the liquid monomers showed
isotropic properties in all temperature ranges.

The electro-optical responses of all PDLCs prepared by the PIPS method with the composites
of monomers synthesised—E7 exhibit a lower transmittance upon the application of an electric
field. This behaviour can be interpreted as the result of a higher anchoring effect. Thus, even
the application of a higher electric field could not orient the E7 molecules along the direction
of the electric field and they scattered strongly the incident light. The similarity in molecular
structure between the molecules of polymerisable monomers and LC should allow a good
chemical affinity between them and a better homogenisation of the mixture and a uniform
phase separation can be achieved but it should not be too high to avoid a higher anchoring
effect which resulted in a low electro-optical response of the PDLCs.
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1. Introduction

Photopolymers were first introduced as a holographic recording material by Close et al. in
1969, [1]. Since then numerous systems have been examined, but only a small number have
become commercially available, [2]. Polymer materials have several advantages. Because
thick layers can be fabricated they act as true volume materials giving high diffraction
efficiency and good angular selectivity. Most of the materials are self-developing or require
only some simple post—processing, such as an exposure to light or heat treatment. This
eliminates the need for wet chemical development, which makes photopolymers suitable for
applications such as holographic embedded photopolymer waveguides, [3-6] and
holographic data storage [7-18].

Photopolymers generally consist of a monomer, a photosensitive dye and an initiator. They
can either be liquid or dry layer systems. The dry photopolymers usually contain a
polymeric binder in addition to the other components. As mentioned above the first
photopolymer material used for holographic recording, was reported by Close et al. [1]. This
liquid state material consisted of a mixture of acrylamide and metal acrylate monomers and
a photocatalyst methylene blue. Sadlej and Smolinska [19] improved the original system
proposed by Close by including a poly-vinylalcohol (PVA) binder which allowed the
production of dry photopolymer layers.

In the eighties, Calixto [20] continued the work on acrylamide-based systems. The material
contained acrylamide monomer, TEA as an electron donor, methylene blue photosensitizer
and PVA as a binder. Blaya et al., [21], improved the sensitivity of the acrylamide material
for recording at 633 nm by changing the crosslinker, N,N-dihydroethylenebisacrylamide. A
hybrid material containing acrylamide and acrylic acid as monomers was proposed by Zhao
et al, [22]. The material uses methylene blue as the photosensitizer, TEA and p-
toluenesulfonic acid as sensitizers and gelatin as a binder.

While acrylamide based free-radical systems have received much attention in the literature
other materials offer advantages when it comes to the development of practical storage
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media. Trentler et al., [23] developed an epoxy resin photopolymer material with a solid
matrix, which is formed in situ as the epoxy cures at room temperature. The unreacted vinyl
monomers within the material are subsequently photo-polymerized during hologram
recording. One of the key features of this type of material is the separation of the epoxy and
vinyl polymerizations. This separation allows for a large index contrast to be developed in
holograms when components are optimized. This material is functional in thick formats
(several millimetres), which enables narrow angular bandwidth and high diffraction
efficiency. A dynamic range (M/#) up to 13 has been measured in these materials.

More recently, works have been carried out on the development of a commercial grade
acrylate photopolymer with the same two step polymerisation [24], offering very fast
response of the refractive index modulation with respect to the recording dosage,
particularly at lower power densities, very high storage resolution, and very large refractive
index modulation [25,26].

Extensive work has been carried out, in both industry and academia, on the development of
these photopolymer materials and more recently on the understanding of the photochemical
kinetics associated with them. In order to maximise the potential of these materials for
various applications, the necessity for a physically comprehensive theoretical model of the
effects which occur during photo-polymerization is becoming ever more important.
Providing such a model will enable potential trends in a material’'s performance to be
recognized and optimised, [27]. Such models allow simulations of ratios of various key
material components to be made, yielding indications of the most suitable material
compositions in order to improve material performance.

In this chapter we examine some recently published results on the Non-local Photo-
polymerization Driven Diffusion (NPDD) model, [26-32]. This model provides a
comprehensive theoretical representation of the processes, which occur during free radical
photo-polymerization. The physically realistic model enables predictions to be made about a
number of very different photopolymer materials [26-32]. We present several extensions to
the previous model in particular allowing for spatially and temporally varying primary
radical generation, oxygen inhibition, dark reactions and chain transfer effects. We then
apply this model to analyse a number of effects observed to take place during holographic
grating formation in an acrylamide/polyvinylalcohol (AA/PVA) based photopolymer and
compare experimental results and the predictions of the model with the aim of
characterising these effects.

The chapter is structured as follows: In Section 2 we will briefly examine some of the
methods used to measure and monitor the optical performance of holographic gratings in
photopolymers. In Section 3 we briefly describe the fundamental photo-kinetic processes,
which occur in photopolymers during holographic exposure. Then based on these photo-
kinetic processes we construct a set of first order coupled differential equations which
represent the temporal and spatial variation of the concentrations of constituents of the
photopolymer, which form the basis of the Non-local Photo-polymerization Driven
Diffusion (NPDD) model. We then analyse some of the simulated behaviour of this model
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under given physical conditions to examine its physicality and present some of the
predictions made which offer potential methods to improve a photopolymers holographic
performance. Following these predictions, in Section 4 we then attempt to improve an
acrylamide/polyvinylalcohol (AA/PVA) based photopolymer’s spatial frequency response
which will increase its high density storage resolution. In Section 5 a brief conclusion is
presented offering potential direction for future advancements in the area of photopolymer
development.

2. Optical testing of photopolymers for holography

In the study of holographic recording materials it is common to record gratings in
photosensitive materials, such as photopolymers, and to then optically examine the
resulting gratings. The gratings produced are often electromagnetically modelled using
Kogelnik’s two-wave coupled wave theory. Kogelnik’s two-wave coupled wave theory, [35],
describes the efficiency with which thick holograms can diffract incident light. Analytic
expressions for both the angular and wavelength dependence of the diffraction efficiency as
the incident light deviates from the Bragg condition are derived. Thus the dependence of the
diffraction efficiency, 7(f), on a number of grating parameters is known. For a lossless,
unslanted transmission geometry grating, replayed on-Bragg with TE polarized probe light,
it is shown, [35], that 7(t) is described by the following equation:

() =12l) g {M} (1)

Acosd

where Iin and Ip(t) are the incident and diffracted probe beam intensities respectively, d
represents grating thickness, § and A are the Bragg angle and wavelength of incident probe
beam inside the grating, and ni(t) is the refractive index modulation. In deriving Eq (1) all
boundary reflections have been neglected.

Rearranging Eq (1) enables an expression for the temporally varying refractive index
modulation, ni(t), to be obtained,

AcosO . 4
nl(t) = sin { n(t) } . 2
By monitoring the amount of light diffracted from a weak probe beam during exposure,
Ip(t), growth curves of refractive index modulation against exposure time can be extracted.
In the majority of the literature, such growth curves are used to monitor grating formation.
A typical experimental set-up used to record and monitor these growth curves is presented
in Figure 1.

During the grating recording process the evolution of the grating is monitored in real time.
One of the main advantages of many photopolymer materials is that they are self-processing
and thus, non-latent, [36], therefore the diffractive scattering properties are immediately
available as the grating is being formed. This allows the evolution of the grating to be
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monitored by replaying the grating as it is being recorded using a probe laser with a
wavelength, which lies outside the absorption spectrum of the photosensitizer used. This
ensures that the probing does not affect the fabrication process. In the set-up presented in
Figure 1 the probe laser is operating at 4 = 475 nm, i.e. outside the absorption spectrum of
the photosensitizer.

Collimating
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l PROBE D:’ Recording
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Filter Beam
¥ - Splitter Mirror
| LASER | :D N
Shutter  Collimating 7,
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Figure 1. Typical experimental set-up used to record unlsanted volume transmission holographic
gratings with a recording wavelength of A = 633 nm.

Examining Eq (1) it is clear that the on-Bragg replay angle of the probe beam, &, will be
different from the recording angle, 8 due to the variation in the wavelength used, for
example Arecord = 633 NM, Areplay = 475 nm. Thus recreation of the object wave, as illustrated in
Figure 1, occurs at a different angle due to the change in wavelength. The intensity of the
resulting probe diffracted beam, Ip(t), and therefore the diffraction efficiency, will depend
on the strength of the grating, i.e. the refractive index modulation, mi(t). Thus, it is possible
to monitor the grating formation (growth curve) by recording the intensity of the diffracted
beam as suggested by Eq (1) and Eq (2).

In the above we have emphasised the recording of a single unslanted gratings and the
capture of growth curves. However, the photosensitive sample can also be mounted on a
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rotation and translation stage (as shown in the inset of Figure 1), enabling the analysis of the
angular response of the grating and the recording of grating arrays, [37]. In Holographic
Data Storage (HDS) where the storage of multiple pages of information is required, these
holograms (gratings) are angularly multiplexed on top of each other within the same
volume of the holographic medium. It is the ability to achieve this which makes
photopolymer materails an attractive media for optical storage.

It must also be noted that using this optical setup, the temporal variation in the absorbance
of the photo-sensitiser can be examined. As the recording beams which are used to record
the grating, transmit through the photopolymer sample, they can be collected in the photo-
detectors shown in Figure 1. Thus enabling key material parameters related to the photo-
absorption kinetics and sensitivity of the photopolymer, to be examined.

In the next section we will examine the photo-kinetic and photo-physical behaviour of these
photopolymer materials. It is these reactions which are the basis of the theoretical models
which are used as photopolymer material optimisation tools and are the fundamental
building blocks of the Non-local Photo-polymerisation Driven Diffusion (NPDD) model
[11,26-34].

3. Photo-kinetic behaviour

Let us begin this section with a review of the kinetic models of photopolymerisation which
have been presented in the literature.

3.1. Review of kinetic models

The photochemical processes, which are present during photopolymerization, are complex
[11,26-34,38-43], however an understanding of these processes is of utmost importance if a
practical model is to be developed. In a recent review, [44] many of the assumptions made
in developing photochemical models of free radical photo-polymerisation were discussed,
[38-43]. A number of physical effects not included in the current models were listed, which
indicated a lack of physicality under certain exposure conditions. Following the appearance
of this review, a series of papers were published [30-32] which addressed many of these
issues and provided a model containing a consistent set of chemical reaction equations to
take into account many of these effects. These effects included;

i.  Removal of the steady state approximation for macroradical concentration,
ii. inclusion of spatially and temporally non-local polymer chain growth,
iii. inclusion of time varying photon absorption,

iv. simultaneously including the effects of both primary, i.e. R*-M*, and bimolecular, i.e.

M*-M*, termination,

v. inclusion of the changes in the polymerization kinetic constants caused by increased
viscosity, and finally

vi. inclusion of polymerization inhibiting effects.

169



170 New Polymers for Special Applications

The resulting Non-local Photo-polymerisation Driven Diffusion (NPDD) model was then
experimentally verified by applying it to study (a) normalised transmission curves, and (b)
growth curves of refractive index modulation for both short and continuous holographic
exposures, in two significantly different free radical photopolymer materials [23,30-32]. The
quality of the fits obtained to both photopolymer materials, indicated the versatility and
applicability of the NPDD model.

In the past number of years, extensive work has been presented in the literature to describe
the time varying absorption effects, which occur in photopolymer materials during
exposure, [21,28,29]. In all cases the aim has been to improve the understanding of the
photo-kinetics occurring in these materials, and critically to enable accurate predictions of
the generation of primary radicals. A model of photosensitiser behaviour proposed by
Carretero et al. [45], has recently been extended to account for: (i) photon absorption, (ii) the
regeneration or recovery of absorptive photosensitiser, and (iii) photosensitiser bleaching,
[46]. Using this model an expression for the time varying absorbed intensity, Ia(t)
(Einstein/cm?®s), was derived and the values of key material parameters were estimated
using non-linear fits of the dye model to experimentally obtained transmission curves, [32].
The processes of primary radical generation were then described using the simple
expression,

R =20L,(t), ©)

where Ri is the rate of generation of primary radicals, ® is the number of primary radicals
initiated per photon absorbed. The factor of two indicates that radicals are created in pairs,
[45-48].

We will now examine the methods used to extend the NPDD model in by more accurately
representing the temporal and spatial variation of the photosensitiser concentration and the
associated temporal and spatial generation and removal of primary radicals. As a result the
number of approximations made in modelling the photo-initiation kinetics are significantly
reduced. Thus a more physically accurate representation of the photo-polymerization
kinetics is produced. Crucially, the increased physicality of the proposed model enables a
more accurate analysis of the process of inhibition.

3.2. Reaction mechanisms

The kinetic model presented in this analysis is based upon the following four reaction
processes.

i. Initiation,
I R, (4a)

R* + M—%5 M? = Chain Initiator . (4b)
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ii. Propagation,
L] k L] . .
M, + M—*— M, = Growing Polymer Chain (5)

iii. Termination,

M+ M, e M,,,, = Dead Polymer , (6a)
M:+M: —% 5 M +M,_ =Dead Polymer, (6b)
M +R° L)MnR = Dead Polymer - (6¢)
iv. Inhibition,
* k * *
D +Z—=2 s LeucoDye+Z , (7a)
L

R+ ZZ—’R>(R +Z°, and/or Rz‘) = Scavenged Radical , (7b)

koo
M + Z%(Mn +Z°, and/or MnZ°) = Dead Polymer . (7c)

In the above set of chemical equations, I is the initiator concentration, hv indicates the
energy absorbed from a photon, M is the monomer concentration, Z is the inhibitor

concentration, M,, M, , M MR and M, Z* represent polymer species with no active

n+m’
propagating tip, i.e. Dead Polymer. D" is the concentration of excited photosensitiser and Z" is
the concentration of singlet oxygen [38,40,48,49]. The term Dead Polymer signifies the
cessation of the growth of a propagating macroradical of n monomer repeat units, [48],
while the term Scavenged Radical signifies the removal of a primary radical, [38,48,49]. kp, kt,
kta, kZ,M. , and kZ,R. (cm®mols!) are the rate constants of propagation, termination by
combination, termination by disproportionation, inhibition of macroradicals and inhibition

of primary radicals respectively.

3.3. Primary radical production

As can be seen in Eq (4), the initiation process involves two steps: The first step is the
production of free radicals by homolytic dissociation of the initiator to yield an initiator
(primary) radical, R®, i.e., Eq (4a). The second step is chain initiation, i.e., Eq (4b), in which
the primary radicals produced due to the absorption of photons react with the monomer to
produce the chain initiating species M, [48]. The kinetic rate constant for this step is ki
(cm®mol's?), i.e. the chain initiation kinetic constant. As stated the main extensions to the
previous model [30,31] involve improvements to the modelling of the temporal and spatial
variations in primary radical production. Therefore, the main focus of this subsection will be
the first step of the initiation mechanism, which is presented in Eq (4a).
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In order to do this, we assume that the following photochemical reactions, take place upon
illumination of a photopolymer layer sensitised with a xanthene or thiazine type
photosensitiser [39], with an appropriate wavelength. These are as follows,

D+hw—25D" (8a)

D' +Z—2P 5 Leuco Dye | (8b)
DD, (80)

D' +CI—“5R* +H" + D" ——R* + HD", (8d)
Cl+HD*'—*H,D+CI,,. (8e)

In these equations D represents the concentration of photosensitiser (dye), hv represents the
photon energy incident on the material, D" is the excited state of the dye, CI is the co-
initiator, R® represented the primary radical concentration, Z is the inhibitor, HD" represents
a radicalised dye, which has abstracted a hydrogen from the co-initiator, and H:D is the di-
hydro transparent form of the dye. Clint is an intermediate form of the co-initiator, which is
no longer available for reaction.

ka (s7) is the rate of production of excited state photosensitiser, k: (s?) is the rate of recovery
or regeneration of photo-absorber, k¢ (cm®mols?) is the rate of dissociation of the initiator
and kzp (cm®mol-'s?) is the inhibition rate constant associated with the reaction with excited
dye molecules. We note that previous models of the photo-initiation kinetics have not
included all the reactions specified in Eq (8).

In order to use the proposed rate equations, it is first necessary to convert the exposure
intensity Io (mW/cm?) to the appropriate units (Einsteins/cm?3s). This can be done as follows,

T, BI
Id:%(ﬁ], where A4 (nm) is the wavelength of incident light, Na (mol?) is
c
a

Avogadro’s constant, ¢ (m/s) is the speed of light, and h (Js) is Plank’s constant.

B=1-¢"", is the absorptive fraction which determines a material layer’s initial
absorptive capacity and is a function of the dye’s initial concentration, Ts is a fraction
associated with the light lost by Fresnel and scattering losses, [29,32,45,46] Do (mol/cm?3),
molar absorptivity, £ (cm?/mol) and material layer thickness, d (cm).

The rate of production of the excited state photosensitiser, appearing in Eq (8a) can then be
represented by k, =¢£d16 (s1), where ¢ (mol/Einstein) is the quantum efficiency of the
reaction [48]. Therefore, if the photosensitiser’s initial concentration, molar absorptivity,
quantum efficiency, and layer thickness are known, the rate of generation of excited state
photosensitiser, D", can be determined for a given exposure intensity.
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3.4. Model development

In the case of holographic illumination, i.e. to record a holographic grating, there is a spatial
distribution of irradiance, which in our case is typically cosinusoidal. In this case the
incident intensity is represented as I (x,t) = I;) [1 + Vcos(Kx)] , where V is the fringe
visibility and K = 2n/A, where A is the grating period. The mechanisms, which are presented
in Eq (8), can then be represented by a set of coupled differential equations. The
combination of these equations is equivalent to the previous representation of primary
radical production in time and space, which is presented in Eq (3). Combining these coupled
differential equations with those previously presented in Ref [30-32] for the mechanisms of
initiation, propagation, termination and inhibition, yields the following set of first-order
coupled differential equations governing the photosensitiser:

dD(x,t)

Bl D) D (1), ©)
4D (x,t) =k,D(x,t)=k.D" (x,t)=k,D" (x,t)CI(x,t)~k, ,D" (x,t) Z(x,t), (10)
M) 07 ()i ) - HD" ()T (1), an
%t(“) — kD () CI(x, 1)~k HD* (x,)CI(x,¢) (12)

As in the previous analysis, [30-32] it is assumed that the effect of inhibition during
exposure is due solely to the initially dissolved oxygen present within the photopolymer
layer. The non-uniform recording irradiance causes concentration gradients of oxygen as it
is consumed in inhibitory reactions. This then results in the diffusion of oxygen from the
dark non-illuminated regions to the bright illuminated regions. As oxygen molecules are
small compared to the other material components which constitute the photopolymer layer,
it can be assumed that the oxygen is relatively free to diffuse rapidly, resulting in a one-
dimensional standard diffusion equation for the concentration of inhibitor,

dZ(x,t)_ d dZ(x,t) .
e

—k .Z(x,t)R'(x,t)— k

R Z(x )M (xt), (13)

z,M
where Z is the instantaneous inhibiting oxygen concentration and D: is the diffusion
constant of oxygen in the dry material layer, which in this analysis will be assumed to be
time and space independent. This assumption is reasonable, as this fast rate of diffusion of
the small oxygen molecule will not be significantly affected by any small changes in material
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viscosity. The inhibition rate constants, kz and k Mo will in general have different values
(of reactivity) due to the differences in the relatlve molecular size, [48]. However in this
analysis, for the sake of simplicity we assume k, =k . kZ - - Furthermore it is expected
that the reactivity of oxygen with the excited state form of the photosensitiser will be much
lower, i.e. kzp << k. and therefore we assume it is negligible in this analysis. As before [30-

32], it is assumed that the inhibition rate constant can be expressed as,
k, =k, exp(~E,/RT), (14)

where in this equation kzo (cm’mol's?) is the Arrhenius pre-exponential factor, E. =
18.23x10% (Jmol™") is the activation energy of oxygen, (i.e., the energy that must be overcome
in order for oxygen to react with the given species), R = 8.31 (JK'mol) is the universal gas
constant, and T (K) is the local temperature [48].

The equation governing the concentration of primary radicals, including the new term for
primary radical generation, is given by

% =de*(x,t)CI(x,t)—kiR'(x,t)u(x,t)—ktpR'(x,t)M'(x,t)—kZR°(x,t)Z(x,t) ,(15)
where u(x, t) is the free-monomer concentration, (denoted earlier in the chemical reactions
by M). This equation states that the rate of change of primary radical concentration is
proportional to the concentration of primary radicals generated by photon absorption,
minus the amounts removed by: (a) the initiation of macroradicals, (b) primary termination
with growing polymer chains, and (c) inhibition by oxygen.

Including both types of termination mechanism (primary and bimolecular) and the effects of
inhibition, the equation governing macroradical concentration is then

dM'(x t

T') = kR (x)u(x )~ 2, [M'(x,t)f kR (2, )M (x,t)—k,Z(x,))M* (1), (16)

where the squared term represents the effects of bimolecular termination. The generation
term in this equation previously appears as the removal term due to macroradical initiation
in Eq (15).

The non-uniform irradiance creates monomer concentration gradients, and as a result
monomer diffuses from the dark regions to the monomer depleted exposed regions. This
results in a spatial polymer concentration distribution, which provides the modulation of
refractive index in the material, i.e., the holographic grating. We represent the monomer
concentration using the following 1D diffusion equation,

du(x,t d du(x,t . w ol , A
%zE{Dm(x,t)%}—kiR (x,t)u(x,t)—_[_ookpM (x,t)u(x,t)G(x,x )dx , (17)
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where Dnm(x, t) represents the monomer diffusion constant. G(x,x") is the non-local material
spatial response function given by [50]:

, 1 —(x—x')2
G(x,x')= , (18)

ex
\N27o P 20

where ois the constant non-local response parameter normalized with respect to the grating
period, A. This non-local spatial response function represents the effect of initiation at
location x” on the amount of monomer polymerized at location x.

The equation governing the polymer concentration is

dN(x,t) B
P

y J.w k M'(x',t)u(x',t)G(x,x')dx'—i{DN(x,t)dN(x’t)}, (19)

~o P dx dx

where Dn(x, t) represents the polymer diffusion constant. As with the monomer above in Eq
(17), the non-uniform irradiance creates a polymer concentration distribution. If the polymer
chains are not cross-linked sufficiently, they will tend to diffuse out of the exposed regions
in order to reduce the polymer gradient, [29]. If this takes place it will result in a decay of the
grating strength with time. However here we assume there is sufficient cross-linking and
that Dn(x,t) = 0, i.e., we record very stable gratings, as seen in the analysis presented in Ref
[29], which uses the same material composition.

Since all the above equations presented in Eqs (9-13), (15-17) and (19), depend upon the
spatial distribution of the exposing intensity, they will all be periodic even functions of x

and can therefore be written as Fourier series, i.e., X (x,t): iX j(t)cos( ij), where X
j=

represents the species concentrations, D, D", CI, HD®, R®, M", u, N and Z. A set of first-order
coupled differential equations can then be obtained in the same manner presented in Refs
[30-32], by gathering the coefficients of the various co-sinusoidal spatial contributions and
writing the equations in terms of these time varying spatial harmonic amplitudes. These
coupled equations can then be solved using the following initial conditions,

Zy(t=0)=Z,, Dy(t=0)=D,, Cly(t=0)=Cl,, uy(t=0)=U,,

*

D,.o(t=0)=D,.,(t=0)=HD;

n=0

(t=0)=CI, o(t=0)=0, and

’ (t=0)=R'ZO(t:0):M°20(t=0)=Nﬂ20(t:0):0_ (20)

n>0

As in previous analysis the Fourier series expansion of the monomer and polymer
harmonics involves use of the non-local response parameter G(x,x") which is represented in
the coupled differential equations by S, = exp(—isza/ 2) .
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3.5. Model simulations

In order to examine the general behaviour of this model, we now generate a number of
theoretical simulations and analyse their predictions. In all theoretical simulations presented
here, it is assumed that time varying viscosity effects are negligible and therefore, Dm(x,t) =
Dmo = 8.0x10"" cm?/s. All kinetic parameter values are assigned appropriate values, which
are typical for the AA/PVA photopolymer material examined here, [30-32].

12 spatial concentration harmonics are retained in the simulations, solved using the initial
conditions presented in Eq (20) with Uo = 2.83x10 mol/cm? Do = 1.22x10¢ mol/cm?, Clo =
3.18x10° mol/cm® and Zo = 1x10® mol/cm®. Assuming typical recording conditions for an
unslanted transmission type volume holographic grating, for A = 700 nm and fringe
visibility V = 1, simulations of the temporal and spatial variation in the photosensitiser
concentration, D(x,t), are generated and presented in Figure 2a. The typical rate constants
used were kp = ki = 2.65x107 cm3/mol s, kt = 6x10° cm3/mol s, ki = kt x 10, ka = ko = 1.6x103
cm’/mol s, k- = 3x10'2 cm3/mol s and kr = 1.22x10-3 s, [30-32]. For an exposure intensity of lo =
1 mW/em? and A = 532 nm, the absorption parameters estimated from fits to normalised
transmission curves for a material layer of thickness d = 100 pm were, &= 1.4x10% cm?/mol, ¢
= 0.066 mol/Einstein and Tst = 0.76, with Na = 6.02x10% mol, ¢ = 3x108 ms™ and h = 6.62x10-3
Js, [32]. The oxygen diffusion coefficient was assumed to be D. = 1.0x10® cm?/s, [51]. The
parameter Si, which quantifies the extent of the non-locality in the first harmonic coupled
differential equation, was chosen to have a value of S1 = 0.94, [29,50]. This corresponds to a
non-local response length of Jo' =54nm, [29].

D(x) (mol/cm3)
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Figure 2. Simulation of the spatial variation of the ground state photosensitiser concentration for an
exposure intensity lo= 1mW/cm?, at A =700 nm, for various exposure times, fexp = 10s (joined line),
texp = 30s (small dashed line), texp = 250s (dashed line).
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As can be observed from Figure 2, the spatial sinusoidal variation in the exposing
interference pattern causes a rapid consumption of the ground state dye in the bright
illuminated regions. As the exposure time increases the sinusoidal variation of the dye
concentration is distorted and the width of the non-illuminated dark bands narrows. This
loss in sinusoidal fidelity results in a spatial production of primary radicals, as shown in
Figure 3, which deviates significantly from the sinusoidal primary radical generation which
would be generated using the term presented in Eq (3). Subsequently, this yields a non-
linear material response, as the number of polymer chains initiated are not simply generated

in direct proportion to the exposing interference pattern. This is an important prediction of
the model, which agrees well with experimental observation.
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Figure 3. Simulation of the spatial variation of the generation of primary radicals for an exposure

intensity Io = ImW/cm? at A = 700 nm, for various exposure times, texp = 10s (joined line), fexp = 30s (small
dashed line), texp = 250s (dashed line).

Using the same parameter values used to generate Figures 2 and 3, Figure 4 shows a
simulation of the amplitudes of the first two concentration harmonics of the monomer, uo
and u1, and the corresponding polymer variations, No and Ni. The presence of a ‘deadband’
or inhibition period, #, can be observed at the early stages of exposure as a result of the
inhibitory reactions. This behaviour is consistent with the reaction mechanisms discussed in

earlier, where the primary- and macro-radicals are scavenged by oxygen, which is initially
dissolved in the photopolymer layer.
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Figure 4. Simulations of the variation of the first two concentration harmonics of monomer and

polymer using the theoretical model.

Figure 5, shows a simulation of growth curves of refractive index modulation with varying
values of the concentration of initially dissolved oxygen, Zo (mol/cm?®), under the same
conditions as the previous figures but with Zo = 1x10® mol/cm? (joined line), Zo = 5x10-®
1x107 mol/cm® (long dashed line). As the
concentration of inhibitor is increased, the inhibition time, # increases as expected, i.e., more

mol/cm® (short dashed line), and Zo

200 250
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100 150

inhibitor causes a greater scavenging of the primary- and macro-radicals.
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Figure 5. Simulations of the refractive index modulation with time, for various values of dissolved
oxygen concentration. Zo = 1x107 mol/cm? (long dashed line), Zo = 5x10-% mol/cm? (short dashed line)

and Zo = 1x10-8 mol/cm?3 (joined line).
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When comparing the experimental results obtained using the optical setup described above
with the theoretical predictions generated by the extended model, it became clear that when
using the model as presented, the trend of increased inhibition times, #, for reduced
exposure intensities, did not satisfactorily replicate the experimental behavior observed. In
order to achieve good fits to the experimental data, it was found necessary to increase the
initial concentration of dissolved oxygen available in the photopolymer layer, Zo, as the
recording intensities were reduced. The variation between the experimental observation and
theoretical prediction was as much as 8 s for the lowest recording intensity examined for
unsealed photopolymer layers (not sealed from the environment). This divergence between
experiment and prediction suggested that the model was incomplete and, that in order to
mimic this physically observed behavior, amendments to the model were necessary.

In a previous paper published by the authors [49], it was found that by cover-plating or
sealing the photopolymer layer with glass slides, the inhibition times observed during
exposure compared with the uncoverplated or unsealed layers, were significantly reduced.
These effects were attributed to the removal or reduction of oxygen diffusing in from the
surrounding environment, which was replacing or replenishing the oxygen consumed
during exposure. It must be noted at this point, that the experimental data examined here
were uncoverplated photopolymer layers, which were subject to this potential external
oxygen diffusion.

In order to represent this process in the model, an additive term representing the
replenishing of inhibiting oxygen from the outside surrounding air, into the material layer,
was included. Therefore, Eq (13) was revised and became,

dZ(x,t) d [D dZ(x,t)

Tdx| P dx

o)t S st o)

ke Z(x )M (xt)+ 7, Z, - Z(xt) ], (21)
where 7: represents the rate of replenishing of oxygen into the material layer. We note that it
is assumed that the oxygen concentration can never be larger than the original dissolved
oxygen concentration, Zo (mol/cm?) and that this additive term is assumed to be constant in
space.

In order to illustrate these effects Figure 6 shows a simulation of the behavior of the oxygen
concentration with varying values of the replenishing constant, z, for an exposure intensity,
Io=0.04 mW/cm? and exposure time, fexp = 30 s. As can be observed, an increase in 7 results
in: (i) an increase of the inhibition period, and (ii) an increase in the rate at which oxygen
returns to its original dissolved oxygen concentration, post-exposure.

Implementing the appropriate Fourier series expansion to Eq (21) under the same initial
conditions, the model is then applied to the experimental growth curves recorded in
uncoverplated layers, yielding much more accurate fits to the data. Figure 7 shows a subset
of this data with the corresponding fits obtained using the model. Some of the parameter
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Figure 6. Simulation of the behaviour of the oxygen concentration with varying values of z, for an
exposure time, fexp = 30 s and exposure intensity, lo=0.04 mW/cm?. 7= 0.125 s (shortest dash), =0.1 s

1 (short dash), z =0.05 s (long dash), 7= 0.025 s (longest dash).

values which were obtained from the fits to various intensities are, k¢ = 1.6x103 cm3/mol s, k:
=1.2 x103 s, k. = 3.0x10"2 cm3/mol s, D- = 1x108 cm?/s, and it was assumed in all fits that ki =

10 x kit cm3/mol s, and ki = kp cm3/mol s.
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Figure 7. Experimentally obtained growth curves of refractive index modulation recorded in
uncoverplated AA/PVA photopolymer material layers at a spatial frequency of 1428 lines/mm for 3
different exposing intensities, lo1 = 0.2 mW/cm? (short dash), Io2 = 0.1 mW/cm? (dashed) and Ios = 0.05

mW/cm? (long dash) with corresponding fits achieved with the theoretical model.
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The most significant values extracted from the fits are presented in Table 1 along with the
parameter search ranges, which were used to obtain a best fit between experimental and
theoretical prediction. These search ranges are typical of the valued presented in the
literature for similar photopolymer materials, [42,48,51]. The Mean Squared Error (MSE)
between the fit and the data are also included to indicate the quality of the fits.

In ti kp ke Dmo = MSE
(mW/em?) (s) (cm3/mols) (cm3/mols) (cm?/s) (s
(x107) (x10°) (x1011) (x101)
0.20 2.50 2.42 5.0 8.0 0.075 1.05
0.10 4.50 2.52 7.0 9.0 0.080 2.86
0.05 16.00 3.00 7.0 10.0 0.115 1.88
Search Range - 0.1-5.0 0.1-9.0 1.0-12.0 - -

Table 1. Parameters extracted from fits to experimentally obtained growth curves of refractive index
modulation in uncoverplated photopolymer layers.

As can be observed from Figure 7, the fit quality is very good and the model predicts
the observed trend, that a reduction in the exposure intensity causes an increase in the
inhibition period due to (i) initially dissolved oxygen and (ii) oxygen diffusion into the
material from the surrounding air. It can also be seen that there is a reduction in the
propagation and termination rates with increasing exposure intensities. This is most
likely due to the increased viscosity effects, which occur due to increased conversion of
monomer to polymer [48]. This is consistent with the results obtained from the previous
model, [30-32]. It must also be noted at this point that the estimates obtained for the
rates of propagation and termination are slightly higher than those reported in the
previous published work by the authors, [30-32]. This is as a result of a more physically
accurate description of the primary radical generation introduced by the model
development. However, the estimated values extracted from the fits still remain well
within the accepted ranges presented in the literature for similar photopolymer
materials.

In order to verify the necessity for the inclusion of the additive oxygen replenishing term in
Eq (21), several growth curves of refractive index modulation were recorded in coverplated
layers. These growth curves were recorded under the same conditions as the uncoverplated
layers presented in Figure 7. Figure 8 shows experimental growth curves recorded at an
exposure intensity of lo = 0.05 mW/cm?, in both coverplated and uncoverplated layers. The
subsequent fits to the experimental data, which were achieved using the revised model are
represented as short dash line (coverplated) and long dash line (uncoverplated).
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Figure 8. Experimentally obtained growth curves of refractive index modulation recorded in both
coverplated (short dash) and uncoverplated (long dash) AA/PVA photopolymer material layers at a
spatial frequency of 1428 lines/mm for a recording intensity o= 0.05 mW/cm? with corresponding fits
achieved with the model.

As can be observed from the figure there is a significant reduction in the inhibition period,
from ti = 16 s (uncoverplated) to ti = 9s (coverplated). As stated above, this is attributed to a
reduction in the amount of oxygen available to diffuse into the layer from the surrounding
air. The estimated parameters extracted from these fits are presented in Table 2. The values
determined for the replenishing rate r, are consistent with what is experimental observed.
In the case of the coverplated material layer, it is assumed that no oxygen can diffuse into
the layer, i.e. z=0.

ti kp ke Dimo @ MSE
(s) (cm3/mols) (cm3/mols) (cm?/s) (s)
(x10) (x10°) (x101) (x1011)
Coverplated 9.0 2.9 7.0 10.0 0.000 2.26
Uncoverplated 16.0 3.0 7.0 10.0 0.115 1.88
Search Range - 0.1-5.0 0.1-9.0 1.0-12.0 - -

Table 2. Parameters extracted from fits to experimentally obtained growth curves recorded at Io =
0.05mW/cm? for a coverplated and uncoverplated polymer layer.

In this section, further developments of the Non-local Photo-polymerization Driven
Diffusion (NPDD) model, were presented. For the first time, the spatial and temporal
variations in primary radical generation were included. These extensions provided a more
physically comprehensive theoretical representation of the processes, which occur during
free radical photo-polymerization. A clearer more physical representation of the reactions,
which take place during the photo-initiation stages, was also provided, including the spatial
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and temporal consumption and regeneration of the photosensitiser and the reactions
between the excited dye molecules and the co-initiator. Simulations were presented, which
highlight the loss of sinusoidal fidelity of the primary radical generation. This behaviour
deviates from that which was previously predicted in the literature. Subsequently, this
change in the spatial generation of primary radicals has a substantial effect on the
distribution of the polymer chains formed and hence, on the resulting refractive index
modulation recorded.

The model was then further extended to incorporate the effect of oxygen diffusion from
outside the material layer by including a rate of oxygen replenishing. This allowed
accurate modelling of the inhibition effects, which dominate the start of grating growth.
The results obtained were consistent with previous studies where cover-plating
techniques were used.

In the following section, we will examine the effects of adding chain transfer agents to an
AA/PVA photopolymer material in order to reduce the average polymer chain length grown
during grating fabrication. This will then cause a reduction in the extent of the non-local
chain growth of these polymer chains and thus reduce the fall off in refractive index
modulation at higher spatial frequencies.

4. Improving the spatial frequency response of photopolymers

The non-local spatial response function presented in Eq (18) (in Section 3.4) represents the
effect of a chain initiation at location x” on the amount of monomer polymerized at location
x, [50], where o is the constant non-local response parameter which is normalized with
respect to the period of the grating being recorded, A This is an important parameter when
considering the data storage capacity or high density resolution of a photopolymer. The
Non-local Photo-Polymerization Driven Diffusion (NPDD) model predicts that a reduction
in this non-local response parameter within a photopolymer material will improve its high
spatial frequency response. A point to note is that the non-local response of a given
photopolymer is produced by a combination of several physical effects, which result in the
smearing of the grating being recorded in the photopolymer. One such smearing effect is
this growth of polymer chains away from the point of their initiation, into the dark less
exposed regions of the material layer. This propagation out of the bright regions causes an
increase in the average refractive index of the dark region and as a result, reduces the
overall refractive index modulation achievable. This has been illustrated in discussed in
detail in previous publications [29-31,50], and is more significant when recording high
spatial frequency.

The introduction of a chain transfer agent acts to reduce the average molecular weight of
polymer chains grown during free radical polymerization. Therefore a chain transfer agent
(CTA) can provide a practical method to reduce the non-local response length. In this
section an extended NPDD model is presented, which includes the chain transfer reactions
and all major photochemical processes.
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4.1. Chain transfer mechanism

In many polymerization systems, the average polymer weight is observed to be lower than
predicted by the chain transfer reaction [29,52-55]. Generally, the chain transfer process
causes the premature termination of a growing macro-radical chain and arises because of
the presence of CTA [48]. Due to this reaction, a new radical is produced which is referred to
in this work as a re-initiator. This re-initiator reacts with a monomer molecule to initiate a
new growing macro-radical chain. Therefore we can write the chain transfer reactions as,

M +(RI - X)—ss (M, - X)+ RI", (22a)
RI* +ML>(R1 —M'), (22b)

where RI-X is the chain transfer agent, -X is the atom or species transferred and RI* is the re-
initiator which has a radical tip. kus and ki are the transfer rate constant to chain-transfer
agent and the re-initiation rate constant respectively. Due to the premature termination
reaction with the chain transfer agent, RI-X, the propagating polymer chains will stop
growing earlier than they would have if the CTA was not present. We assume that the free
radical RI-M* produced can be treated as acting chemically identical to a chain initiator M".
Therefore the re-initiator, RI*, simply initiates a new growing chain with a radical tip, M".
Thus, while the polymer chains are shortened, the amount of monomer polymerized and the
rate of polymerization can remain high.

In the radical chain polymerization system [29,48], the polymerization rate can be expressed as:
Rp =k, M" (x,t)u(x,t). (23)

The polymerization rate, Rp, is also related to the number-average degree of polymerization,
DPn. DPn is defined as the average number of structural units per polymer chain. It indicates
the average length of polymer chain grown and therefore their molecular weight. According
to the Mayo Equation [48,52],

L: ktRp
DP, k;[u]z

[CTA] | C, Uy (24)
[u] [u]

+C,+Cera

This quantifies the effect of the various chain transfer reactions on the number-average
degree of polymerization. [u], [CTA], [I], represent the concentrations of monomer, chain
transfer agent and initiator, respectively. The chain-transfer constants, Cu, Ccta and Ci, for
each particular substance are defined as the ratios of the rate constants for chain transfer of a
propagating radical with that substance to the propagation rate constant, kp. They can be
expressed as:

kru erTA krl
C :4,CCTA:fI'<—,and C = ;{ , (25)
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where kiu, kicra, kel represent rate constants for chain transfer to monomer, to chain
transfer agent and to initiator respectively. For the case examined here the chain transfer
constants to monomer and initiator, can be omitted as they are typically very low for
acrylamide [56,57], and therefore Eq. (24) can be simplified to:

DP, 2r,T ’
n kp |:1/l:|

[u]

which will be discussed in detail in next section.

4.2. Model development

In order to begin to examine the effects of the presence of CTA on the material non-local

response length, Jo, (the actual physical length of the nonlocal response parameter, units
of nanometres) we introduce a rate equation governing the CTA concentration:

W ) é{DCTA(x’t)W} ~Kis [CTA(x,t)J [M (x,t)} ' @)

It should be noted that, in the following analysis, we only consider chain transfer to chain-
transfer agent, i.e., the chain transfer constants for monomer and initiator are assumed
negligible. To further simplify the analysis in this work, we assume that ki = ki.cra and that
the CTA diffusion rate, Dcra, is similar to the diffusion rate of monomer, Dm, as their
molecular weights are similar in the cases examined, i.e., Dcta # Dm.

The equation governing the re-initiator concentration can be given by,

M:kﬂ [CTA(x,t)] [M.(x,t)]_k,i[mo(x,t)} [u(x1)], (28)

where RI* denotes the re-initiator concentration. Since it is assumed that the initiator radical,
R*, dominates the primary termination and inhibition processes, we only consider how the
re-initiator, RI*, reacts with the monomer.

Furthermore the chain transfer and re-initiation reactions effect the variation of macro-
radical, [M*], and monomer, [u], concentrations. Therefore we must change the coupled
differential equations for monomer and macroradicals presented earlier in Section 3, giving,

Mzk{l{'(nt)} [u(x,t)]+kﬁ[RI'(x,t)} [M(x,t)]—Zkt[M'(x, t)T

ey [ R (01) | [ M (x,8) |-k, [Z(x,8)] [ M*(x8) |-k, [CTA(x, )] [M*(xt) ], 29)

and,
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dt dx dx

M:i{Dm(x,t)M}—ki[R'(x,t)} [u(xt)]

_.[jokp[M'(x',t)J [u(x',t)]G(x,x')dx'—kn.[RI'(x,t)J [u(x,t)] (30)

As before the concentrations of the components of the photopolymer and the amended
equations appearing here in Eqs (27-30) will be periodic even functions of x and can

therefore be written as Fourier series, i.e., [X(x,t)} = iX j (t)cos( ij) , where X represents
=0

the particular species, i.e., CTA, RI', M", and u. A set of first-order coupled differential
equations can then be obtained by gathering the coefficients of the various co-sinusoidal
spatial components and writing the equations in terms of these time varying spatial
harmonic amplitudes, Xi(t).

For brevity we will assume here that harmonics of order greater than j = 3, are negligible
and for illustration purposes we now present the first two harmonics of [CTA], [RI*], [M*],
and [u], all of which are directly involved in reactions with the transfer agent.

Chain Transfer Agent Concentration: Retaining the first four concentration harmonic
amplitudes in the analysis, the following first-order coupled differential equations govern
the chain transfer agent concentration amplitudes, CTA;:

dc%;o(t) _ —ktrCTAo(t)M(')(t)—%ktrCTAl(t)Ml'(t)—%kHCTAZ(t) M3 (1)
_%k”CTAg,(t)M;(t), (31a)
dCTd_f;l(t) = ~D, K*CTA, () -k, CTA, (t) Mg (t) -k, CTA, ()M (t)

1 . 1 .
—EktrCTAz(t)Ml (t)—Ekt,CTAl(t)Mz(t)

1 . 1 .
5 K CTA (1) M3 (1)~ K, CTA (1) M3 £), (31b)

Re-initiator Concentration: The equations governing the re-initiator concentration

amplitudes, RI ]' , are:

dRI; ()

o 1 e 1 .
= ktrCTAO(t)MO(t)+EktrCTAl(t)Ml (t)+5ktrCTA2(t)M2(t)
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1 ° ° 1 .
+-k,CTA (£) M35 (t) — ke, RI (tyug (1) o kR B (1)
1 ° 1 .
—Ekﬂ-Rlz(t)uz(t) _EkriRI:s(t)”s(t) , (32a)

dRI; ()

6, CTA, (1) My () + , CTA, ()M (1) + -k, CTA, ()3 (1)

K, CTA, (1) M3 (1) + 2, CTA, (1)M3 (1) + 2, CTA (1) M3 1)
L] . 1 (]

—k,;RI (t)uy (t) — k, RIS (t)uy (t) - Ek,iRI2(t)u1(t)

1 ° 1 3 1 L4
5 k. RI7(t)u,(t) - EkriRI3(t)u2(t) _EkriRlz(t)%(t) , (32b)
Macro-radical Concentration: From Eq. (29), equations governing the M]' , are:

dAilat(t) _ _%[ZCTAO(t)M(;(t)+CTA1(t)M{(t)+CTA2(t) M;(t)

L 237 M0+ M3 + M3

+CTA (1) M3 ()| -

—%[ZMa(t)Ra(t) +MI(BOR] (1) + M3 (R (1) + M3(OR3 ()
‘kz_z[ma(t)zoa) + MI(OZ,(0)+ My(OZ,(5)+ My(HZy(1) |

+%[2R5(t)uo(t) + RY (B)uy () + Ry (£)uy () + R;(f)ua(ﬂ]
+%[2Rla(t)u0(t) + R (F)uy () + RI; (Eyuy (F) + RI;(t)”3(t):| , (33a)

v (1)
dt

- —%[2CTA1(t)M5(t)+2CTA0(t)MI (£)+CTA, (t)M; (t)

+CTA, () M5 (1) + CTA, (1) M3 (£) + CTA, (1) M5 (1)
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—k, [2MOM; (0 + M (OM3(0) + M3 (M) |
—%[ZM;(t)Rs(t) + 2MG(£)R] (£) + M3 (H)R] (f) + M (£)R3(t)
MRS (0 + M3 (RS |
—kz—z[ZM{(t)ZO(t) +2MG(H)Z, (1) + M3 (1) Z,(t) + M (1) Z,(t)
M3 Z,(8) + M3 Z (1) ]

k.
+§[2R1'(t)u0(t) + 2R} (B)utg (1) + R (B (£) + R} (Buey ()

+RS () (t) + R;(t)u:;(t)J
+%[2RI;(t)u0(t) + 2RI (#)uy (1) + RIS () (£) + R (Byuiy ()

+RI(E)uy(t) +RI;(t)u3(t)J ) (33b)

Monomer Concentration: The coupled equations for the monomer concentration
harmonics, uj, are:

du t k L] L] L] .
—;t( ). —7’7[2M0 (F)utg () + M (8 )ty () + M3 ()t (£)+ M3 (815 (t)}
k
—?’[ZRG(t)uo(t) + R (B (1) + Ry (B, (1) +R3 (1)us (1) |

_%[ZRI{)(t)uo(t) +RI (F)uy (t) + RI;(t)uz(t)+RI;(t)u3(t)} , (34a)

du;t(f) - _%[2Mi(t)u0 () +2M; (t)uy (£) + M3 (£)y (£) + M (£)uy (t)

M5 () (1) + M3 ()3 () | - %[ZRI(t)uO(t) + 2R3 () (1)

+R(F)uy () + R (F)uy (1) + R3(F)u, (1) + R;(t)u3(t)}
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k.
5[ 2RI () + 2RI 0 1)+ R0 (5 + RIS 010

FRI (1) + RI (B (1) | - K2 { D, o(t) —%Dmrz(t)}ul(t)

+[Dm,l(t) - Dm/3(t)] 1y (£) — %Dnl,z(t)u3(t)}, (34b)

where S, = exp(—lZKZO' / 2) [30-32,50]. For generality, in Eq. (34b), we retain Dmo, D1, Dm2
and Dms. However, in our simulations, we assume Dmj>0 = 0 [30-32,50].

These coupled equations along with those presented in Section 3 are then solved under the
initial conditions,

Dy(t=0)=D,, Cly(t=0)=Cl,, uy(t=0)=U,, CTA)(t=0)=CTA,, Z,(t=0)=Z,,

D,.o(t=0)=CI, o(t=0)=u,,(t=0)=CTA, (t=0)=Z, ,(t= o) =0, and

*

D,.o(t=0)=HD}.(t=0)=R;.(t=0)=RI o (t=0)=M;. (t=0)=N,.,(t=0)=0.(35)

4.3. Numerical results

We will now examine some of the predictions of the extended model presented in this
section. Unless otherwise stated all kinetic parameter values are assigned appropriate
values, which are typical for the AA/PVA photopolymer material examined. The
simulations are performed retaining four spatial concentration harmonics and the coupled
differential equations are solved using the initial conditions given in Eq. (35). In all cases, Uo
= 2.83x10° mol/cm3, Do = 1.22x10%¢ mol/cm3, EDo = 3.18x10- mol/cm?, CTAo = 1x10° mol/cm3,
and Zo = 1x10® mol/cm? [30-34], where Uo, Do, EDo, CTAo and Zo represent the concentrations
of monomer, photosensitizer, electron donor, transfer agent and inhibitor, respectively. We
also assume that all time varying viscosity effects are negligible, i.e., Dmj>0 = 0, and that, Dmo
= 1.0x10° cm?/s. The exposure intensity chosen is Io = 1 mW/cm?, the recording wavelength
is 2=>532 nm and the layer thickness d = 100 um. The absorption parameters are, &= 1.43x108
cm?/mol, ¢=0.01 mol/Einstein and Tst = 0.76. The oxygen diffusion coefficient is Dx(x,t) = D- =
1.0x10% cm?/s and 7 = 0, i.e., sealed layers are used [32]. The typical rate constants used
were: kp = ki = 1x107 cm3/mol s, kt = 3x108 cm3/mol s, ki = kit x 10, ka = kv = 1.6x103 cm3/mol s, ki
= 1x107 cm3/mol s, ki = 1x10° cm?/mol s, k- = 3x1012 cm3/mol s, and kr = 1.2x10° s [30-34,48].
Assuming typical recording conditions for an unslanted transmission type volume
holographic grating, i.e.,, period A = 400 nm and fringe visibility V = 1, the resulting
predictions of the temporal and spatial behaviour of the photochemical processes are now
examined.
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As different types of chain transfer agents will exhibit different kinetic behaviours, which
result in variations in the polymerization rate and therefore changes to the number-average
degree of polymerization, DPx [48]. The results presented in Figure 9 demonstrate the effects
of varying the initial CTA concentration on the DPn when the re-initiation rate ki = 1x10°
cm’/mol s. For a particular type of CTA, i.e., when k& = 1x107 cm®mol s, it can be seen that
increasing the initial CTA concentration leads to a rapid decrease in DPn and that the value
for DPn decreases more slowly to lowest value shown. This result indicates that, for an
appropriate concentration of CTA, i.e., 1x10¢ < CTAo < 4x10° mol/cm?, DPn is always reduced
with the inclusion of CTA and that the reduction is larger for higher CTA concentrations.
Furthermore, when ke > 1x107 cm3/mol s, the model predicts that above some specific CTA
concentration a threshold exists and further increases do not result in any further significant
reduction in DPn, i.e., when CTAo > 4x10° mol/cm?®. Ideally, one wishes to identify the least
amount of CTA required in order to achieve the largest reduction in the number-average of
polymerization, DP». We also note that, for the same initial CTA concentration, a reduction in
DPn also takes place for an increase in chain transfer kinetic value, k«. Thus the addition of
different types and concentrations of chain transfer agents are predicted to have different
effects on the value of DPn and therefore on the average polymer chain length in the
otherwise identical photopolymer system. As discussed in earlier the non-local response
length, Jo , and the number-average degree of polymerization, DPr, are both related to the
average polymer chain length. We would expect that any significant reduction in the
number-average degree of polymerization, DPn, should be accompanied by a reduction in the
non-local response length,x/; , and therefore by an improvement in the refractive index
modulation, n1, which can be recorded at high spatial frequencies in the material.

DP» 4000t ]
I ki =1 x 105 cm3®/mol s

3000 - 1

2000 - 1

1000 - - ]

[ ~ e ——a - - ]

[1x107 cm®¥mol s " = e el -,ﬁ

0 L L L L L L L L L L L L L L L L L L L L
0 2 4 6 8 10

[CTA]o (mol/cm3) [x10-6]

Figure 9. Effects of initial CTA concentration on number-average degree of polymerization, DPr, and
contributions of various rate constants of chain transfer, ki, [cm3/mol s]: {1x105 (solid); 3x105 (short
dashed); 1x10¢ (dashed) and 1x107 (long dashed)}.



In order to demonstrate the relationship between the non-local response length, Jo , and
the refractive index modulation, n1, Figure 10 shows four simulated growth curves of
refractive index modulation, ni, for four different values of \/; . In all cases the same rate
constant values that were used above are employed. We see that larger values of Jo , lead
to lower saturation (maximum) values of m for the same grating period. In another words,
the lower the value of Vo the more localized the polymerization process and hence the
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shorter the polymer chains grown during holographic grating formation.
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Figure 10. Simulations of the growth curves of refractive index modulation, n1, at A4 =400 nm for

various values of non-local response length, \/; nm: {0 nm (solid); 30 nm (long dashed); 45 nm

(dashed) and 60 nm (short dashed)}.
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Figure 11. Simulations of the spatial frequency response of the refractive index modulation at

saturation, nist for various values of the non-local response length, \/; nm: {0 nm (solid); 30 nm (long

dashed); 45 nm (dashed) and 60 nm (short dashed)}.
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Figure 11 shows the saturation refractive index modulation, nf”f , plotted as a function of

the grating spatial frequency, for the same grating parameter values, as those used in the
generation of Figure 10. These results predict that lower /o values lead to a significant
improvement in the high spatial frequency response of the material and therefore a
reduction in the high spatial frequency roll-off observed experimentally. This is an
important prediction of the NPDD model and motivates the study of the feasibility of
applying chain transfer agents in free radical based photopolymer materials.

4.4. Experimental results

In this subsection, we aim to demonstrate and compare the effects of a number of CTAs on
the spatial frequency response of the various photopolymer material compositions under
examination. Following the analysis presented in Section 4.3, we aim to show that a
reduction in average polymer chain length results in the predicted reduction in the non-local

chain length Jo and hence an increase in the material's response at high spatial
frequencies. In order to achieve this, experimentally obtained growth curves and the
saturation values of refractive index modulation, n1%, for three photopolymer material
compositions, over a range of spatial frequencies from 500 to 4799 lines/mm, are measured
and compared [29,33,34].

The three material compositions examined are; (i) a standard acrylamide/polyvinylalcohol
photopolymer [30-34], (ii) the standard acrylamide/polyvinylalcohol photopolymer with the
addition of 0.96 g of sodium formate (CTA-1) [29,32,32] and (iii) the standard
acrylamide/polyvinylalcohol photopolymer with 0.53 ml of 1-mercapto-2-propanol (CTA-2).
.For each sample of these material composition examined, several growth curves were
measured using a recording intensity of 1 mW/cm?, at a recording wavelength of 4 =532 nm,
in order to ensure experimental reproducibility. In all cases the diffraction efficiency of a
probe beam, at Ap = 633 nm was monitored during and post-exposure and angular scans of
the gratings performed and analysed.

Applying the extended NPDD model presented in the previous subseciton, the experimental
growth curve data was fit using a least squares algorithm, in which the Mean Square Error
(MSE) between the prediction of the model and the experimental data was minimized to
extract key material parameters. In order to carry out the fitting process, search ranges of
typical parameter values based on data presented in the literature were used [30-34,48]. The
model was then applied to analyse the temporal variation of the refractive index modulation
n1, for each of the materials at over the range of spatial frequencies examined. In this way
the monomer diffusion constant Dmo, the propagation rate constant, kp, the initial rate, ki
bimolecular termination rate constant, ki, the primary termination rate, kip, the chain transfer
rate, ke, the re-initiation rate, ki, and the non-local response length, \/; , were all estimated.

The parameters estimated for the compositions studied are presented in Table 3 (standard
AA/PVA), Table 4 (CTA-1) and Table 5 (CTA-2). For each spatial frequency the saturation
refractive index modulation value, ni”t , is provided in the first column of each table.



Examining the estimated values for kp, kt and Dmo given in three tables, it can be seen that
they are consistent and close to the values previously reported in the literature [30-34,48].
In particular we note that the mean values estimated for Dmo, given in all the tables, are
very similar [30-34]. The values obtained for the parameters, kv and ki, in Table 4 and 5,
lie within reasonable ranges based on the values reported in the literature [48]. They
clearly indicate the different physical properties of the two CTAs when used in an
AA/PVA based photopolymer material. For each CTA being examined, it should also be
noted that the values found for kv and ki, are consistent for each of the different spatial

frequencies.
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SF (lines/mm) kp ke Dimo Jo MSE
[11152tx10-3] (x107) (x108) (x10-1) (nm) (x10-19)
500 [2.07] 2.7 3.0 3.0 60 1.96
1000 [2.20] 2.3 3.6 1.0 68 1.64
1428 [2.36] 2.8 3.0 3.0 55 0.89
2000 [1.97] 22 3.8 2.0 60 1.09
2500 [1.56] 2.7 3.1 3.0 65 1.21
3000 [1.38] 2.6 3.2 3.0 60 2.72

Mean 2.6:0.4 3.3+0.5 2.5+1.5 61.316.7 1.59+1.13
Table 3. Spatial frequency parameter estimations for standard AA/PVA material.

SF (lines/mm) kp ke Dimo ke Kri Jo MSE
[1152tx1073] (x10)  (x10%)  (x10%)  (x10°)  (x107) (nm) (x10-1)
500 [1.90] 3.7 3.3 5.0 5.0 2.6 50 1.64
1000 [2.18] 3.5 3.4 3.0 2.0 1.0 51 2.72
1428 [2.39] 3.8 3.0 6.0 3.0 1.3 45 2.65
2000 [2.12] 3.2 4.0 6.0 2.0 1.7 45 2.36
2500 [1.87] 3.7 3.0 3.0 3.0 1.0 49 3.92
3000 [1.60] 3.8 3.6 1.0 2.0 1.0 47 1.17

Mean 3.6£0.4 3.4+0.6 4.0+3.0 2.8+2.2 1.4+1.2 47.6£3.4 2.41£1.24

Table 4. Parameter estimations for spatial frequencies in AA/PVA with sodium formate (CTA-1)

material.
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SF (lines/mm) kp ke Dimo ke Kri Jo MSE
[11152tx1073] (x10)  (x10%)  (x10%)  (x107)  (x10°%) (nm) (x101)
500 [1.97] 2.0 3.5 5.0 1.0 8.0 40 1.98
1000 [2.09] 1.7 3.8 3.0 2.0 6.0 40 1.71
1428 [2.38] 1.6 3.9 2.0 2.0 3.0 42 1.53
2000 [2.23] 1.7 3.7 6.0 3.0 2.0 40 1.22
2500 [2.03] 2.1 3.0 2.0 1.0 3.0 38 5.53
3000 [1.68] 1.7 3.8 2.0 1.0 8.0 39 1.12

Mean 1.840.3 3.6+0.6 3.332.7 1.7+1.3 5.0#3.0 39.8+2.2 2.1843.35

Table 5. Parameter estimations for spatial frequencies in AA/PVA with 1-mercapto-2-propanol (CTA-2)
material.

In Table 3 the mean non-local response length in the standard AA/PVA material is estimated
to be approximately Jo = 61.3 nm. This value agrees well with the previous estimates
reported in the literature [29-34]. For the material containing sodium formate (CTA-1), the
corresponding value is Jo ~47.6 nm, as given in Table 4, which corresponds to a reduction
~22.3% in the mean non-local response length, Jo . In Table 5, the /o value obtained for
the material with 1-mercapto-2-propanol (CTA-2) is Jo ~ 39.8 nm. This corresponds to a
~35.0%, reduction in the mean /o value. Therefore significant improvements in the high
spatial frequency responses with the addition of CTA can be clearly observed. CTA-2 is
more effective in reducing the average polymer chain length. Furthermore, in very high
spatial frequencies, the results consistently indicate an accompanying improvement in the
magnitude of the saturation refractive index modulation. Based on the analysis above it is
clear that shortening the polymer chains through the addition of chain transfer agents
improves this photopolymer’s spatial frequency response.

In order to more clearly illustrate the results presented in Tables 3 - 5 the spatial frequency
response of each material are shown in Figure 12.

The improvements in the high spatial frequency response can clearly be observed. In order
to demonstrate the improvements in AA/PVA material performance, numerical fits were
carried out to the growth curves of all the three testing samples, for the 3000 lines/mm
spatial frequency case. The results are presented in Figure 13 with the associated error bars,
indicating the reproducibility of the experimental results.

In this section the NPDD model was extended to examine the effects of the addition of CTAs
to an AA/PVA photopolymer. As the NPDD model predicts, a reduction in average polymer
chain length grown during polymerisation will reduce the negative smearing effects which
are caused by non-local polymer chain growth. As CTAs are known to reduce the average
polymer chain length grown during polymerisation, a number of various types and
concentrations of CTA were added to reduce these detrimental effects. Then using the
NPDD model and fitting growth curves of refractive index modulation at various spatial
frequencies for each of the compositions under examination, estimates of key material
parameters were obtained. All results verified that the use of CTAs caused a substantial
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Spatial Frequency Response
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Figure 12. Experimental results of spatial frequency response of saturation refractive index modulation,
n1, variation, for standard material (small dashed line), standard material with 0.96g sodium formate
(CTA-1) (medium dashed line) and standard material with 0.53ml 1-mercapto-2-propanol (CTA-2)
(large dashed line).
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Figure 13. Experimental growth curve data with error bars and fits at 3000 lines/mm, standard material
(large dashed line); with sodium formate, CTA-1, (medium dashed line and empty circle points) and
with 1-mercapto-2-propanol, CTA-2, (small dashed line).

increase in the response of the AA/PVA photopolymer’s spatial frequency response,
particularly at higher spatial frequencies, which is in line with the NPDD model
predictions.
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5. Conclusion

In this chapter we briefly reviewed some of the developments made in the area of
photopolymer material development. We also examined some of the extensions which have
been made to the Non-local Photo-polymerisation Driven Diffusion (NPDD) model in order
to increase its physicality, with the aim of producing a tool for photopolymer material
optimization. A detailed understanding of the photochemical and photo-physical effects
which take place during and after holographic exposure is of extreme importance in order to
achieve such a tool. Some of the recent developments which have been made in order to
achieve this were illustrated and their implications examined. Among these were the
temporal and spatial primary radical, the effects of oxygen inhibition, non-local polymer
chain growth and the addition of chain transfer agents to improve the spatial frequency
response. As various photopolymer compositions have diverse chemical and structural
characteristics, knowledge of the characteristics required when choosing these components
will offer an informed choice to yield specific improvements in material performance. The
implications of the predictions presented here suggest that there are many ways in which
improvements can be made.

There still remain a number of effects which have not been included into the NPDD model
which would increase its physicality and therefore make it a more powerful tool. One of
these which has not been included here, is the addition of time varying viscosity effects.
When polymerisation occurs, densification and crosslinking occurs, resulting in a reduction
in the material’s fractional free volume. This reduction causes an increase in the viscosity of
the material which restricts the rate at which polymerisation proceeds. Accurate modelling
of these effects would allow for more precise recording schedules for subsequent
holographic exposures to be determined and would enable optimum concentration ratios of
the main constituents of the material to be found.
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1. Introduction

Nanotechnology is one of the most widespread topics for current development in
fundamentally all research areas. Along with polymer science that is also one of the leading
fields and their studies cover a broad range of topics. This would include nanoelectronics as
the critical scale for modern devices is now below 100 nm. Other research areas may include
polymer-based biomaterials, such as miniemulsion particles for drug delivery or tissue
engineering, self-assembled layer-by-layer polymer films, electrospun nanofibers and
imprint lithography.

Although the terminology “Nanotechnology” is quite recent, prior polymer science studies
involving nanoscale dimensions were used. For example, phase separated polymer blends
regularly acquire nanoscale phase dimensions; asymmetric membranes often have
nanoscale void structure; miniemulsion particles can be synthesized below 100 nm and
interfacial phenomena in blends and composites involve nanoscale dimensions. At times,
amphiphilic macromolecules are used to modify the nanoparticles surface. The most
common functionality of these types of polymers is a lipophilic part intercalated with the
existing aliphatic chains at the nanoparticles surface, covering, or maybe even completely
encapsulating the original passivated nanoparticle.[1, 2] This type of encapsulation has been
described for copolymers [3, 4] and phospholipids,[5-7], inter alia and takes advantage of the
hydrophobic colloidal stability of organically passivated nanoparticles (NPs) to prepare
polymeric nanocomposites. In this chapter we plan on reviewing various nanocomposites
using a polymer-based matrix with transition metal complexes, namely ruthenium based
complexes, and a wide range of inorganic nanoparticles with varying optical, antimicrobial
and magnetic properties. These nanocomposites have potential applications in biomedical
implants as well as small devices for clinical applications.

I NT EC H © 2012 Segala and Pereira, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



204 New Polymers for Special Applications

2. Metallopolymers

Recent interest in functional polymer matrix based nanocomposites has emerged with great
importance in many fields of scientific research as well as in industrial applications, which
will increase greatly due to the variety of possible modifications in the chemical and
physical properties of these materials.[8] This well-known interest in soft functional
materials, led to the growing realization that the presence of metal centers in
macromolecular materials can result in enhanced novel properties while maintaining the
capacity of polymerizing through classic processing methods. Metal centers have been
neglected as important structural components of synthetic polymers although they play a
key role in determining the functions of many extended solids and biological
macromolecules. The metallopolymer field has been delayed due to synthesis and
characterization problems, such as what procedures to use, purification issues and a lack of
commercially available starting reagents. Most of the classic polymerization procedures
used in pure organic monomers originated inefficient or undesirable side reactions with the
presence of the metal centers. These classic procedures originated low molar mass
metallopolymers, contaminated by structural defects or missing conclusive characterization.
The end of last century dictated the beginning of high molar mass metallopolymers with
defined microstructures. Most of the synthetic strategies used are either compatible with the
presence of coordinated metal centers or with pendant ligands that tolerate the consequent
incorporation of metal ions.[9-11] This progress has been supported by the discovery and
expansion of new characterization techniques, such as matrix-assisted laser
desorption/ionization-time of flight spectroscopy or electrospray ionization mass
spectrometry, as well as the rekindling of more traditional methods, such as analytical
ultracentrifugation, leading to a vast collection of metal containing polymers that display an
array of bonding modes and an assortment of structures. The ability to prepare
metallopolymers with a variety of structures has fuelled efforts to improve the efficiency
and control of synthetic procedures in order to create scaled-up, well-defined materials.
These accomplishments lead to a range of potential applications which have now emerged,
and the aim of this chapter is to illustrate selected recent advances of the use of
metallopolymers in sync with inorganic nanoparticles to produce nanocomposites with
varying antiseptic, optical and magnetic properties. These nanocomposites have potential
applications in biomedical implants as well as small devices for clinical applications.

Network polymers based on styrene, prepared by well-developed suspension
polymerization processes, retain many of their qualities for a microcomposite host matrix.
The many advantages include facile preparation, controlled surface area and porous
structure, good thermal resistance and reasonable chemical inertness.[12] Styrene-
divinylbenzene copolymers have been the subject of several studies. Mahdavian et al.
described an easy and efficient method for preparing polymer-supported chiral copolymers
of styrene-divinylbenzene, which can be used in chromatographic columns packing.[13]
Crosslinked copolymers prepared from styrene-divinylbenzene are of particular interest
when used in the preparation of ion exchange resins by the introduction of various
functional groups (polar or not) as alkyl, benzoyl, acetyl, hydroxymethyl and sulfonic
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derivatives.[14] Their main applicability is in catalytic supports and solid-phase extraction.
The efficiency of sulfonate agents and their effects on the morphology of styrene-
divinylbenzene beads have been investigated.[15] The authors found that the use of acetyl
sulfate as a sulfonate agent preserved the spherical morphology of the beads.

Polymers based on the application of coordination forces have been prepared recently. The
first direct synthesis of a polymer containing a transition metal complex gave rise to a
coordination polymer based on ruthenium(l)-terpyridine complexes.[16,17] The
combination of conventional polymers to metal centers generates intrinsic properties of the
metal, retaining the properties of the conventional polymer. A new property acquired due to
the metal center, is the electroactivity amongst all the transition metals, and the ruthenium
has been widely used by coordination chemists mainly due to its ease of forming extremely
stable complexes, especially with pyridine ligands and their derivatives.[18]

3. Ruthenium (II) complexes: a brief history

Ruthenium based metal complexes have shown a plethora of uses and applications.
Namely, complex structures in the presence of a metal center containing ruthenium have
shown good results in biological applications.[19-21] Coordination compounds of formula
trans-[RuXz(L)4], where (X) = Cl, Br, and I, (L) one monodentated ligand (Figure 1) are
extremely well known in literature and many compounds containing pyridine groups and
their derivatives have been prepared and characterized.[22-24]
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Figure 1. Molecular structure for ruthenjium (II) metal complexes, where L is the different ligands
monodentate and X, the halogens Cl, Br, L.[25]

The first studies were those with the synthesis of coordination complexes with four pyrrole
group substituents. In 1996, progress was made in the synthesis and characterization of
copper (I) complexes containing four tetranuclear pyrrole substituents attached to the
pyridine ligand. The aim of the complex synthesis was to electropolymerize in the form of a
copolymer, but the results were not encouraging and the authors remained focused only on
the synthesis of the ruthenium complexes.[26] The preparation of a series of new
electropolymerizable complexes with the general formula trans-[RuXz(L)s] was achieved.[27,
28] The preparation and full characterization of poly-trans-[RuCl(pmp)4] (pmp=3-(pyrrol-1-
ylmethyl) pyridine) was reported and its applicability demonstrated in the preparation of
modified electrodes.[27, 29]

In order to fully understand the electropolymerization process and to determine the
optimized electrochemical parameters for the achievement of a good film, electrochemical
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studies were made on trans-[RuClz(pmp)s]. In 1997, the preparation of electrodes modified
by electropolymerization of poly-trans[RuClz(pmp)s] using galvanostatic and potenciometric
techniques was accomplished.[28] Studies show that water-soluble ruthenium complexes
are of high therapeutic value due to their capacity to interfere with nitric oxide (NO) in
biological systems.[30] On the other hand, the complex trans-[RuClx(vpy)s] (vpy=4-
vinylpyridine),[31] composed of four groups, which are easily polymerized producing
electroactive adherent films, compared to films made from the linkers vinylpyridine and
vinylterpyridine, were also prepared.[32, 33] Previous studies have shown that the complex
trans-[RuCl2(vpy)s] can be electropolymerized on different substrates, including inert
materials such as Pt and Pd,[31] ferrous alloys[34, 35] and stainless steel.[36] Studies of
cyclic voltammetry, electrochemical crystal microbalance quartz and Raman spectroscopy
revealed the results of electropolymerization of the complex frans-[RuClz(vpy)4] in Au and
Pt electrodes in particular the effects of the polymerization potential on the characteristics of
the film formed, and especially the understanding of the key processes involved in
electropolymerization.[37]

Much of the recent work on polymer substrates has been focused on the structure of the
polymeric matrix for subsequent complex formation with a metal ion. Antony et al. studied
the synthesis and catalytic properties of poly-(styrene-divinylbenzene) supported by
ruthenium (III complexes.[38] Styrene-divinylbenzene copolymers, with its reactive groups,
have often been used as ligands with chelating properties. When reacted together with
styrene (sty), divinylbenzene (DVB) can be used as a reactive monomer in polyester resins.
The resulting cross-linked polymer is mainly used for the production of ion exchange resin.
The authors showed that by a simple method, the new polymer of ruthenium catalyst was
effective in the epoxidation of styrene and cyclic olefins. The facile preparation and
recyclability of these catalysts should provide a useful strategy for oxidation of organic
substrates under controlled experimental conditions.

/

/ X
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styrene . 5
\ 4-vinylpyridine
divinylbenzene

Figure 2. Chemical structures of monomers commonly used along with ruthenium complexes to form

metallo-co-poymers.

However, few thermal studies were found in the literature involving copolymers of
vinylpyridine and divinylbenzene. The vinylpyridine can be chemically modified by
oxidation, producing vinylpyridine N-oxide. These modified materials can be used as
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catalyst supports and ion exchange resins to remove heavy metals due to the presence of
oxidized vinylpyridine groups.[39] The covalent incorporation of the transition metal
complexes in the polymer network should be accompanied by benefits in biological
systems.[40] There is great interest in biomedicine and bio-nanotechnology in studies
involving supported metal complexes as enzyme inhibitors.[41] Metals such as ruthenium,
osmium, and iridium are capable of forming stable complexes which are not involved in
biological environments, thereby expanding the coordination modes limited to carbon. This
provides new opportunities for the construction of small molecular structures that cannot be
occupied by purely organic compounds.[42] Recent studies have shown the importance of
the presence of ruthenium structures in biological research involving cancer treatment.[43]
Lately, many studies are being conducted using ruthenium complexes in nanocomposites
and biomaterials. Such studies have shown that the nanocomposite containing the complex
can be used as nanodrug, for targeting cancer, and intracellular labeling.[44] Among the
various research groups involved in this issue, Zhang et al. showed that the effect of nano-
scale carborane ruthenium (II)-arene complexes, showed significant results in treating lung
cancer.[45] The authors suggest that this complex containing Ru(Il) may be a strong
candidate for lung cancer chemotherapy. The results provide evidence that tumor growth
can be inhibited by anti-cancer ruthenium (II) arene complex in vivo. Clearly, a better
understanding of the mechanism of action and possible chemotherapeutic activity of the
complex of Ru(Il)-arene could certainly benefit the future clinical treatment of this cancer.

Although one may propose alternatives of the possible reaction mechanisms between the
monomers: the trans-[RuCla(vpy)s] complex, styrene, divinylbenzene and 4-vinylpyridine, it
is not possible to safely affirm what structures will be formed by a combination of these
monomers (Figure 2). However, the authors suggest that the formation of crosslinking
between the complex combination with the monomers participating in the structure (Figure
3) is highly probable, where the polymerization and the polymeric chain propagation could
occur in both, by double bond cleavage of the ligands of the metal complex (vpy) and the
interpolation of the monomers (sty, DVB, vpy) among themselves. Thus, there is still no
concrete answer on the exact formulation of co- and terpolymers synthesized. Efforts in this
direction have been intensified by several researchers in order to have an idea of the
structural composition of these polymers and how, or even if, these bonds significantly
influence the formation of these new functional polymers nanocomposites.

In this chapter we plan on reviewing various nanocomposites using a polymer-based matrix
with transition metal complexes and a wide range of inorganic nanoparticles with varying
optical, antiseptic and magnetic properties, namely ZnO nanoparticles which have
interesting optical properties; silver nanoparticles (AgNPs) which have antimicrobial
properties as well as known optical properties and magnetic nanoparticles (CoPts) which
have well-defined magnetic properties.

4. Inorganic nanoparticle incorporation

The incorporation of nanoparticles as a filler in polymer matrices is interesting mainly due
to the different properties resulting therefrom and compared to their bulk analogues.
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Figure 3. Proposed polymeric structure containing monomers: styrene, divinylbenzene, 4-vinylbenzene
and ruthenium complex.
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Several authors have described changes in optical, electrical and mechanical properties when
the size of a certain material reduces to nanoscale dimensions.[46, 47] This type of interaction
can influence the molecular dynamics of a polymer hence resulting in significant changes in
their physical, thermal behavior and mechanical properties. Bullions et al. investigated a
hybrid material consisting of NPs embedded in SiO:z poly(imide).[48] The authors concluded
that the formation of chemical bonds between the NPs and certain terminal groups of
poly(imide), confines the space accessible to the polymer chains in the molecular dynamics
influencing polymer, which can result in changes in thermal stability and consequently its
glass transition temperature. A controlled polymer synthesis in the presence of inorganic
NPs, allows rigorous control over the matrix’s physical/chemical properties. Nonetheless, the
chemical affinity between nanoparticles and polymer is a major aspect in nanocomposite
preparation. The compatibility of the inorganic material with the polymer matrix can be
improved through the chemical surface modification of the particles. At times, surface
modification may be necessary to promote chemical compatibility between components. For
example, in the case of trioctylphosphine oxide (TOPO)-prepared semiconductor
nanoparticles, these can be used directly in the synthesis of an organic matrix-based
nanocomposite, once these are passivated with molecules of hydrophilic nature.

For the preparation of nanocomposites there is a diversity of polymer synthesis techniques,
the most common being: dispersion polymerization, mass polymerization and emulsion
polymerization. Recently the development of new radical polymerization methods, currently
denominated by controlled/”living” polymerization, came to ease new methodologies that
are prepared in a controlled manner.[18] This method was used for various inorganic
materials, such as TiO2[49-51] and SiO2[52] where these were directly dispersed in the
monomer. More recently the NP encapsulation by an in situ miniemulsion polymerization
was demonstrated with poly-styrene,[53-55] poly-butyl acrylate[53, 56] and a poly-styrene -
poly-methylmetacrylate copolymer.[57] However changes in the crystallization of
semicrystalline polymer matrices in nanocomposites has also been described.[58] For
example, a significant influence of NPs morphology on the crystallization kinetics of
polyamide in a hybrid material consisting of an array of poly(tetramethylene
terephthalamide) fibers or containing SiO2 spheres with nanometric dimensions.[59] When
preparing Bi:Ss/Nylon nanocomposites, the authors found that the Bi:Ss nanofibers act as
nucleation sites, resulting in a larger number of spherulites in the nanocomposite when
compared to the pure polymer.

Depending on the envisioned application, various types of fillers may be used for loading
the nanocomposite which may differ, for example, their morphological or other properties,
such as heat resistance or chemical reactivity. Studies have shown that for the incorporation
of metal and semiconductor NPs in this polymeric matrix, these nanoparticles can be
dispersed among the crosslinking of the polymeric matrix, as shown in the Figure 4.
Amongst the most common fillers for polymer-based nanocomposites are carbonates,
sulfates, alumino-silicates and metal oxides (Al20s3, Fe20s, ZnO).[60] Semiconductor NPs
such as CdS, ZnS, or CdSe have also been widely used due to their optical properties.[61, 62]
Some of the examples of inorganic particles cited in the literature are the use of TiO2 NPs in
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Figure 4. Proposed crosslinked structure of prepared metallpolymers nanocomposite.

the preparation of composites for paints and coatings[46, 63] and SiO2 NPs, which can give
added strength or flame retardant characteristics to nanocomposites.[64, 65]

5. Ruthenium complex based copolymers with incorporated inorganic
nanoparticles

The following section summarizes relevant properties of functional ruthenium based
nanocomposites when doped with diverse inorganic nanoparticles (magnetic, antimicrobial
and luminescent nanoparticles).

5.1. ZnO NP doped Ru complex/styrene copolymer

Semiconductor NPs show size-dependent optical properties and have been widely explored
as new optical materials.[47] New optically active inorganic/polymer nanocomposite have
been prepared when using semiconductor NPs together with polymers. As with all
nanocomposites the intrinsic properties of the starting materials maintain but new
properties due to synergistic effects arising from the combination of the inorganic and
organic components may arise.[66] The homogeneous distribution of inorganic NPs within
the polymer matrix and the strong interface adhesion between the matrix and nano-fillers
are important aspects to be considered because of their influence in the nanocomposites’
performance.[67] Segala et al. reported the preparation of nanocomposites containing ZnO
NPs dispersed in the co-polymer poly-{trans-[RuClx(vpy)4]-sty}.[68] The polymer was
prepared through reaction of the complex trans-[RuClz(vpy):] with styrene.[69]

The ZnO NPs were previously prepared and their optical properties monitored by UV-
visible spectrocsopy and size through high resolution transmission electron microscopy
(HR-TEM) (Figure 5). A quantum mechanical effect occurring in the semiconductor NPs is
the increase in band gap, with the reduction in particle size. The quantum confinement
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effect is clearly seen in Figure 5 inset. The literature shows that bulk ZnO exhibit a band gap
of 3.37 eV (or about 368 nm), whereas the NPs band gap has a characteristic optical feature
at 357 nm. Theoretical calculations based on the effective mass approximation for spherical
particles[70, 71] provides a size estimate of 5.2 nm diameter of the ZnO NPs. The size of the
NPs was confirmed through HR-TEM in which the approximate size is in the order of 5 nm.

Figure 5. HR-TEM images of ZnO NPs used in the preparation of the nanocomposite. Inset: Optical
spectrum of coloidal suspension of ZnO NPs.

When incorporating the semiconductor NPs into the copolymer matrix, the properties of the
initial NPs were maintained, such as optical and structural properties.[68] Scanning electron
microscopy (SEM) of the nanocomposite and energy-dispersive X-ray spectroscopy (EDS),
clearly demonstrate the homogeneous presence of Zn and Ru throughout the whole sample.
(Figure 6).

Nanocomposites containing ZnO and poly-{trans-[RuCl2(vpy)]-sty} have been prepared and
the results point to a homogeneous nanocomposite.[68] This study allows further
development of this synthetic strategy to obtain homogeneous nanocomposites of variable
composition that can find practical interest in ruthenium-based sensor devices.

Figure 6. SEM image and EDS mapping of ZnO NPs dispersed in the co-polymer poly-{trans-
[RuClz(vpy)-sty)
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5.2. Ag NP doped Ru complex/styrene/divinylbenzene copolymer

The bactericidal effects of ionic silver are well-known and have been used since ancient
times. The precious metal was originally used as an effective antimicrobial agent and is
relatively free of side effects. However, with the development of modern antibiotics to
treat infectious disease, the use of silver in the clinical setting has been limited
predominantly to topical cream based silver sulfadiazine to prevent infections
associated with treatment of burns.[72-74] However recent studies revealed that Ag NPs
have improved antibacterial properties when compared with bulk silver and that even
nanomolar concentrations of Ag NPs can be more effective than micromolar
concentrations of silver ions,[75] thus leading to an increased interest on materials
containing nano-silver. Silver ions are known to be extremely reactive and could readily
bind with an assortment of negatively charged molecules such as inorganic anions,
proteins, RNA and DNA. Consequently, the antibacterial property of silver ions has
been credited to its interaction with thiols, along with other groups such as
carboxylates, phosphates, hydroxyls, imidazoles, indoles and amines. Roe and
coworkers developed a method to coat plastic catheters with bioactive Ag NPs. The
catheters are non-toxic devices capable of targeted and sustained release of bactericidal
silver at the implantation site and were useful in preventing infectious complications in
patients.[76] Bowler et al. assessed the antimicrobial properties of an absorbent topical
wound dressing containing ionic silver, samples were tested with a diversity of known
burn wound pathogens in a simulated wound fluid model. and verified that the silver-
containing dressing is likely to provide a barrier to infection in controlling partial-
thickness burns.[72] A relevant factor in the evaluation of biocide action of different
materials is their behavior against the bactericidal dose-dependent effect on the
different strains of bacteria. Because of the complexity in determining the actual
bioavailability of Ag, values of minimum inhibitory concentration of about 100 strains
of Staphylococcus aureus was reported, with a range 8-80 mg/L when using AgNOs.[77]
Similarly, minimum inhibitory concentration values for Ag studied with approximately
100 strains of Pseudomonas aeruginosa showed a range of 8 to 70 mg/L. These studies
showed that some strains are resistant to Ag, and in fact, resistant strains of bacteria
were isolated more than 70 years ago and its mechanism of resistance to Ag has been
investigated.[77, 78]

Dutra et al. reported the preparation and characterization of the nanocomposite between
a  poly-{trans-[RuClz(vpy)s]-styrene-divinylbenzene} ~or styrene-divinylbenzene-4-
vinylpiridine matrix containing Ag NPs.[79] Non-aqueous polymerization using benzoyl
peroxide as the initiator was the method used to prepare these materials. The Ag NPs
were obtained through the chemical reduction using NaBHi as reducing agent and
sodium citrate as stabilizer.[80] The Ag NPs optical properties were monitored by UV-
visible spectroscopy and size and morphology confirmed through TEM. The
nanocomposites morphology was characterized by Field Emission Gun Scanning
Electron Microscope (FEG-SEM) and the thermal properties were studied.
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Figure 7. a) FEG-SEM image and b) HR-TEM image of silver nanoparticles. Inset: optical spectrum of
AgNPs and c) Photograph of microculture plate containing the microorganism Staphylococcus aureus in
the presence of poly-{trans-[RuCl(vpy)4]-styrene-divinylbenzene}/AgNPs nanocomposite.

The antimicrobial action of the nanocomposite was evaluated using various
microorganisms: Staphylococcus aureus and Escherichia coli and was confirmed by the
presence of an inhibition halo of the bacterial growth in seeded culture media (Figure 7c).
This growth inhibition caused by the presence of silver nanoparticles in the polymer reveals
the antiseptic properties of the material. Authors suggested that the absence of ruthenium
complex in the polymeric matrix interfered with the release of silver ions into the media, not
conferring this material antimicrobial activity. The antimicrobial activity of the silver in the
polymeric matrix can also be important for the prevention of proliferation of adherent
bacteria in the surface of the polymeric materials, increasing like this the materials’ lifetime.
Polymeric matrix impregnated with Ag NPs ensures new surface properties that perform in
the prevention of microorganism'’s adherence on the surface and deposits of proteins.

5.3. Magnetic NP doped Ru complex/styrene/divinylbenzene copolymer

Magnetic NPs are of great interest to researchers and cover a wide subject area, including
magnetic fluids, catalysts, biotechnology, magnetic resonance imaging, prevention of the
environment, among others.[81] Although a reasonable amount of methods have been
developed for the synthesis of magnetic NPs with a wide variety of different compositions,
the successful application of these magnetic NPs depend on their stability under different
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conditions. In most applications, the particles properties are enhanced when present in the
10-20 nm size range. However, depending on the application, an inevitable problem
associated with the particle size is its intrinsic instability over time has to be regarded. Some
smaller particles tend to form agglomerates to reduce the energy associated with large
surface area relative to the volume of nanometric particles. For most applications it is crucial
to develop strategies to protect the chemical stability of the NPs in relation to the magnetic
degradation during and after the synthesis. These strategies include coating with organic
species, including surfactants or polymers, or a coating with an inorganic layer such as silica
or carbon. It is notable that in many cases, protection of the particles or coating not only
stabilizes NPs, but may also be used for additional functionality, for example, with NP or
other ligands, depending on the desired application.[81] Several syntheses of Fe, Co, FePt
and FexCoyPtioo-»y NPs have recently been developed to produce particles of controlled size
and narrow size distributions. They are currently the focus of scientific research aimed at
understanding the formation mechanism of monodisperse NPs and the influence of size and
shape in their magnetic behaviour.[82] The literature reports the preparation of polydisperse
2 nm-sized alloy of Co-Pt prepared from organometallic precursors in the presence of a
polymer.[83-85]

On the other hand, researchers at Ohio State University reported the development of
magnetic NPs that promises rapid detection and elimination of the bacteria Escherichia coli
(E.coli), anthrax (Bacillus anthracis) and other bacteria harmful to human health.[86] These
studies have demonstrated the potential of the magnetic NPs studied and their aid in the
rapid detection of E.coli strains in approximately five minutes, and removing 88% of the
bacteria by providing a very attractive field for the decontamination of pathogenic microbes
and diagnostic applications.[86] These studies were pioneers in using magnetic NPs to
detect, quantify and differentiate E.coli cells.

A promising application of magnetic NPs is as drug carriers as well as in drug release,
initially proposed by Widder et al. in the 70’s.[87] The magnetic drug carriers have the
potential to carry a large amount of drug to a certain body part, thus avoiding toxicity and
adverse effects of excessive use of a large dose of drugs in the body. Although to date, there
has been a breakthrough in in vivo applications, clinical studies in real situations are still
problematic. Many fundamental issues in systems for controlled drug release need to be
resolved, such as size-controlled synthesis and stability of the magnetic NPs, the
biocompatibility of the coating layers (polymer or silica), links between drug-particle,
among other physiological parameters.[81]

The literature describes various synthesis methods of interest to develop new bio-magnetic
nanocomposite applications.[56, 88] However, some of these proposed methods suggest a
post-synthetic step in order to prevent the liberation of the magnetic NPs. To investigate this
authors have proposed an in situ synthetic method to incorporate the magnetic NPs during
the synthesis of the nanocomposite. This section will present some results obtained in the
preparation and characterization of magnetic CoPts NPs and in situ incorporation of these
particles in the poly-{trans-[RuClz(vpy)s]-sty} polymer matrix. Although these



From Ruthenium Complexes to Novel Functional Nanocomposites: Development and Perspectives 215

nanocomposites are not to be directly applied in Nanomedicine they may provide useful
clues in the formulation of other materials.

The magnetic CoPts NPs were characterized by UV-vis spectroscopy (Figure 8-inset).The
optical spectrum of the magnetic NPs presents two characteristic bands, at 319 nm and 407
nm. The observation of the UV/vis spectra obtained from the starting materials, ie, salts of
Co (II) and Pt (VI) in ethylene glycol showed an intense band at 522 nm for the Co (II) and
two minor bands intensity for Pt (VI), 363 nm and 458 nm. However, the optical spectrum
obtained for this alloy shows distinct bands of the starting materials, which indicates the
presence of magnetic material, CoPts.[82] The morphology of the CoPt; NPs was analyzed
by SEM and EDX confirmed the presence of metals in the magnetic alloy, and its respective
mean ratio, Co:Pt, 1:3 (Figure 8). The presence of spherical agglomerates was observed by
coalescence of smaller particles. However, the nanoscale of the CoPts NPs was confirmed
by TEM. Figure 8(right) shows TEM images obtained from a sample of these magnetic
particles.

Figure 8. SEM image (left) with inset optical spectrum and TEM image (right) of CoPts NPs.

The nanocomposite CoPts/poly-{trans-[RuClx(vpy)s]-sty} was synthesized using the in situ
method with a nominal percentage of 0.5%(w/w) CoPts in relation with the styrene
monomer and the complex trans-[RuClx(vpy)s]-sty] and characterized by UV-vis
spectroscopy. The optical spectrum of the magnetic nanocomposite present bands in the
region of 320 to 410 nm (Figure 9b). A shoulder and band broadening observed in the 450
nm region of the optical spectrum, may suggest the overlap of the bands that characterize
the complex trans-[RuClz(vpy)s] with the magnetic NPs characteristic band. The morphology
of the magnetic nanocomposite was analyzed simultaneously by SEM and TEM and the
presence of the nanoparticles homogeneously dispersed in the polymeric matrix was
observed. However, there are dots and small beads over the whole surface of the
nanocomposite examined by SEM, suggesting an agglomeration of magnetic NPs
incorporated in the copolymer matrix. The average size of the NPs is in the 10 nm range,
showing that the average size of NP was not significantly altered during the synthesis of the
nanocomposite. Larger particles are probably caused by coalescence of smaller particles.
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EDX mapping was made on the SEM image of the nanocomposite and showed the
homogenous presence of the CoPts alloy over the entire surface of the polymer matrix.

h} poly-{trans-{RUCI, (vpy), }sty}
——CoPt, poly-{irans-[RuCl (vpy) sty

Wag deta
MAG: J0000 KX W TROKY WO 18 mm

Figure 9. a) TEM image; b) optical spectra; c) SEM image and d) EDS mapping of the nanocomposite
CoPts/poly-{trans- [RuCl(vpy)s]-sty} 0.5%.

6. Concluding remarks and future trends

In this chapter we have discussed studies involving nanocomposites prepared from the
complex frans-[RuClx(vpy)s], with the monomers styrene, divinylbenzene and 4-
vinylpyridine, with the incorporation of functional nanoparticles. To each type of
nanoparticles, different properties may be attributed: (1) antimicrobial properties in the
presence of Ag NPs, (2) luminescent properties in the presence of ZnO NPs and (3)
magnetic properties of the alloy in the presence of CoPts. The Ag NPs precursors of
antibacterial nanocomposites were prepared and characterized. The synthesis of the
copolymers were carried out in these emulsions in the presence of complex trans-
[RuClz2(vpy)4] monomer and other monomers such sty, DVB and vpy, which will form the
polymeric matrices. These nanocomposites were characterized by optical, structural and
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morphological techniques through UV-visible spectroscopy, SEM and TEM analysis. The
antiseptic property of these new nanocomposite materials was confirmed by
microbiological testing using the Gram-positive, S. aureus (ATCC-25923) and Gram-negative,
E. coli (ATCC-25922) for Ag NPs impregnated with the polymer. The nanocomposites
containing ZnO NPs with luminescent properties incorporated in the copolymers poly-
{trans-[RuClz(vpy)s]-sty showed that the synthesis method using in situ promotes better
dispersion and a better distribution of the ZnO NPs along the polymeric matrix compared
with the nanocomposite prepared by the analogous ex situ method. ZnO/poly-{trans-
[RuClz2(vpy)4]-stylnanocomposites prepared were fully characterized at the optical,
structural and morphological level, through the techniques of UV-vis spectroscopy,
analysis by SEM and TEM. CoPts NPs, with superparamagnetic properties, were
incorporated into a magnetic poly-{trans-[RuClz(vpy)s]-sty} nanocomposite prepared and
characterized. TEM images show that CoPts NPs remained unchanged and are
homogeneously embedded through the polymeric matrix of the magnetic nanocomposite
The development of highly technological materials with antiseptic, optical and magnetic
properties present in ruthenium complexes with biological activity are promising
therapeutic applications with a high possibility of success if applied in the medical field
and a variety of technological applications.
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Bulk Preparation of Radiation
Crosslinking Poly (Urethane-Imide)
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Additional information is available at the end of the chapter
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1. Introduction

Ionizing radiation can be used for understanding mechanism of polymerization reaction as
well as for initiation of the polymerization process. Some of the advantages of the radiation
initiated polymerization over conventional methods are: (i) absence of foreign matter, like
initiator, catalyst, etc., (ii) polymerization at low temperature or in solid state, (iii) rate of the
initiation step can easily by controlled by varying dose rate and (iv) the initiating radicals
can be produced uniformly by <-irradiation. The gamma ray induced radiation
polymerization, broadly speaking, in addition to the narrow sense “radiation
polymerization (also known as radiation initiated polymerization. That is, using high energy
ionizing ray to irradiate monomers, and generates ions or radicals, so that form the active
center and the polymerization reaction.), also includes the radiation graft polymerization
and radiation crosslinking polymerization, etc. [1-18].

Indeed, radiation crosslinking polymerization is one of the important research fields of
radiation polymerization. Remarkably, the radiation crosslinking polymerization has been
great development since Charles found polyethylene radiation effect and predict these
radiation effects may lead to industrial applications. Radiation crosslinking polymerization
can be carried out in solution, can also be carried out by bulk polymerization. Radiation
crosslinking via bulk polymerization is relatively simple and has the advantages of high
product purity. Therefore, as a powerful means for modification of polymerric materials to
be widely applied in many fields, and, radiation crosslinking modification of polyurethanes
is one of most important aspects [19-34].

In the study of the radiation crosslinking polyurethane, a lot of work was done in
polyurethane synthesis, in its molecular backbone to import some unsaturated bond,
application of y-irradiation to realize the radiation crosslinking in order to obtain a better
crosslinking effects, improved thermal stability and other properties of polyurethane. There

I NT EC H © 2012 Zhou, licensee InTech. This is a paper distributed under the terms of the Creative Commons
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are reports, in polyurethane molecular backbone structure into the diacetylene moieties, by
ray irradiation, the diacetylene moieties can produce crosslinking polymerization (often
called “cross polymerization”) and the formation of covalently crosslinked conjugated
polydiacetylene network [35-47]. And studies show that, if the polyurethane main chain
structure is only hard segment containing unsaturated bond, then after irradiation, often
produce crosslinking reaction only in hard segment microdomains, and the glass transition
temperature ( Tg ) of the soft segment can remain unchanged. In addition, in recent years,
the study of the radiation crosslinking polyurethane is also extended to the field of
poly(urethane-imide)(PUI)[48].

2. Preparation foundation of radiation crosslinking poly(urethane —
imide)

Poly (urethane —imide) is a new polymeric material, it has the excellent properties of both
polyurethane and polyimide, such as good mechanical properties, thermal stability, high
mechanical strength, electrical insulating properties, chemical resistance, hydrolysis
resistance, radiation resistance, abrasion resistance and biological compatibility, etc. Poly
(urethane-imide) is a block copolymer comprised of flexible chain segment and rigid chain
segments. However, in the block structure of poly(urethane-imide), the rigid chain segment
is polyimide [49-67]. Moreover, the bulk preparation of radiation crosslinking
poly(urethane-imide) is also based on the bulk preparation of polyurethane. Therefore, here
to discuss the bulk preparation of radiation crosslinking polyurethane before other
description.

Radiation crosslinking polymerization of polyurethane is often to achieve via unsaturated
bonds of molecular backbone structure, in addition, also to carry out by the introduction of
unsaturated terminal using end capping methods, and, also to enhanced radiation
crosslinking polymerization by adding crosslinking agent in the system. In our study,
mainly through the preparation of double terminated polyurethane to realize its radiation
crosslinking polymerization[68], specific method as shown in figure 1. The specific method
are: (i) using 2-hydrooxyethyl methylacrylate (3-HEMA) as end capping agent, (ii) using
bulk polymerization method to synthesize double terminated polyurethane prepolymer, (iii)
adding crosslinking agent octavinyloctasilasesquioxane(OVS), (iv) by y-irradiation, through
free radicals react to form OVS-polyurethane crosslinked structure. The 3-HEMA is a typical
monomer, which are often used to radiation polymerization, here is to consider its hydroxyl
groups can react with isocyanate groups, as end capping agent to use. Although the
preparation of the OVS-polyurethane by radiation polymerization has been rarely reported,
but there are many relevant reports [69,70].

As an example, according to the above method, the radiation crosslinking polyurethane was
prepared by using polycarbonate diol and liquefied 4, 4'-diphenylmethane diisocyanate
(Liquefied MDI). And, by y-irradiation, radiation dose is 50kGy, irradiation dose rate for
10kGy / h. And, the sample 1 is unirradiated polyurethane prepolymer, the sample 2 is the
radiation crosslinking polyurethane elastomer (without OVS), the sample 3 and sample 4
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are the OVS-polyurethane radiation crosslinked samples (the adding quantity of OVS were
7% and 11%, respectively). The structure and properties of obtained sample was
investigated with Fourier transform infrared spectroscopy(FTIR), X-ray diffraction(XRD),
dynamic thermomechanical analysis(DMA), and thermal gravimetric analysis(TGA).
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Figure 1. Schematic diagram of OVS-polyurethane radiation crosslinked system

Figure 2 is the FTIR spectra of the radiation crosslinking polyurethane. Unirradiated sample
(sample 1), appears a weak absorption peak at 905cm!, which is the contribution of C=C
double bond, but in the irradiated samples (2, 3 and 4), the peak disappear, it is obvious that
the formation of cross-linked structure is mainly due to the crosslinking reaction of the
unsaturated double bonds. On the other hand, Figure 3 is the XRD spectra of the radiation
crosslinking polyurethane. whether linear (unirradiated sample, sample 1) or radiation
crosslinking (sample 2), only the one passivated diffraction peak, only the presence of local
regular structure, and no obvious crystal phenomenon. However, the OVS-polyurethanes
radiation crosslinking samples(3 and 4), appears sharp diffraction peaks in the diffraction
angle of 7.9, 8.8, 10.9, 11.7, 18.4, 19.9, 21.9, 24.3, 25.5, which belonged to the crystallization of
OVS contained in OVS-polyurethane. In addition, Figure 4 is the TDA results of the
radiation crosslinking polyurethane. Visible by the Figure 4, the thermal stability of
radiation crosslinking polyurethane is greatly improved, the temperature of 5% weight loss
for sample 2, 3 and 4 are 269.6°C, 242.6°C and 239.0°C, respectively, but the temperature of
5% weight loss of unirraded sample (sample 1) is only 133.3°C.
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Figure 5 is DMA charts of radiation crosslinking polyurethane. The results show that, the
tag 0-T curves of the radiation crosslinking polyurethane are two tag O peak. From the
molecular structure of polyurethane, the flexible chain segment (often called soft segment)
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in macromolecules present random coil state, the soft segment and rigid chain segments
(often called hard segment) of polyurethane are gathered in one block, forming the
microphase separation structure. If the degree of phase separation is better, then the tag d-T
curve will appear the two tag d peak, which belonged to soft segment and hard segment,
respectively, but if between the two segment is compatibility, will become a tag o peak.
From that, the prepared radiation crosslinking polyurethane has a good degree of
microphase separation. From Figure 5 it can be seen that, prior to irradiation (sample 1)
,only one tag o peak from the soft segment, which is mainly the contribution of the long
chain of polycarbonate diol. After irradiation (sample 2), because the B-HEMA
polymerization and formation of polymeric chain segment, it appears a obvious tag d peak
due to poly(2-hydroxyethyl methacrylate) (PHEM) hard segment, and, the tag d peak of soft
segment shifts to higher temperature, which belonged to the confined effect of radiation
crosslinking. After adding OVS, two tag 0 peaks shift to more high temperature, and, the
adding amount of OVS increased, this change more, This should be attributed to the
contribution of OVS on radiation crosslinking polymerization.

3. Radiation crosslinking of double bond teminated poly (urethane-
imide)

Already mentioned, the difference with polyurethane, the hard segment of poly (urethane-
imide) is a polyimide. Then, during the preparation process of the radiation crosslinked
poly (urethane-imide), to produce imide structure by the reaction of anhydride groups and
isocyanate, thereby forming a polyimide hard segment, as shown in Figure 6. However,
similar with polyurethane, if the molecular structure of poly(urethane-imide) does not
contain unsaturated bond, it is difficult to achieve the ideal effect of radiation crosslinking
polymerization. Therefore, the preparation of radiation crosslinking poly(urethane-imide),
the same need to import some unsaturated group into its molecular backbone (soft segment
or hard segment ) or its chain end, to enhance adiation crosslinking effect. In fact, so far,
although preparation research of poly(urethane-imide) made a lot of progress[49-67], but
report closely related with radiation polymerization also not too much.

Figure 6. Schematic diagram of polyimide structure

Of course, we can prepare radiation crosslinking poly(urethane- imide) by using
introduction of unsaturated bond into its molecular structure, especially hard segment
structure, also through double end capping to prepare the radiation crosslinking
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poly(urethane-imide). This is because to analysis from the radiation crosslinking
polymerization, the research ideas of radiation crosslinking poly(urethane-imide) should
follow the basic preparation principle of polyurethane. However, in our study, mainly
through the preparation of double bond terminated poly(urethane-imide) to realize
radiation crosslinking polymerization, as shown in Figure 7. The specific method are: (i)
using 3-HEMA as end capping agent, (ii)using bulk polymerization method to synthesize
double terminated poly (urethane-imide) , (iii) by v -irradiation, to produce radiation
crosslinking poly(urethane-imide).

N

Figure 7. Schematic diagram of double capped poly(urethane-imide)

Here is to illustrate detailed preparation method via the specific discusstion. Radiation
crosslinking poly(urethane-imide) was prepared using polycarbonate diol, pyromellitic
dianhydride (PMDA) and hexamethylene diisocyanate (HDI). And, by using y-irradiation,
irradiation dose is 25kGy, 50kGy, 75kGy and 100kGy, respectively, the irradiation dose rate
for 10kGy / h. The structure and properties of obtained sample was investigated with FTIR,
XRD, DMA, TGA and static thermodynamic analysis (TMA). Also, focus on the effect of
radiation dose to the structure and properties of. radiation crosslinking poly(urethane-
imide).

Figure 8 is the FTIR spectrum of the radiation crosslinking poly(urethane-imide), marked
with the OkGy for unirradiated poly(urethane-imide) sample. Figure 8 shows that,
absorption peaks appeared at 1840 cm and 1768 cm,1371 cm!, 1116 cm,730 cm!, which
may belong to the imine characteristic absorption of imine I, imine II, imine III and imine IV,
respectively, the characteristic absorption peaks exist due to the poly(urethane-imide)
sample does contain imide structure. In addition, the absorption peaks occurred at 3100cm!
and 1634cm-!, the absorption peaks can be attributed to the characteristic absorption of the
terminal unsaturated structure (=C-H and C=C) in poly(urethane-imide) sample. In general,
after irradiation, the most important reaction is radiation crosslinking and radiation
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degradation, and the unsaturated degree will also have some changes. From Figure 8 also
shows, the absorption peaks of =C-H (3100cm™) and C=C (1634cm™) - although declining
with the increase of irradiation dose, but not too obvious.

OkGy

25kGy

50kGy
75kGy
100kGy.

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (cm ')

Figure 8. TIR spectra of poly(urethane-imide) with different irradiation dose

In addition, because of different kinds of isocyanate, long chain diols and anhydride,
poly(urethane-imide) sometimes as amorphous but orderly structure, sometimes show some
degree of crystallinity, this often is to analyze by using X ray diffraction(XRD). As shown in
Figure 9, the unirradiated poly(urethane-imide) sample(0kGy), appear sharp diffraction
peaks at the diffraction angle of 14.3, 16.4, 20, 21.9, 27.5, 28.8 and 30, and, is dispersive
diffraction peaks at the diffraction angle of 20, indicating that both local regular structure
exist in the poly(urethane-imide) sample, but also has certain crystalline. However, the
effect of y-irradiation on the crystallinity of polymer, but more complex. In general, -
irradiation led to crosslinking, will limit the crystal growth, so that the crystallinity
decreased. In contrast, y-irradiation induced degradation, the molecular weight is reduced,
thus, molecular chain length is shorter, is conducive to the orientation and crystallization,
thereby, in favor of crystallinity increased. Figure 9 shows, to irradiate by using irradiation
dose of 25kGy, showed a strong sharp diffraction peaks at the diffraction angle of 20.3, but
the intensity of this peak gradually reduced with the increase of radiation dose; and the
intensity of the sharp diffraction peak at 21.9 is increased with the increase of irradiation
dose; also to irradiate by irradiation dose of 100kGy, this peak becomes very strong. In
addition, when irradiation dose was 50kGy, a strong sharp diffraction peaks appeared at the
diffraction angle of 18.3, but other samples are not this peak, which may be to irradiate by
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irradiation dose of 50kGy, is probably conducive to the formation of a specified level of
crystalline structure.
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Figure 9. XRD spectra of poly(urethane-imide) with different irradiation dose

From the molecular structure of poly(urethane-imide), the carbamate bond, ether or ester
bond all has the good flexibility, presents the random coil state, may be referred to as a
flexible chain segment or soft segment; and imide chain segment is extended into a bar at
ambient temperature, called the rigid chain segments or hard segment. And, the
intermolecular cohesive energy and hydrogen bonding of the hard segment is enhanced by
introduction of imide structure,. In this way, flexible chain segments and rigid chain
segments are gathered in one block, forming the microphase separation structure. If the
phase separation is better, then the two tag 6 peak will appear in the DMA chart due to soft
segment and hard segment, respectively, but if the phase separation of two segment is poor,
will become a tag d peak. As shown in Figure 10, a tag 0 peak exist only in the tag 6-T chart
of unirradiated poly(urethane-imide) sample(0kGy), indicating certain compatibility
between hard segment and soft segment. After irradiation, the tag d peak was to shift to
high temperature, and increased with the increase of irradiation dose, when the irradiation
dose was 100kGy, the tag d peak shifts to approximately 150°C; in addition, after irradiation,
the peak value of tag 6 decreased significantly, and the shape of tag o peak is changed, when
the irradiation dose was more than 50kGy, the tag d peak appeared in the form of obvious
shoulder peak.
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Figure 10. DMA charts of poly(urethane-imide) with different irradiation dose

Irradiation dose Temperature of 5%  Temperature of 15%  Temperature of 50%
(kGy) weight loss (°C) weight loss (°C) weight loss (°C)
0 204.0 245.5 489.9
25 210.2 283.8 494.3
50 220.0 299.2 497.5
75 220.3 306.8 496.4
100 211.6 293.2 489.2

Table 1. TGA results of poly(urethane-imide) with different irradiation dose

Also, from TGA test(table 1), to irradiate by using different radiation dose of 25kGy, 50kGy,
75kGy, the thermal stability of radiation crosslinking poly(urethane-imide) is improved
gradually, and, to achieve the best when the radiation dose was between 50kGy and 75kGy,
this can be attributed to the degree of crosslinking increases with the increase of radiation
dose. However, when irradiation dose was 100kGy, the its thermal stability is worse than
75kGy, may be the irradiation dose if too high, the degradation reaction will increase
strongly, led to the degree of crosslinking drop. The TDA test ( Figure 11 ) also proved this
point, that is to say, the radiation crosslinking poly(urethane-imide) obtained by the
radiation dose of between 50kGy and 75kGy, as has the best degree of cross-linking, thus
has the best heat resistance.



Bulk Preparation of Radiation Crosslinking Poly (Urethane-Imide)

105 -
1001
951
901
851
801
751
704
65 -
60 -
0 50 100 150 200 250
Temperature ('C)

TMA (%)

Figure 11. TMA charts of poly(urethane-imide) with different irradiation dose

4. Radiation crosslinking OVS-poly (urethane-imide) foam

In fact, radiation cross-linked poly (urethane imide) can be changed through the raw
material and the conditions of the radiation crosslinking polymerization, to produce a
variety of products with different properties. Can be prepared into high modulus specialty
plastics, can also be prepared into high elastic rubber, but also can be made into films, fibers
and foams, etc.. For the preparation of foam, can be made into rigid foam, can also be made
into foamed elastomer. And, can also according to the specific requirement, made into a
variety of foam products.

In the preparation of radiation crosslinked poly (urethane-imide) foams, can be achieved by
the introduction of the unsaturated bond to the main chain molecular structure, can also be
prepared via the double bond end capping. Moreover, can improve the effect of radiation
crosslinking polymerization by adding a crosslinking agent. Also, the foaming problems of
the poly(urethane-imide) foam can be solved using carbon dioxide gas (such as foaming
agent H20 react with isocyanate to produce CO, etc.). Here, only discuss the preparation of
OVS-poly(urethane-imide) radiation crosslinking foam[71-73].

In the preparation of OVS-poly(urethane-imide) radiation crosslinking foam, specifically,
was prepared using polyester polyol > polyphenyl polyisocyanate (PAPI), and 3,3'4,4'-
Benzophenonetetracarboxylic dianhydride(BTDA), and B-HEMA as end capping agent,
adding crosslinking agent OVS. And, by using y-irradiation, irradiation dose is 25kGy,
50kGy, 75kGy and 100kGy, respectively, the irradiation dose rate for 10kGy / h. Also, focus
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on the effect of radiation dose to the structure and properties of. radiation crosslinking OVS-
poly(urethane-imide) foam.

Irradiation dose Temperature of Temperature of Temperature of Temperature of

kGy) 5% weight loss  15% weightloss  50% weightlos  80% weight loss
O O O O
0 178.6 2125 486.3 642.8
25 186.2 2223 515.1 640.8
50 193.7 232.8 596.0 717.2
75 189.1 220.6 508.6 644.6
100 186.0 218.6 504.0 646.5

Table 2. TGA results of radiation crosslinking poly(urethane-imide) foam

First, use TGA to explore the irradiation dose on the effect of the thermal stability of
radiation crosslinking OVS-poly(urethane-imide) foam, in order to facilitate comparison,
select four weight loss points of 5%, 15%, 50% and 80% to determine TGA temperature, the
results are shown in table 2. The results show that, when the weight loss was 5%, 15%, 50%
and 80%, respectively, the effect of irradiation dose all showed the same trend, namely, the
corresponding TGA temperature increases with the increase of radiation dose, when the
irradiation dose reaches 50kGy, the TGA temperature reaches the maximum, then the
TGA temperature drop with the increase of irradiation dose, and, the irradiation dose
increased to higher, then more down low. Further analysis, the crosslinking structure
between the vinyl group of OVS and terminal double bonds of poly(urethane-imide) will
be formed by y-irradiation, and the degree of crosslinking is closely related to radiation
dose. If the irradiation dose is too small, the degree of crosslinking is insufficient, but if
the irradiation dose is too large, the radiation degradation will increase, will cause the
decrease of the degree of crosslinking, and this trend will increases with the increase of
the irradiation dose.

Figure 11 is DMA charts of OVS- poly(urethane-imide) radiation crosslinking foam. First of
all, from the relations of the irradiation dose and the elastic modulus (E'), the E' of the glassy
state increased significantly with the increase of radiation dose, and when the irradiation
dose was 50kGy, reached the maximum, and then, but decreased with the further increase
of the irradiation dose, and, the irradiation dose increased, the E 'of the glass state is lower.
This indicates that when the irradiation dose was 50kGy, the E' of the glassy stste was the
highest. This can be attributed to the radiation dose of 50kGy can be the greatest degree of
crosslinking, so that the foam has a high rigidity, also displays the maximum modulus.
However, in the rubbery state, the effect of irradiation dose on the E' had no evident.
Secondly, from the relations of the irradiation dose and the loss modulus ( E" ), the peak
value of E" increases obviously with the increase of radiation dose, when irradiation dose
was 75kGy, reached the maximum, and then, the irradiation dose increased again, appeared
in rapid decline.
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Figure 12. DMA charts of radiation crosslinking poly(urethane-imide) foam
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5. Preparation of poly(urethane-imide) via other radiation polymerization

In addition to the above method, Can also use other radiation polymerization method to
prepare radiation crosslinking poly (urethane-imide). Such as the use of radiation
crosslinking of organic polyols oligomer to obtain. Among them, Can be the first to use y-
irradiation to produce radiation crosslinked organic polyol, as shown in Figure 13, then the
radiation crosslinking poly (urethane-imide) prepared by radiation crosslinked organic
polyol. Of course, this method, the application of the organic polyols oligomer containing
unsaturated bonds would be more effective.

OH
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Figure 13. Schematic diagram of radiation crosslinking organic polyol

Viscosity (mPa s, 25°C)
0kGy 25kGy 50kGy 75kGy  100kGy 125kGy  150kGy
Polyether polyol 724 886 960 1210 1250 973 959

Sample

Rosin ester polyol 10170 10510 10640 12420 12540 12060 10890

Table 3. Effect of irradiation dose on viscosity of organic polyol

In which, we choose the rosin ester polyol (molecular backbone containing heterocyclic
structure ) and a polyether polyol, to execute radiation crosslinking modification by using y-
irradiation, irradiation dose is 25kGy, 50kGy, 75kGy, 100kGy, 125kGy and 150kGy,
respectively, irradiation dose rate for 10kGy/h. And through the viscosity measurement to
inspect the viscosity changes of organic polyols after irradiation, which explore the
irradiation effect, experimental results as shown in Table 3. The results show that, polyether
polyol and rosin ester polyol are all the same, that is, the viscosity increase with the increase
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of irradiation dose, and when the radiation dose was 100kGy, reached the maximum, but
then the viscosity will gradually decline with the increase of irradiation dose. The increase
of viscosity can be considered to be caused by radiation crosslinking, so that to achieve the
best crosslinking effect when the radiation dose was 100kGy. In addition, the poly
(urethane-imide) foams also has prepared using the obtained radiation crosslinking
polyols(radiation dose for 100kGy), and, the properties of the obtained foams are shown in
table 4.

Density Open cell content Oxygen index Temperature of 5% weight

1
Sample (g/cm?) (%) (%) loss (°C)
polyether polyol  0.030 91.9 34 184.4
rosin ester 0.044 35 35 190.8
polyol

Table 4. Properties of radiation crosslinking poly (urethane-imide) foam

On the other hand, there is also an important method, which can be generally processed by
y-irradiation used for preparation of polymer polyols(POP) [74,75], and then to prepare poly
(urethane-imide) by the POP. The y-irradiation preparation of polymer polyol not only
includes the radiation grafting and other radiation polymerization, moreover, these radiation
reactions are carried out in special dispersion medium (organic polyol), which having a
specific significance in radiation polymerization. Therefore, it is very necessary to elaborate.

Polymer polyol can be prepared using in situ polymerization method, that is to say, the
hydrogen atoms of methine in polyether backbone can be shifted by y-irradiation, to
generate macromolecular free radicals, and cause graft polymerization with vinyl
monomers. However, for this method, because the chain transfer constant of methylene is
very small, it is difficult to improve the solid content of polymer polyol. It is best method to
import containing double polyether polyol, often referred to as" macromer technique" [76].
This method is firstly to prepare the macromonomer (polyether polyol containing double
bonds), and add it in polyether polyols(often referred to as polyether matrix), and then,
produce graft copolymerization with vinyl monomers (styrene(St) and acrylonitrile(AN)) by
y-irradiation. In this case, the preparation method of macromonomer has many, and, the
preparation method as shown in Figure 14 is one of the most commonly used methods.

U 0
H:,aC I Il
HD o HOROCCH=CH™
TR A
C%C' i i
OH - OCCH=CH-OROH

[2) esterifizd end capping
1l Il
H HOROCCH=CHC

Figure 14. Schematic diagram of polyether macromonomer
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The radiation polymerization reactions in this method is given in figure 15. In the obtained
POP, the St-AN copolymer is present in the polyether matrix in the form of fine particles.
The graft polyether due to radiation polymerization of macromonomer with St and AN, is to
distribute on the surface of particle as steric stabilizer, as shown in Figure 16. As an
example, first, to synthesize three kinds of macromonomer, Figure 17 is the FTIR spectrum
of three kinds of macromonomer. And, styrene / acrylonitrile ratio is 55 / 45, the mixture of
St/AN added based on the 55% of polyether matrix. And, by using vy-irradiation, irradiation
dose is 5kGy and 25kGy, respectively, the irradiation dose rate for 10kGy / h.

PAS
COH
HO
HO {ﬁr ? ¥ -irradiation OH
“MeweOCCH=CHCOROH + SU/AN ——= i
HO
HO
¢ OH
Macromomeonmier Graft polyether
¥ -irradiation .
CHy=CH +  CHp=CH ——»  wCh— {‘T“H— CH, — CHowr
CN Fh CN Ph
(AN) (St) (PAS)

Figure 15. Schematic diagram of radiation polymerization reaction for preparing polymer polyol

Figure 16. Schematic diagram of dispersion particle
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Figure 17. FTIR spectra of macromonomer

The dispersed phase particles of polymer polyols were isolated by high-speed centrifugation
method, and, the morphological structure and properties of dispersed phase particles was
investigated by Scanning electron microscope (SEM), XRD and DTA. Figure 18 is the SEM
image for the dispersion particle, the results show that, the macromonomer and irradiation
dose will influence the morphology of dispersed phase particles in polymer polyols. Among
them, dispersion particle morphology has the more obvious difference for the polymer
polyols using different macromonomer under the condition of 25kGy. And, from the XRD
measurement results (Figure 19), the irradiation dose also may affect the ordered structure
of dispersed phase particles, This is because the shoulder peaks of the diffraction peaks
appear more obvious in the low radiation dose (5kGy). In addition, from the DTA results as
shown in Table 5, the radiation dose also have certain effect on the thermal stability of
dispersed phase particles. The dispersion particles preparing at the higher radiation dose
(25kGy) showed relatively better thermal stability.

Also, poly ( urethane-imide ) foams was prepared using the obtained polymer polyols, the
some properties of the obtained foams are listed in table 6. The obtained poly ( urethane-
imide ) foams has distinct characteristics, these particles can effectively play a reinforcing
effect, especially it can remarkably improve the bearing capacity of foam. And, the its
principle is also to follow a general theory of polymer composites.
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Figure 18. SEM image for dispersion particle
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Figure 19. XRD spectra of dispersion particle

Temperature of ~ Temperature of ~ Temperature of = Temperature of
Sample 5% weightloss ~ 15% weightloss  50% weight loss ~ 80% weight loss

(°O) (°O) (°O) (O

I-1 370.7 398.2 426.0 4414

I-2 3784 406.1 428.0 4431

II-1 323.0 368.1 410.8 429.9
-2 394.2 411.7 432.5 450.8
1M1 377.7 400.4 425.1 439.6
1112 380.2 407.7 429.3 4458

Table 5. TGA results of dispersions particle

. Open cell Oxygen Temperature of
Density . o .
Sample (g/em?) content index 5% weight loss
® (%) (%) O
PUI foam I 0.039 93.1 34 189.6
PUI foam II 0.042 91.8 34 186.1
PUI foam III 0.044 91.3 34 185.6

Table 6. Properties of poly (urethane-imide) foam prepared by polymer polyols
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6. Conclusions

In recent years, radiation polymerization obtained significant progress, while the radiation
crosslinking polymerization also obtained the great development as an important aspect of
radiation polymerization. Among them, the radiation crosslinking polymerization of
polyurethanes has also made remarkable progress, and have expanded to the radiation
crosslinking polymerization of poly(urethane-imide)s. Poly(urethane-imide) is a newly
developed polymeric materials, also, the bulk polymerization of poly(urethane-imide)
become the future direction due to the advantages of low pollution to the environment.
Therefore, it has very far-reaching significance that the preparation of radiation crosslinking
poly(urethane-imide) via bulk polymerization. And, it is based on this consideration that the
research work should be carried out in this respect.

In the work described obove, it has elaborated emphatically that the preparation of radiation
crosslinking poly(urethane-imide) can be conveniently carried out by using y-irradiation
and bulk polymerization. It is worth emphasizing that the bulk preparation of radiation
crosslinking poly(urethane-imide) not only is a research direction, which developed recently
in radiation polymerization field, also has the vast development prospects. Moreover,
radiation crosslinking OVS-poly(urethane-imide) is a kind of novel nano-composites,
therefore, the research in this area will achieve further development by mutual penetration
of radiation polymerization with nanometer science.
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Oxidative Polymerization of Aniline:
Molecular Synthesis of Polyaniline and
the Formation of Supramolecular Structures

l.Yu. Sapurina and M.A. Shishov

Additional information is available at the end of the chapter
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1. Introduction

The growing interest in nanostructured conducting polymers is caused by expanding area of
their practical application. Conducting polymers can be used in new electronic devices
(transistors, displays, sensors, energy-storage and memory cells), materials for shielding
electromagnetic irradiation, polymer nanolithography, inhibition of corrosion, membrane
constructing, catalysis and medicine. Miniaturization of devices, increasing their efficiency
and lowering cost prices require development of new materials. The studies of polyaniline
(PANI) and other conducting polymers (polyacetylene, polythiophene, polypyrrole, poly-p-
(phenylenevinylene) have shown that they possess semiconducting properties. These
polymers can exist in different oxidation states and, in common with inorganic
semiconductors, respond to external influences by changing some characteristics
(conductivity, color, density, magnetic properties, hydrophilicity or hydrophobicity,
permeability to gases and liquids). Therefore, conducting polymers (which are sometimes
called “smart polymers”) may serve as an alternative to inorganic semiconductors (Trivedi,
1997). In 2000, the scientists who have discovered and studied conducting polymers were
awarded Nobel Prize in chemistry.

Due to its high stability and unique complex of properties, PANI was the first among
conducting polymers to be used in practice as an antistatic coating, electrode material for
batteries and condensers, as a corrosion inhibitor and detecting material for sensors.
Polyaniline possesses controlled conductivity within the 10-° — 10" S-cm™ range combined
with ionic and proton conductivity, redox activity, electro- and solvatochromism, non-linear
optical properties and paramagnetism. In addition, the polymer is nontoxic, stable in
aggressive chemical environments, has high thermal stability and low manufacturing cost.

I NT EC H © 2012 Sapurina and Shishov, licensee InTech. This is a paper distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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PANI properties are determined by the regular structure of polymer chains. The polymer
consists almost entirely of para-substituted monomer units coupled in the “head-to-tail”
manner. The formation of organized supramolecular structures is also of great importance.
Both these factors are responsible for the existence of elongated polyconjugated system and
high conductivity of macroscopic sample (Skotheim & Reynolds, 2007).

A great number of publications are devoted to the synthesis and study of nanostructured
PANI forms (Zhang & Wang, 2006; Stejskal et al. 2010; Wan, 2009; Tran et al. 2009). As a
rule, nanostructured materials possess high homogeneity, unique surface properties and
high charge carrier mobility. Due to the development of nanotechnology, organized
supramolecular structures are considered, first of all, as materials for molecular electronics.
Nanostructured forms of PANI show a striking diversity. The polymer chains can form one-
dimensional structures (nanofibers, nanorods and nanotubes), planar two-dimensional
objects (e.g., the so-called, ribbons, nanobelts and nanoplates) and three-dimensional
particles (microspheres, nanospheres and granules). These main architectural elements may
serve as a base for more complicated hierarchical formations such as flowers, urchins,
branches, corals, “micromats”, complex geometric figures.

Polyaniline is synthesized by oxidative polymerization of aniline (Higashimura &
Kobayashi, 2004). All the above-listed supramolecular structures are also formed in the
process of oxidative polymerization. PANI synthesis includes two interrelated processes. In
the course of polymerization, monomer undergoes a chain reaction with the formation of
regular macromolecules, and growing chains are simultaneously organized into complex
supramolecular structures. As a result, conducting polymer containing stable
supramolecular structures with various morphologies is formed. Most of these structures
cannot be dissolved or melted without destruction of polymer chains and changing
properties of the polymer. Therefore, synthesis is the only unique instrument allowing us to
control structure of polymer chains and obtain nanostructured forms of the conducting
polymer and its composites with other materials. In this connection, it is very important to
develop methods of controlled synthesis of PANI giving polymers with predetermined
properties and supramolecular structure. Experimentalists should have the capability of
making deliberate choice of aniline polymerization parameters based on understanding the
molecular mechanism of chain assembly and self-organization.

The present publication is devoted to developing concepts of mechanism of PANI synthesis
and ways of formation of supramolecular structures. The authors attempt to answer the
following fundamental questions:

e What is responsible for regular assembly of PANI chains during oxidative
polymerization of aniline?

e Which synthesis parameters and why have the most pronounced influence on
properties and morphology of polymerization products?

¢ In which manner is the assembly of all the types of PANI supramolecular structures
realized and how does this process correlate with molecular stages of the synthesis?
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e  What are the experimental conditions for obtaining the main types of supramolecular
structures: one-, two- and three-dimensional ones?

¢ How are supramolecular PANI particles organized and in which manner is the
macroscopic structure of conducting polymer (possessing the properties of
disorganized metal) formed?

First we should give a brief description of conducting PANI, structure of polymer chains,
forms and properties of the polymer.

2. Polyaniline: Structure, forms and their properties

The chains of conducting PANI have ordered structure; they contain regularly alternating
phenyl rings and nitrogen-containing groups. This structure provides for polyconjugation:
polymer chain forms a zigzag lying in one plane, and m-electron clouds overlap above and
below this plane. The lone electron pair of nitrogen performs the same function as m-
electrons and assures polyconjugation. Polyconjugated system is a transport path providing
charge carrier mobility. It is formed as a result of strictly regular assembly of monomer
units. The chain of conducting PANI contains more than 95% of para-substituted aniline
fragments linked in a “head-to-tail” configuration (Hagiwara et al. 1987). Defects in this
regular structure arising during copolymerization of aniline with other monomers or after
introduction of aniline units with another configuration (ortho- or meta-substituted
fragments) lead to dramatic decrease in conductivity.

Charge carriers are formed in polymer during its oxidation. Nitrogen atoms of PANI serve
as oxidation centers. During oxidation, i.e., removal of electron, positive polaron is
generated in the chain; it deforms chain structure considerably. Content of oxidized
nitrogen atoms in the polymer can change from zero (in its reduced form, leucoemeraldine)
to nearly one (in the fully oxidized state, pernigraniline), see Scheme 1. The most stable form
of PANI is emeraldine, in which every second nitrogen atom is oxidized, and polymer chain
contains equal number of oxidized and reduced units. In the absence of external potential,
the fully reduced and fully oxidized forms of the polymer simultaneously transform into
this oxidation state. In the case of leucoemeraldine, the transformation into emeraldine takes
place at the expense of slow oxidation of amino groups by air oxygen. This reaction is
reversible. Pernigraniline also tends to lower its oxidation state and turn into emeraldine.
When the degree of oxidation of PANI exceeds 0.7, the polymer becomes unstable, and
irreversible transformations of macromolecules begin. Crosslinking and intrachain oxidative
cyclization are the most common processes. Destruction of chains and formation of
quinones accelerated in the presence of electron donor agents are also possible.

In all the conducting polymers, charge carriers are formed under the action of oxidizing or
reducing agent. Charge carriers are located in the main chain and compensated by
counterions. Removal of counterion results in changes in the oxidation state of polymer and
disappearance of polaron. PANI demonstrates a special feature: removal of counterion does
not necessary changes oxidation state of polymer chain. After withdrawal of counterion, the
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benzene ring adjacent to nitrogen atom “accepts” a fraction of positive charge. With that,
benzoid structure is transformed into quinoid one, the ring leaves polyconjugation plane,
and, therefore, conductivity of the chain is disturbed. Although the oxidation state remains
unchanged, PANI loses its conductivity due to decrease in polyconjugation chain length.

Protonated prenlgranlllne Deprotonated pernigraniline

@@@:@O@

Protonated emeraldine l Deprotonated emeraldine

H O A b= ) F

Protonated leucoemeraldine Deprotonated leucoemeraldine

Scheme 1. Polyaniline forms

The best charge stabilizing agents for PANI are strong acids. Acids are sometimes called
“doping agents”, because they “introduce” charge carriers into polymer chain and impart
conductivity to the polymer. However, this term is not correct, since acid molecule does not
create positive polaron, and only stabilizes the polaron generated during oxidation. Another
term, “protonation”, does not adequately describe interaction between PANI and acid
either. It was introduced from ammonia and amine chemistry. Protonation of amines by
acids means binding a non-oxidized nitrogen atom with proton, with the formed
ammonium cation being stabilized by acid anion. The interaction between acid and oxidized
nitrogen atom differs from that between acid and neutral nitrogen. As was shown, PANI
polarons are stabilized rather by acid anion than by proton. At the same time, proton
remains relatively free (Colomban & Tomkinson, 1997), thus providing high proton
conductivity of PANI (which is absent in ammonia salts and protonated amines). However,
in this paper we will use the common term “protonation” to describe interaction between
acids and nitrogen-containing polymer structures.

Among conducting polymers, PANI possesses the greatest number of revealed and
characterized forms with different properties (Skotheim & Reynolds, 2007). Due to
interaction with acids, each of three protonated states has a corresponding deprotonated
form with low conductivity. Thus, polymer can exist in a minimum of six forms differing in
both degree of oxidation and protonation state (Scheme 1). PANI is a unique polymer, since
its conducting forms (emeraldine and pernigraniline) can be transformed into non-
conducting states in two different ways. The first approach consists in introducing electrons
into PANI and reduction of nitrogen atoms; the second method is removal of polaron-
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stabilizing acid which leads to transformation of polymer chain structure and disappearance
of polyconjugation. In other words, we can destroy charge carriers or their “paths”. In both
cases, polymer conductivity decreases by eight or ten orders of magnitude.

Conductivity, optical, magnetic and other properties of PANI may change depending on its
oxidation state and degree of protonation. The reduced polymer which does not contain
charge carriers possesses a conductivity of 10 — 10° S:em™; it is weakly colored and
diamagnetic. As oxidation of protonated PANI proceeds within the potential window of 0 to
+1 V (versus the reference hydrogen electrode (RHE)), concentration of polarons in the
polymer increases. At the same time, electrical and ionic conductivity, intensity of its
absorption bands in the visible and near IR regions also increase, and the polymer becomes
paramagnetic. The highest electric conductivity is inherent to the most stable PANI form —
emeraldine. Under usual conditions in solid state, emeraldine has an electronic conductivity
of 10° to 10" S-cm™. However, samples with conductivity of the order of 102 S-cm™ were
obtained. The charge carrier mobility in the highly conductive emeraldine ranges from 10
to 10! cm?V-s! (Harima et al., 2001). Protonated emeraldine also possesses the highest
proton conductivity (up to 102 S-cm?). Thus, oxidized and protonated PANI demonstrates a
mixed electron and proton conductivity (Colomban & Tomkinson, 1997). When the degree
of oxidation exceeds a certain optimum value, PANI conductivity lowers. Conductivity of
protonated pernigraniline is less than 102 S:cm?. The absorption band of polaron in
pernigraniline form is shifted to shorter wavelength as compared with that of emeraldine,
indicating considerably higher localization of polaron.

Deprotonation of PANI is performed by neutralization of acid with the aid of base. Acid
molecules are bound with PANI main chain at the expense of reversible ionic interactions.
While protonation-deprotonation cycles continue, the acid is alternately absorbed and
expelled from the polymer matrix until the new equilibrium between changed medium and
modified polymer is established. Deprotonation may lower emeraldine conductivity by 10
orders of magnitude. Polymer becomes dielectric, its paramagnetism and density decrease,
polaron absorption band becomes less intense and shifts to the short-wavelength region.
Since these changes are reversible, reprotonation (i.e.,, PANI-acid interaction following
deprotonation) leads to recovery of conductivity and attendant properties of the polymer
(Skotheim & Reynolds, 2007).

3. Oxidative polymerization

In a vast majority of cases, PANI is synthesized by oxidative polymerization of aniline.
Other methods, e.g., polycondensation of aniline derivatives with reactive functional groups
(Y-An-X = (-An-)n + XY), are used very seldom. Oxidative polymerization is used for the
synthesis of polymeric (oligomeric) products from various classes of monomers (aromatic
amines, phenols, thiophenols, aromatic hydrocarbons and heterocycles (Higashimura &
Kobayashi, 2004). The monomers used in oxidative polymerization are characterized by
pronounced electron donor properties and high oxidation tendency. These properties, in
particular, are inherent to aromatic amines, phenols and thiophenols or sulphur- and



256 New Polymers for Special Applications

nitrogen-containing heterocycles due to the presence of electron donor substituent in
benzene or heterocyclic ring. Oxidation of monomer takes place under the action of
inorganic (or organic) oxidizing agent or the applied potential. During this process, cation or
cation radical sites are generated in monomer (polymer) molecule, thus initiating polymer
growth.

Technically, oxidative polymerization may be considered as formation of covalent bond
between monomer molecules at the expense of abstracting two protons. There are many
types of linkage between monomer units. For example, in the case of aniline, “head-to-
head”, “tail-to-tail” and “head-to-tail” configurations are possible. In addition, in the last
two cases chain assembly may occur due to substitution in phenyl ring with the formation
of ortho-, para- and meta- monomer units. Thus, oxidative polymerization yields chains with
a wide variety of monomer unit structures.

3.1. The chain mechanism of aniline polymerization

Oxidative polymerization is often considered as a kind of polycondensation, since chain
growth is accompanied by the formation of low-molecular products. However, it is not
always true. The formation of chain may proceed in two ways. The first one is
recombination of cation radical oxidation sites. In this case, polymer growth process is
classed as polycondensation, since fragments of any length may recombine. The second way
of chain growth belongs to electrophilic substitution; in the case of aniline, oxidized
nitrogen-containing structure attacks phenyl ring of another aniline molecule and

substitutes one proton of the ring.
H H
H
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H
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Scheme 2. Electrophilic substitution reaction

Both the ring and nitrogen-containing structure lose one proton; after that, monomer units
bind with each other, and the chain becomes longer.

In the case of electrophilic substitution, both variants (polycondensation and chain-growth
processes) are possible. To determine the type of addition, we should measure molecular
mass of the polymer throughout the reaction. In the course of polycondensation, fragments
with any molecular mass can react with each other; therefore, average molecular mass of the
product increases slowly, monomer is rapidly transformed into low molecular weight
oligomers coexisting with the high molecular weight fraction up to high conversion.
Different molecular weight distribution is observed during chain-growth processes. In the
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course of chain-growth polymerization, monomer units are sequentially added to the
polymer chain bearing active end group. Here, during oxidation monomer coexists with
high molecular weight fraction of the product, and the content of low molecular weight
oligomers is minimal. Oxidative polymerization of several monomers containing
heteroatoms (including aniline) was found to proceed according to the chain-growth
mechanism.

Y.Wei (Wei, 2001) singled out the polymerization of aniline into a special type of
reactivation chain process. The chain growth involves repeated acts of
activation/deactivation of the polymeric structure:

Ox * An
An —— An_ ——An_,
Activation Deactivation

The dormant polymer chain (Anm) is activated by an oxidant (to form Anm*), then it adds
aniline molecule to yield a new dormant chain of higher molecular mass (Anm+1). In contrast
with other types of chain-growth polymerization (e.g., radical process, where oxidant takes
part only in the formation of initial radical), oxidative polymerization requires large
amounts of oxidizing agent. Here, oxidant is spent in every step of monomer addition, and
molar concentration of oxidant should be comparable with monomer concentration. Oxidant
“works” throughout the polymerization and takes part in redox interactions until the last
monomer molecule is added to polymer chain.

3.2. Chain growth according to electrophilic substitution mechanism

The process occurring during the formation of polyconjugated PANI chains belongs to
electrophilic substitution reactions, since the attacking species is oxidized and acts as an
electrophilic agent. Let us consider the most probable structure of monomer unit during
electrophilic substitution process. Due to the presence of electron donor (heteroatom) in
the monomer, this heteroatom will most likely be oxidized, and monomer units will be
linked in the “head-to-tail” fashion. However, even when this type of linkage is repeated,
PANI structure may be heterogeneous. Monomer units with ortho-, para- and meta-
structure may be formed as a result of attacks of the electrophilic agent directed to
different atoms of phenyl ring. Contents of different types of units in the polymer should
vary. The probability of the formation of meta-structures is low, since aniline possesses
electron donor substituent in its phenyl ring. Donor substituent creates excess negative
charge on ortho- and para- carbon atoms of phenyl ring, and electrophilic attack is thus
directed to ortho- and para-atoms. Therefore, according to the existing theory of organic
reactions, in the case of aniline oxidation, the most probable monomer structures are
ortho- and para-units linked in the “head-to-tail” fashion. The ortho-units should prevail,
since phenyl ring contains two vacant ortho-positions (Cram & Hammond, 1964). The
probability of the formation of other structures also exists, and we should expect the
formation of irregular PANI chains.
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Thus, from general theoretical considerations, the formation of regular PANI structure
containing only para-substituted monomer units linked in the “head-to-tail” mode cannot be
explained.

3.3. The active site of polymerization

The question of the nature of the terminal active group (active site) responsible for the
polymerization of aniline was disputed for a long time (Percec V and Hill, 1996). This was
assumed to be nitrenium cation or radical cation. Studies on the aniline oxidation in the
presence of “traps” for both types of structures showed that alkyl-substituted phenols (2,6-
di-tert-butyl-4-methylphenol) and electron-enriched alkenes (2,3-dimethoxybuta-1,3-diene)
inhibit the polymerization by acting as scavengers of radical cations. At the same time,
PANI is readily formed in the presence of electron-enriched arenes (1,3- and 1,4-
dimethoxybenzene) well known as “traps” of nitrenium cations. This fact proves that
oxidation of aniline proceeds via a radical cation site (Ding at al., 1999).

The activated terminal group of the chain is generated by an oxidant. In the initial step, it is
the monomer that is oxidized; however, upon formation of oligomers, these are terminal
amino groups of the oligomer (polymer) that are oxidized because they have lower
oxidation potential. In the course of polymerization, the polymer chain performs the
function of a mediator in the oxidation of monomer. It oscillates between the highest and
intermediate oxidation states, i.e., pernigraniline and emeraldine. The active site formed at
the end of the chain attacks the monomer molecule. This attack is directed at a hydrogen
atom in the aromatic ring and results in replacing hydrogen by a polymeric fragment. The
chain propagates due to the addition of new monomer units.

3.4. Oxidizing agents

Polymerization of aniline and synthesis of its conducting polymer may be performed by
electrochemical or chemical methods. During electrochemical synthesis of PANI, electrode
potential is increased (if only once) so that it exceeds +1.05 V (RHE) (Yang et al. 2007). A
wide range of oxidants is used in the chemical synthesis of PANI. As a rule, compounds
with high oxidation potentials exceeding +1.0 V (persulfates, dichromates, cerium (IV) salts,
aurates etc.) are employed. This is associated with the fact that the onset of the propagation
of the polymer chains in acidic media requires overcoming energy barrier corresponding to
an oxidation potential of +1.05 V. Once the propagation starts, the oxidation potential of the
reaction decreases. In the chemical synthesis of polyaniline, persulfates (having an oxidation
potential of +2.01 V) are used most widely. However, experiments showed that aniline is
also oxidized under the action of weak oxidants with a potential close to +1 V or even lower
(Sapurina & Stejskal, 2012). Such agents can oxidize aniline not only in basic and neutral
media, but also, strange as it may seem, in acidic media where potential barrier of oxidation
is high. However, the use of weak oxidants causes some problems because it does not
necessary lead to the formation of conducting products.
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3.5. Kinetic features of polymerization

Studies of aniline polymerization in acidic aqueous media (where conducting PANI is
formed) have shown that the oxidation of monomer proceeds non-monotonically. It starts
with a slow process (“induction period”); during this period, aniline oligomers are formed.
The induction period is followed by the rapid exothermic step of polymer chain
propagation. The following kinetic dependences were suggested for description of this two-
step process (Tzou & Gregory, 1992):

-d[An]/dt = ki[An][Ox] + k2 o[An] P

where

[An] is the molar concentration of aniline;

[Ox] is the molar concentration of the oxidant;

P is the surface of the reaction medium interface;

o is the surface factor;

ki is the rate constant for the initial step (induction period) of polymerization;
k2is the rate constant for the polymer chain propagation.

Both the first and, presumably, the second steps are first-order reactions with respect to
monomer. For the initial step, the reaction order with respect to the oxidant is also the first one.
In the propagation step, monomer is oxidized with pernigraniline form of PANI rather than
with the original oxidant. Polyaniline is insoluble, and the reaction is heterogeneous; hence,
the P parameter and the o factor are introduced into the equation in order to characterize the
interface on which the reaction proceeds. The rate constant for the chain propagation (k2) is
three orders of magnitude higher than the rate constant for the initial step of polymerization
(k1). In other words, the formation of the polymer leads to impressive acceleration of oxidative
polymerization. Similar acceleration was also observed upon the introduction of PANI “seeds”
into the reaction medium. This process is called “autoacceleration” (Tzou & Gregory, 1992).

Polymerization rate is sensitive to the presence of different inert and insoluble materials in the
reaction medium, for example, alumina oxide, silica gel, carbon, cellulose, synthetic polymers,
etc. (Stejskal & Sapurina, 2005). This effect is stronger for materials with greater surface areas
(P). The strong effect of the medium acidity exerted on the polymerization rate was revealed.
This dependence is complex in nature and varies with the pH range. Under conditions of high
acidity (for pH<1), direct proportionality between molar concentration of the strong acid and
k2 was observed. At the same time, the increased acidity has a little effect on the rate constant
of the initial step; however, the induction period shortens substantially with decreasing pH.

3.6. Modern concepts of the mechanism of aniline polymerization

Presently, electrochemical and chemical synthesis of conducting PANI by oxidative
polymerization is usually described by the following scheme (Scheme 3) (Wei at al., 1989). It
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involves: 1) oxidation of nitrogen atom of monomer followed by oxidation of end nitrogen
atom of oligomer and polymer; 2) addition of monomer in the “nitrogen-carbon” fashion as
a result of chain reaction (electrophilic substitution of proton in aromatic ring of monomer
by oxidized polymer fragment).

ox A Vae
H

Induction period

OrrOm = OO

Chain propogation step

Scheme 3. Aniline oxidative polymerization

Presumably, in the induction period, aniline radical cations are formed; this process is
followed by their recombination (according to the electrophilic substitution mechanism) to
afford a dimer, namely, N-phenylphenylene-1,4-diamine (p-semidine). The subsequent
propagation step is assumed to be similar to the electrophilic substitution process where the
oxidized terminal amino group of oligomer (polymer) attacks para-position in monomer. It
is assumed that the reaction involves monomer in its most reactive deprotonated form. The
oxidation rate-limiting step is considered to be either the formation of aniline radical cations
or their dimerization. The experimental observation that the introduction of small amounts
of the aniline dimer (p-semidine) sharply accelerates polymerization can be considered as a
substantiation of the proposed mechanism. The rationale is that the introduction of p-
semidine (intermediate formed in the initial limiting step) eliminates this limiting process so
that the polymerization begins with the rapid step of chain propagation.

The presented scheme of PANI synthesis is practically similar to the general mechanism of
oxidative polymerization suggested in the 1950s for phenol polymerization and,
subsequently, for a vast majority of monomers (Higashimura & Kobayashi, 2004). However,
PANI synthesis seems anomalous compared with reactions of synthesis of dielectric
polymers. Polyphenyleneoxides obtained by oxidation of phenols in aqueous basic or
organic media are comparatively low molecular weight products with molecular masses of
20 000 - 30 000. The structure of polyphenyleneoxide monomer units is heterogeneous. The
polymer contains units linked in a “tail-to-tail”, “head-to-head”, “head-to-tail” fashion; both
ortho- and para- substituted aromatic rings are present. Polyphenyleneoxides with “head-to-
tail” chains and high content of para-substituted monomer units possess better mechanical
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properties, higher degree of crystallinity and chemical stability than irregular polymers. To
increase degree of homogeneity of polymer structure, oxidative polymerization of phenol
should be carried out under special conditions: 1) use of “soft” organic oxidants
(peroxidases or laccase in combination with peroxides or oxygen); 2) use of monomers with
blocked ortho-positions (2,6-dialkylsubstituted phenols); 3) low concentrations of reactants
and low temperatures. Only in this case it is possible to obtain more regular polyphenylene
oxide containing a large amount of para-substituted units. However, polymers with high
molecular weight still cannot be synthesized (Higashimura & Kobayashi, 2004).

By contrast, oxidative polymerization of aniline in acidic medium yields polymers with strictly
regular structure. The studies of molecular structure of PANI chains by Raman, ESR, electron
and X-ray photoelectron spectroscopy, chromatography and chemical analysis have shown
that the polymer contains 95-98% of para-substituted monomer units linked in the “head-to-
tail” fashion (Trivedi, 1997). Polyaniline contains only a small amount of “foreign” units
(phenazine rings). The appearance of these rings is explained by chain branching and
intermolecular crosslinking occurring during synthesis or after termination (do Nascimento,
2006). It is surprising that the synthesis of this highly regular polymer can be initiated by a
wide range of oxidizing agents (from persulfates possessing high oxidation potential of +2.01
V to iron (III) with a potential of + 0.7 V). There is no need to use aniline with blocked ortho-
positions. Moreover, polymerization occurs at a high rate; and neither high concentrations of
reactants nor high temperatures lead to the formation of irregular chains. The high selectivity
of oxidative polymerization of two other heterocyclic monomers (thiophene and pyrrole)
should be noted; their polymers (polythiophene and polypyrrole) are also conductive. The
peculiar features of synthesis of these polymers have much in common with PANI synthesis.

However, within the framework of the existing concepts of oxidative polymerization of
aniline (Scheme 3), we cannot explain several important features of PANI synthesis.

1. It is unclear why oxidative polymerization of aniline is highly selective, and only para-
structure of monomer unit is repeated during chain propagation.

2. No explanation is given for the non-monotonic course of oxidation and the great difference
between rate constants of the first and second steps, although the scheme represents them
as reactions of the same type leading to the formation of similar structures.

3. The scheme fails to explain the following changes in the oxidation potential in the
course of polymerization: its increase up to +1.05 V followed by its drop down to +0.7 V
- 0.8 V in the chain propagation step.

4. The pH of reaction medium having a great influence on polymerization is not taken
into account.

5. The scheme does not explain “autoacceleration”, i.e., heterogeneous process of chain
growth, and influence of different types of surfaces on polymerization kinetics.

As a rule, in discussion of oxidative polymerization of aniline, it is stated that the existing
concepts are controversial, and molecular mechanism of the process is still unclear. In what
follows the authors will attempt to explain anomalies of aniline polymerization and, in the
first place, the reasons for high selectivity of this process in acidic medium.
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4. Influence of pH on aniline polymerization, properties of products and
their supramolecular structure

Oxidative polymerization of aniline can occur within a very wide interval of acidity (from
1M base solution to 2M sulfuric acid solution), i.e. in the pH range 14 to -1. However, it is
known from the experiment that oxidation products formed in different pH intervals
possess radically different properties. Polymerization in basic, neutral and weakly acidic
media gives brown powder with low conductivity. The synthesis in highly acidic medium
yields highly conductive PANI, since only under these conditions conducting dark-green
emeraldine can be obtained. Depending on pH of reaction media, the conductivity of
protonated products of aniline oxidation may vary from 100 to 102 S-em. Cyclic
voltammograms may contain from one to four pairs of waves; optical and magnetic
properties of material may also vary. Oxidation products either dissolve in different organic
solvents or are insoluble at all. However, all these materials obtained by aniline oxidation
and demonstrating various properties are called “polyaniline”. This general name creates
considerable difficulties during comparison of experimental results, particularly, in
discussion of PANI applications (Stejskal et al. 2010).

The composition and structure of non-conducting materials obtained at high pH are little
studied. However, they have many potential applications in development of membranes for
gas separation and pervaporation, as antioxidants, in catalysis, sensor devices and treatment
of heavy metal-contaminated runoff water. In addition, some products synthesized in
neutral and weakly acidic media demonstrate very complex and interesting supramolecular
structure, and are of great scientific interest (Stejskal & Trchova 2012).

Let us consider the effect of pH on aniline polymerization, properties of products and their
supramolecular structure.

4.1. Acid-base properties of aniline and poly (oligo) aniline

Aniline, its oligomers and polymers are organic bases taking part in acid-base equilibria,
and their properties depend on pH. They include different types of nitrogen-containing
structures which are protonated at different pH values. Aniline is the strongest base. At low
ionic strength, i.e., at low concentrations of aniline in distilled water, the protonation
constant of aniline takes on a value of ~ 4.6 (Lide & Frederikse, 1995). Increasing ionic
strength in the presence of electrolytes leads to equilibrium shifts towards lower pK values.
Thus, in solutions of salts with concentrations of 0.1 - 0.9 mol-L, protonation constant of
aniline takes on a value of ~ 3.5. According to these data, at pH>3.5 aniline exists mainly as a
neutral molecule, and at pH<3.5 it is protonated and acquires positive charge.

Polymeric (oligomeric) PANI chains include two types of nitrogen-containing structures:
disubstituted amino groups (where nitrogen atom is not oxidized) and imino groups with
oxidized nitrogen. Disubstituted amino groups can be protonated only at very low pH
which are not used in the synthesis. As a rule, leucoemeraldine consisting of amino groups
is not protonated. PANI in higher oxidation states contains imino groups which are



Oxidative Polymerization of Aniline:
Molecular Synthesis of Polyaniline and the Formation of Supramolecular Structures 263

protonated at higher pH values. However, protonation constant of imino group depends on
the content of these groups in polymer. With increasing concentration of ionogenic groups,
polymer basicity decreases. While imino groups of emeraldine can be protonated by acids of
medium strength, during oxidation and increasing number of imino groups, multiple
interactions between positive charges within the chain arise, and the protonation ability of
imino groups decreases. In contrast with emeraldine (pK=3+4), pernigraniline is protonated
at pH<2.5 (Trivedi, 1997). In the course of protonation of imino groups, PANI is transferred
into protonated emeraldine or protonated pernigraniline form. As a result, the whole
polymer chain becomes covered with a net of positive charges and turns into polycation.
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Scheme 4. Protonation of aniline a) and polyaniline chain b)

It should be taken into account that oxidation potentials and, therefore, reactivity of neutral
and protonated molecules differ considerably. Deprotonated nitrogen-containing structures
have low oxidation potential and oxidize readily. Neutral, uncharged aniline molecule
easily gives away electron and can be oxidized even at +0.3 V. Protonation results in the
appearance of excess positive charge on nitrogen atom that hinders oxidation.
Consequently, oxidation potential of nitrogen-containing structure increases up to more
than +1.0 V (Li et al., 2002).

It should be also kept in mind that in the course of oxidation protons are released, and pH is
being constantly lowered. The rate of pH change depends on many factors: the presence of
alkali, acids or buffering agents in the reaction medium, intensity of oxidation processes,
conversion degree etc. For example, in water for the initial aniline and persulfate
concentrations of 0.4 and 0.8 mol-L", respectively, and upon the complete monomer-to-
polymer conversion, pH of reaction medium varies from 9 to 1, i.e., the reaction that has
started in an alkaline medium ends under the conditions of acid-promoted polymerization
(Stejskal et al. 2010).

Thus, the oxidative polymerization of aniline is a complex dynamic process accompanied by
permanent changes in synthesis conditions. What is important is the pH value at which the
process begins, and the nitrogen-containing groups (either protonated or non-protonated)
that are involved. However, of no less importance is how quickly the pH drifts and at which
pH values the polymerization comes to an end. The reaction often covers the pH ranges
where nitrogen-containing fragments in different degrees of protonation dominate. As will
be shown later, the transition from one pH region to another can be accompanied by some
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changes in kinetic parameters of the process. This can result in changing molecular structure
of chains and, hence, varying properties of products, and also lead to transformations in
PANI supramolecular structure. Now we will illustrate these points by aniline
polymerization processes occurring in media with different pH (Konyushenko et al. 2010;
Sapurina & Stejskal, 2010)

4.2. The influence of pH on aniline polymerization carried out under the action
of strong oxidizing agents

In this section, two series of experiments are discussed demonstrating kinetics of aniline
oxidation within various pH intervals. Acidity of reaction medium and temperature of
polymerization mixture were monitored in the course of the synthesis. Every elementary
reaction of monomer unit addition in the process of electrophilic substitution is
accompanied by release of two protons; therefore, change of pH throughout the synthesis
can serve as an objective characteristic of the process. Oxidation of aniline is an exothermic
process and can easily be followed by temperature changes. The temperature dependence
provides information on the intensity of oxidation processes in individual steps of the
synthesis, thus supplementing the results of pH measurements. The interpretation of results
involved the use of additional data obtained in the in situ analysis of oxidation with the use
of spectral and potentiometric methods, as well as the data on the formation of
paramagnetic sites.

Experiments were carried out in order to elucidate the kinetics of oxidation of aniline in
different pH regions. We used a strong oxidant (ammonium persulfate), which has an
oxidation potential of 2.01 V and is capable of oxidizing all intermediates of PANI synthesis.
The reaction shown by Scheme 5 proceeded under ambient conditions. It was initiated by
instantaneous mixing of reactant solutions and proceeded without stirring. The kinetic data
were supplemented by information on the properties and the morphology of the reaction
products. These were isolated by filtration, dried in air at room temperature and then
analyzed by conductometry, spectroscopy, gel permeation chromatography and electron
microscopy.

4n @NH2 + S5n (NH4)2S208
%NH:( >:NH%: :FNH%: :% %: %

HSO, HSO,

)

+3nH,SO4 +5n (NHy4),SO4

Scheme 5. Oxidation of aniline with ammonium persulfate.



Oxidative Polymerization of Aniline:
Molecular Synthesis of Polyaniline and the Formation of Supramolecular Structures 265

4.2.1. Oxidation of aniline at different initial pH values

In the first series of experiments, oxidative polymerization of aniline (0.2 mol-L?') was
carried out using the stoichiometric amount of ammonium persulfate (0.25 mol-L-!), which
provided the complete monomer-to-polymer conversion. Polymerization was started in the
media of different acidity, namely, 1) in 0.2 M ammonia solution (pH=10); 2) in water
(pH=6); 3) in 0.4 M acetic acid (pH=4.5), 4) in 0.2 M sulfuric acid (pH=2). The results of
monitoring of temperature and pH are shown in Fig. 1 a,b.
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Figure 1. Changes in the temperature (a) and pH (b) of the medium in the course of aniline (0.2 mol-L-?)
oxidation initiated by ammonium persulfate (0.25 mol-L") at different initial acidities; (1) in 0.2 M
NH3-H20; (2) in water; (3) in 0.4 M acetic acid; (4) in 0.1 M H2SOa.

It is evident that both parameters change synchronously. The decrease in pH corresponds to
the exothermic steps: the sharper increase in temperature corresponds to the more
pronounced decrease in pH. This also suggests that thermal effects are due to the processes
of oxidation and proton liberation

The general features of aniline oxidation processes can be formulated as follows.

1. The initial rate of aniline oxidation increases with increase in the initial pH of the
medium. It can be seen from slopes of temperature and pH dependences in the initial
stage. With increasing acidity, initial oxidation rate decreases. In sulfuric acid (pH=2), it
is close to zero (the so-called “oxidation induction period”).

2. The oxidation processes in which the pH dependence does not pass through pH~2.5 are
characterized by a single temperature wave of oxidation. These processes include the
oxidation in ammonia, which begins at pH=10 and ends at pH>3, and the reaction in
sulfuric acid, which proceeds at pH<2.2.



266 New Polymers for Special Applications

3. The oxidation processes that occur in the pH region including pH~2.5 have two
temperature waves. These processes include the reactions in water and acetic acid,
which start at pH=6 and pH=4.5, respectively, and end at pH=1.

4. The first oxidation wave falls in the range with pH>3 and resembles the monotonic
process of oxidation of aniline in ammonia. The range 2.5<pH<3.5 is characterized by
the abrupt deceleration of the oxidation processes. However, with the attainment of pH
2.5, the exothermic reaction regains its vigor, and oxidative polymerization is concluded
by the second temperature wave. The character of pH variations in the second wave is
identical to that typical of polymerization in sulfuric acid.

5. The pH decrease in water proceeds much faster than in acetic acid because this weak
acid serves as a buffer and binds protons released in the course of polymerization.

4.2.2. Oxidation of aniline at different monomer: oxidant ratios

In the second series of experiments, oxidation of aniline (0.2 mol-L!) was carried out in 0.4
M acetic acid at different [Ox] : [An] molar ratios. The ammonium persulfate concentration
was varied from 0.25 (stoichiometric amount) to 0.025 mol-L! (Fig.2). At low concentrations
of oxidant, monomer is not completely oxidized. In all the experiments, polymerization
started at pH=4.5 and continued up to the complete consumption of the oxidant. Figure 2
shows the temperature and pH dependences obtained in this series of experiments. It is
evident that the higher the oxidant concentration, the lower the final pH; this fact is
associated with the more complete monomer-to-polymer conversion and, correspondingly,
the presence of a larger amount of liberated protons.

The second experimental series produced the relationships similar to those of the first series.
For the oxidation at low [Ox] : [An] ratios (0.025, 0.5, 0.25), no acidity drift below pH=3 was
observed. In this pH region, as well as in the case of oxidation of aniline in ammonia, the
reaction proceeds monotonically and the single temperature wave is observed. For high
[Ox] : [An] ratios (0.75, 1.0, 1.25), the final pH of the medium is less than 2.5. Moreover, the
processes demonstrate two temperature oxidation waves. As well as in the first series, in the
range 2.5<pH<3, the reaction proceeds extremely slowly. The second exothermic wave
begins once the reaction medium pH reaches 2.5.

As follows from the data presented, irrespective of which reaction parameter was varied
(initial pH of the medium or the [Ox] : [An] ratio), the processes have similar character if
proceed in the same pH region. Judging from the sharp change in the oxidation character in
a point with pH=2.5, different molecular mechanisms of the synthesis are realized in the pH
ranges above and below this point.

4.3. Properties and morphology of products of aniline oxidation

In the first experimental series, the synthesis proceeded up to the 100% conversion of the
monomer to the polymer (Table 1). For polymerization in ammonia (3<pH<10), the
oxidation products are aniline oligomers with a weight-average molecular mass (Mw) of
4000 and polydispersity (Mw/Mn) of 1.3. Conductivity of the material in the completely
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protonated state does not exceed 10 S-cm™.. The electronic spectrum of oligomers (Fig. 3)
contains no polaron charge transfer band typical of the emeraldine polymer form with a
continuous conjugation system. Studies on the morphology of the oxidation products
showed that the microsphere structure dominated, i.e., the oligomers formed spherical
particles with diameters ranging from 500 nm to 2 um (Fig. 4a).
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Figure 2. Changes in the temperature (a) and pH (b) of the medium in the course of aniline (0.2 mol-L)
polymerization in 0.4 M acetic acid under the action of different amounts of ammonium persulfate. The
ratios of molar concentrations of oxidant and aniline are denoted by numbers. [Ox] : [An]=1.25 (1), 1.0
(2),0.75(3),0.5 (4),0.25 (5), 0.1 (6).
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Figure 3. Electronic absorption spectra of the products of aniline (0.2 mol-L-!) oxidation initiated by

ammonium persulfate (0.25 mol-L") taken in media with different acidities; (1) in 0.2 M NH3-H20; (2) in

0.4 M acetic acid; (3) in 0.1 M H2504. Oxidation products are deprotonated and dissolved in N-

methylpyrrolidone. Wavelengths of absorption peaks are given in nanometers.
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NHs-H:0 Acetic acid | H2S04 (0.1

P ies of W

roperties of products 0.2 M) ater (0.4 M) M)
Initial pH 9.5 5.7 45 24
End pH 3.0 1.1 1.1 1.0
Conductivity of protonated <100 0.055 0.036 37
form (S-cm™)
Conductivity of deprotonated _ 6.0510° 79 %109 11x10%
form (S-cm™)
Density of protonated form B 135 1338 1402
(g-cm3)
Molecular mass Mw 4.090 - 32200 39400
Polydispersity, Mw/Mn 1.3 - 19.0 13.1
Morpholo Microspheres Plates, Nanotubes | Granules

p &Y p nanotubes

Table 1. Properties of products of aniline oxidation (0.2 mol-L-!) with ammonium persulfate (0.25
mol-L-1) at various pH values.

The aniline oxidation product synthesized in the presence of sulfuric acid (1<pH<2.2) is the
polymer with Mw ~ 40 000 and Mw/Mn=13.1. The material demonstrates an absorption band
at 618 nm typical of deprotonated emeraldine (Fig. 3) and the conductivity of the protonated
emeraldine form (3.7 S-em). The polymer has a globular structure typical of PANI with
globules measuring from 100 to 200 nm (Fig. 4d).

The oxidation products obtained in acetic acid and water exhibited characteristics
intermediate between those of aniline oligomers and high molecular weight PANIL As
compared with PANI synthesized in sulfuric acid, molecular masses of the products were
lower and their polydispersities were higher; their conductivities were two orders of
magnitude lower and the band corresponding to polaron charge transfer was less intense
and shifted to the short-wavelength range. These characteristics, as well as broadening of
MWD of polymerization products suggested that PANI synthesized in the intermediate pH
range (1<pH<6) is a mixture of oligomers and polymer.

In the second series of experiments (polymerization of aniline in acetic acid at various
[Ox] : [An] ratios, Table 2), the relationships typical of the first series are reproduced. If
the polymerization is completed at pH>2.5 ([Ox] : [An]=0.025, 0.5, 0.25), it produces non-
conducting aniline oligomers without continuous conjugation systems. At the same time,
if the synthesis is completed at pH<2.5, the products, in addition to oligomers, contain
high molecular weight PANI. The extent of conjugation and, hence, the conductivity are
higher.
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Figure 4. Scanning electron microscopy. Products of aniline (0.2 mol-L") oxidation with ammonium
persulfate in different experimental conditions: a) in aqueous ammonia (microspheres); b) in water
(two-dimensional structures — “plates”); c) in 0.4 M acetic acid (nanotubes); d) in sulfuric acid (globular
PANI morphology. €) Amorphous agglomerates of aniline oligomers synthesized upon oxidation of
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aniline (0.2 mol-L) under deficiency of ammonium persulfate (0.05 mol-L!) at pH>3.5. f) Products of
aniline oxidation (0.2 mol L-1) in 0.4 M acetic acid with ammonium persulfate (0.25 mol-L-!) isolated in
the intermediate step of polymerization at pH ~ 2.5-3.

The morphology of PANI synthesized in the intermediate pH range (1<pH<4.5) that
includes two temperature waves is characterized by transition from amorphous to
organized morphologies (Fig 4e and 4f) and the presence of one-dimensional structures,
namely, nanotubes and nanofibers. The one-dimensional structures begin to appear in
products at pH~2.5. The appearance of nanofibers and nanotubes accompanies the
transition from oligomeric products to polymeric ones. As the pH drifts to acidic values,
the length of tubular fragments increases together with the fraction of one-dimensional
structures. For PANI synthesized in acetic acid in the pH range 1<pH<4.5, the one-
dimensional structures prevail (Fig.4c). However, further decrease in pH increases the
granular precipitate fraction. Polyaniline synthesized in water also contains fibers and
tubes with an outer diameter of 150 + 200 nm; in addition to tubes, PANI precipitate
contains the so-called “plates” (Fig.4b) and the granules measuring up to several hundred

nanometers.

[Ox]/[An] 0.25 0.5 0.75 1.0 1.25
End pH 4.0 3.3 2.5 1.2 1.1
Conductivity of <1070 2.4x1010 : 0.036 | 0.095
protonated form (S-cm™)

Densi

ensity of protonated B 1.307 B 1338 1.465

form (g-cm)

Molecular mass Mw 3600 2100 23600 17600 44600
Polydispersity, Mw/Mn 3.8 16.4 111 94 10.6

Two- Inclusions of
hol A h Nanot

Morphology morphous dimensional | nanotubes anotubes

Table 2. Properties of products of aniline oxidation (0.2 mol-L-!) with different amounts of ammonium
persulfate in 0.4 M acetic acid. The initial pH is 4.5.

Transition from one pH range into another leads to changes in molecular structures of
chains and properties of products accompanied by transformation of supramolecular
structure of PANI. During oxidation at pH<2.5, high molecular weight polyaniline with
developed polyconjugation system and high conductivity is formed. By contrast, at higher
pH, PANI oligomers are obtained. Oligomers have low conductivity and, judging by
spectral characteristics, there is no polyconjugation. If the reaction proceeds within both pH
ranges, the mixture of oligomeric and polymeric products is obtained. In various pH
intervals morphology of products also varies. However, there is no direct correlation
between conductivity, molecular mass and type of supramolecular structure. Depending on
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synthesis conditions, oligomers may exist in the form of microspheres or two-dimensional
formations, and high molecular weight PANI may have one-dimensional (nanofibers or
nanotubes) or three-dimensional structure (granules).

4.4. pH of reaction medium as a critical factor in aniline oxidation

The literature contains a vast amount of information concerning influence of various
parameters of synthesis on properties and morphology of products obtained in aniline
oxidation. There are many publications (Wan, 2009; Liu & Zhang, 2009; Venancio et al,,
2006) demonstrating that changes in concentrations of monomer, oxidizing agent and their
ratio, nature and concentration of acids which protonate PANI, or other additives have a
significant effect on polymerization process, properties and morphology of products.
However, authors do not take into account that this effect is not always obvious; usually it is
indirect and carried out via changes in pH of the reaction medium. There are many
examples of indirect influence of pH masked by other synthesis parameters. Thus, aniline
and its polymers, being organic bases, increase pH. The increase in monomer concentration
is equivalent to alkalization of the solution. Addition of acids and acidic salts decreases pH.
The [monomer] : [acid] ratio and the nature of the acid used (its strength and buffering
properties) are also important parameters. Weak acids exhibit the buffer effect suppressing
the pH change during the synthesis.

The pattern of pH changes occurring during the reaction may be altered by certain factors
one would think independent of pH. Thus, changes in [oxidant] : [monomer] ratio have an
effect on pH, determine conversion degree and a number of released protons. The dilution
of reaction medium also influences this pattern, because the range of pH changes in
concentrated solutions is much wider than in diluted ones, and, as a result, the reaction may
pass to another pH interval. The presence of organic phase immiscible with aqueous
medium is also a striking example of such factor. This is the so-called aniline polymerization
at the interface between two immiscible media; monomer is dissolved in organic phase, and
oxidizing agent is present in water. The mechanism of “interface” polymerization and the
factors leading to the formation of one-dimensional structures in this system are actively
discussed in the literature. It was shown (Li et al., 2011) that characteristics of aniline
oxidation, as well as properties and morphology of products, depend on pH and correspond
to the profile of change of water phase pH.

Frequently, effects of various factors in oxidative polymerization of aniline mask the one
factor which has a critical influence on the mechanism of synthesis. In polymerization with
strong oxidant, it is the pH factor that is masked by a large number of various parameters of
the reaction (Konyushenko et al. 2006a; Stejskal et al. 2006; Sapurina & Stejskal, 2010).
Considerable changes in polymerization process, properties and morphology of products
occur when the acidity falls within pH intervals coinciding with protonation constants of
reactants (monomer and growing polymer chain). At the same time, if the experiment is
carried out within the same acidity interval, changes in these parameters (concentrations of
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reactants and/or nature of additives) do not lead to dramatic changes in properties of
products. Thus, at pH < 2.5, polymerization always yields emeraldine with characteristic
electronic spectrum (absorption band at wavelengths higher than 800 nm) and high
conductivity (= 10" S-cm™). By contrast, products of aniline oxidation at pH>2.5 definitely
have low conductivity which can be raised neither by protonation nor by redox reactions.
All these facts indicate that products obtained at pH<2.5 and pH>2.5 have fundamentally
different molecular structure.

5. The influence of oxidation potential on the process of aniline
oxidation, properties and morphology of products

Oxidation potential of nitrogen-containing structures, including aniline, increases with
increasing acidity of the medium, due to protonation of nitrogen atom. The potential increases
non-monotonically. In the pH range corresponding to protonation constant, oxidation
potential changes discontinuously, in accordance with the pattern of change in concentration
of protonated and deprotonated forms of reactants. Deprotonated form of aniline existing in
alkaline and neutral media is oxidized at low potential (+0.3 V). In acidic media, start of
polymer chain propagation requires overcoming the energy barrier corresponding to an
oxidation potential of +1.05 V (Li et al 2002). Therefore, oxidants with potentials lower than
1.05 V capable of oxidizing aniline in alkaline and neutral media should not initiate
polymerization at low pH. However, experiments have shown that oxidation of aniline in
acidic media can be performed and leads to the formation of polyconjugated PANI. Such
oxidants as FeCls (+0.77 V), V205, (+0.98 V), AgNO:s (+0.8 V), MnO2 (+1.2 V), KIOs (+1.1 V), Pd*
(+0.89 V), Au® (+1V) (Sapurina & Stejskal, 2012), possessing potential close to 1 or even lower,
may oxidize aniline not only in alkaline or neutral media, but, strange as it may seem, in acidic
media with high potential barrier of oxidation.

5.1. Oxidation of aniline under the action of a weak oxidant (silver nitrate)

In this section, we will discuss oxidation of aniline under the action of a weak oxidizing
agent - silver nitrate AgNOs with a potential of +0.80 V (which is much lower than potential
barrier of aniline oxidation in acidic media) (Sapurina & Stejskal, 2012). Oxidation was
carried out at different pH values; the initial pH values of reaction medium were 11, 6 and
2.5. Thus, oxidation proceeded within three pH ranges where both the monomer and
growing chains are deprotonated and have low oxidation potential or are present in
protonated state with high oxidation potential. To aid the visualization, oxidation of aniline
with AgNOs is compared with oxidation under the action of persulfate under similar
conditions. In the course of oxidation, silver cation is reduced to give metallic silver. Silver
forms composites with polymeric products; this composite was analyzed by electron
microscopy, spectroscopy, conductometry, gel-permeating chromatography and
thermogravimetry. The content of reduced silver in products was determined by
thermogravimetry; this allowed us to control the participation of AgNOs in the reaction of
aniline oxidation.
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5.2. The oxidation process and properties of products

5.2.1. Oxidation at pH>3.5

At pH>3.5 both monomer and polymer chain are deprotonated. Only deprotonated
nitrogen-containing structures with low oxidation potential take part in the reaction. As well
as in the case of persulfate and AgNOs, oxidation starts at once and proceeds monotonically
with high rate. Fig. 5a shows aniline oxidation profiles for both oxidants in 0.5 M ammonia
solution. At an initial aniline concentration of 0.2 mol-L-! and [Ox]e/[An] = 2.5, reactions are
completed within several minutes. Silver mirror is formed on the walls of the reaction vessel
in the course of oxidation of aniline with AgNOs. In the case of persulfate, the initial pH of
10.0 lowers down to 8.9 by the end of the reaction. When AgNOs was used, the interval of
pH change was 10.8 — 9.3. This fact indicates that both monomer and polymer chain remain
deprotonated throughout the process.
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Figure 5. (a) Change of pH in the course of aniline oxidation under the action of ammonium
persulfate and silver nitrate in 0.5 M aqueous ammonia. (b) Electronic spectra of products is lost of
aniline oxidation with ammonium persulfate and silver nitrate; samples are dissolved in N-
methylpyrrolidone.
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Yields of oxidation products and their properties are given in Tables 1,3,4 . In the spectra
of products obtained during oxidation of aniline with both oxidants, absorption bands lie
in the wavelength region below 600 nm (Fig. 5b); this fact indicates the absence of
polyconjugation in these samples. Conductivity of the products synthesized using
persulfate does not exceed 10'° S-cm . The material obtained in the reaction with AgNOs
is a composite containing 75 wt% of metallic silver. Its density is almost four times higher
than that of PANI. Electric conductivity of this composite is 3300 — 5030 S-cm™! (Table 4).
Oxidation of aniline with both persulfate and AgNOs yields mainly amorphous products
(Fig.6 a, b). Silver is present as particles with dimensions ranging 50-200 nm.

\‘f‘ b
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Figure 6. Products of aniline (0.2 mol-L!) oxidation by AgNOsin 0.5 M aqueous ammonia. Scanning
electron microscopy

5.2.2. Oxidation at 3.5>pH>2.5

Oxidation of aniline at higher pH was studied in solutions of carboxylic acids. For example,
in the solution of acetic acid (0.4 M) containing 0.2 mol-L"! of aniline and 0.25 mol-L"! of
persulfate (or 0.5 mol-L" of silver nitrate), the initial pH values are 4.5 and 5.7, respectively.
The considerable part of aniline is protonated, but imino groups of the chain are still in
deprotonated state. Fig. 7a shows pH profiles of oxidation of aniline with both oxidizing
agents. It can be seen that within the 3.5 > pH >2.5 region, oxidation is dramatically
decelerated. This pH range lies between two stages of more intense oxidation with more
sharp decrease in pH.

When persulfate is used, the stage of slow oxidation drift within the 3.5 > pH >2.5 range
is completed after 30 min and culminates in vigorous exothermic reaction accompanied
by intensive release of protons and decrease in pH. In the case of AgNOs, at the same
initial concentrations of reactants, oxidation drags on for hundreds of hours. In fourteen
days, conversion of aniline oxidation in acetic acid reaches 30%, and pH decreases down
to 3.5 (due to abstraction of protons). Then oxidation continues and somewhat
accelerates.
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The yield of aniline oxidation in the 2.5-3.5 pH range is very low. As was previously shown,
in the case of persulfate, the products are non-conducting oligomers with low molecular
masses (Table 2). In the case of AgNOs, homogeneous dark brown powder was isolated; its
density is 3.28 g-cm?, and conductivity is 4350-7160 S-cm! (Table 3, 4). As well as after
oxidation in 0.5 M ammonia solution, the obtained product contains metallic silver. The
electronic spectrum of organic fraction of the product extracted with N-methylpyrrolidone
is similar to the spectrum shown in Fig. 5b. This fact evidences that oxidation of aniline with
AgNO:s to 30% conversion gives products with low degree of polyconjugation.

Supramolecular structure of products of aniline oxidation in the pH range 2.5 to 3.5 differs
from the structure of products obtained in alkaline medium. In the case of oxidation with
persulfate, these are planar formations with dimensions of the order of microns and
thickness of up to 100 nm and “sticks” with a diameter of up to 200 nm (Fig. 4f). In the case
of oxidation of aniline with silver nitrate, two-dimensional morphology also prevails. The
significant part of the material consists of planar disks with a diameter of several microns;
sticks and thread-like formations are also observed. Transmission microscopy allows us to
reveal localization of metallic silver. Silver in the form of dark stripes covers planar and one-
dimensional objects or forms spherical nanoparticles with a diameter of the order of 10 nm
which then turn into larger agglomerates (Fig. 8).
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Figure 7. (a) Change of pH in the course of oxidation of aniline with ammonium persulfate and silver
nitrate in 0.4 M acetic acid. (b) Electronic spectra of products of aniline oxidation with ammonium
persulfate (100% conversion) and silver nitrate (70% conversion, pH <2.5); samples are dissolved in N-
methylpyrrolidone.
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(a) (b)
Figure 8. Two types of supramolecular structures of products of oxidation of aniline (0.2 mol-L-!) with
AgNQO:s (0.5 mol'L!) within the 2.5 - 4.5 pH range (TEM images).

0.5 M NH4OH, 04M 0.1 M HNG;,
100% | CAMCHRCOOR | o, 30%
. 30% conversion . )

Parameter conversion 70% conversion | conversion
Initial pH 10.8 5,7 5,7 25
End pH 9.3 3.5 2.5 1.8
Oxidation time, (h ) 0.24 168 540 540
Wavelength of
polaron absorption - - 618 626
band, (nm)
Molecular mass Mw - - - 41400
Morphology of Amorphous Two-dimensional Fibers Fibers
organic fraction P One-dimensional Tubes Tubes
Morphology of . .
silver Spheres Layer on oligomer | Spheres + sticks Spheres

Table 3. Morphology and properties of composites formed in the course of oxidation of aniline (0.2
mol-L) with silver nitrate (0.5 mol-L) at various pH values.

5.2.3. Oxidation at pH<2.5

Oxidation process at pH<2.5 is illustrated by the reaction between 0.2 mol-L! solution of
aniline and 0.5 mol-L! solution of AgNOs in 1.0 M nitric acid (Fig. 9a,b), as well as in acetic
and formic acids (0.4 M) at high conversions of aniline; release of protons leads to decrease
in pH down to 2.5 (Fig. 7a,b). The reference reaction was interaction between aniline (0.2
mol-L-') and ammonia persulfate (0.25 mol-L-!) in 0.2 M sulfuric acid.
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Two-step reaction between aniline and ammonia persulfate was completed in 10 minutes.
The yield of emeraldine with a molecular weight of 40 000 and conductivity of 1 S-cm™ is
close to 100% (Table 1). Polymer consists of granules (which is characteristic of PANI
obtained in acidic medium under the action of strong oxidants, Fig. 4d).

Oxidation in the presence of AgNOs in 1 M nitric acid proceeds very slowly. During the first
100 hours, no visible signs of oxidation appear. The 16% yield is achieved in two weeks. The
density of the product is 3.6 g-cm?, it has a conductivity of 2200 S-cm™! which indicates the
presence of a large amount of metallic silver in the composite. In three weeks and a half, the
yield is 30%, and conductivity of the product decreases down to 1000 S-cm™(Table 3, 4).
Electronic spectra of organic fraction of the composite include intensive polaron absorption
band with a maximum at 626 nm (Fig. 9b). IR spectra of deprotonated samples are also
similar to those of emeraldine (Blinova et al. 2009). Thus, organic fraction of the composite is
a polymer with high degree of polyconjugation.

The studies of products of aniline oxidation obtained in organic acids at high conversion
(when pH decreases down to 2.5) also showed that the polymer with long conjugation
system is formed. For example, organic fraction of composites obtained in acetic acid at a
conversion of 75% (Fig. 7b) and in formic acid at a conversion of 80% demonstrates wide
absorption bands in the spectra at 618 nm and 600 nm characteristic of emeraldine.
However, intensities of polaron absorption bands are much lower than these in the case of
reaction in a stronger (nitric) acid, this fact indicating that the content of polymer fraction is
low. The densities of samples obtained in acetic and formic acids are 3.42 and 3.66 g-cm?,
and conductivities are 326 and 0.85 S-cml, respectively (Table 4).
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Figure 9. (a) Change of pH in the course of aniline oxidation under the action of ammonium persulfate
in 0.1 M sulfuric acid and silver nitrate in 1 M nitric acid. (b) Electronic spectra of products of aniline
oxidation with ammonium persulfate and silver nitrate; samples are dissolved in N-methylpyrrolidone.

Although at pH < 2.5 both the strong and weak oxidants oxidize aniline to the emeraldine
state, supramolecular structures of products are fundamentally different. In the case of
AgNO:s, instead of spherical particles typical for the products of persulfate oxidation (Fig. 4d),
one-dimensional particles prevail. PANI in the form of nanotubes and hierarchical structures
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consisting of fibers with a diameter of 10 nm includes spherical particles of metallic silver with
a diameter of 50 nm (Fig. 10 a, b). At high conversions, in acetic and formic acids silver “sticks”
several um in length and with a diameter of up to 300 nm appear. These sticks are covered
with loose layer of polymer which starts to grow from silver surface as fibers (Fig. 10 ¢, d). In
the product obtained in formic acid, this morphology prevails.
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Figure 10. (a,b) Morphology of products of oxidation of aniline (0.2 mol-L) with AgNO3 (0.5 mol-L")
in 1 M nitric acid (SEM image). (c, d) Products of oxidation of aniline (0.2 mol-L-') with AgNOs (0.5
mol-L7) in acetic and formic acids at high conversions (pH < 2.5) (TEM image).
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5.3. The composition of PANI/Ag materials

Oxidation of one gram of aniline with a stoichiometric amount of AgNOs theoretically yields
1.31 g of PANI and 2.9 g of metallic silver. Therefore, according to stoichiometry of the
reaction (2), the content of reduced silver in metal/polymer composite should be 68.9 wt%.

Oxidation to nonconducting aniline oligomers gives the composite with 74 wt% of silver.
Thermogravimetric analysis allows to establish composition of silver-containing products.
Mass fraction of metal is determined as a mass of incombustible residue left after heating of
sample in air flow up to more than 600°C. According to TGA data, silver content in all the
composites corresponds to the stoichiometry of redox process: in alkaline media it is 75
wt%, and in acidic media — about 70 wt% (Table 4). These data prove that it is AgNOs that
acts as the main oxidizing agent.

. ' pH Yield of. Content of Conductivity Density,
Reaction medium composi o , 3
initial | end | oo | A8 W Semdl g-em
0.5M NHiOH 10.8 9.3 60.5 75.0 3300-5030 4.22
04M CHsCOOH 5.7 3.5 32.7 70.8 4350-7160 3.26-3.28
04M CHsCOOH 5.7 2.5 75.7 69.0 326 3.42
0.4 M HCOOH - - 79.8 72.6 0.85 3.66
1.0M HNO:s 2,5 1.8 30.0 70.7 709-1080 3.54

Table 4. Composition and properties of products of oxidation of aniline (0.2 mol-L) with AgNOs (0.5
mol-L) at various pH values.

5.4. Oxidation potential as an important factor in aniline oxidation

Comparison of results of oxidation of aniline with strong and weak oxidants shows that
both the strong oxidant (persulfate) and weak one (AgNOs) at pH < 2.5 oxidize aniline to
give PANI in the emeraldine oxidation state, while at higher pH in both cases aniline
oligomers without developed conjugation system are formed. The courses of these two
reactions occurring in acidic media are different. While in alkaline medium both persulfate
and AgNOs oxidize aniline in several minutes, and kinetic curves of oxidation are
comparable. In going to acidic media, rate of oxidation drops considerably. The reaction
proceeds for hundreds of hours; the lower the initial pH, the lower the conversion at any
given instant of time. At the same time, the general views of time “profile” of pH for
reactions with persulfate and AgNOs are similar. In the media with pH > 3.5 and pH < 2.5,
faster pH change is observed, while in the pH range 2.5 to 3.5, oxidation becomes slower.
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Another interesting aspect of using oxidant with low potential is its influence on PANI
morphology. At pH < 2.5 and high concentrations of reactants, oxidation by persulfate leads
to the formation of a polymer with granular structure. Replacing strong oxidant by a weaker
one leads to the formation of fibers, tubes and hierarchical structures. These transformations
were observed not only in the case of AgNOs Blinova et al. 2009), but also in the reactions
with another oxidants having low potential: FeCls (Ding et al. 2010), V20s, (Li et al. 2010;),
MnO:2 (Pan et al. 2007), KIOs (Gizdavic-Nikolaidic et al. 2010), CeO2 (Chuang et al 2008). The
authors of (Ding et al. 2007) revealed interrelation between the value of oxidation potential
of oxidizing agents and diameter of one-dimensional PANI particles: lowering the potential
leads to decrease in fiber diameter. Similar regularities are observed during electrochemical
oxidation of aniline (Molina et al. 2007). In addition to one-dimensional objects, hierarchical
structures (urchins, flowers, corals) are formed. Thus, transformation of supramolecular
structure of PANI when employing weak oxidant is of a universal character.

The important feature of process with the use of AgNO:s is the formation of metallic silver.
In the course of the reaction, at any initial values of pH silver is reduced in stoichiometric
amounts with respect to oxidized aniline. This fact proves that silver cation serves as an
oxidizing agent. Depending on synthesis conditions, reduced silver precipitates in the form
of various nano-dimensional structures (spheres, sticks or bands covering oligomer
particles). The presence of silver provides high conductivity of the obtained materials, and
these composites have many possible applications in polymer electronics. It is interesting
that depending on synthesis conditions, in spite of equal silver content, conductivity of
PANI/Ag composites changes over wide range (from 10 to 7 000 S-cm™). Morphology and
properties of PANI/Ag composites, as well as reasons for this difference in conductivity, are
discussed in (Sapurina & Stejskal, 2012).

6. Molecular mechanism of aniline oxidation

In this section, we will discuss molecular mechanism of oxidative polymerization of aniline
with the key factors responsible for chain formation being pH of reaction medium and
oxidation potential of reactants (related to pH) (Sapurina & Stejskal 2008; Stejskal et al.
2010). The concepts of mechanism were formed not only on the basis of the given results. A
vast amount of experimental data available in the literature give us additional information.

Fig.11 shows a typical kinetic curve of aniline oxidation (for the case of reaction proceeding
in the wide pH interval, 6>pH>1). Temperature and pH profiles change synchronously with
time and demonstrate three regions with different oxidation rates. Transitions between these
regions are observed at pH values of 3.5 and 2.5. These pH values coincide with protonation
constants of aniline (pK = 3.5) and imino groups of polymer chain (pK = 2.5). At pH > 2.5,
oligomers without polyconjugation chain are formed; these materials possess low
conductivity. At pH < 2.5, high molecular weight PANI can be synthesized; it demonstrates
high degree of polyconjugation and high conductivity, its chains contain 95-98% of para-
substituted monomer units. Dramatic change in the properties of products takes place at a
pH value of 2.5 corresponding to the protonation constant of growing polymer chain.
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Therefore, at pH 2.5, mechanism of polymer formation changes, and mixed irregular

addition gives way to regular polymerization. These general features are in effect for
different oxidants and protonating acids over a wide concentration range.
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Figure 11. Temperature and pH profiles of oxidation of aniline (0.2 mol-L) with ammonium persulfate
(0.25 mol-L-1) in water solution.

6.1. Oxidation at pH > 3.5

At pH >3.5 both monomer and growing chain are deprotonated, and oxidation of aniline
(chain reaction of electrophilic substitution) proceeds in full accordance with concepts of
theoretical organic chemistry. The most probable process is oxidation of nitrogen-containing
structure of monomer and oligomer and linking monomer units in the “head-to-tail”
fashion. However, other substitution paths are also possible, e.g., the process leading to
“head-to-head” structures. Due to the presence of amino group (electron donor substituent)
in aniline, the attack of oxidized polymer fragment is directed at ortho- and para-positions of
monomer phenyl ring. Since phenyl ring contains two vacant ortho-positions, monomer
units with ortho-structure should prevail. Chain growth is accompanied by secondary
reactions. Monomer units of ortho-structure have low oxidation potential and undergo
further oxidation leading to the formation of phenazine rings (Scheme 5). These reactions
may be both intramolecular (similar to these in o-phenylenediamine oxidation) and
intermolecular (with the participation of monomer). Thus, in addition to linear ortho- and
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para-monomer units, polymer chains should contain phenazine fragments. Scheme 4
demonstrates the most probable paths of electrophilic substitution leading to the formation

of ortho- and para- monomer units; intramolecular oxidative cyclization of ortho-units and
their transformation into phenazine rings are also shown.
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Scheme 6. Formation of monomer units of para- and ortho-structure after attack of aniline cation radical
directed at para- and ortho-positions of aniline phenyl ring. Secondary reactions intramolecular
oxidative cyclization of ortho-units and their transformation into phenazine rings are shown.

However, the probability of formation of other structures is also more than zero. Besides,
hydrolysis and formation of quinones may take place in products in the presence of an
oxidant. Thus, at medium and high pH values, oxidation of aniline should give chains with
heterogeneous structure and prevailing linear or cyclized ortho-units (the presence of the
latter was proved by spectroscopic methods (Stejskal & Trchova, 2012). Oxidation of
deprotonated forms of reactants proceeds at low potentials (+0.3 - +0.5 V) and may take
place under the action of weak oxidants; reaction rates in the cases of strong and weak
oxidants are comparable. Monotonous decrease in open circuit potential taking place in the
course of the reaction (Surwade et al 2009) is due to the fact that monomer oxidation gives
way to oxidation of end amino group of di- and trimer (which possess lower oxidation
potentials). However, in the case of longer oligomers, the difference is smoothed, this fact
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accounting for low molecular masses of oxidation products. In alkaline media, linear chains
prevail, since chain propagation proceeds faster than cyclization processes (Losito et al.
2003). In oligomers with heterogeneous chain structure, no polyconjugation is observed, and
we should expect low conductivity (see Tables 1 and 2). The process of aniline oxidation
with the participation of deprotonated reactants (monomer and growing polymer chain)
which yields aniline oligomers of heterogeneous structure lacking in polyconjugation will be
termed “oligomerization”.

6.2. Oxidation at 3.5>pH > 2.5

At pH values ranging from 2.5 to 3.5, the major portion of aniline is protonated, and its
oxidation potential increases. At the same time, under these conditions, imino groups in
polymer chains are still not protonated, this resulting in imbalance of redox interaction
between monomer and growing chain. The chain possessing low oxidation potential cannot
oxidize protonated monomer with increased oxidation potential. Within the pH range 2.5 to
3.5, oxidation is drastically decelerated. Redox process proceeds only at the expense of
oxidation of traces of neutral monomer (which has low oxidation potential). Neutral
monomer is fed through shift of deprotonation equilibrium AnH*A- = An + H*A- (Baizer &
Lund, 1983).

How does pH change affect the structure of polymerization products? Oligomers obtained
in alkaline media are mainly linear, and their degree of polymerization does several tens
(Tables 1, 2). As oxidation slows down (i.e., pH decreases, and neutral aniline is spent),
length and composition of oligomers change. The rate of monomer addition (i.e., chain
growth) decreases, and intramolecular cyclization prevails. This change leads to the
formation of short cycle-containing molecules. At pH < 3.5, the main product of oxidation is
aniline dimer with ortho-structure (Stejskal et al., 2010). Virtually all these dimers undergo
intramolecular cyclization to produce phenazine structures, since cyclization rate in acid
media is higher than that in alkaline media (Losito et al. 2003).

Aniline dimerization and cyclization of dimers occur at low potentials and may start
under the action of weak oxidants. As a result, aromatic phenazine rings with high
oxidation potential are formed. This fact is corroborated by the slow increase in open
circuit potential taking place in the course of oxidation in the pH range 2.5 to 3.5 (Ding et
al. 2009; Ding et al. 2010). It is well-known that phenazines can take part in
copolymerization and even homopolymerization, but phenazine starts adding monomer
molecules (“germinates”) at high oxidation potential (+1.05 V) (Inzelt & Puskas, 2004;
Puskas & Inzelt, 2005). The value of “germination” potential of phenazine is similar to the
potential of PANI growth start (Yang et al, 2007), and, consequently, we suppose that
phenazine ring serves as a nucleate of future polymer chain. Thus, in the pH range 2.5 to
3.5, according to Scheme 6, slow accumulation of aromatic phenazine rings takes place;
these rings have high oxidation potential and are intermediates of polymerization and
nucleates of future polymer chains.
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Scheme 7. Accumulation of aromatic phenazine rings.

6.3. Oxidation at pH < 2.5

The growth of polymer chains with regular structure becomes possible after the next
protonation step. At pH < 2.5, the most important pH transition in aniline polymerization
takes place. The protonation of monomer amino groups is followed by protonation of imino
groups in oligomers, and their oxidation potential increases. This process restores balance of
redox interaction between reactants. The chain is once again able to oxidize and add
monomer, although in the protonated form which dominates in this pH range. The chain
growth taking place at the expense of interaction between protonated chain and protonated
monomer and leading to the formation of polyconjugated conducting polymers will be
called “polymerization” (Scheme 8).
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Scheme 8. The “germination” of phenazine nucleate and propagation of PANI chain.
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6.3.1. The limiting step of oxidation

However, in acidic medium (where the majority of monomer molecules are protonated),
oxidative polymerization of aniline cannot start with the reaction between cation radical of
monomer and protonated aniline molecule, since (according to quantum-chemical
calculations) interaction of two small particles bearing excess positive charge is not energy-
favored (Ciric’—Marjanovic’, 2006). To start growth of regular chains, larger polyconjugated
fragment is needed; only this fragment is able to lower the energy of interaction between
oxidizing site and monomer. These particles are formed in the initial stage of oxidation
(“induction period”). We suppose that they are phenazine rings. The role of phenazine as a
bulk polyconjugated particle involves delocalization of positive charge of cation radical. At
pH < 2.5, this induction period is similar to aniline oxidation in 2.5 — 3.5 pH range and
proceeds according to the “oligomerization” mechanism. Aniline cation radical and
deprotonated monomer (having low oxidation potential) take part in electrophilic
substitution with preferential formation of ortho-dimers and their subsequent cyclization
(Scheme 7).

Chain growth begins with addition of monomer unit to phenazine nucleate with cyclic
structure and high oxidation potential. This is a limiting step of the whole process; its
energy barrier corresponds to a potential of +1.05 V. After addition of monomer unit, the
nature of growing end changes. Instead of tertiary nitrogen atom embedded into aromatic
ring, new active site (end amino group) is formed; its structure is repeated in the process of
polymer growth. Oxidation potential of amino group is lower than that of phenazine, and
this fact leads to considerable acceleration of polymerization (Li et al., 2002).

The presented mechanism agrees with the behavior of open circuit potential. The character
of variation of this potential in acid medium strongly differs from that observed in alkaline
medium (Surwade et al 2009; Geng et al., 1998). In acid medium, the initial stage is
accompanied by increase in the oxidation potential, which corresponds to accumulation of
phenazine nucleates. As exothermic chain propagation starts, the oxidation potential
decreases down to a value of +0.7 to +0.8 V which is characteristic of growing pernigraniline
chains. Thus, the oxidation potential of aniline at pH < 2.5 passes through a maximum
corresponding to the transformation of phenazine nucleate into active polymerization site.
In order to overcome that maximum, a reagent with an oxidation potential higher than +1.05
V is necessary. On the other hand, oxidants with a potential lower than +1 V ensure both
initial and final stages of oxidative polymerization.

Ammonium persulfate (having an oxidation potential of +2.01 V readily overcomes the
barrier related to “germination” of phenazine nucleates, and oxidative polymerization is
completed in several minutes. Weak oxidants, such as silver nitrate, cannot oxidize
phenazine structure. Therefore, the induction period in the reaction with AgNOs takes
hundreds of hours. The oxidation stops at the stage of generation and accumulation of
phenazine nucleates. Nevertheless, if pH < 2.5, polymerization with the formation of
polyconjugated chains does occur and is characterized by a fairly high yield. Obviously, in
the absence of other strong oxidants phenazine ring is oxidized with atmospheric oxygen
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whose oxidation potential is equal to +1.23 V; in addition, oxygen is soluble in water and
therefore accessible for the reactants. The formation of traces of polyaniline under the action
of oxygen was reported in (Liao & Gu. 2002).

After “germination” of phenazine nucleates, i.e., transformation of these nucleates into
active sites of polymerization, the oxidation potential decreases to +0.7 - +0.8 V (Geng et al.
1998) and, therefore, oxidants with low potential are again able to participate in oxidation
process. Thus, weak oxidants, including silver nitrate, are capable of keeping both the initial
aniline oxidation step (generation of phenazine units) and polymer chain propagation until
the reaction is completed. The final stage involves oxidation of most part of monomer, and it
consumes an equivalent amount of AgNOs. The presence of a strong oxidant with a
potential higher than +1.05 V is necessary only at the stage corresponding to the
transformation of phenazine units into active polymerization sites. Therefore, the
concentration of a strong oxidant, as well as its contribution to the overall oxidation process,
may be insignificant.

6.3.2. The overcoming the “germination” stage

We believe that the oxidation of aniline to the emeraldine form in the absence of strong
oxidants can held under the influence of a weak oxidant with oxygen. Phenazine units can
be converted into active sites of polymerization under the action of atmospheric oxygen, but
in this case the reaction is slow. An exception is likely to be a combination of atmospheric
oxygen with Fe3* which is known to catalyze oxidation processes (Davied et al. 1995). There
are other examples of fast passing the energy barrier of phenazine “germination” and
acceleration of polymerization. Oxidation of aniline can be performed with the use of a
mixture of oxidants (Bober et al., 2011). Addition of a small amount of strong oxidant (when
its concentration is lower than several percent of the amount required for complete
oxidation) initiates the polymerization process. This allows to overcome high energy barrier
and obtain a sufficient amount of active sites of polymerization. Weak oxidant then reacts
with the main amount of aniline to accomplish chain growth at relatively low oxidation
potentials.

Long induction period can also be shortened by change of the chemical structure of the
nucleate. It is well-known that catalytic amounts of aromatic para-diamines sharply shorten
the induction period and hence the overall time of polymerization (Tran et al. 2008; Bober et
al., 2010). We propose the following mechanism of the process. Aromatic diamine is
involved in the formation of phenazine nucleate. Its oxidation potential is lower than that of
aniline; therefore, oxidation of diamine is preferred. The reaction between diamine and
aniline at the dimerization stage yields aminophenazine (Scheme 9).

This aminophenazine nucleate gives rise to regular polyconjugated chain originating from
exocyclic amino group, and high energy barrier of oxidative polymerization of aniline is
thus reduced in the nucleate “germination” stage. As a result, the polymerization process is
strongly accelerated due to acceleration of its slowest step. It should be noted that addition
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of o-phenylenediamine does not accelerate the process and that addition of m-
phenylenediamine, by contrast, sharply decelerates polymerization of aniline via extension
of induction period. The latter phenomenon is related to the formation of “defect” initiation
site which cannot promote the growth of polyconjugated chain. After complete
consumption of m-phenylenediamine for the formation of “defect” oligomers,
polymerization of aniline is resumed.
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Scheme 9. Formation of aminophenazine nucleate giving rise PANI chain grows.

6.3.3. The growth of polyconjugated chains

Aniline polymerization, as well as oligomerization, proceeds according to electrophilic
substitution mechanism. However, as opposed to oligomerization, the former yields
polymers with strictly regular structure. The polymer containing only para-substituted units
is formed. The reason for changes in reaction mechanism and transition from mixed ortho-
and para-substitution into highly selective formation of para-structures is thus the following.
At pH < 2.5 polymer grows in the protonated pernigraniline form where the chain bears
excess charge (positive polarons). In this case, para substitution becomes energetically more
favorable and is the only possible way of electrophilic substitution, since it reduces the
energy of the chain. Only in the case of para-substitution, polyconjugation is formed which
ensures delocalization of positive charges in pernigraniline and decreases repulsion energy.
Thus, protonation of polymer chain forbids ortho-substitution (the most typical for aniline),
as well as all other types of electrophilic substitution ("head-to-head", "tail-to-tail") and leads
to the formation of regular polyconjugated para-structure and polymer chains possessing
high conductivity.

287
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6.4. Termination of chain growth

Polymerization stops after depletion of one or other reactant (monomer or oxidant). The
state of PANI after termination depends on the strength of the used oxidant, as well as on
molar ratio oxidant/monomer. When strong oxidant is taken in excess, the resulting polymer
remains in pernigraniline form. If the reaction is carried out under stoichiometric conditions,
or with aniline in excess, pernigraniline is reduced to emeraldine at the end of the reaction.

Pernigraniline is much less stable than emeraldine and takes part in irreversible reactions
with electron donor agents. Apparently, during PANI synthesis and after its termination,
end imino groups of polymer undergo hydrolysis. This supposition is corroborated by the
presence of oxygen in deprotonated PANI samples, as well as by the presence of absorption
bands of hydrolyzed structures in IR and NMR spectra of polymers (Kriz et al., 2011;
Kellenberger et al., 2011). In the opinion of the authors (Gospodinova et al., 1994), hydrolysis
of active sites proceeds continually both during oligomerization and after termination of
polymer growth. The hydrolyzed terminal amino group effectively blocks any further
growth reactions, because it cannot add monomer; therefore, aniline oxidation cannot be
considered as a process proceeding without termination (i.e., “living” polymerization).

6.5. Concluding remarks

As a final matter, it should be noted that chain reaction of aniline oxidation in alkaline,
weakly acidic and acidic media proceeds according to different molecular mechanisms, and,
as a result, products with different molecular structures, morphologies and properties are
formed. This is caused by the existence of monomer and growing chain in protonated and
deprotonated forms which possess different oxidation potentials. Oxidation of aniline at pH
> 2.5 occurs with the participation of deprotonated monomer and growing chain which have
low oxidation potentials; therefore, it may be performed entirely under the action of weak
oxidant. The products of this reaction are oligomers with low degree of polyconjugation and
low conductivity.

At pH < 2.5, the reaction occurs in a stepwise mode, and variation of the oxidation potential
during the process is described by a curve passing through a maximum. In the induction
period, the oxidation follows low-energy path at a potential of +0.5 V and yields cyclic
dimers having phenazine structure. The limiting stage is “germination” of phenazine rings
(nucleates of future polymer chains), when the growth of linear polyconjugated chain starts.
Phenazine has an oxidation potential of +1.05 V, and oxidative addition of monomer to this
fragment is possible only in the presence of strong oxidants. If the oxidant has a potential
lower than +1 V, the process is inhibited at the stage of formation of phenazine units.
However, addition of 1 mol % of strong oxidant is sufficient to overcome this barrier. At the
chain propagation stage, the oxidation potential again drops down to +0.7 V, and the
reaction can proceed further under the action of weak oxidant.

Chain propagation involves protonated monomer and the chain possessing excess charge
(positive polarons). Chain protonation constrains the reaction to produce regular polymer
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chains with para-coupled units. Regular polymer chain possessing extended conjugation
system is characterized by the lowest energy due to delocalization of positive polarons over
the conjugation system. Growth of other structures is terminated, since they become
unfavorable from the viewpoint of energy.

According to protonation constants of nitrogen-containing groups of monomer and chain
taking part in polymerization, the process can be divided into three ranges (Scheme 10):

e pH > 35, where all types of nitrogen-containing groups are deprotonated, and
oxidation proceeds according to regularities of synthesis of typical dielectric polymers
(e.g., phenols) with the formation of irregular chains having molecular masses of up to
5 000.

e 3.5 >pH > 2.5, where monomer is protonated, while imino groups of chains are not;
imbalance of redox processes is observed, this leading to slow formation of cyclic
dimmers with phenazine structure.

e pH < 25, where imino groups of chains, as well as monomer, are protonated, the
balance of electron exchange between chain and monomer is restored, but all growth
patterns except para-substitution are forbidden. This leads to the formation of regular
polyconjugated chains with high molecular weight.

Thus, regular structure of PANI responsible for its unique properties is formed at pH < 2.5
due to protonation of imino groups in polymer chain.
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Scheme 10. Oxidation of aniline depending on protonation constant of monomer pKan and that of
chain imino groups pKran.
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7. The formation of polyaniline supramolecular structures

The important feature of PANI synthesis is heterophase nature of polymerization. As a rule,
synthesis begins under homogeneous conditions, since both aniline and oxidant are well
soluble in acidic aqueous media. However, already in the initial step, the reaction becomes
heterophase. This process is called “precipitation polymerization”, because it gives a
precipitate (insoluble polymer). However, PANI precipitation cannot be considered as
irregular agglomeration. Complex morphology of particles and layers formed by
macromolecular chains in the course of polymerization gives evidence that self-organization
of macromolecules occurs during synthesis. From theoretical and practical points of view,
the mechanism of PANI self-organization and reasons for unusually high selectivity of
oxidative polymerization of aniline are the main problems. It is the pattern of assembly of
polymer chains in macroscopic sample and molecular structure of these chains that
determine properties of material and application areas.

7.1. Types of supramolecular structures

Recently, numerous types of PANI supramolecular structures have been obtained. Their
synthesis and potentialities are discussed in several reviews (Bhadra et al. 2009; Stejskal et al.
2010; Wang et al 2011). The basic structures are one-dimensional (nanofibers, nanotubes and
nanorods) (Fig 4c, 8b, 10a, 12a,b); two-dimensional (ribbons, plates) (Fig 4b, 8a), and three-
dimensional (granules, microspheres and nanospheres) (Fig 4d,f 12c). Their combination and
more complicated organization give rise to a vast diversity of structures. Different hierarchical
formations are built of fibers coming from the common centre or axis (Fig. 10 b, ¢, d,). One-
dimensional structures can be packed in bundles or form a sort of network, flovers (Fig. 12 e)
or dendrites. PANI fibers can also form two-dimensional structures called “micromats”. These
are thomboid particles, “weaved” to produce mats of several layers of fibers coming from the
vertex of the rhombus and crossing at right angle (Fig.12 d). Among three-dimensional
structures, microspheres and hollow microspheres should be mentioned (Fig 4 a). Their outer
diameters fall in the range from a half of micrometer to several micrometers, and the thickness
of their walls varies from nano- to submicrometer sizes. The spheres can serve as centers of
fiber growth or, conversely, the fibers can grow inside the spheres. Under certain synthesis
conditions, one or another structural type dominates, thus virtually determining the
morphology of the polymer as a whole.

PANI supramolecular structures may form not only in the volume of reaction medium, but
also on the interface between two phases. In the course of aniline polymerization, thin films
of polymer are generated on the surfaces contacting with polymerization medium
(Malinauskas, 2001). These surfaces are reactor walls, macroscopic support immersed in
polymerization medium, or nanoscopic carriers dissolved or dispersed in this medium.
When the synthesis is completed, all these surfaces become covered with PANI layer with a
thickness ranging from several nanometers to hundreds of nanometers. PANI layers, as a
rule, have homogeneous thickness and are strongly attached to the surface. Adsorption onto
macroscopic support leads to the formation of films, and combination of PANI with
nanoscopic carrier may give colloidal dispersions of polymer (Sapurina & Stejskal, 2008).
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Figure 12. Supramolecular structures of PANI and aniline oligomers: a) PANI nanotubes, b) nanofibers,
c) PANI granules. d) The structure of two-dimensional oligoaniline, “nanomats”, in the presence of
nanospheres and nanoribons. e) Hierarchical nanostructure of PANI flowers.

All the supramolecular structures are formed in the course of the synthesis, and the
synthesis conditions exert the decisive effect on this process. Although the morphology is
very sensitive to the polymerization conditions, it proved to be reproducible when the
experimental conditions are strictly obeyed. Smooth transition from one structural type to
another with the changes in the synthesis parameters is described in many publications
(Steskal et al 1998; Stejskal et al 2008; Ding et al., 2008; Laslau et al 2009). In a number of
publications, the stages of formation of supramolecular structures in the course of the
synthesis are traced, the data on increase in globule diameter, lengthening of tubes and
fibers are given. All these data evidence the processes of specific self-organization occurring
during aniline polymerization and ceasing after its termination.

Recent studies have clearly shown that ability for self-organization of polymer chains is
inherent to PANI (Huang & Kaner, 2006). The mechanism of formation of PANI
supramolecular structures is common regardless of the results (thin films, stabilized
colloids, precipitated particles of one-, two- or three-dimensional structure). Self-
organization processes are the logical continuation of molecular reactions of synthesis
allowing to explain the formation of a given type of morphology under different
experimental conditions.
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7.2. Mechanism of polyaniline self-organization during the synthesis

The suggested mechanism of PANI self-organization is based on the concepts of adsorption
and agglomeration of nucleates (phenazine rings) (Sapurina & Stejskal 2008). According to
molecular mechanism of synthesis, oxidation in pH range 2.5 - 3.5, as well as the initial step
of oxidation at pH < 2.5, yields aniline oligomers having cyclic phenazine structure. It is
known that phenazines are planar aromatic rings with high m-electron density. Phenazines
are insoluble in aqueous reaction medium and tend to adsorb to surfaces and agglomerate.
Phenazine adsorption occurs at the expense of m-electron interaction (one of the most
energy-consuming types of physical bonds). Its energy is much higher than that of common
van der Waals forces, it is comparable with hydrogen bond energy and estimated to be tens
of kcal'mol! (Hoeben et al. 2005). Phenazines are planar aromatic structures belonging to the
class of discotics. They are prone to crystallization with the formation of stacks and one-
dimensional columns or two-dimensional planar templates. Intermolecular binding leading
to the formation of columns occurs due to m-m interaction between aromatic rings. The
processes of regular assembly of phenazine heterocycles are the most energetically
favorable. However, they are not always realized during the synthesis and may give way to
the formation of chaotic spherical agglomerates. We suppose that regular and chaotic types
of phenazine ring agglomeration create different types of templates which then give rise to
polymer chains. This hypothesis allows to explain the formation of various PANI
supramolecular structures and gives insight into a number of important properties of the
polymer.

7.3. The interrelation between processes of formation of PANI supramolecular
structures and molecular reactions of PANI synthesis

The process of formation of polyaniline supramolecular structures corresponds to the paths
of molecular reactions. In common with molecular reactions, it depends on pH of reaction
medium and oxidation potential of oxidizing agent. Let us consider general rules of
formation of supramolecular structures under different experimental conditions.

7.3.1. The role of acidity and oxidation potential
7.3.1.1. Oxidation at pH > 2.5

In alkaline media, aniline oxidation leads to the formation of oligomers with heterogeneous
molecular structure and molecular masses of 3 000 — 5 000; these chains are little capable of
self-organization. Oligomer chains are poorly soluble in alkaline medium, and, therefore,
during oxidation, trivial aggregation and precipitation of amorphous structures occur. These
heterogeneous oligomers form amorphous precipitate (Fig.4e; 6), inhomogeneous films
possessing low adhesion to the surface and micro- and nanospheres (Fig 4a). The reason for
the formation of spheres is a poor solubility of aniline at high pH and the conditions
peculiar to emulsion polymerization (Sapurina & Stejskal 2010). In alkaline medium, aniline
is present in the non-protonated form and hence poorly soluble. It exists as droplets in the
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reaction medium. These droplets may be stabilized by anions or surfactants present in the
solution; consequently, microemulsions or nanoemulsions with sufficiently narrow particle
size distribution appear. The oxidation proceeds mainly on the surfaces of droplets; they are
covered with a layer of oligomer, but can contain the non-consumed monomer in their
internal areas. In this case, hollow spheres are formed (see Fig.16). After addition of acid to
the solution, the majority of products obtained in alkaline medium dissolve (as a result of
protonation of nitrogen-containing structures). Most of these products are also soluble in
organic solvents, such as chloroform, tetrahydrofuran, alcohols (Laska & Widlarz, 2005).
Oligomers do not retain their initial morphology under heating; they melt and form
monolith (Stejskal & Trchova 2012).

In going to neutral or weakly acidic media, molecular mass of oligomers decreases, and the
content of phenazine rings rises. Oligomers become more homogeneous in composition and
are prone to crystallization and self-organization. Products of oxidation in weakly acidic
media demonstrate planar two-dimensional or one-dimensional morphology (Fig. 4b, f; 8a).
These are particles like plates and bands or thombic micromats and sticks (Fig 12d). We
suppose that they are formed as a result of assembly of phenazine columns, as well as tri-
and tetramers containing phenazine rings. Two-dimensional and one-dimensional
structures differ in durability. Bands and plates with rather weak bonds between
phenazines lying in one plane tend to dissolve at pH < 4 and rearrange to form fibers (Yu et
al., 2011). At low pH, two-dimensional morphology is not formed; one-dimensional
structures with interactions at the expense of more strong m,m-overlapping of adjacent
planes prevail.

In the pH range 2.5 to 3.5, the majority of oligomers are phenazines insoluble in water.
Compact phenazine molecules of the same type organize into particles of certain geometry.
The materials obtained within this pH range possess the highest degree of crystallinity
(Prathap & Srivastava. 2011). Here one-dimensional structures (needle-shaped crystallites
with smooth surface or fibers which, as a rule, are assembled into more complex formations)
prevail (Fig.8b). They consist of columns made of phenazine nucleates which have not yet
started growing polymer chains. The formation of all types of oligomers proceeds at low
oxidation potentials (starting from +0.4 V) according to oligomerization pattern, i.e.,
oxidation of reactive deprotonated form of aniline. Therefore, the reaction may proceed
under the action of weak oxidants. Due to the absence of polyconjugation, these materials
demonstrate low conductivity (< 10 S-cm™).

7.3.1.2. Oxidation at pH < 2.5

At pH < 2.5, in the initial stage of the synthesis, as well as in the 2.5 — 3.5 range, phenazine
nucleates of the same type are formed. There are no long oligomers of heterogeneous
structure in this case. Aggregation of phenazines leads to the formation of template of future
polymer particle, its shape being programmed in the first stage of synthesis. When the
induction period is completed, nucleates start to grow polymer chains and reproduce shape
of the template. In spite of the presence of only one type of nucleation centers, the structure
of future PANI may vary. In this case, structure is determined by the conditions of self-
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organization of phenazine nucleates. At pH < 2.5, type of supramolecular structure depends
on the duration of induction period (the stage of formation, accumulation and self-
organization of nucleates). The long induction period favors organized assembly of
phenazine into columns and is followed by the growth of one-dimensional structures, while
short induction period resulting in fast “germination” of nucleates leads to chaotic
agglomeration of nucleates and formation of spherical PANI particles (Sapurina & Stejskal
2012).

The use of a strong oxidant (e.g., persulfate) which initiates fast “germination” of nucleates
and does not allow them to reach concentrations sufficient for assembly leads to the
polymer assembled from granules (Fig.12c). In the presence of weak oxidants, when
induction period is long, and phenazine cannot “germinate”, mainly one-dimensional
structures are formed (Fig.12a, b). The frames of hierarchical and one-dimensional
structures are single phenazine columns or groups of columns assembled into more
complex agglomerates. Phenazine agglomerates start growing polyconjugated chains under
the action of a strong oxidant with a potential higher than + 1.05 V. In the absence of this
oxidant, the transition occurs under the action of oxygen (+1.23 V).

Growth of polyconjugated chains leads to the formation of conducting material possessing
properties of organic semiconductor. Supramolecular PANI structures were shown to be
very stable; they are not destroyed during polymer carbonization and apparently soluble
only in N-methylpyrrolidone. Carbonization of PANI does not lead to melting, as opposed
to that of oligomers. The structure of one-dimensional and three-dimensional particles is
retained, although their dimensions decrease (Zhang & Manohar 2006). We suppose that
high energy of binding of initial phenazine fragments and interchain interactions cause high
stability and low processability of PANL

7.4. The condition of different types of supramolecular structures formation

All supramolecular structures were discovered accidentally when refining the methods of
PANI synthesis. The combination of synthesis parameters leading to the prevalence of a
certain type of PANI particles is called “method of the synthesis of a supramolecular
structure”. In the literature, special consideration is given to obtaining one-dimensional
structures in the absence of any structuring template. Methods of synthesis of PANI fibers
and tubes were developed by different researchers under different experimental conditions.
Let us consider experimental conditions of different methods in terms of the suggested
mechanism of formation of one-dimentional supramolecular structures. According to the
mechanism, type of PANI supramolecular structure should be determined by the duration
of induction period. Long induction period favors organized assembly of phenazines and
formation of one-dimensional structures, while short induction period followed by fast
“germination” of phenazines leads to chaotic agglomeration and formation of spherical
particles. Analysis of synthesis conditions and polymerization process shows that this rule
works for the following methods known from the literature.
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The dilution method (Zhang et al 2006). Polymerization of aniline is performed under the
action of persulfate at pH < 2.5 and at low concentrations of reactants (< 0.001 mol-L).
Conducting PANI has the morphology of fibers several tens of nanometers in diameter
and several micrometers in length. Here, long induction period (the stage of
accumulation of phenazine nucleates) is observed, since at low concentrations of
reactants, rate of nucleate “germination” decreases.

The method of soft templates (Ding HJ et al 2008). Polymerization of aniline is performed
in the presence of weak organic acids under the action of both strong and weak
oxidants; concentrations of reactants are higher than 0.1 mol-L-!. Nanofibers and
nanotubes with external diameters of 50-500 nm and lengths of up to 10 um are
produced. In the presence of weak organic acids, the initial acidity of the reaction
mixture is above pH 3. Thus, the reaction conditions enter the pH interval from 2.5 to
3.5, where the rate of aniline oxidation is dramatically reduced, and long induction
period is observed. Under these conditions, reactions of chain growth are reduced and
only slow accumulation of phenazine nucleates takes place.

The method of decreasing pH (Stejskal et al 2010). Polymerization of aniline (> 0.1 mol-L)
proceeds under the action of different oxidants at low concentrations of strong acids or
in the absence of any acids. Polymerization yields nanofibers and nanotubes with
external diameters of 50-200 nm and lengths of up to micrometers. Equivalent to soft
templates method at low concentrations of strong acids or in the absence of any acid
oxidation falls within the acidity interval with pH > 2.5 characterized by slow
accumulation of nucleates.

The method of polymerization at the interface (Huang & Kaner, 2006). Polymerization
proceeds at the interface of organic phase containing aniline (> 0.1 mol-L"') and aqueous
phase containing an oxidant (persulfate, Fe*3). The reaction is carried out in the presence
of acids dissolved in one phase. PANI nanofibers grow at the liquid-liquid interface
separating the reactants. There are two reasons for the formation of PANI nanofibers at
the interface between immiscible liquids: (1) decrease in medium polarity at the organic
solvent/water interface and suppression of protonation of nitrogen-containing
structures (which is equivalent to increase in pH and going to the acidity interval pH >
2.5, where slow accumulation of nucleates occurs); (2) decrease in polymerization rate
which is limited by diffusion of reactants at the interface (which is equivalent to
dilution).

The method of mixed solvents (Zhou et al, 2007). Aniline (> 0.1 mol-L) is oxidized with
persulfate in the mixed water/alcohol medium in the presence of acids. The reaction
gives PANI fibers. Similarly to polymerization at the interface, dilution of water with
organic solvent leads to decrease in medium polarity. This process suppresses
protonation of reactants, and the reaction falls within the acidity interval with pH > 2.5
characterized by slow accumulation of nucleates.

Methods based on cycling of electrical potential or on galvanostatic technique (Guo & Wang.
2008; Gao & Zhou 2007; Molina et al, 2010). Polymers are produced during the electro-
oxidation of aniline at pH < 2.5 in the galvanostatic regime or during potential cycling
when the initial potential of more than +1.05 V is reduced down up to negative values.
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Nanofibers or a network of nanofibers are formed on an electrode. Decrease in
oxidation potential suppresses “germination” of phenazine nucleates and promotes
accumulation of these nucleates.

e Methods of weak oxidants (Sapurina & Stejskal 2012). The methods are equivalent to
electrochemical techniques.

o The method of catalytic additives of aromatic diamines with para-structure.(Tran et al., 2008)
Polymerization of aniline (> 0.1 mol-L') proceeds under the action of persulfate at
pH< 2.5 in the presence of catalytic amounts of para-semidine, para-phenylenediamine
etc. Shortening of induction period leads to the presence of higher fraction of one-
dimensional structures (fibers) in the products. This method is the only known
exception to the general rule. Apparently, introduction of diamines leads to changes
in nucleate structure and fast accumulation of high concentrations of nucleation
centers (according to the Scheme 9) promoting the formation of one-dimensional
templates.

In all cases, decrease in temperature favors processes of self-organization of phenazine rings
into columns and decreases fractions of other morphology types, while increase in acidity
results in transformation of one-dimensional structures into granules.

7.5. Stages of self-assembly occurring in the course of PANI synthesis

At pH<2.5, synthesis of PANI involves two steps: induction period and growth of polymer
chains. The process of formation of supramolecular structures also may be divided into two
stages; we term these stages “nucleation period” and “period of polymer formation”. These
phases fully coincide with the steps of molecular synthesis; let us examine the processes
included in these steps.

7.5.1. Induction (nucleation) period

In acidic media (at pH < 2.5) conducting PANI (emeraldine) can be obtained as an insoluble
precipitate or nanolayer on template surface or dispersion of polymer in aqueous (or
organic) phase. Polymer particles included in these formations may have various
morphologies (granular, one-dimensional or dendroid). How are all these structures
formed? The induction period (formation of insoluble cyclic dimers) is at the same time
nucleation stage (i.e., adsorption and association of phenazine nucleates and creation of all
types of supramolecular structures). Adsorption of nucleates onto support leads to the
formation of PANI films and adsorption onto stabilizer carrier to formation of colloidal
particles (Stejskal & Sapurina, 2005). Association of phenazine oligomers results in the
appearance of templates of presepitate (Scheme 11).

While phenazine aggregation in reaction medium depends only on synthesis conditions,
formation of films and colloids is influenced by the nature of support and carrier. Analysis
of literature shows that morphology of thin films and colloidal PANI particles is formed in
accordance with the concept of selective interaction between phenazine and suface:
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e PANI films grow more actively on negatively charged “anionic” surfaces than on
positively charged “cationic” ones (Onoda et al 2006; Shinkai et al 2005).

e The rates of PANI layer growth on hydrophobic templates are higher than those of
growth on hydrophilic materials (Onoda et al, 2006; Shinkai et al 2005).

e PANI morphology depends on hydrophilicity/hydrophobicity of the template. Films
with homogeneous thickness are formed on hydrophobic surfaces, while on
hydrophilic templates, island-like films or polymer layers with rough profiles are
grown (Scheme 11) (MacDiarmid 1997).

(@) (b) (©)

Scheme 11. Agregation of phenazine nucleates: (a) chaotic agglomeration b) formation of two-
dimentional and c) one-dimentional templates.

Peculiarities of film growth and morphology of these films can be explained by the fact that
phenazine nucleate is a hydrophobic organic base. As a base, it interacts strongly with
anionic sites and is distributed more uniformly on hydrophobic surfaces. Specific influence
of magnetic materials and magnetic field on the growth of PANI film was also revealed.
Particularly, some authors observed preferential growth of polymer layer on the boundaries
of ferrite domain walls (Fig.13) (Babayan et al. 2012), change of film morphology under the
action of magnetic surface, influence of magnetic field on the rate of film formation and its
structure (Cai et al. 1997; Ma et al. 2008). The above-listed phenomena may be related to
magnetic cation-radical nature of phenazine nucleates showing up under the conditions of
synthesis.

The influence of dispersed forms of carrier favoring the formation of PANI colloidal
dispersions is also very specific. Depending on the chemical nature of the carrier, it can
accelerate aniline polymerization; the more its surface area, the higher the polymerization
rate (Stejskal et al. 2003). According to the molecular mechanism, nucleation stage proceeds
at low oxidation potential, but culminates in the energy-consuming stage (addition of first
monomer unit to phenazine). Certain types of carriers are able to activate phenazine rings
and accelerate their “germination”. Activating carriers include ferrites and carbon materials
(soot, graphite, carbon nanotubes). In the presence of these additives, induction period can
be considerably shortened, and polymerization rate increases many times (Konuychenko et
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al. 2006b; Babayan et al. 2012). It was also established that on electrodes made of carbon
materials, aniline polymerizes at lower potentials than on platinum electrode (Matsushita et
al. 2005). Apparently, in the case of carbon electrode, activation takes place due to the
influence of m-electron structure of carbon on m-electrons of phenazine rings, and in the case
of ferrites, activation is caused by magnetic interactions. After addition of first monomer
unit to phenazine, chain growth proceeds with a relatively low oxidation potential. Thus,
“germination” is an “energy barrier” between nucleation stage and the stage of polymer
formation. After the start of chain growth, nucleation is virtually terminated. Polymer is
formed on the basis of the grown nucleation centers.
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Figure 13. Thin PANI film with a «<honeycomb» structure that repeats the microstructure of ferrite

grain boundaries prepared on the surface of MnZn ferrite by in-situ polymerization

(@) (b)
Scheme 12. The formation of PANI supramolecular particles of 3D and 1D morphology and films on
(@) hydrophilic and (b) hydrophobic support.
7.5.2. Synchronous growth of PANI supramolecular structures

The existence of “energy barrier” between nucleation and growth stage has an influence on
polymer morphology. Rather frequently PANI consists of particles of one type with
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practically similar dimensions. Fig. 14 shows spherical particles of PANI colloid and
polymer nanotubes. In both cases, low size polydispersity is observed. This result is due to
the fact that all growth processes proceed under similar conditions and during similar
periods of time, i.e., growth starts and ceases simultaneously for all particles. With the start
of growth reaction, nucleation is terminated, and new nucleation centers are not supplied
any more. Only nucleates which have had sufficient time to start growth can now take part
in propagation. Reaction is completed also synchronously after one of reactants is
exhausted. All these processes are responsible for the fact that in the absence of secondary
aggregation, PANI particles with a very narrow size distribution are formed. Polydispersity
of spherical colloidal particles and globules comprising PANI precipitate is 1.05 — 1.1
(Stejskal et al.1996) Nanofiber diameters and nanotube wall thicknesses also have narrow
size distributions.

Figure 14. PANI colloidal particles a) and PANI nanotubes b) with low polydispersity of particle size.
Scanning electron microscopy.

7.6. The growth of polymer chains possessing electronic and ionic conductivity

By the beginning of the growth stage, initial fragments of future polymer chains are already
associated or attached to the surface, and the foundations of supramolecular “architecture” of
PANI are laid. During exothermic growth reaction, templates (aggregated phenazine
nucleates) which have added monomer units proceed to increase polymer mass at a high rate.
The growth of PANI and other conducting polymers is dramatically different from the well-
known propagation of dielectric polymers. Conducting polymer grows not as an individual
chain, but as a conglomerate of chains possessing electronic and ionic conductivity (Blinova et
al. 2007). During the growth process, both monomer and oxidant are soluble, i.e. dispersed at
the molecular level. At the same time, growing chains are agglomerated; they are already
bound at the expense of interactions between phenazine nucleates and/or between phenazine
nucleates and the surface and therefore “feel” each other.

Molecular weight of the polymer increases in the following manner (Scheme 13). Oxidant
oxidizes one terminal amino group in agglomerate of polymer chains. Positive polaron
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generated after oxidation is easily delocalized within the whole agglomerate and stabilized
by mobile acid anion. Oxidation sites created by oxidant are redistributed within the whole
conducting particle and minimize its energy. This redistribution determines the following
additions of monomer units. Addition of monomer unit may occur not in the point where
interaction with oxidant took place. PANI particle takes part in redox interaction as a single
entity (Sapurina & Stejskal, 2008; Stejskal et al. 2010). Conducting polymer propagates as a
self-organizing agglomerate of polymer chains; these chains response to oxidation/reduction
processes as a single object and control shape of polymer particles. Cooperative interaction
between oxidant, polymer particle and monomer increases probability of the process
manifold and serves as a factor accelerating polymerization (the so-called
“autoacceleration”).
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Scheme 13. Mechanism of heterophase PANI growth involving electronic and ionic transport
processes (see text).

7.7. Peculiarities of formation of three-dimensional and one-dimensional
structures

PANI granules, as well as spheres, belong to three-dimensional formations, but their
structure and properties differ dramatically. Spherical shape is created by aniline droplet
which turns into an agglomerate of non-conducting oligomers after oxidation. The basis of
conducting granule is a chaotic cluster of phenazine nucleates which has initiated growth of
regularly packed polyconjugated chains.

The formation of granules proceeds according to the diffusion-limited aggregation
mechanism. Initial phenazines form a cluster, and this cluster starts growth of
polyconjugated chains. Then, the second cycle of cluster-cluster diffusion-limited
aggregation may take place, and a particle resembling blackberry is formed. The second
cycle is observed in the beginning of the propagation step and inherent to particles which
are not bound with surface. Apparently, this process is caused by growth of polymer chains
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and changes in surface properties of the initial cluster and, therefore, its interactions with
medium. “Granule” is a common term for a particle assembled from clusters. In the course
of the propagation step, granule grows at the expense of increase in dimensions of
individual clusters, while the number of clusters in the particle remains constant. The cluster
is a sphere; the granule has a quasi-spherical shape. In the final stage of the synthesis,
insoluble granules aggregate to form micrometer-size particles of irregular shape (Spivak et
al. 2010).
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Figure 15. Hierarhical structure of PANI granules. a) SEM image, b) Atomic Forse microscopy.

Similarly to granules, one-dimensional structures (fibers and tubes) grow in the course of
propagation. Individual column of phenazine nucleates may serve as a template for fiber
growth. The presence of larger initial template is necessary for tube growth; this template
should shape the inner cavity of polymer nanotube. Depending on synthesis conditions,
templates may vary. The most frequently observed templates are crystalline oligomers of
aniline forming tubular needle-shaped structures (Stejskal et al. 2006). However, PANI tubes
with square and rectangular cross-sections were also obtained; these structures arise with
the participation of inorganic crystals (Ding et al. 2009). Template should not necessary be
one-dimensional and have the length corresponding to tube size. In the propagation step,
lengthening of fibers occurs, and, by analogy with fibers, tube length also increases with
retaining the initial shape of this tube. We suppose that during growth, central rod of one-
dimensional structure lengthens at the expense of build-up of new cyclic oligomers.
However, the formation of phenazine rings occurs not in the solution, but directly on the
surface of butt end of growing fiber or tube. In essence, this process is analogous to growth
of organic single crystal. It is less energy-consuming than formation of new phenazine sites
in solution and occurs at lower oxidation potential (Sapurina & Stejskal 2008).
Simultaneously, wall thickness also increases. Polymer chains arising in heterogeneous
medium are regularly organized and interact with adjacent chains via hydrogen bonds.
Apparently, the outer diameter of lengthening one-dimensional structure is controlled by
the fact that the wall-forming chains “feel” their environment. The whole system, in
common with crystal, controls its dimensions during growth.
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Heterophase growth of polymer particles (involving processes of electronic and ionic
transport of oxidation sites) allows to reach high level of self-organization. With that, a
certain shape of particle (from spheres with clear boundaries to tubes with definite
diameters) is formed. One is tempted to compare oxidative polymerization of aniline with
the processes of nucleation and growth of crystals. Slow and energy-consuming stage of
formation of initial crystallites occurs in solution. The subsequent crystal growth proceeds
directly on the surface of a crystallite and develops very fast. Just as crystallite surface
catalyzes processes of “assembly” of crystal structure, redox-active conducting polymeric
agglomerate catalyzes and organizes assembly of monomer units.

To summarize the section devoted to stages of assembly of PANI supramolecular structures
and influence of oxidation potential and pH of reaction medium on PANI morphology, we
should note the following points. The formation of uniform phenazine nucleates always
leads to high supramolecular order (be it organization of oligomers or polymer chains). In
contrast with the case of oligomers of heterogeneous structure, there are no amorphous
formations. The assembly proceeds according to reactions of molecular synthesis.
Supramolecular architecture of conducting PANI laid down in the induction period (during
organization of phenazine rings) is fixed and completed in the propagation step during the
formation of hydrogen bonds between regularly packed polymer chains. These types of
intermolecular interactions are the basis of a diversity of supramolecular PANI structures.

8. The principle of organization of PANI supramolecular structures

Comparison between different types of PANI supramolecular structures obtained under
similar experimental conditions reveals many common features. Not only particles of one
type (e.g., granules) have similar dimensions; linear dimensions of structures of different
types also coincide. Thus, in one reaction vessel, PANI films and colloids may be obtained
simultaneously (or films and granular precipitate). Radii of colloidal particles are equal to
film thicknesses, dimensions of precipitated PANI granules are also in good agreement with
the thicknesses of films (Riede at al. 2002; Sapurina et al 2002). Thickness of nanotube walls
is always identical to radius of fibers and simultaneously equal to thickness of walls of
nanospheres obtained in the same experiment as one-dimensional structures (Fig.16). These
facts indicate that all the supramolecular PANI objects have common structure. The
correspondence between linear dimensions of supramolecular objects (film thickness,
thickness of polymer tube wall, fiber radius) and molecular mass of PANI forming a given
structure was also revealed. Moreover, thickness of an object coincides with the length of
stretched polymer chain (when calculation of chain length was performed with regard for
zigzag structure (Sapurina et al 2002) and with the use of experimentally established
number-average molecular weight of polymer).

Experimental data concerning correlation between linear dimensions of different types of
supramolecular structures and dependence between dimensions and molecular mass of
polymer can be explained by the hypothesis that PANI structures are organized on the
principle of radial arrangement of polymer chains. In spherical particles, polymer chains
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radiate from the center. Fibers and walls of PANI tubes consist of polymer chains organized
perpendicularly to the axis of one-dimensional structure, and PANI films attached to a
surface have a structure of polymer brush . This type of organization may be promoted by
diphilic nature of growing chain. PANI chain consists of cyclic nucleate and linear “tail”.
Under synthesis conditions, phenazine nucleates are deprotonated, and, being deprotonated
nitrogen-containing structures, they are hydrophobic. At the same time, growing polymer
chains are protonated and hydrophilic. Naturally, hydrophilic chains grow mainly towards
aqueous phase, and away from hydrophobic nucleate. Diphilic “nucleate-chain” structure
resembles micelle-forming surfactant molecule, with the difference that hydrophobic
fragments of PANI chains are strongly attached to each other or a surface.

Figure 16. PANI nanotubes and nanowires together with hollow PANI spheres. (TEM image)

9. Supramolecular structure of polyaniline - The model of
inhomogeneous metal

Since the end of the 1980s, mechanism of charge transport in conducting polymers has been
studied with the use of four representatives of this class (polyacetylene, polyaniline,
polypyrrole and polythiophene) as examples (Skotheim, 2007). All these conducting
polymers demonstrate similar features. In the doped conducting form, they possess
comparatively low conductivity (less than 102 S-cm™ and 10* S:em™ for polyacetylene)
characteristic more of semiconductors than metals. Activation character of temperature
dependence of conductivity is also typical for a majority of samples. At the same time, the
data obtained in the studies of magnetic, optical, dielectrical properties, as well as
thermopower, indicate the presence of conduction electrons in doped polymers. Thus,
polymers demonstrate dual character and reveal properties of both semiconductors and
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metals. Low charge carrier mobility (10" — 104 cm?-V-1-s! for PANI (Harima et al., 2001) and
their high concentration (3-10%® spin-g?) comparable with carrier concentration in metals
provide evidence that there are mechanisms of localization of charge carriers in macroscopic
samples.

To explain all these experimental data, the model of structurally inhomogeneous conducting
polymer was suggested; in this model, the sample is considered as an inhomogeneous
metal. The polymer is represented as “a system of conducting islands in dielectric matrix”.
According to the model, crystalline “islands” assembled of regularly packed polyconjugated
chains exhibit metallic conductivity. Charge carrier mobility and polarizability inside this
island are high. However, islands are distributed in a weakly conducting medium which
creates a barrier for charge transport. The medium with low conductivity is a set of separate
transport paths connecting these conducting islands into one common net. This model
presents the best description of properties of conducting polymers, allows to explain
localization of charge carriers and one-dimensional transport which is frequently observed
and corresponds to the linear dependence o = {(T'?) (Epstein et al, 1994; Alechin 2006).

The conductivity of a crystalline island is estimated to be about 10° S-cm?, i.e., 4-6 orders of
magnitude higher than that of a typical macroscopic sample. It was shown that the island
possesses three-dimensional metallic conductivity. Crystalline areas demonstrate rather
narrow size distribution and are uniformly dispersed in amorphous matrix. Depending on
the used method of synthesis, doping and subsequent treatment, dimensions of crystalline
areas may vary from 5 nm to 100 nm (Mazerolles et al., 1999). The level of conductivity of
macroscopic sample is determined by degree of overlapping between boundaries of
conducting “islands” and may vary over wide limits.

In deprotonated polymers, volume fraction of islands is low, but it increases with increasing
degree of doping. Transition from non-doped polymer to doped one demonstrates
percolation character. At the doping degree of 20%, percolation transition occurs, and
conducting paths between metallic islands start to form; therefore, conductivity increases
dramatically. The transport between islands requires activation. With increasing
temperature, activation barriers between conducting elements may be more easily
overcome, and conductivity grows. Changes in conductivity and inductive capacity depend
on temperature and degree of protonation, and this dependence demonstrates fan-like
pattern. Increase in the volume of crystalline island during swelling in organic solvent also
may promote transition of macroscopic sample into metallic state. The suggested model of
“disorganized metal” explains the presence of metallic state in conducting polymers, low
level of macroscopic conductivity and activation-requiring transport in macroscopic sample
(caused by inhomogeneity in polymer structure).

The model of structurally inhomogeneous PANI was proved directly in the experiment.
Inhomogeneous morphology of the polymer, as well as inhomogeneity in the properties of
macroscopic samples, was revealed by X-ray structural analysis, luminescence, ellipsometry,
electron and atomic force microscopy (Leite et al 2008; Lux et al 2003). Crystalline islands
were observed as dense inclusions in amorphous matrix with the aid of high-resolution
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transmission electron microscopy and atomic force microscopy (Mazerolles et al 1999).
(Fig.17). The model of inhomogeneous metal describes properties of conducting polymers
well, but it has a drawback: the reasons for appearance of island structure are not
understood. While molecular structure of polyconjugated PANI chains demonstrates very
high homogeneity, the mechanisms leading to the formation of this considerable
inhomogeneity in structure and properties of macroscopic sample are unclear.

Figure 17. High resolution TEM image of PANI particles of granular structure.

From Mazerolles L, Folch S, Colomban P. Study of polyanilines by high-resolution electron
microscopy. Macromolecules 1999;32:8504-8.

The mechanism of self-organization of polymer chains during doping process is an attempt to
explain the formation of crystalline islands (Zuo et al, 1987; Zuppiroli et al 1994). According to
this mechanism, appearance of polarons in solid phase of polymer is accompanied by
processes of local self-ordering of chains and self-assembly to crystalline island structures,
while disappearance of polarons leads to destruction of polymer islands. The suggested
mechanism of self-organization in the course of doping is beneath criticism. Driving forces of
this self-organization are unclear. The reasons for very irregular “gathering” of polymer chains
in crystalline conglomerate (so that densities of neighbor areas of a sample differ by several
times) are not understood either. According to this mechanism, we have to assume that self-
organization into island structures occurs due to motions of macromolecules in solid polymer.
Therefore, it is difficult to understand how high degree of chain ordering inside island leading
to “metallic” transport is achieved. It is also impossible to explain the extremely high rate of
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self-organization processes. Changes in polymers proceed at the rates corresponding to
mobility of low-molecular weight compounds in liquid phase (doping and dedoping of PANI
may occur with a frequency of up to 30 Hz).

In our opinion, self-organization of PANI with the formation of “island” structures occurs in
the stage of polymer synthesis. The formation of inhomogeneous structure of polymer
proceeds according to the mechanism of heterophase growth of PANI as individual particle
(Sapurina & stejskal 2008). We suppose that the PANI particles formed during
polymerization are the inhomogeneous elements (“island” and its surrounding area).

Let us consider granular structure of PANI. Typical dimensions of spherical PANI clusters are
tens of nanometers; these parameters are in agreement with sizes of conducting islands. The
central part of a particle demonstrates high degree of organization of polymer chains. Similarly
to the “island”, this is a three-dimensional crystal, and it may support three-dimensional
metallic conductivity (Joo et al 1994). On the periphery of a particle, organization is disturbed;
every crystalline island is surrounded by amorphous mantle. This fact explains why at high
degree of polymer crystallinity (60% for PANI) (Stejskal et al 1998) transport mechanism most
often remains activation-dependent. Conductivity of macroscopic sample is limited by
intervals between crystalline zones; here, transport is carried out via transport paths, this being
in agreement with the frequently observed one-dimensional conductivity. Synchronous
growth of particles of one type in the course of PANI synthesis guarantees uniform
distribution of crystallites of the same size within polymer sample.

Behavior of PANI under external influence and during aging also agrees well with the
model “particle — inhomogeneity element” (Travers et al, 1999). Oxidation/reduction,
protonation/deprotonation and thermal aging of PANI result in changes on the periphery of
a particle. These processes first cause response from the Curie spins present in amorphous
zone. As a rule, they do not affect the central area of a particle. Reduction and deprotonation
of emeraldine do not lead to complete disappearance of polarons. Non-conducting forms of
PANI contain unpaired spins (10 spin-g™), as well as acid which stabilizes positive polaron.
It was shown that the content of the Pauli spins (populating crystalline areas) does not
decrease after deprotonation. Loss of conductivity does not cause considerable
reorganization of supramolecular structure (Pouget et al., 1994). The problem of structural
inhomogeneity of PANI is very important, since it is the heterogeneity on supramolecular
level that limits conductivity of polymers.

10. Concluding remarks

This review attempts to consider synthesis of PANI from a general viewpoint, starting with
molecular reactions and assembly of supramolecular structures and ending with
comparison between general concept of synthesis and the model of inhomogeneous metal
explaining properties of conducting polymers. The information is presented succinctly, and
we have no opportunity to give experimental proof of different points, but it can be found in
the given references.
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Apparently, PANI synthesis is not unique. Similar regularities are observed during
synthesis of other conducting polymers by oxidative polymerization. During oxidation,
pyrrole, thiophene and their derivatives demonstrate dependence between their properties,
pH of reaction medium and oxidation potential; they are self-organized in the course of
synthesis and form different types of supramolecular structures. There are reasons to believe
that, similarly to PANI, high selectivity of synthesis and formation of polyconjugation in
other polymers are related to the presence of excess positive charge on the growing chain.
Evidently, the formation of aggregates between growing chains of conducting polymers
involves electronic and ionic transport. Processes of molecular synthesis and assembly of
supramolecular structures determine properties of conducting polymers. Understanding
these processes would allow us to obtain materials with better characteristics.
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1. Introduction

The design of new energetic molecules is based on compounds exhibiting a high density
and an elevated heat of formation. These fundamental properties, achieved through the
presence of numerous nitrogen atoms and/or explosophoric groups, ensure high
performance levels that can be useful in target applications such as explosives, propellants
or gas generators.

The same basics also apply when considering the use of polymers, instead of single
molecules, as energetic ingredients. However, the quest for high densities and heats of
formation appears somewhat more challenging in the case of polymers, since the
polymerization process often requires specific chemical functions that may be detrimental
to the desired energetic properties. Currently, the most commonly used polymers in the
field get their energetic content only from explosophoric groups: NO: for
polyNIMMO (polynitratomethyl methyloxetane) or polyGLYN (polyglycidyl nitrate), N
for GAP (glycidyl azide polymer), to name a few. This survey gives an overview of
research efforts that have been devoted to the synthesis of macromolecules with high
nitrogen contents. Such a unique property is expected to produce materials with
particularly elevated heats of formation, thus making them very valuable in the field of
energetic compounds.

Azaheterocycles are obviously suitable scaffolds for achieving nitrogen-rich polymers.
Tetrazole-, tetrazine-, triazole- and triazine-based materials are considered here. Three
methodologies have been identified as the main routes for obtaining the target polymers:
polymerization of vinylazaheterocycles, incorporation of the desired azaheterocycle in a
preformed macromolecular architecture and polycondensation.

I NT EC H © 2012 Pasquinet, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Tetrazole-based polymers

2.1. Polymerization of vinyltetrazoles

During the last decade, two major papers have reviewed the synthesis and polymerization
of vinyltetrazoles, and together they present an extensive literature coverage [',].

2.1.1. Synthesis of C-vinyltetrazoles

Polymerization of the starting and/or target vinyl compound is a major concern in the
reaction of acrylonitrile with sodium azide leading to C-vinyltetrazole (5-vinyltetrazole) 2
Masking of the double bond of acrylonitrile 1 through addition of dimethylamine [*] or
hydrogen chloride [*] circumvents this problem and renders the process more efficient
(Figure 1).

1) NaN3
/\ HCI or NHMe, 2) Elimination
/ o v\ > HN\ /N
N=—7—N
1
X =Cl, NMe, 2

Figure 1.

2.1.2. Synthesis of N-vinyltetrazoles

Two main strategies have been used for the synthesis of N-vinyltetrazoles. The first one
involves alkylation of the tetrazole N-H with a functionalized ethyl chain, followed by
elimination. The second one is the catalyzed direct vinylation with vinylacetate or
butylvinylether. Recently, a variant of the first approach, using dibromoethane as the
alkylating agent, has been developed [*]. This method appears now as the method of choice,
since it is a one-step, high-yielding procedure that only needs readily available, non-toxic
chemicals. In the majority of cases, a mixture of 1- and 2-vinyltetrazole are produced and
selectivity depends on the 5-substituent (Figure 2).

R

A
\N_N/
)\ X//: Hal toyl \ )R\ j\
/

N BrCH,CH,Br / NEt;

/

—N

OR / Catalyst

R = Ac, nBu

Figure 2.
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2.1.3. Synthesis of divinyltetrazoles

Following the above-mentioned strategies, divinyltetrazole compounds have been obtained.
Vinylation of 5-vinyltetrazole gave a mixture of 1,5- and 2,5-divinyltetrazole 3a-b in a 1/2.3-
2.4 ratio [% °]. In the vinylation of 5,5-methylenebis(2-vinyltetrazole) 4, only 2 of the 3
possible isomers were isolated, as the 1,1’-divinyl compound was not detected [°]. Such
divinyl products could be useful as nitrogen-rich cross-linkers (Figure 3).

N Zoac
HN N > 1,5 isomer: 30%
\ L / He(OAC), - BF; OFt, //\ / 2,5 isomer: 70%
N—/—N N—N
52%

H
N N N N
/ \”/\H/ \ BrCH,CH,Br / NEty /\/ \]/\]/ O llstlylated yielgi/:
,1" isomer:
N\\ _—N //N NON N /N 1,2" isomer: 20(‘%
N

N\N N ~y 2,2" isomer: 30%
Figure 3.

2.1.4. Polymerization of C-vinyltetrazoles

5-Vinyltetrazoles are readily involved in free-radical polymerization (Figure 4). A
comparison between C- and N-vinyltetrazoles shows that the former are more active in such
processes. A number of reaction media have been used for the polymerization of 5-
vinyltetrazoles, and it was shown that the activity was enhanced in more polar solvents,
especially in water. Molecular weights also increased in aqueous systems. This trend
prompted a polymerization study in ionic solvents. Of the various ionic liquids (ILs) tested,
only 1-methyl-3-propylimidazolium bromide gave rise to decent yields. Other ILs gave low
yields or even decomposition of the tetrazole ring [7].

=

radical polymerisation
N Ny N N
\_/ \_/
N=—/™N N=—/™N
2 6 583%N

Figure 4.

Poly-5-vinyltetrazole 6 contains 58.3% nitrogen, which clearly makes it a high-nitrogen
compound. However, it seems that its N-vinyl congener has been favored for industrial
applications.
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2.1.5. Polymerization of N-vinyltetrazoles

Figure 5 presents the most interesting polymers obtained in terms of nitrogen-content or
expected energetic output. To the best of our knowledge, polymerization of 5-nitro-1-
vinyltetrazole® is unknown. However, 1-vinyltetrazoles are generally readily polymerized in
free-radical conditions, with water as the solvent of choice. The activity depends on the
nature of the 5-substituent. For example, 5-amino-1-vinyltetrazole 7 is less active than the
unsubstituted compound due to the electron-donating character of the amino group [*1].
Unusually, yields of poly(5-amino-1-vinyltetrazole) 8 are slightly higher in N,N-
dimethylformamide (DMF) than in water. Recently, emulsion polymerization gave porous
monoliths of the corresponding so-called ‘polyHIPEs’ of 8, exhibiting remarkable
mechanical properties ['].

The synthesis and polymerization of 5-(methyl)hydrazino-1-vinyltetrazole 9 have been
described. It was necessary to add the initiator (AIBN) in several portions to enhance the
conversion of the starting vinyl compound. However, while 9b (R = Me) yielded 85% of the
corresponding polymer 10b, the yield of 10a from 9a (R = H) was limited to about 25-30%
and the degree of polymerization was very low. The synthesis of the very nitrogen-rich
azide-functionalized polymer 11 was attempted through diazotization of 10a. However,
elemental analyses were unsatisfactory because of partial decomposition of the
tetrazolylhydrazine moieties ['?].

/ n K n
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9b: R =Me Meas. 61.4%N (calc. 66.6%)
10b: R = Me (85%)
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Figure 5.

The different examples cited herein highlight the high nitrogen content of
polyvinyltetrazoles and their prospects as energetic compounds. In 2003, a pilot-plant
production of polyvinyltetrazoles was started in two companies in Russia.

2.2. Incorporation of tetrazole via polymer-analogous transformation

It is well-known that tetrazoles can be obtained by addition of an azide onto a cyano
derivative. This method was applied to polyacrylonitrile (PAN) in order to synthesize
poly(5-vinyltetrazole) (Figure 6).
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When using NaNs/NH:Cl], it was shown that higher temperatures and molecular weights of the
initial PAN resulted in a higher incorporation of tetrazole moieties in the polymer ['*]. Thus, at
105°C, a PAN with a Mw of 180,000 g/mol was almost completely transformed in the
corresponding poly(5-vinyltetrazole) (tetrazole units: 97.5%). The tetrazole content was estimated
by 2 independent methods: weight measurements and acid-base titration. According to the
authors, this poly(5-vinyltetrazole) synthesis using polymer-analogous transformation is
advantageous since there is no commercial source of 5-vinyltetrazole and its synthesis is difficult.

Zinc chloride has also been used as a catalyst to carry out the desired transformation [!].
The best components ratio was NaN3/NHsCI/RCN 4/4/1. Infrared and NMR spectroscopies
demonstrated the total conversion of nitrile functions into tetrazoles. In addition to PAN,
other nitrile-containing polymers were succesfully tetrazolated.

Poly(5-vinyltetrazole) for gas generants was also synthesized upon the action of a zinc salt
(ZnBr2) but polymerization was carried out in emulsion in the presence of a surfactant ['°]. A
related patent subsequently extended this water-based synthesis ['¢]. At 115°C tetrazolation
was limited to 70%, but reached 95% at 170°C. Further reaction of the resulting poly(5-
vinyltetrazole) with ammonia yielded the corresponding ammonium salt 12 (Figure 7). The
latter theoretically contains 61.9% of nitrogen and is therefore a promising material for gas
generants. A related triaminoguanidinium salt 13 had been disclosed as early as in 1968 ['7].
Taking into account the 6% of PAN units remaining in the starting poly-5-vinyltetrazole, a
theoretical value of 69.2% of nitrogen was achieved in the salt (Figure 7).
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(containing 6% of PAN)
13 Meas. 69.3% N (calc. 69.2%)

Figure 7.
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All these conditions surpass earlier methods that yielded lower levels of tetrazole
incorporation (see for example ref ['¥]).

Polyvinylchloride (PVC) can also be used as a polymer precursor. Upon reaction with a
tetrazolate anion, the corresponding polyvinyltetrazole is formed (Figure 8). However, this
method seems less practical since partial elimination of hydrogen chloride generates
unsaturated fragments in the final product ['].

N—N
\N M+
N -
N N
7

Figure 8.

2.3. Synthesis of tetrazole-based polymers via polycondensation

5-Chloromethyltetrazole 14 is an interesting substrate as it has both a nucleophilic (tetrazole
N-H) and a highly electrophilic (CH2-CI) center. In the presence of triethylamine as a base,
the tetrazole ring can be deprotonated which gives rise to poly(methylenetetrazole) 15 in
good yields ['%,%] (Figure 9).
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This polyalkylation product is in fact an oligomer, with Mw below 2000 g/mol (ca 15-20
units). With a measured nitrogen content of up to 67.2%, it surpasses polyvinyltetrazole by
almost 10%. In addition, its viscous state is attained at relatively low temperatures, thus
making it a very promising candidate in gas-generating systems. It should be noted that 5-
chloroethyltetrazole can also participate in a similar process. However, polymerization is
slower and yields do not exceed 20%.

The high reactivity of 5-chloromethyltetrazole 14 has been used to graft poly(5-
vinyltetrazole). Upon addition of an excess of 14 and triethylamine, a branched poly(5-
vinyltetrazole) bearing poly(methylenetetrazole) bridges was obtained in yields around
70%. Ten equivalents of 14 produced the best results. Characterization of the polymer
revealed a 6/1 ratio of methylenetetrazole vs vinyltetrazole moieties. The number of
vinyltetrazole units between branching junctions was around 2. Its energetic prospects were
highlighted by a very elevated density of 1.70 and a nitrogen content of 67.9% [*%]
(Figure 9).

A patent describes the polycondensation of various dinitriles with diazides to produce
tetrazole containing polycondensates [?!]. Of these, the most valuable polymer for energetic
applications is the one obtained from dicyanofuroxane 15. Indeed, despite the fact that the
hexamethylene spacer lowers the N content, a high energetic output is expected from the
presence of 2 tetrazole and 1 furoxane rings in the unit of polymer 16 (Figure 10).
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Figure 10.

Isopropyl 2-(5-(1-methylhydrazinyl)tetrazol-1-yl)acetate 17 was polymerized at high
temperature to give the corresponding polycondensate 18 [?2]. The yield was higher when

319
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working at 120°C rather than 140°C, however elemental analyses still showed a lower
nitrogen content than expected (44.9 instead of 54.5%). The presence of low molecular
weight polymers still bearing isopropoxy groups may account for this discrepancy.

The related monomer N-[1-(2-hydroxyethyl)tetrazol-5-yl]-N-methylhydrazine 19 was also
involved in polycondensation processes. With succinyl chloride as the partner, only low
molecular weights could be achieved, and results from elemental analysis were
unsatisfactory. This was ascribed to the protonation of the hydrazino moieties during
polycondensation. More positive results were obtained with hexamethylenediisocyanate but
obviously the resulting polycondensate 20b is less attractive for energetic applications due
to its lower nitrogen content [*]. Another similar polymer was recently described by the
same group [*] (Figure 10).

3. Tetrazine-based polymers

3.1. Polyvinyltetrazines

To the best of our knowledge, monovinyl-1,2,4,5-tetrazines are unknown, and the
corresponding polyvinyltetrazines thus remain elusive compounds. However, the first member
of the vinyltetrazine family, 3,6-divinyl-1,2,4,5-tetrazine 21 has been described (Figure 11).
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Figure 11.

The synthesis was achieved by using the phenylsulfanylethyl group as a masked vinyl
moiety, the latter being the result of oxidation to the sulfone and elimination. Compound 21
was obtained as a volatile, pink oil that solidified in the freezer. Preliminary studies showed
that 21 exhibited a limited stability at high temperatures and in the presence of radicals,
which obviously precludes its use in polymer chemistry. However, 3,6-divinyl-1,2,4,5-
tetrazine can be seen as a tetraaza analogue of the widely used 1,4-divinylbenzene and is
therefore believed to be a useful building block in the synthesis of new tetrazine-based
molecules and materials [*]. Further work is needed to establish the properties and
reactivity of 21. These studies also open the way towards the synthesis of unsymmetrical
vinyl-1,2,4,5-tetrazine compounds that may exhibit improved stability and reactivity in
polymerization conditions.

3.2. Synthesis of tetrazine-based polymers via polycondensation

One of the most convenient ways to construct the 1,2,4,5-tetrazine (s-tetrazine) ring is by
condensation of hydrazine with a diimidate to produce the corresponding 1,2-dihydro-
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1,2,4,5-tetrazine, followed by oxidation. This strategy has been extended to the synthesis of
diverse poly(phenylene-s-tetrazinylene)s by using diimidates. In order to increase the
energetic prospects of such polymers, azahetaryl precursors were considered. However, the
reaction of hydrazine monohydrate with pyridine-2,6-diimidate 22 did not yield the
expected dihydrotetrazine polymer. Instead, the corresponding diamidrazone 23 was
isolated in high yield. It is likely that the insolubility of 23 in THF is responsible for the
uneffective polycondensation reaction. Diamidrazone 23 was used as the monomer in a
microwave-assisted polycondensation to give the poly(26-pyridinediyl-dihydro-s-
tetrazinylene) 24 which was further oxidized to the desired tetrazine polymer 25 using
sodium nitrite/aq. AcOH [*] (Figure 12).
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Figure 12.

Following the same strategy, the previously unknown 1,3,5-triazine-2,4,6-triamidrazone 26
was subjected to polycondensation to yield the hyperbranched polymer 27. In this case,
microwave activation was not necessary. Polymer 27 stands out as the most nitrogenated
tetrazine-containing polymer, even if the measured N content was lower than expected,
presumably due to water incorporation. A density of 1.56 was determined for 27, which is
significantly higher than the value reported for amorphous poly(p-phenylene) (1.11). This
clearly shows how the introduction of nitrogen heterocycles in polyarylene structures is
valuable in the field of energetic materials as it increases this crucial parameter.
Unfortunately 27 was found unreactive to common oxidants, presumably because of its high
insolubility. Only very strong oxidative conditions resulted in the formation of s-tetrazine
rings, but oxidation remained uncomplete (Figure 12).
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The structures of all polymers were confirmed using *C and ®N solid state NMR [%,77].
High-resolution spectra also indicated low amounts of 4-amino-1,2,4-triazole moieties
(coming from the known rearrangement of some 1,2-dihydro-1,2,4,5-tetrazine units).

4. Triazole-based polymers

Synthetic strategies for C-vinyl- and N-vinyltriazoles (1,2,3- or 1,2,4-triazoles) are essentially
the same as the ones presented above for vinyltetrazoles. The preparation and
polymerization of vinyltriazoles have been reviewed in 2008 [?], 2003 [*,%] and 1974 [3].

4.1.1,2,4-Triazole-based polymers

4.1.1. Poly(N-vinyl-1,2,4-triazole)s

Figure 13 presents the most interesting polymers obtained in terms of nitrogen content or
expected energetic output.
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Figure 13.

1-Vinyl-1,2,4-triazole 29 was readily polymerized in free-radical conditions, and the process
was more efficient in the presence of water. However, it was less active than 1-vinyl-1,2,3-
triazole. This trend in activity was found to correlate with the corresponding Hammet
constants [?]. Poly(1-vinyl-1,2,4-triazole) 30, obtained in sufficiently aqueous media, was
essentially insoluble in water or organic solvents. This polymer is a well-established
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compound that may be interesting in numerous applications. Recently, open-cell porous
monoliths of poly(1-vinyl-1,2,4-triazole) cross-linked with a low amount of N,N-
methylenebisacrylamide were prepared (Figure 14). They exhibited interesting mechanical
properties due to the presence of water in the polymer structure, as evidenced by NMR [*2].

Figure 14.

For the synthesis of 3-amino-1-vinyl-1,2,4-triazole 31, the classical transvinylation using
vinyl acetate in the presence of cuprous chloride was ineffective. The product was obtained
through the reaction of acetylene in a basic medium at high temperature [*] (Figure 13). The
presence of the amino group resulted in some changes compared to the unfunctionalized
derivative: the polymerization activity was three times lower, and poly(3-amino-1-vinyl-
1,2,4-triazole) 32 was soluble in water [3]. The nitrogen content was also significantly
improved to 50.9%, with a density of 1.30-1.36 equalling that of polyglycidyl azide.

Poly(3-nitro-1-vinyl-1,2,4-triazole) 35 is also a useful target due to the expected output from
the nitro group. Alkylation of 3-nitro-1,2,4-triazole 33 with dichloroethane followed by
dehydrochlorination gave a mixture of 1- and 4-vinyltriazole. The former (34) was
polymerized in DMF and gave a polymer that was soluble only in highly polar solvents [*°]
(Figure 13).

4.1.2. Poly(C-vinyl-1,2,4-triazole)s

The strategy involving the construction of the vinyl fragment through dehydrohalogenation,
dehydration or deamination is also applicable for the synthesis of C-vinyl-1,2,4-triazoles
[2,%]. Another approach is the use of the Wittig reaction, exemplified below for salts of
poly(C-vinyl-1,2,4-triazole).

4.1.3. Energetic poly(vinyl-1,2,4-triazole)s salts

To further increase the potential of poly(1-vinyl-1,2,4-triazole), protonation with energetic
inorganic or organic acids was investigated (Figure 15). Polymerization of protonated 1-
vinyl-1,2,4-triazole 36 was successful only with the nitric or perchloric acid-protonated
product, since the presence of nitro functionalities in the organic acids tended to inhibit
polymerization. Moreover, only about 70% of the nitrate or perchlorate anions remained
after polymerization. However, radical polymerization of 1-vinyl-1,2,4-triazole 29 in DMF
followed by protonation produced a series of energetic salts of poly(vinyl-1,2,4-triazole) 38.
Elemental analyses established that the molar degree of substitution of anions was between
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48 and 92% [¥]. Thus this process represents a convenient way of improving the
performances of the well-known poly(vinyl-1,2,4-triazole) 37.
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The equivalent work in the poly(C-vinyl-1,2,4-triazole) series is also disclosed in a patent [*].
Salts (e.g., the ammonium salt) of 3(5)-bromomethyl-1,2,4-triazole 39 were converted to the
3(5)-vinyl derivatives 40 following a Wittig-type methodology. Free-radical or cationic
polymerization produced the corresponding salt of poly(3(5)-vinyl-1,2,4-triazole) 41 (Figure
16). This compound has been used as a fuel in gas-generating compositions.
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Figure 16.

4.1.4. Incorporation of 1,2,4-triazole via polymer-analogous transformation

Energetic heterocyclic analogues of the well-known polyglycidyl azide (GAP) have been
prepared via substitution of the chlorine atom of polyepichlorhydrin 42 by the anion of
3(5)nitro-1,2,4-triazole 43-Na [*]. The reaction proceeded in an almost quantitative fashion
(residual chlorine: 0.1-0.4%) when carried out in high-boiling solvents at 100-130°C. Proton
NMR enabled the determination of N-1 vs N-2 alkylation at the triazole ring, and a marked
selectivity (9/1) towards the N-1 substituted polymer was found (Figure 17). The
introduction of sodium azide together with the nitrotriazole salt resulted in a copolymer of
glycidylazide and N-glycidyl-3-nitro-1,2,4-triazole.
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4.1.5. Synthesis of 1,2,4-triazole-based polymers via polycondensation

Among the few 1,2,4-triazole-based condensation polymers known [*], the most promising
as energetic materials are poly(4-amino-1,2,4-triazole)s [*!]. The latter can be commonly
obtained through isomerization of poly(dihydrotetrazine)s 45, following the general scheme
depicted in Figure 18. This process is closely related to the one mentioned in the tetrazine
section of this chapter.
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Figure 18.

Polymer 46-C2 stands out as the most nitrogenated member of this family with a calculated
N content of 50.9%. Even though the first synthesis of 46-C2 dates back to 1954 [¥?], interest
for this polymer or similar derivatives has been maintained for a long time for diverse
applications [*, 4].

Another polycondensate incorporating 4-amino-1,2,4-triazole units has been mentioned in a
patent. The synthesis is based on the simultaneous condensation of 3,5-dihydrazino-4-
amino-1,2,4-triazole 47 and diaminoguanidinium azide 48 with formaldehyde/glyoxal (4/1)
[#]. The exact structure of the resulting polymer 49 is not disclosed but has been claimed to
provide a N/C ratio of 2.3 (Figure 19).
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It should also be noted that 3-amino-1,2,4-triazole can be subjected to electrooxidation to
yield films of the corresponding polymer [*,%]. However, the use of these films seems to be
limited to corrosion protection applications and they obviously cannot be implemented as
energetic materials.

4.2.1,2,3-Triazole-based polymers
4.2.1. Poly(N-vinyl-1,2,3-triazole)s

1-Vinyl-1,2,3-triazole 50 can be classically synthesized via reaction of 1,2,3-triazole with
acetylene in the presence of a catalyst [*¥], or by transvinylation with vinyl acetate [*].
Another possibility is the construction of the 1,2,3-triazole ring through ‘click’ chemistry
between a functionalized azide and (substituted) acetylene, followed by elimination. A
recent synthesis [*’] following this scheme is presented in Figure 20. By using vinylacetylene
in this approach, 1,5-divinyl-1,2,3-triazole 52 can be obtained [*']. 1-Vinyl-1,2,3-triazole itself
is highly active in classical free-radical polymerization [*’] and can also be polymerized to 51
using reversible addition-fragmentation and transfer (RAFT) conditions [*], but 5-nitro-1-
vinyl-1,2,3-triazole 53 [*] is inert in this process (see below).
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Figure 20.
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4.2.2. Poly(C-vinyl-1,2,4-triazole)s

4-Vinyl-1,2,3-triazole 56 has been obtained through 'click' chemistry with different acetylene
and azido derivatives. A recent example describes the use of vinylacetylene 54 and azidomethyl
pivalate 55 as starting materials [*2]. This monomer is also active in radical polymerization [>],
but less than its N-vinyl congener. Poly(4-vinyl-1,2,3-triazole) 57 has also been synthesized by
deprotection of poly[4-vinyl-1(4-methoxybenzyl)-1,2,3-triazole] 58 [**] (Figure 21).
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Figure 21.

4.2.3. Incorporation of 1,2,3-triazole via polymer-analogous transformation

Reaction of the sodium salt of 4(5)-nitro-1,2,3-triazole 59-Na with polyvinylchloride (PVC)
afforded poly(1-vinyl-4-nitro-1,2,3-triazole) 60. By using at least 2 equivalents of 59-Na at
120°C for 1 day, a complete substitution of the chloride functions could be achieved as
demonstrated by elemental analysis showing 39.9% of N (calc. 40.0%) [*°] (Figure 22).

This is the only method rendering it possible to obtain this nitrated polymer since it cannot
be synthesized through polymerization of 1-vinyl-4-nitro-1,2,3-triazole 53. As a matter of
fact, in 53, the nitro group acts as an inhibitor under radical and ionic conditions, which is
apparently not the case for the isomeric 3-nitro-1-vinyl-1,2,4-triazole 34 (see above).

The same chemistry was applied to copolymers of vinylchloride and 2-methyl-5-vinyl-
tetrazole to yield the corresponding nitro-1,2,3-triazole containing copolymers 6la-b.
Copolymer 61a exhibited a measured N content of 47.2%.

Similarly, the salt 59-Na was used to quantitatively substitute the chlorine atoms on
polyepichlorhydrin 42. As in the nitro-1,2,4-triazole series (see above), a mixture of isomers
was obtained, but the selectivity was reversed: the N-2 isomer was the major one (60%) [*]
(Figure 22).

4.2.4. Synthesis of 1,2,3-triazole based polymers via polycondensation

The well-established reaction of an azide with an alkyne, that has been extensively used for
monomeric 1,2,3-triazole compounds, can be further extended to the synthesis of polymers.
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Thus, (azidoalkyl)- or (azidoaryl) acetylenes were polymerized without catalyst to afford
materials that were presumed to contain 1,4- and 1,5-substituted 1,2,3-triazole rings in a
random distribution [*]. The most interesting compound for energetic applications was
polymer 64, obtained from 3-azido-1-butyne 63 (Figure 23).
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Figure 23.

Similarly, an azido-1,3,5-triazine containing propargyl ether was used as the monomer. Of
the different conditions (bulk, solution, with or without catalyst or heating), polymerization
in bulk without catalysts was found to be the best way to minimize decomposition reactions
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and formation of by-products [*]. The hyperbranched product 65 offers an original
combination of both triazine and triazole rings, although the nitrogen content was obviously
lowered by the remaining propargyl ethers moieties .

5. Triazine-based polymers

To the best of our knowledge, vinyl-1,2,4-triazines are unknown. Some poly-1,2,4-triazines
have been obtained by polycondensation [*°], however their nitrogen content is much too
low for them to be considered as energetic materials. This section will thus focus on
polymers containing 1,3,5-triazines (s-triazines), which have been studied for a long time.
Ref [®] is a comprehensive review of earlier work.

5.1. Polyvinyl-1,3,5-triazines

2-Vinyl-1,3,5-triazine 67 [*'] has been prepared from 1,3,5-triazine 66 but it seems that
interest in it faded quickly due to the ease of hydrolysis. 2-Vinyl-4,6-disubstituted-1,3,5-
triazines were claimed to be more stable [¢2].
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Figure 24.

2,4,6-Trivinyl-1,3,5-triazine would also be an interesting compound (as a nitrogen-
containing cross-linker) but the reported yield for its synthesis is poor [*']. In fact, the most
valuable vinyltriazine is 2,4-diamino-6-vinyl-1,3,5-triazine 69, which can be prepared in 2
steps from dicyandiamide 68 [®*]. Compound 69 has been polymerized in free-radical
conditions, either by using potassium persulfate in water [**] or AIBN in DMSO or DMF [#].
The calculated N content of poly(2,4-diamino-6-vinyl-1,3,5-triazine) 70 exceeds 50% (Figure
24).

5.2. Synthesis of 1,3,5-triazine-based polymers via polycondensation

Amino-substituted triazines bearing a leaving group have been heated to obtain the
corresponding homopolycondensates. A linear polytriazinylamine 72 was formed from 2,4-
diamino-6-phenoxy-1,3,5-triazine 71 [%°], whereas a hyperbranched structure 74 resulted
from 2-amino-4,6-dichloro-1,3,5-triazine 73 since it was impossible to control the reaction in
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the sense that only one chlorine atom reacted [*] (Figure 25). Although no elemental
analyses were reported to ascertain the structures, these products are believed to exhibit a
high nitrogen content. Compound 74 is claimed to approach a cross-linked structure, which
is corroborated by its limited degree of softening.

NH, NH, NH,
~ a0

A, — 0

PhO, X X
N" NH, PhO’QKN N7 N7 T NH,
H n
7
7
¢ a AN PN

A : A PSS

H N 1|\1
73
non isolable e \N)\I}J/
74
cl NEN
c1/§/”\c1 76
PZas
N7 N NZN NO, NN NNy
a”” SN a MeHN” N7 ONHMe N/ NP 1\|1 N I\ll ~ ;
75 NO,
77 43.0%N

Figure 25.

In a similar fashion, 2,4-bis(methylamino)-1,3,5-triazine 75 was reacted with 4,6-dichloro-5-
nitro-pyrimidine 76 in the presence of a base. Modest molecular masses were obtained
(1000-10000 g/mol), as confirmed by the presence of end-chain NHMe signals in NMR
spectra [*7]. However, polymer 77 is still of interest thanks to the presence of the energetic
nitro group in addition to a reasonable nitrogen content (Figure 25).

Aminoalkyl units can also serve as linkages between triazine rings, as exemplified by the
commercially available polymer 78, which has been used as a charring agent in flame-
retardant compositions [*] (Figure 26).

NH,
IS
H H D
78

Figure 26.

Melamine-formaldehyde resins constitute a well-known class of compounds. Not
surprisingly, related polymers can also be considered as derivatives with high nitrogen
contents. For example, the reaction of trichloromelamine 79 with formaldehyde followed by
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dehydrochlorination has been claimed to give a structure in which triazine rings are linked
together through carbodiimide or dihydrocarbodiimide units [*°] (Figure 27).
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Figure 27.

The chemistry shown above in the case of polytriazinylamines has also been widely
explored for the synthesis of polytriazinylethers. The latter are obviously less attractive in
terms of nitrogen content. However, commercially available nitro-containing diols are
valuable compounds when one wishes to incorporate explosophoric functions in the final
material. Thus, 2-nitroresorcinol 80 was reacted with trichlorotriazine 81 (cyanuric chloride)
in the presence of a base to produce a cross-linked polymer 82 with triazine units and nitro
groups (Figure 28). The interfacial conditions readily employed for such polycondensations
were naturally adapted for the synthesis of porous polyHIPEs of this material [] (see
tetrazole and triazole-based polymers for other examples of high-nitrogen polyHIPEs). The
chemical structure should be similar to the one obtained by cyclotrimerization of 1,3-
dicyanato-2-nitrobenzene ["'].
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Figure 28.

It should also be noted that carbon dinucleophiles are effective in polycondensation reactions
with cyanuric chloride. Thus, sodium carbide enabled the construction of cross-linked
architectures 83 in which triazine rings were connected by ethynylene moieties [7] (Figure 28).

Another well-known way to obtain triazine compounds is the cyclotrimerization of nitriles.
However, only scarce examples deal with azaheterocyclic nitriles. 2,6-dicyanopyridine 84
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was converted at high temperatures, in the presence of zinc chloride, to a porous framework
85 with alternating pyridine and triazine nuclei [®]. The measured N content was slightly
below that expected (27.7 vs 32.5%) (Figure 29)

\ ZnCl,
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Figure 29.

The quest for graphitic forms of carbon nitride (g-CsN4) has stimulated a vast amount of
research in order to find suitable molecular precursors. With a calculated nitrogen content of
60.9%, CsNa surely has its place in this overview, although only a few precursors lead to
materials approaching the theoretical N/C ratio due to the presence of hydrogen or oxygen.
The structure of CsNu is still under consideration, but surely involves 1,3,5-triazine moieties.
Many useful references are provided to the reader in [7#]. Theoretical as well as
characterization results have indicated that tri-s-triazine structures 86 rather than s-triazines
would be intermediates towards g-CsNa [”°] (Figure 30).

Figure 30.

6. Miscellaneous

Azide salts of bis(aminoguanidinium) compounds can be condensed with formaldehyde to
produce the corresponding polymers 87a-b (Figure 31). Thanks to the azide groups and the
intrinsically nitrogen-rich aminoguadinium moieties, the nitrogen content of these
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polycondensates was remarkably high, up to 77% [*,7¢]. A related copolymer incorporating
4-amino-1,2,4-triazole units has already been described in the triazole section.
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Figure 31.

Gaseous cyanogen (NC-CN) is a promising monomer as it shows a C/N ratio of 1/1. Studies
have been devoted to its polymerization and given rise to so-called paracyanogen, either
through chemical [7] or photochemical [®*] methods. The determination of the exact
structure of the polymer is a difficult task and a number of different hypotheses have been
postulated (Figure 32). This work is made complicated by the incorporation of solvent or
water/oxygen during the polymerization process, which leads to a significant presence of
oxygen in the elemental analyses. Therefore, the theoretical figure of 50% of nitrogen can
hardly be obtained. However, certain reaction conditions have enabled the synthesis of
materials exceeding 40% of N.
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7. Conclusions

This review highlights a number of azaheterocycles-based polymer structures containing a
high content of nitrogen, frequently around 50%. In some cases, over 60% and 70% N can be
achieved, mainly in tetrazole-based materials. The presence of additional explosophoric
groups such as nitro may also be encountered in such polymers which strengthens the
interest in using them for energetic applications. The diversity of the described structures
renders it possible to foresee a wide range of properties for these energetic materials.
Consequently, a great opportunity is offered to select the appropriate material for a specific
application in this field. Certain patents cited in this survey show that some of these
polymers have already been exploited, and many other applied high-nitrogen polymers will
surely see the light in the future.
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Chapter 11

Electroreductive Synthesis of Polysilanes
with Ordered Sequences

Manabu Ishifune

Additional information is available at the end of the chapter
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1. Introduction

Polysilanes (Scheme 1) [1] have attracted considerable attention due to their usefulness as
the precursors for thermally stable ceramics [2, 3] or a material for microlithography [4, 5],
and also due to their potentiality in the preparation of new types of material showing
semiconducting, photoconducting, or nonlinear optical property [6-8].
NSNS NSNS NS NSNS
i, -Si .S .S ..Si..Si...Si

- SiigyrSiigi Sl Sl S g Sl S
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Scheme 1.

In contrast to the growing interest with the polysilane, the method of preparation hitherto
known is highly limited. So far, the almost only practical method is the condensation of
organodichlorosilane with alkali metal (Wurtz type condensation). This method, however,
requires drastic reaction conditions and hence, is very much limited in the type of
substituent that is allowed to be located on the monomer. Although several modified or
alternative methods such as sonochemical coupling of dichlorosilane promoted by alkali
metal [9-11], transition metal catalyzed reaction of hydrosilane [12, 13], anionic
polymerization of masked disilene [14, 15], and ring opening polymerization of cyclic
organosilane [16, 17] have been proposed, they are not always extensively effective as
preparative methods.

The electroreductive coupling of dichlorosilanes with mercury electrode has been reported
by Hengge in 1976 as a method to form disilanes [18], though this method was not effective
in the preparation of polysilanes [19, 20].

On the other hand, we have recently found that the electroreduction of organic compounds
with Mg electrode promotes a variety of unique reactions which can not be attained without
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using the Mg electrode. The use of Mg electrodes was highly effective to the formation of Si-
Si bond and the synthesis of high molecular weight polysilanes [21, 22].

In this chapter, we describe the details of the electroreductive synthesis of high molecular
weight polysilane and some types of functionalized polysilanes and also polygermanes,
including the additional information about the effects of electrode material and monomer
concentration. We also demonstrate that our electroreduction system is successfully applied
for the synthesis of the sequence-ordered oligosilanes and polysilanes.

2. Formation of Si-Si bonds by electroreductive coupling of chlorosilanes
[21, 22]

The electroreduction of chlorodimethylphenylsilane (1a) was studied as the model reaction
(Scheme 2) and carried out under a variety of reaction conditions. In the first place, the
cathodic reduction was performed in a divided cell since Si-Si bond is electrochemically
oxidized at the potential range 0.7-1.6V vs. SCE. The yield of 1,1,2,2-tetramethyl-1,2-
diphenyldisilane (2a) was, however, unexpectedly low under this reaction conditions. In the
next place, the idea of using a sacrificial electrode was studied in order to avoid the
undesirable anodic oxidation of Si-Si bond in an undivided cell and it was found that the
electroreduction of 1a with Mg electrode was highly effective for the formation of Si-Si bond
and 2a was obtained in an excellent yield.

Me MeMe
| +e [
2 Ph—Si-Cl » Ph-Si-Si—Ph
Me LiCIO, / THF / r.t. MeMe
1a 2a

Scheme 2.

The material of electrode is one of the most important factors to control the formation of Si-
Si bond (Table 1). When a solution of 1a in dry THF containing LiClO4 as a supporting
electrolyte was electrochemically reduced with Mg cathode and anode with a constant
current (current density = 30 mA/cm?, supplied electricity = 2.0 F/mol), the coupling product
2a was obtained in 92% isolated yield (entry 1). The results that Pt, carbon, or Zn is not
effective electrode in the formation of Si-Si bond (entries 2-4) clearly indicate that Mg plays
some important roles in the formation of Si-Si bond. Although details of the role of Mg in
the mechanism of formation of Si-Si bond is not always clear at present, the unique
reactivity of Mg electrode is undoubtedly shown in this reaction.

The cathodic coupling of other organochlorosilanes was carried out under the optimized
reaction condition, that is, Mg cathode and anode were alternated with the interval of 1
min., supporting electrolyte was LiClO4, solvent was THF, and the electricity passed was 2.0
F/mol (Scheme 3). The results summarized in Table 2 show the high potentiality of this
method in the synthesis of a variety of disilanes. Moreover, it is remarkable that the extent
of contamination with siloxane (Si-O-Si) was less than 2%.
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entry anode cathode alternation’ yield of 2a, %¢
1 Mg Mg yes 92
2 Pt Pt yes 0
3 C C yes 0
4 Zn Zn yes trace
5 Pt Mg no 0
6 Mg Pt no 934

“The electroreduction was carried out under the constant current conditions (current density = 30 mA/cm?, supplied
electricity = 2.0 F/mol). 'The anode and cathode were alternated with an interval of 1 min. ‘Material yield based on 1a.
Ultrasound (47 kHz) was applied during the reaction.

Table 1. Effect of electrode materials in the electroreductive formation of 1,1,2,2-tetramethyl-1,2-
diphenyldisilane (2a)"

R R! R3

| +e (2 F/mol) Lol
2 R2-Si-Cl » R2%-Sj-Si-R?
~ LiCIO, / THF / r.t. o

3 3 1
R Mg cathode and anode RER
1 undivided cell 2
Scheme 3.
chlorosilanes 1 . o
entry R R2 R yield of 2, %"
1 1b Me Me Me 2b 82
2 1c Me Ph Ph 2c 77
3 1d Ph Ph Ph 2d 85

‘Isolated yield based on 1.

Table 2. Electroreductive synthesis of disilanes 2

Two types of mechanism may be proposed to this electroreductive Si-Si bond forming
reaction. The first prosible mechanism is a radical coupling in which a silyl radical formed
by one electron reduction of the starting chlorosilane couples with another silyl radical to
give the disilane. In the second mechanism, two-electron reduction of the chlorosilane yields
an active species equivalent to silyl anion which reacts with chlorosilane to give a dimer. In
order to have an insight into the mechanism, the products obtained in the mixed system of
chlorotrimethylsilane (1b) and chlorotriphenylsilane (1d) (1b : 1d = 1 : 1) were studied in
detail (Scheme 4). The resulting products were 1 : 1 mixture of the mixed coupling product
(2¢) and the homocoupling product of 1d (hexaphenyldisilane (2d)), whereas the
homocoupling product of 1b, hexamethyldisilane (2b) was not found in the products at all.
This result seems to agree with the anionic mechanism. That is, 1d is first reduced to
triphenylsilyl anion that reacts with 1b and 1d to afford disilanes 2e and 2d respectively.
The electrophilicity of chlorosilanes 1b and 1d are high enough to be attacked equally by the
triphenylsilyl anion at the half conversion (supplied electricity = 1 F/mol based on the total
amount of 1b and 1d). In the radical mechanism, however, if only 1d is reduced to yield a
radical, the formation of 2e is not reasonable, whereas if two types of radical are formed by
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the reduction of both 1b and 1d, the absence of 2b in the products is unreasonable. Thus, the
anionic mechanism is the most reasonable in this coupling reaction. The fact that the
reduction potential of 1d is much more positive than that of 1b also supports the above
mentioned reaction mechanism.

Me Ph Ph
I 1 +e 1, @
Me—SII—CI + Ph—?I—CI L0,/ > Ph—Sll
Me Ph y Li lh 4d THFd/ r.t.cI Ph
1b 1d g cathode and anode
Ph Ph PhMe
1b. 1d | | | |
. Ph—Sli—§i—Ph + F’h—?i—?i—Me
Ph Ph PhMe
2d 2e
25% 25%

Scheme 4.

3. Stepwise synthesis of oligosilanes [22, 23]

This method is also applicable to the synthesis of trisilanes and tetrasilanes. For example, the
electroreductive cross coupling of organodichlorosilanes (3) with chlorotrimethylsilane (1b)
(5 equivalent to 3) gave the corresponding trisilanes 4 in moderate to good material yields
(Scheme 5) and that of 1,2-dichloro-1,1,2-trimethyl-2-phenyldisilane (5) and 1b (5 equivalent
to 5) gave tetrasilane 6 in 55% yield (Scheme 6). Trisilane 4c is a key intermediate for the
photochemical synthesis of tetramesityldisilene which is known as an isolable disilene.

Me R +e (5 F/mol based on 3) MeR' Me

| |
2 Me-Si-Cl + CI-Si-Cl >  Me—Si-Si-Si-Me
i - LiCIO, / THF /r.t. RN

M R2 2
© Mg cathode and anode MeR" Me
1b 3 undivided cell 4
5 equiv. 1 2
3/4 a;R'=Me, R2=Ph 59%
b;R"=R2=Ph 73%
¢; R' = R? = Mesityl 92%
0._0.
d;R' =Ph, R?= @ 1%
x,
Scheme 5
Scheme 5.
Me F\flel\(!e +e (5 F/mol based on 5) Me IYI_B M_e I\{I_e
2 MefS‘ifCl + CI*SIifS‘ifCI o0 T THE T o1 - Me—Sll—S||—$|—SI|—Me
| r.t
M Me Ph 4 Me Me Ph Me
© ° Mg cathode and anode
1b 5 undivided cell 6
5 equiv. 55%

Scheme 6

Scheme 6.
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The mildness of the reaction conditions of this electroreductive method is favorable for the
synthesis of oligosilanes having various functionalities such as Si-H bonds which are known
to be reactive under radical or anionic condition. The electroreductive cross-coupling
reaction of chlorodimethylsilane (7) with dichlorodiphenylsilane (3b), in fact, gave the
corresponding trisilane 8 (Scheme 7). The Si-H bond was readily transformed to the Si-Cl
bond by the treatment with catalytic amount of benzoylperoxide in carbontetrachloride.
Using this method 1,3-dihydro-1,1,3,3-tetramethyl-2,2-diphenyltrisilane (8) was transformed
to the corresponding chloride 9 (Scheme 7). The further electroreduction of 1,3-dichloro-
1,1,3,3-tetramethyl-2,2-diphenyltrisilane (9) with chlorodimethylsilane (7) gave the
corresponding pentasilane 10 (Scheme 8), and these sequences were utilized for the
synthesis of the odd-numbered oligosilanes. In the same manner, the even-numbered
oligosilanes can be prepared. For instance, 1,4-dichloro-1,1,2,3,3,4,4-heptamethyl-2-
phenyltetrasilane (11) can be prepared by the reaction between 7 and 1,2-dichloro-1,1,2-
trimethyl-1-phenyldisilane (5) (Scheme 9). Accordingly, the electroreductive cross-coupling
reactions followed by the chlorination provided a powerful method for the stepwise
elongation of Si-Si bonds and synthesis of sequence-controlled oligosilanes.

e o o e Ph e
H—Sli—CI + CI—SIi—CI m» H—?i—Sli—El‘,i—H
4
Me Ph Mg electrodes Me Ph Me
7 3b 8, 75%
BPO/CCl, M.e Fl).h M.e
—_— Ci—f‘lal—Sll—Sl‘n—Cl
Me Ph Me
9, 80%
Scheme 7.
Mo Mo h Wa : e e Ph Me e
H-Si—ClI + ClI—Si—Si—Si—Cl] ——————— H-Si—-Si—Si—Si-Si—
0 T B LiCIO, /THF ~ 13~ $i-§i=Si-3i—H
e e e Mg electrodes Me Me Ph Me Me
7 9 10, 47%
Scheme 8.
e Ch Mo o e Ph e Ve
H—Sli—CI + CI—SIi—§i—CI m-— H—§i—8|i—8li—§i—H
4
Me Me Me Mg electrodes Me Me Me Me
7 5 11, 59%
Me Ph Me Me
BP I o
BPO/CClL | CI-Si-Si-Si-Si~Cl
Me Me Me Me
12, 70%

Scheme 9.
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4. Electroreductive polymerization of dichloromethylphenylsilane [22]

Electroreduction of dichloromethylphenylsilane (3a) (Scheme 10) carried out under the above
mentioned reaction conditions gave polymethylphenylsilane (13) in low yield (Table 3, entries 1,
2). The sonication of ultrasound was found to be necessary for the electroreductive
polymerization of 3a (entry 3). The low yield of 13 may be explained by the difficulty of keeping
the electric current in a suitable level due to the increase of the terminal voltage with progress of
the reaction. This difficulty was overcome by the alternation of anode and cathode with a suitable
interval (15 sec., Table 3, entry 4) and the material yield of 13 was remarkably improved.

o e o
Cl-Si—ClI > Si
Mo LiCIO, / THF %n'nj’
Mg cathode and anode
3a 13
Scheme 10.
entry alternation® sonication Mn¢ Mw/Mn¢ yield of 13, %/ ¢
1 no no - - -
2 yes no 4000 14 7
3 no yes 3900 14 17
4 yes yes 5200 1.5 43

“Concentration of monomer 3a is 0.33 mol/L. ‘Supplied electricity is 4 F/mol. ‘The anode and cathode were alternated
with an interval of 15 sec. ‘The ultrasound (47 kHz) was applied during the electroreduction. ‘Determined by GPC
based on polystyrene standard. Purified by reprecipitation from benzene-EtOH. sMaterial yield based on 3a.

Table 3. Electroreductive synthesis of poly(methylphenylsilane) (13)?

Mg is a remarkably effective material of electrode also for the formation of 13 (Table 4), whereas
Al gave low yield (entry 4) and other materials such as Cu and Ni were rather ineffective
(entries 2, 3). The electroreduction systems using Al or Cu anode in other electrolytes (Al
anode/BusNCI/DME [24], Al anode/LiCl/THF-HMPT [25], or Cu/BusNCIOs«/DME [26]) have
been also reported, however, the molecular weight of the resulting polysilanes is relatively low.
Other than Mg electrodes, the use of Ag anode and Pt cathode in DME containing BusNCLOs is
also reported to be effective to obtain high molecular weight polysilane [27, 28].

entry electrode materials Mnb Mw/Mn? yield of 13, % ¢
1 Mg 5200 1.5 43
2 Cu 700 1.1 -
3 Ni 640 1.1 -
4 Al 4700 1.5 15

“Conditions: [monomer 3a] = 0.33 mol/L; supplied electricity = 4 F/mol; The ultrasound (47 kHz) was applied during
the electroreduction. The anode and cathode were alternated with an interval of 15 sec. "Determined by GPC based on
polystyrene standard. Purified by reprecipitation from benzene-EtOH. ‘Material yield based on 3a. “No precipitate
was obtained after usual reprecipitation procedure.

Table 4. Effect of electrode materials in the electroreductive synthesis of poly(methylphenylsilane) (13)
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The effect of monomer concentration was investigated in order to obtain high molecular
weight polysilane (Table 5). The molecular weight of 13 becomes higher with the increase in
the concentration of 3a. The molecular weight (Mn) of 13 was, for instance, 31,000 when the
electroreduction of 3a was carried out under high concentration condition (1.2 mol/L) at 0.5
F/mol of supplied electricity though the material yield of 13 decreased.

The most satisfactory result, in which material yield was 79 % and molecular weight (Mn)
was 9900, was obtained when the concentration of 3a was 0.67 mol/L (entry 2). The
polysilane 13 obtained here showed relatively sharp monomodal distribution of molecular
weight in the elution profile of GPC, whereas the polysilanes prepared by the alkali metal
condensation method usually showed broad bimodal distribution.

monomer 3a, supplied electricity, ield of 13,
entry mol/L PP F/mol y Mnt Mw/Mn? y oy d
1 0.33 4.0 5200 1.5 43
2 0.67 4.0 9900 2.1 79
3 25 2.2 18000 2.1 43
4 6.3 0.8 19000 2.8 15
5 12 0.5 31000 1.8 8

“The electroreduction was carried out by using Mg electrodes under sonication of ultrasound (47 kHz). The anode and
cathode were alternated with an interval of 15 sec. "Determined by GPC based on polystyrene standard. ‘Purified by
reprecipitation from benzene-EtOH. “Material yield based on 3a.

Table 5. Effect of monomer concentration in the electroreductive synthesis of 13a

The mechanism of electroreductive formation of polysilane is not always perfectly clear,
though the initial step of reaction is obviously the reduction of 3a to a silyl anion species 14.
Two types of reaction patterns may be proposable to the propagation step. In the first case,
the reaction of 14 with 3a gives a dimer that yields trimer, tetramer, and finally polymer
upon repeated reaction with 14 (Scheme 11). In another pattern of the propagation, the
oligomers such as dimer, trimer, and the like 15 are reduced to give the oligomeric active
species, which then react with oligomer 15 or 3a to give finally polymer. (Scheme 12).
Although it is not always possible to specify the extent of contribution of each pattern to the
propagation step, the former reaction probably proceeds mainly, since the electrochemical
reduction of oligomeric silyl chloride 15 may be rather difficult when it is analogized with
the electroreduction of long chain alkyl chlorides.

Ph + Ph 3a Fhih
CI—?i—CI - » CI—§i S CI—CT‘;i—S‘i—CI
Me LiClO4 / THF Me MeMe

Mg cathode and anode
3a 14 dimer
14 Ph Ph Ph 1 Ph
_Qi_Qi_Qi —_— .
———— CI=Si-Si-Si~Cl ————» tetramer == —(—gn—);
MeMeMe Me
trimer 13

Scheme 11.
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Ph  Ph v @ 3a, 15
leanjm—a.e—m R ,C|+s|+s| —(—s.—}

Mg cathode and anode
15 13

Scheme 12.

5. Electroreductive synthesis of functionalized polysilanes [29]

The mildness of the polymerization conditions of the electroreductive method is favorable
for the synthesis of the polysilanes having a variety of hydroxyl-related functional groups.
The electroreduction of a mixture of 3a and the dichlorosilanes having protected
hydoxyphenyl groups (3d-g) with Mg electrode afforded the corresponding copolymers 16
(16d-g, Scheme 13), and the deprotection of the resulting copolymers gave the polysilanes
having hydroxyl groups. The reactivity of 3d-g highly depends on the type of protecting
group (Table 6). Homopolymerization of 3g, for example, gave 16g (entry 10), whereas
other monomers did not afford polymers but oligomeric compounds (entries 3, 5, 8).

The modification or the property of polysilane must be achieved by using the hydroxyl
group located on the polymer 16d as a key functional group. The deprotection of the
methoxymethyl group of 16d (Table 6, entry 1) with 10%HCI aqueous solution followed by
the reaction with hexamethylene diisocyanate resulted in a remarkable increase in the
molecular weight with indicating the linkage of the polymer chain (Scheme 14).

Me R! Me R’
CI-$i-Cl + Cl-Si-Ci b - g Si
! ' LICIO4/ THF /1.t [ L,
Ph R Mg electrodes Ph/m \ R"/n
3a 3d-g Sonication 16
0._0., OMe
3/16 d;R'=Ph, R2= @ fiR'=Me, R?= J@[
% & OMe

OSiMe,Bu-t 0
e;R'=Ph, R2—.© ? g:R'"=Me, R?= @[)
D HN0

Scheme 13.
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entry charged mol% of 3d-g° yield of 16, %* Mne¢ Mw/Mne®
1 7 (3d) 79 (7) 9900 1.9
2 10 (3d) 57 (12) 6900 1.7
3 100 (3d) 28 (100) 1100 12
4 10 (3e) 36 (11) 6100 1.5
5 100 (3e) -f(100) 1100 12
6 10 (3f) 50 (6) 4500 1.3
7 50 (3f) 22 (46) 4600 1.3
8 100 (3f) -£(100) 1700 1.3
9 10 (3g) 56 (17) 4600 1.3
10 100 (3g) 57 (100) 4000 1.1

“The electroreduction was carried out by using Mg electrodes under sonocation (47 kHz), and the anode and cathode
were alternated with an interval of 15 sec. Total monomer concentration, 0.67 mol/L; supplied electricity, 4 F/mol. '3d-
g/(3d-g+3a) x 100. ‘Purified by reprecipitaion from benzene-EtOH. The values in parentheses indicate the mol% of 3d-
g units in the resulting copolymers determined by 1H NMR. ‘Determined by GPC based on polystyrene standard.
Polymer was not obtained by reprecipitation.

Table 6. Electroreductive synthesis of functionalized polysilanes*

Q CNCO
10 % HCI \, NCO

th Ph/ \ Ph/n
16h

angsm,Mw/Mh:mg

7%@ Jv %

8 MwIMn—18

Scheme 14.

6. Electroreductive Polymerization of Dichlorooligosilanes [23]

The electroreductive polymerization of the dichlorooligosilanes is highly promising for the
synthesis of sequence-ordered polysilanes. The electroreduction of dicholodisilane 5 was
found to give the corresponding polysilane 18 consisting of disilane units (Scheme 15). The
electroreductive polymerization was carried out under a variety of reaction conditions,
however, the yield of the resulting polymer was very low (Table 7). It is probably due to
high reactivity of the disilene intermediate formed by the electroreduction of 5. In fact, the
addition of naphthalene, which could make a masked disilene intermediate, into the
reaction system slightly increased the yield of the polysilane 18 (entry 6).
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Ph Me Ph Me
C—8i—8i—0l ——— +éiféi
=5 LiCIO, / THF s Jﬁ

Me Me Mg electrodes Me Me
5 Ultrasound 18
Scheme 15.
entry dichlorosilane 5, mol/L.  supplied electricity, F/mol polysilane 18
' ’ Mn® Mw/Mn® yield, %°

1 0.11 4 2900 2.7 2.7
2 0.33 4 3600 2.3 2.7
3 0.67 4 2100 29 1.0
4 0.33 2 2800 2.7 3.9
5 0.33 6 3000 3.0 1.0
6 0.33 4 2500 1.8 13.0

“The electroreduction was carried out by using Mg electrodes under sonocation (47 kHz), and the anode and cathode
were alternated with an interval of 15 sec. Total monomer concentration, 0.67 mol/L; supplied electricity, 4 F/mol.
"Determined by GPC based on polystyrene standard. ‘The electroreduction was carried out in the presence of
naphthalene.

Table 7. Electroreduction polymerization of dichlorosilane 5

Dichlorooligosilanes, such as dichlorotrisilane 9 was found to be good monomers for the
electroreductive synthesis of the polysilanes having longer sequence units (Schemes 16). The
temperature control is found to be very important in the electroreductive polymerization of
9 (Table 8). The reaction at higher temperature, the backbiting reaction of the propagating
polymer proceeded forming cyclohexasilane as a by-product (entry 1). This side reaction
was successfully suppressed when the reaction was carried out below 0°C, and polysilanes
19 having relatively high molecular weight were obtained (entries 3, 4). In the optimized
reaction conditions, the electroreduction of dichlorotetrasilane 12 gave the corresponding
polysilane 20, units of which were ordered in four sequences in satisfactory yield (Scheme
17). The polymerizability of dichlorooligosilanes under the electroreduction conditions
seems to be mainly affected by the substituents on the chlorinated terminal silicon atom, and
this fact provides a wide possibility to design the oligosilane sequences of the inner silicon
atoms.

ePh e - epnite
CI=$i-§i-Si=Cl ————— —{-si-si-si—-
Me Ph Me G104 MePhMe "
Mg electrodes
9 Ultrasound 19

Scheme 16.



Electroreductive Synthesis of Polysilanes with Ordered Sequences 349

entry polymerization temperature, °C Mn*  Mw/Mn? yield of 19, %¢
1 18 3800 1.44 (42)4
2 0 4700 1.87 50
3 -10 5500 1.54 35
4 -15 4400 1.42 16

“The electroreduction was carried out by using Mg electrodes under sonocation (47 kHz), and the anode and cathode
were alternated with an interval of 15 sec. [Dichlorosilane 9] = 0.27 mol/L; [LiClO4] = 0.35 mol/L; supplied electricity = 4
F/mol. 'Determined by GPC based on polystyrene standard. Purified by reprecipitation from benzene-EtOH.
iContaminated by 1,1,2,2,4,4,5,5-octamethyl-3,3,6,6-tetraphenylcylcohexasilane.

Table 8. Electroreductive polymerization of dichlorosilane 9

VePniele o NePhMelfe
CI—?i-SIi-g-SIi—CI R —— Sli—SIi-ﬁi-Sli
MeMeMeMe LiCIO, / THF MeMeMeMe 1
12 Mg electrodes 20
Ultrasound

Yield, 40% M n = 3200
Mw/Mn=1.30
Scheme 17.

7. Electroreductive polymerization of dichlorosilanes in the presence of
disilane additives [30]

The disilane additives, which are generated in situ in electroreductive coupling of the
corresponding chlorosilanes, were found to be effective to the promotion of the
electroreductive polymerization of dichloromethylphenylsilane (3a) and the control of the
molecular weight distribution of the resulting polysilanes (Scheme 18, Table 9). The
electroreduction of dichlorosilane 3a in the presence of 1,1,1-trimethyl-2,2,2-
triphenyldisilane gives the corresponding polysilane 13 in 56% yield, and the number
average molecular weight and the molecular weight distribution are determined by GPC to
be 3000, and 1.10 respectively (Table 9, entry 3). The reduction of
dichloromethylphenylsilane (3a) by Wurtz type condensation using metal lithium in the
presence of catalytic amount 1,1,1-trimethyl-2,2,2-triphenyldisilane affords five- and six-
members ring products [31]. On the other hand, the cyclosilanes are not detected under the
electroreductive conditions. The use of 1,1,12,2,2-hexaphenyldisilane affords the polysilane
13 in 59% yield, and the Mw/Mn is 1.08 (entry 4). Thus, the polysilanes prepared in the
presence of the disilane additive containing triphenylsilyl group show narrower molecular
weight distributions than the polysilane prepared without the disilane additive.

The mechanism for the triphenylsilyl substituted disilane to control the electroreductive
polymerization suggested is as follows (Scheme 19). The electroreductively generated
reactive silyl anion species at the terminus of the propagating polymer is trapped with the
disilane forming a relatively stable triphenylsilyl anion and inhibits the undesirable side
reactions such as backbiting reaction. The triphenylsilyl anion attacks as a nucleophile to the
chlorinated silicon atom at the terminal of the propagating polymer to give the
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+o | | 3a
Me Pho____*® _ _ Rigi—si-R? ‘JV _}

Me-Si-Cl Ph-8i-Cl MQ Electrodes R! R2 Mg Eleclrodes
Me and/or Ph  LiCIO4/THF LiCIO4 / THF
Disilane Additives
R', R?=Me
R'=Me, R? = Ph
R',R?=Ph
Scheme 18.
entry disilane additives® Mn¢ Mw/Mn¢ yield of 2a, %
1 - 3200 1.65 38
2 MesSiSiMes 3700 1.39 54
3 MesSiSiPhs 3000 1.10 56
4 PhsSiSiPhs 2600 1.08 59

“The electroreduction was carried out by using Mg electrodes, and the ultrasound (47 kHz) was applied during the
reaction. The anode and cathode were alternated with the interval of 15 sec. [Dichlorosilane 3a] = 0.50 mol/L; [LiClO4]
= 0.35 mol/L; supplied electricity, 4 F/mol. !The disilane additives were prepared in situ by electroreductive coupoling
of the corresponding chlorosilanes before electroreductive polymerization of 3a. Total concentration of chlorosilanes
was 0.04 mol/L. ‘Determined by GPC based on polystyrene standard. ‘Purified by reprecipitation from benzene-EtOH.

Table 9. Electroreductive polymerizartion of dichlomethylphenylsilane (3a) in the presence of disilane
additives®

triphenylsilyl group terminated polysilane. The resulting polysilane is isolable but does not
lose its polymerizability completely since the triphenylsilyl group at the terminal position
acts as an activator, that is, it probably reacts as a macroinitiator.

Me +e EF [\:18 +e” Me
CI=8§i—Cl ——» | CI-§i~Cl | —— CI-8i ©

Ph Ph -Cl Ph

Me
cl-si—cl
Me Me Me Me - [ Me — Me
i +e Ph L .

Cl-8i © + C=8i~Cl —— CI-8i—8i-Cl ——>—— — —>cifsig-si®

Ph PR -Cl PhpPh  ~C -Gl Ph ™

Me Me R Ph Ph Me Me R
Cl4-Si S\@+RSSPh—- — — —

£ t i-Si Ph- s. + m{—s.ﬁ—s\ Sl Rl Ph- s.%—s.»}-s. SiR

Ph ™ Ph 1 Ph M Ph R

Me Me Me R Ph Me Me Me R
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| 1 |
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Scheme 19.
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8. Electroreductive block copolymerization using triphenylsilyl group-
terminated polysilane [32]

The triphenylsilyl group terminated polysilanes have been synthesized by the
electroreductive polymerization of dichloromethylphenylsilane (3a) in the presence of the
electroreductively prepared disilane additives 2. The electroreductive termination with
chlorotriphenylsilane (1d) was carried out to ensure the terminus of the resulting polysilane
for triphenylsilyl group. The polysilanes were obtained as white powders in 15-32% yields
after reprecipitation from benzene-ethanol, and the number average molecular weights were
estimated by GPC to be 3000-3740 (Table 10). By using the isolated triphenylsilyl group-
terminated poly(methylphenylsilane) 13 as a macroinitiator, the electroreductive
polymerization of dibutyldichlorosilane (3h) was carried out (Scheme 20, Table 10). Under
these conditions dichlorsilane 3h was first electroreduced to form the corresponding
oligomeric silyl anion. Electroreductive copolymerization was found to proceed by the
attack of the oligomeric silyl anion to triphenylsilyl group-terminated polysilane 13 and
further electroreductive condensation with dichlorosilane 3h affording the corresponding
copolymer, polymethylphenylsilane-block-polydibutylsilane (21), in 16-38% yields
depending on the disilane additives (entries 1-3). The molecular weight of the copolymer
obtained from the polysilane 13 (Mn = 3350) was 4730 (entry 3). The GPC profiles of the
resulting copolymers 21 were monomodal and the polydispersity index values (Mw/Mn)
were 1.2-1.4. The repeat unit ratio (-5i(Me)Ph- : -SiBuz-) of the resulting copolymer 21 (entry
3) was 75 : 25, which showed a good agreement with the calculated ratio (74 : 26).

?u
CE—Sli—CI
Bu
3h
Ph ) : Ph +e Ph Bu
Cl—Si-Cl —— e - re. 1d - {_§i+ \‘ - {_S'i o s'i—}—
|\|/| LiCIO,, THF electroreductive |\I/|e m 3 F/mol I\llle m éu n
3a Mg electrodes termination 13 ”
disilane additives 2.5 F/mol
4 F/mol
Scheme 20.

Polydibutylsilane-block-polymethylphenylsilane (21’) was also obtained by using
triphenylsilyl group-terminated polydibutylsilane (22) as a macroinitiator (Scheme 21). The
electroreductive polymerization of dibutyldichlorosilane (3h) in the presence of the disilane
2d followed by electroreductive termination with chlorotriphenylsilane (1d) afforded the
macroinitiator 22 (Mn = 3950, Mw/Mn = 1.7). The electroreductive polymerization of
dichloromethylphenylsilane (3a) was found to initiate from 22 producing the corresponding
copolymer 21" in 25% yield, and the molecular weight of 21" was 4390 (Scheme 21). The
polydispersity index values (Mw/Mn) was 1.3, and the repeat unit ratio (-SiBu- : -Si(Me)Ph-)
was 61 : 39.
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preparation of polymethylphenylsilane-block-polydibutylsilane
the macroinitiator 137 (21)®
entry disilane . . . . m:n . o
additives Mn Mw/Mn® Mn® Mw/Mn observed? calculated® yield, %/
1 MesSiSiMes 3740 1.9 5530 1.4 83:17 70:30 16
2 MesSiSiPhs 3000 1.3 4080 14 66 : 34 77 :23 28
3 PhsSiSiPhs 3350 14 4730 12 75:25 74:26 38

“The reaction conditions of the preparation of the macroinitiator 13 are as follows: The electroreduction was carried out
by using magnesium electrodes under sonication (50 kHz) and the polarity of the electrodes was alternated with an
interval of 15 sec. The concentration of 3a was 0.67 mol/L. Polymerization was terminated by electroreduction with
triphenylchlorosilane (1d) (0.5 mol% of 3a). *Electroreductive copolymerization was carried out without disilane
additives. ‘Determined by GPC based on polystyrene standard. ‘Determined by 'H NMR. ‘Calculated from the
observed molecular weight of the copolymer 21 as the assumption that the molecular weight of the macroinitiator 13
was not changed. /Purified by reprecipitation from benzene-ethanol.

Table 10. Electroreductive block copolymerization with dibutyldichlorosilane (3h) using triphenylsilyl
group-terminated poly(methylphenylsilane) (13) as a macroinitiator

Fl'h
CI—SIi—CI
Me
3a
+e”
||3u +e +e, 1d IT)’“ ?’.u F\)_h
Cl—Si-Cl — +si - Si+- s‘.ﬁﬁ
Bu LiCIO,, THF electroreductive I|3u 3 F/mol Bu Me
Mg electrod inati
3h g‘ é ecliodes termination 22 in the presence of 21
disilane 2d 2.5 F/mol or without
4 F/mol disilane additives
Mn = 4390
Mn = 3950 Mw/Mn=13
Mw /[ Mn=17 m:n=61:39
yield 19% yield 25%
Scheme 21.

The UV absorption spectra of the resulting polysilane 21 (entry 3, Table 10) was compared
with those of poly(methylphenylsilane) (Mn = 3350, Mw/Mn = 1.4), poly(dibutylsilane) (Mn
= 3950, Mw/Mn = 1.7), and poly(methylphenylsilane-co-dibutylsilane) (random copolymer)
(Figure). Poly(methylphenylsilane) showed a n-n* band at 271 nm (gmax = 4831) and a c-c*
band at 326 nm (emax = 4766) at 4°C (Figure (a)). Poly(methylphenylsilane) (Mw = 9000)
prepared by Wurtz coupling under sonication was reported to show a 5-¢* band at 332 nm
(emax = 4100) [33]. The Amax value of the electroreductively prepared
poly(methyphenylsilane) was a little shorter and it is probably due to relatively lower
molecular weight. In fact Wurtz coupling-synthesized poly(methylphenylsilane) having
5000 of Mw showed a o-c* band at 328 nm [34]. Poly(dibutylsilane) showed only a c-c*
band at 309 nm, and the emax value (9611) was two times higher than that of
poly(methylphenylsilane) (Figure (b)). The UV absorption spectrum of the helical form of
poly(di-n-alkylsilane)s is typically centered near 315 nm, while the more planar
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conformation is typically centered at 375 nm [35, 36]. Poly(dibutylsilane) obtained in this
study showed the Amax value corresponding to helical backbone conformation. The gmax of
the o-6* band of poly(methylphenylsilane) was observed to decrease with an increase in
temperature [5]. The UV spectra of copolymer 5 showed a n-n* band at 273 nm (gmax = 2723)
and a o-c* band at 306 nm (gmax = 2949) (Figure (d)), while the random copolymer showed a
n-n* band at 272 nm (emax = 2438) and a o-¢* band at 309 nm (emax = 2065) (Figure (c)). The
emax value of the o-6* band of copolymer 21 was higher than that of the random copolymer,
and less temperature dependence of emax was observed in the spectrum of copolymer 21.
These results indicate that copolymer 21 has long sequences of dibutylsilylene units, that is,
block structure.

1 17

(@) (b) e
0.8 - 0.8 A "
2 08 P 06 -
< <
0.4 04 -
0.2 4 02 4
0 : - 0
230 280 330 380 nm 230 280 330 380 nm
04 - 04 ~
(e) (d)
03 034 g
8
< 02 -
0.1 4
T - 0 T Y
230 280 330 380 nm 230 280 330 380 nm
""""" 4°C 10°C 20°C -=-=25°C 30°C

Figure 1. UV absorption spectra of (a) poly(methylphenylsilane) (Mn = 3350, Mw/Mn = 1.4), (b)
poly(dibutylsilane) (Mn = 3950, Mw/Mn = 1.7), (c) poly(methylphenylsilane-co-dibutylsilane) (Mn =
4340, Mw/Mn = 1.5, -Si(Me)Ph- : -SiBuz- = 67 : 33), and (d) poly(methylphenylsilane)-block-
poly(dibutylsilane) (Mn = 4080, Mw/Mn = 1.4, -Si(Me)Ph- : -SiBu2- = 66 : 34) in THF at 0, 10, 20, 25, and
30°C.

9. Conclusion

The formation of Si-Si bonds was achievable by the electroreductive condensation of
organochlorosilanes with Mg sacrificial electrode. Disilanes, trisilanes, and tetrasilanes were
readily obtained in good to moderate yield. Moreover, this method was also remarkably
effective to the synthesis of polysilanes. The molecular weight and yield of the polymers
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was controlled by the concentration of monomers and the supplied electricity. The mildness
of the reaction conditions allowed to use a wide variety of monomers, and enabled the
synthesis of the functionalized polysilanes and the structure-controlled polysilanes. The
electroreductive polymerization of the dichlorooligosilanes was highly useful for the
synthesis of sequence-ordered polysilanes. Moreover, this electroreductive method also
provided a new procedure to synthesize well-controlled di-block polysilane copolymers.
Since the present electroreductive polymerization requires only a single compartment cell, it
is undoubtedly one of the simplest and most powerful tools for synthesis of polysilanes.
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