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Foreword 

THE ACS SYMPOSIUM SERIES was first published in 1974 to provide 
a mechanism for publishing symposia quickly in book form. The pur
pose of the series is to publish timely, comprehensive books devel
oped from ACS sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored 
by other organizations when the topic is of keen interest to the chem
istry audience. 

Before agreeing to publish a book, the proposed table of contents 
is reviewed for appropriate and comprehensive coverage and for in
terest to the audience. Some papers may be excluded in order to better 
focus the book; others may be added to provide comprehensiveness. 
When appropriate, overview or introductory chapters are added. 
Drafts of chapters are peer-reviewed prior to final acceptance or re
jection, and manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review pa
pers are included in the volumes. Verbatim reproductions of previ
ously published papers are not accepted. 

ACS BOOKS DEPARTMENT 
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Preface 

In the next millennium, the class of polymers labeled as smart or field responsive 
polymers will play a key role in the emergence of a wide array of new devices, 
such as those manufactured by aerospace, communications, and the expanding 
biomedical industry. A responsive or smart polymer is one that responds to an 
external stimulus in a controlled, reproducible, and reversible manner. This exter
nal stimulus may be optical, electrical, mechanical, or environmental, such as a 
change in temperature or p H . The promise of smart polymeric materials results 
from their versatility and the relative ease by which structural changes can be 
synthesized into a polymer to create a desired functionality. Moreover polymers 
possess the processability that facilitates their incorporation into a variety of 
device configurations. In the past decade there has been a dramatic increase in 
the amount of research dedicated to the synthesis of novel responsive polymers. 
There are several markets just waiting to take advantage of these new materials. 
For example, in the telecommunications industry, low-loss, inexpensive optical 
wave guides and very-high-bandwidth, integrated modulators are two areas where 
improved N L O polymeric materials will provide breakthrough capabilities. Other 
technological concepts such as optical computing, microwave shielding, and trans
mitting for stealth systems, synthetic enzymes, and targeted drug delivery have 
been theorized, but the materials for making them have not yet been optimized. 
In the paragraphs below, we have highlighted the enormous and exciting potential 
of field responsive polymers in the development of emerging technologies. We 
have illustrated by examples the breadth of applicability for responsive poly
meric systems. 

A wealth of recent literature indicates that photorefractive polymeric materi
als are key to the future technology of optical data storage and image processing. 
It is envisioned that photorefractive polymer technology may one day enable the 
storage of the entire Encyclopedia Britannica on a disk the size of a dime [see 
Dagani, R. C&E News, 28, February, 1995]. Such storage capability has the 
potential to revolutionize the manner and effectiveness of remote sensing and 
earth observation science missions by providing the capability to store large 
quantities of high-resolution digital images at high speed in a very compact device. 
The photorefractive effect is the spatial modulation of the index of refraction 
due to charge redistribution in an optically nonlinear material. The effect arises 
when charge carriers, generated by modulated light, separate via drift and diffu
sion mechanisms and become trapped to produce a nonuniform space-charge 

xi 
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distribution. The resulting internal space-charge electric field modulates the 
refractive index to create a phase grating that can diffract light. This three-
dimensional diffraction grating is a hologram that can be read with a reference 
laser beam and that will remain in the material when the light source is turned 
off. Several holograms can be stored in the same volume by tilting the sample 
or the laser source for each new hologram. The hologram can be readily erased 
by exposing the material to uniform light to evenly redistribute the charges. The 
hologram can also be inadvertently erased or altered if there is migration of 
trapped charges with time or variations in temperature. 

The exciting possibilities of responsive polymers have been demonstrated 
by many groups, and among the more fascinating examples were shown by 
Hoffman and co-workers [see Slayton, P. S.; Shimboji, T.; Long, C ; Chilkoti, A . ; 
Chen, G. ; Harris, J. M . ; Hoffman, A . S. Nature, 1995,378,472]. The work involved 
is controlling the biotin-ligand recognition process by conjugation of a tempera
ture-responsive polymer in the vicinity of the protein-binding pocket. The recogni
tion process may be turned off and on by changing the temperature of the system; 
a change in the temperature causes the polymer to collapse and block the access 
of the biotin to the pocket. Such polymers have also been utilized in the important 
area of organic catalysis where Bergbreiter and co-workers have cleverly manipu
lated temperature-responsive polymers. Bergbreiter successfully prepared smart 
catalysts whose reactivity may be regulated by a temperature-sensitive polymer 
support [see chapter 20]. By increasing the temperature, the polymer collapses, 
thereby decreasing the accessibility of reactants to the active catalysts bound to 
the polymer, and hence the overall activity is decreased. Ostensibly the product 
may be easily recovered and the catalyst activity regenerated by decreasing the 
temperature. 

It is in the electronics industry where the research in the area of responsive 
polymers is currently most significant and visible. A number of recent studies 
have focused on the use of polymeric materials in smart microwave shielding or 
reflecting devices, which are important in stealth technology. These studies indi
cate that conducting polymers are capable of variable microwave transmission 
[see Rupich, M . W.; L iu , Y . P.; Kon, A . B . Mat. Res. Soc. Symp. Proc. 1993,293, 
163]. The setup used to demonstrate this consists of a multilayer structure where 
two conductive films are separated by a solid polymer electrolyte. The active 
conductive polymer is highly microwave transmitting when reduced and attenuat
ing when oxidized. The passive conductive polymer is transmitting both in the 
reduced and the oxidized states. The microwave transmittance can be modulated 
by applying a voltage across the two conductive polymer layers. Responsive 
polymers whose microwave properties may be tuned upon the application of 
small bias voltages raises the possibility of developing newer types of responsive 
materials for use in the development of "smart skins", which are of interest to 
the avionics/defense industry [see Khan, S. M . ; Negi, S.; Khan, I. M . Polym. 
News, 1997,22, 414]. The aim of "smart skins" is to integrate antennas, sensors, 
transmit/receive (T/R) modules, preprocessors, and signal processors into the 
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platform of the skin during the structural design of an aircraft to yield a highly 
integrated, multifunctional, tunable structure [see Lockyer, A . J.; Kudva, J. N . ; 
Kane, D . M . ; H i l l , B . P.; Martin, C. A . ; Goetz, A . C ; Tuss, J. SPIE Proc, 1994, 
2189, 172]. 

Multilayer polymeric structures have also been used to fabricate synthetic 
muscles or actuators [see Pei, Q.; Inganas, O. Synth. Met. 1993, 55-57, 3718]. 
A synthetic muscle or actuator functions by converting chemical energy into 
mechanical energy. For example, a multilayer structure capable of carrying out 
this function consists of a polyethylene layer, a thin gold layer, and a polypyrrole 
layer immersed in an electrolyte solution. Oxidation of the polypyrrole results 
in diffusion of the perchlorate ions from the electrolyte into the polymer and a 
net increase in the volume of the polymer, which causes deflection of the biopoly-
mer strip. Undoping causes the perchlorate ions to be expelled from the polymer, 
and the multilayer structure returns to the original position. Thus, this electro
chemical process has resulted in mimicking muscles of living organisms. Obvi
ously, in this setup the liquid electrolyte is a drawback, and ideally an all-solid-
state device is desirable. Wallace and co-workers have reported such an all-
polymer solid-state electrochemical actuator [see Lewis, T. W.; Spinks, G . M . ; 
Wallace, G . G. ; De Rossi, C. E. ; Pachetti, M . Polym. Prepr. (Am. Chem. Soc. 
Div. Polym. Chem.) 1991, 38(2), 520]. Large degrees of bending were obtained 
with this actuator composed of two polypyrrole layers separated by a solid poly
mer electrolyte. In order for the full potential of these actuators to be realized, 
some of the drawbacks, such as slow response times and stability to recycling, 
must be solved. One method to decrease the response times of all polymer solid-
state actuators may be to bring the solid polymer electrolyte and the electronic 
conductive polymer in intimate contact or within a few hundred angstroms of 
each other. This will significantly reduce the time required for the diffusion-
controlled doping-undoping process because the distance of ion transport will 
be decreased from the micrometer level to a few hundred angstom level. The 
microphase-separated mixed (ionic and electronic) conducting polymer system 
reported recently, in theory, will permit the fabrication of multilayer actuating 
structures with much faster response times [see Khan, I. M . ; L i , J.; Arnold, S.; 
Pratt, L . in Electrical and Optical Polymer Systems; Wise, D . L . et al. Eds.; Marcell 
Dekker, New York, 1998; p 331]. 

The future is indeed exciting and is dependent on the development of appro
priate polymer systems to overcome drawbacks associated with some of the 
reported smart devices or structures. In addition to developing appropriate poly
mer systems with the required properties, the processing properties of the poly
mers must be addressed to allow fabrication of complementary polymers into 
appropriate smart device configurations. 

Polymers that respond to an external field in a controlled, reproducible, and 
reversible manner have tremendous application potential. As we have highlighted 
in the preceding examples, the diverse utility of such polymers spans the gamut 
from biological to stealth to electro-optic systems. This highly interdisciplinary 
area includes research in chemical synthesis, property characterization, device 
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development, and system integration. Chapters featured in this book divide the 
broader classification of responsive polymers into three more specialized catego
ries: electroresponsive, photoresponsive, and responsive polymers in chemistry 
and biology. Within each of these categories some of the chapters offer an 
overview of specific types of responsive polymeric materials such as photorefrac
tive and amorphous piezoelectric polymers. Other chapters present leading-edge 
research that encompasses a variety of materials, experimental techniques, theo
ries, processes, and applications. The breadth of the information presented in 
this book should make it useful for materials scientists, polymer chemists, physi
cists, and engineers in a broad spectrum of industries. 
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Chapter 1 

Microwave and Optical Properties of Conducting 
Polymers: From Basic Research to Applications 

P. Hourquebie, P. Buvat, and D. Marsacq 

C E A , Le Ripault, BP 16-37260 Monts, France 

Microwave absorbing materials can advantageously be obtained 
using conducting polymers. Among those polymers, soluble ones are 
of interest as they can be processed and mixed with insulating 
polymers using classical techniques such as spin-coating, molding or 
extrusion. Nevertheless, final electrical properties and stability over 
time will depend on structural characteristics of the polymer 
(monomer, comonomer, defects content, chain length, crystallinity) 
and also on the details of processing techniques. Effect of structural 
properties of polymers on electrical or optical properties have been 
studied in detail in order to go further in applications. Main results of 
these studies are presented in this paper. 

The unusual dielectric properties of conducting polymers make them a unique new 
class of microwave absorbing materials (1). We have previously studied the links 
between structural (crystal structure, counter-anion size, molar mass, length of the 
alkyl chain on the substituted monomer) and electrical properties (Ode and 8* values) 
(2). The key parameters affecting conduction properties are clearly the interchain 
distance and the derealization length as it was proposed by Wang et. al. a few years 
ago (3). These parameters are closely related to the method by which the polymer is 
synthesized, and doped. 

As an extension of our earlier work we have studied soluble conductive 
polymers (sulfonic acids doped polyaniline (4), poly(3-alkyl thiophenes) (5)) for the 
design of a new generation of microwave absorbing materials (6). These studies 
have shown that microwave properties were very dependent on minor changes in 
experimental procedures. Therefore it was necessary to determine how synthetic 
conditions effects influence structural parameters of polymers, and how these 
structural parameters influence electrical, optical properties and stability over time. 
In the case of poly(alkylthiophene)s, solubility of polymers permits a complete 
structural characterization and then a better understanding of links between 

2 © 1999 American Chemical Society 
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3 

structural and electrical properties. In a recent publication (7) we have shown that 
quasi-metallic properties already obtained with polyaniline (8) or polypyrrole (9) are 
now obtained with poly(alkylthiophene)s especially in the field of optical properties 
in the infrared domain. 

In this paper we will point out the main results of these studies and we will 
show how the control of structural parameters of polymers leads to materials with 
improved electrical properties suitable for applications. Four points will be 
discussed, the modification of structural parameters at molecular level, the 
modification of properties at supramolecular level (chain conformation, crystallinity, 
homogeneity of blends), the effects of structural parameters on electrical properties 
and aging phenomena. In the last part we will draw some conclusions and open 
perspectives for future studies. 

Modification of structural properties at molecular level 

In order to modify structural properties at molecular scale, synthesis parameters 
were varied and the effects on polymers structure determined. 
Synthesis and characterization of polyaniline. Polymerization of aniline was 
carried out according to a general method (Figure 1) described by Y . Cao et. al (10) 
but with some changes of experimental parameters. 

Figure 1: Synthesis of polyaniline, oxidation in acidic medium (HA). 

Parameters such as, synthesis medium (HCL, camphor sulfonic acid (CSA) or 
dodecylbenzene sulfonic acid (DBSA)), molar ratio aniline/oxidant, method for 
oxidant addition, temperature, polymerization duration, dedoping conditions will 
have effects on polymer properties in terms of yield, chain length, effective 
conjugation, defects rate, and electrical properties. Temperature was kept to 0°C, -
30°C or -40°C and reactions were stopped after various durations in order to 
control the molecular weight of samples. Polymerization durations were varied from 
1 hour to 5 days and depended on the reaction temperature. The inherent viscosities 
of the polyanilines (Pani) were determined at 25 °C in 0.1 %w solutions in 
concentrated sulfuric acid (95 %), using an Ubbelohde viscometer. For instance, 
high viscosity samples (1.4 61/g) were obtained after 3 days at -40 °C while low 
viscosity samples (0.6 dl/g) were obtained after 1 hour at 0 °C. 
A relationship was found between polymerization duration and inherent viscosity for 
polymers synthesized at low temperature (- 40 °C). Inherent viscosity increases 
from 0.6 to 1.4 when duration of polymerization increases from one to five days. In 
the case of synthesis at 0°C no correlation was obtained between duration of 
polymerization and inherent viscosity. A careful control of other parameters 
(synthesis medium, molar ratio aniline/oxidant, method for oxidant addition) have 
permitted to get samples with inherent viscosities ranging from 0.55 to 2.1 dl/g in a 
reproducible way. 
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4 

Synthesis and characterization of poly(3-alkylthiophene)s. The basic reactions 
used for the synthesis of poly(3-alkylthiophene)s are shown in Figure 2. 

Figure 2 : Synthesis routes for poly(alkylthiophene)s 
a) oxidation of 3-n-alkylthiophenes 
b) poly condensation of the dibrominated monomer 
c) regjoregular poly(3-alkylthiophenes) 

according to Mc Cullough et al. (5) 

The first step is the synthesis of the monomer. Al l 3-n-alkyhhiophenes were 
prepared according to Kumada (11). The second step is the synthesis of the 
polymer. A simple and inexpensive method to produce P3AT is by direct oxidation 
of 3-n-alkylthiophenes using FeCl3 as the oxidant/catalyst according to Sugimoto et 
al (12). The problem with this synthesis is the remaining Fe which is not easy to 
remove and leads to soon aging of the polymer and then to poor processability. 
A second route is the porycondensation of the dibrominated monomer (13). In this 
case no Fe is present in the materials and the stability of properties is increased. This 
synthesis was found to be very convenient in order to modify the molecular weight 
of polymers. In fact, by introducing a few percents of the monobrominated 
monomer we can vary the molecular weight from 3500 to 5500 (Figure 3). If more 
than five percents is added polymerization doesn't occur. 
The third route leads to regioregular poly(3-alkylthiophenes). They were prepared 
according to Mc Cullough et al (14). Only the bromination of monomer step was 
changed. Regioselective bromination of all 3-n-alkylthiophenes was performed using 
N-bromosuccinimide in CHCL3/ACOH 1/1. This procedure gives almost no 5-
bromo-3-n-alkylthiophene and therefore purification is greatly simplified. Al l 
operations were carried out under inert atmosphere conditions using pure nitrogen 
and dried and distilled solvents. This point makes the synthesis more complicated 
but permits to control the defects content in the polymer in terms of head to head 
couplings. 
With these three kinds of syntheses we have been able to get a series of polymers 
with various alkylchain length on the monomer, various molecular weight and 
various defect rates. The effect of defects rate on conjugation length can be seen for 
example with the evolution of the maximum of absorption on UV-Vis spectra. For 
the first synthesis route the maximum absorption in chloroform solution was at 430 
nm for poly(3-butylthiophene), it was at 435 nm for the second route and 452 nm 
for the third one. More generally a correlation was found between defects content 
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I I 1 I ' 1 1 1 ' 1 

0 1 2 3 4 5 
Monobromo alkyl- thiophene in synthesis (%) 

Figure 3 : Effect of monobromo butyl-3 thiophene concentration on molecular 
weight (Mn) of polymer obtained through polycondensation of the 
dibrominated monomer. Molecular weight is obtained by Gel 
Permeation Chromatography calibrated with polystyrene standards. 

(% of head to head couplings) and the location of the maximum absorption on UV-
vis spectrum (Figure 4). This correlation was in agreement with results already 
published on poly(3-hexylthiophene) (5,15-18) This correlation was found to be 
largely independent of the alkylchain length on the monomer and of molecular 
weight of the polymers. 

Modification of structural properties at supramolecular level 

When control of structural parameters of the polymer is achieved, properties of the 
material will also depend on processing routes. Processing routes will have an 
impact on polymer chain conformation and then on localization of charge carriers. 
Polymers are mainly processed from solutions or from their molten state. We will 
show here the extreme importance of the conformation of polymers in solution 
when one is concerned with final electrical properties. The conformation of polymer 
in solution can be tailored by a careful choice of the solvent type, i.e. dielectric 
constant and solubility parameters or some added salts in the solution. Even in the 
case of extrusion, when the polymer is processed in the molten state, the prior 
conformation in solution plays an important role on the final properties of 
conductive polymer based blends. 

As an example, solutions of emeraldine base and CSA in m-cresol, or DBSA in 
xylene (4) can be cast or spin-cast onto various substrates. The properties of the 
material will then depend on the structural parameter of the polymer but also on the 
experimental details. 

UV-vis spectra of DBSA doped Polyaniline solutions in m-xylene were found 
to be dependent on heat treatment in the case of high viscosity samples (Figure 5). 
During heat treatment the band at 750 nm attributed to localised carriers is gradually 
shifted toward low energies and its intensity is decreased while an absorption 
increases at low energy leading to a more "metallic" (19) spectrum. 
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0 ' 20 40 60 80 100 

Defects content (%) 

Figure 4 : Evolution of ^^(nm) with defects content (% of head to head 
couplings measured by *H NMR) for poly(3-butylthiophene) (PBT), 
poly(3-octylthiophene) (POT), poly(3-dodecyUthiophene) (PDDT) 
synthesized in this work and for poly(3-hexylthiophene) (PHT) of 
references 5, 15-18. 
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200 400 600 800 1000 1200 

X (nm) 
Figure 5 : Evolution of UV-visible spectrum of the solution before(a), after 1 hour 

(b) and after 3 hours (c) of heat treatment (Synthesis -40 °C, 3 days). 

On the contrary, spectra of low viscosity samples show weak evolution with heat 
treatment of the solution. 
Moreover the UV-Vis spectra were found to be dependent on the isomer of xylene 
used and on duration of doping process (Figure 6-7). It is surprising to see that for 
the same polymer, depending on the xylene isomer used, opposite evolution of 
properties is obtained. In o-xylene (Figure 6) the maximum absorption is gradually 
shifted toward low energy when in m-xylene (Figure 7) the shift is toward high 
energy. In the first case the polymer is more delocalised whereas in the second case 
localisation increases. 

2.0 

1.6 

1.2 

0.8 

0.4 

60 days 2 1 

\ V /15dayŝ  

r ~ r ' 

72 hours 

0.0 1 

400 600 800 1000 1200 

Wavelength (nm) 
Figure 6 : Evolution of UV-Vis spectra with time for PANI/DBSA solutions in 

o-xylene. 
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Figure 7 : Evolution of UV-Vis spectra with time for Pani/DBSA solutions in 
m-xylene. 

The difference in dielectric constant of solvent between o-xylene (er = 2.57) and m-
xyiene (er = 2.37) could be an explanation for more metallic like spectra in the case 
of o-xylene. This effect of dielectric constant seems to be quite general as we have 
been able to extend it to poly(3-alkylthiophene) solutions. The absorption spectra of 
head to tail polymerized pory(3-dodecylthiophene) (HTpDDT) doped in solution in 
different solvents have been obtained for a polymer concentration of 0.4 mg/ml and 
a doping level of 25%. A l l solutions present the same general features: two 
absorption bands in the NIR, characteristic of the bipolaron bands. In Figure 8 we 
have plotted the wavelength of the first and the second bipolaronic transition as a 
function of dielectric constant of solvent. The effect on electronic spectra of 
changing the solvent is dramatic. The spectrum in a polar solvent, nitrobenzene 
(8r=35.7) is significantly shifted toward low energy compared with spectra measured 
in relative non polar solvent, such as dichloromethane (er=9.1), chloroform (er=4.8) 
and toluene (er=2.4). 
In the case of toluene, it is postulated that there is little dissociation of ions (positive 
charges on the polymer and negative FeCL}' counter-anions). The positive and 
negative ions associated with the chain tend to form ion pairs inhibiting electrostatic 
repulsion between the positive charges on the chain. This effect tends to favor a 
compact coil conformation of the polymer. As the dielectric constant of the solvent 
increases, dissociation of negative (counter-anion) and positive (polymer) ions 
increases, resulting in coulombic repulsion of positive charges on the polymer chain 
and in an expansion of the initial compact coil conformation of the 
poly(alkylthiophene) chain, and thus a greater conjugation length. 
This effect is similar to results already published in the case of polyaniline (8). In this 
case, using m-cresol instead of chloroform, changes the molecular conformation of 
the polyaniline from compact coil to expanded coil, resulting in an enhancement of 
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the free carrier feature and a decrease of the localized polarons band. We show here 
a similar phenomenon for poly(3-alkylthiophene)/FeC^ system. 

Dielectric constant 

Figure 8: Wavelength of the first and second bipolaronic transition as a function 
of dielectric constant of the solvent. 

Polyaniline based materials can be obtained by dissolving the doped powder in a 
solvent containing an insulating polymer (PMMA, PE, EVA) or by extrusion of the 
insulating polymer and doped polyaniline powder. In the case of extrusion of DBSA 
doped polyaniline with low density polyethylene we found out that homogeneity of 
blends and final properties are strongly dependent on the polymer structural 
properties and the conformation in solution. Best results were obtained with low 
viscosity polymers and polyaniline powder recovered from metallic type solutions. 
Powders recovered from solution exhibiting localised absorption usually lead to 
inhomogenious blends with some aggregates of polyaniline. Aggregates may be due 
to incomplete doping of polyaniline aggregates leading to poor compatibility with 
polyethylene. Moreover after the extrusion process the conformation of the chain 
surprisingly remains the same as it can be seen on UV-vis spectra of thin films of 
diluted Pani/DBSA-PE films. 

Effect of structural parameters on electrical properties 

Electrical and optical characterization. A four probe apparatus (JANDEL JA 
010) was used for o^ measurements. The electric current was provided by a 
KEITHLEY 224 current source and a KEITHLEY 617 electrometer was used to 
measure the voltage, o^ measurements were carried out on free standing films or 
deposits. Film thicknesses were determined using a Dektak ST surface profiler. In 
order to get reliable values ofconductivity surface resistance R of deposits on glass 
slides were measured as a function of the thickness of the film (Figure 9). 
Conductivity was then given by the slope of the curve of the inverse of R as a 
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function of thickness. Correlation coefficients better than 0.99 insure reliable values 
of conductivity. 

0.7 

0.6 H 

0.5 

f 0 . 4 
J 
O 0.3 

^ 0.2 

0.1-I 

0.0 

1 / R ^ x e 

cjk = 380 +/- 20 S.crn 

R = 0.99483 

2 
—r-
4 

- i — 

10 6 8 
Thickness (nm) 

12 
— i — 

14 16 

Figure 9 : Evolution of the inverse of surface resistance with thickness of 
polyaniline deposits. 

s* measurements were carried out using a network analyzer (HP 8720) working 
between 130 MHz and 20 GHz with a 50 Q line. Powder samples are pressed or 
molded in order to give die castings compatible with APC7 standard. S parameters 
were then measured and values of 8* were calculated. Precision of the 
measurements was about 5 % for 8* values. 

The transmitted, reflected and absorbed part of the incident electromagnetic power 
were measured on deposits or thin films using a network analyzer ( HP 8720) with a 
rectangular wave guide. 

Specular reflectance measurements (q = 7°) were carried out between 6000 and 400 
cm"1 using a Bruker IFS88 FTIR (resolution 8 cm 1). A gold mirror was used as 
reference. 

Effect of molecular structural parameters on electrical and optical properties. 
In the case of low temperature synthesis polyaniline samples, conductivity was 
found to be related to inherent viscosity (Figure 10). Such a correlation is not found 
for samples synthesized at 0°C. This may be related to the fact that low temperature 
synthesis leads to defect free materials where conjugation length increases with 
molecular weight of the polymer. In the case of 0 °C samples, defects content is 
high and limits the conjugation length whatever the molecular weight is. 
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Figure 10 : Evolution of conductivity with inherent viscosity for polyaniline samples 

synthesized at high (0 C) or low (- 40 C) temperature. 

The decrease of defect rates (low temperature synthesis) and the increase of 
molecular weight permits to get high values of reflectivity in infrared domain (about 
80 %). Similar results have been obtained with poly(alkylthiophene)s going from 
randomly (RpDDT) to head to tail (HTpDDT) polymerized poty(3-
dodecylthiophene) (Figure 11). 
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* 0.4 
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0.0 
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Pari (Low Temp.) 
Pari ( H £ Temp.) 
FIT 

10 15 
Wavelength (fxm) 
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Figure 11 : Evolution of reflectivity with wavelength for various polymers (see text 
for details) and fit to Hagen Rubens equation in the case of 
high reflectivity polyaniline sample. 
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In the case of polyaniline reflectivity is high enough to be described by the Hagen 
Rubens equation. The reflection coefficient R at a wavelength X for a given 

microscopic conductivity can then be obtained. This conductivity, 1950 S.cm*1 is 
about four times higher than the static conductivity measured. In the case of the 
other materials, the levels are to low and application of this equation doesn't fit 
experimental results showing that we are too far from metallic behavior. 
In the case of polyaniline samples the increase in reflection coefficient is correlated 
to the increase in static conductivity. In the case of pory(alkylthiophene)s, we found 
out that control of molecular structure permits to increase conductivity at molecular 
level but is not sufficient to insure high level of static conductivity of the material. 
Moreover no correlation was found between static conductivity and reflection 
coefficient in the infrared domain. In fact static conductivity is not only influenced 
by molecular parameters but also by structural parameters at supramolecular scale. 
The effect of structural parameters on microwave properties of low conductivity 
samples ( 10~*-5 S.cm'1) has already been reported (2). By increasing the 
conductivity we have shown that microwave properties for high conductivity 
samples will only depend on the static conductivity and thickness of samples in term 
of absorbed, reflected and transmitted power for a given frequency. Different 
materials such as polypyrrole, polyaniline or indium tin oxide deposits were found to 
give same results when the surface resistance of the deposits was kept the same. 
In summary it is shown that control of molecular properties leads to better 
conductivity at microscopic level. Depending on the material, this increase at 
molecular level is more or less discernible at macroscopic level (static conductivity). 
For microwave properties, i f static conductivity is increased, levels of e* are also 
increased. Those levels are no more dependent on molecular structure if static 
conductivity is sufficiently high (more than 5 S.cm1). 
Effects of structural parameters at supramolecular scale on electrical 
properties. The UV-Vis spectra evolution of DBSA doped Pani in m-xylene is 
correlated with modification of the conductivity of the two polymers before and 
after heat treatment of the solution. In the case of low viscosity sample the initial 
conductivity is 24 S.cm'1 and remains about the same value after heat treatment of 
the solution in agreement with no change in UV-Vis spectrum On the contrary the 
initial conductivity of high viscosity sample is about 90 S.cm'1 and is increased up to 
150 S.cm'1 after heat treatment of the solution leading to a more metallic like UV-
Vis spectrum. 
This illustrates the fact that electric properties strongly depend on processing routes 
and that the effects can be more or less important depending on the structural 
characteristics of the polymer. 
Also in the case of pofy(3-alkyl thiophene) samples we found out that a more 
expanded coil like conformation would lead to higher reflectivity in the infrared 
domain (7) provided that the defects rate is sufficiently low. 
Interesting s* levels for microwave absorption can be reached with low conducting 
polymer contents (1-5%) (6). However, those levels, for a given conducting 
polymer are highly dependent on the synthesis parameters used to get the polymer 
(Temperature, duration, ...), on the way the doping process was carried out 
(solution concentration, evaporation temperature, kind of solvent,...) and on the 

resistivity p is given by the equation estimation of 
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way the final material was obtained (evaporation of the two polymers in solution, 
extrusion of the two polymers). This point is illustrated by the evolution of dielectric 
properties before and after the extrusion process. In this case we note an increase of 
dielectric properties which means that the quality of the blend is increased and that 
no aging phenomena occur during the extrusion process (Figure 12). Moreover, in 
this case the low viscosity sample was found to give better results after extrusion 
because of a better compatibility with polyethylene and then better homogeneity of 
the blend. 
It was found that materials obtained through solution evaporation lead to a better 
reproducibility and high values of s* while extruded materials could present wide 
dispersion of results. This point is essential for applications and shows that if 
conducting polymer based materials, with low content of conducting polymers (1-5 
%w) permit to get suitable values for microwave applications, works remain to be 
done when 8* values have to be severely controlled such as in the case of stealth 
applications (1). 

100 

10 M 
:(b') (a) 

(a1) 

0.1 1 

0.1 1 10 100 
F(GHz) 

Figure 12 : Evolution of e'(a,b) and e"(a',b') with frequency for 
polyaniline(5%w)/Polyethylene blend samples, before (b,b') andafter 
extrusion (a,a') process. 

Stability of properties 

The stability of properties also depends on the polymer structural properties. In the 
case of low viscosity polyaniline samples, heating at 120°C in air, for 24 hours, leads 
to a decrease of conductivity by a factor of 100 while only a factor 10 is found for 
the high viscosity sample. IR and U V spectra were recorded during aging and only 
slight variations where obtained on spectra. In fact a very low defect content due to 
aging has a strong influence on dc conductivity even if it is not detected by IR or 
UV-Vis spectroscopy. On the contrary loss in infrared reflectivity was low when 
compared to the decrease of conductivity. For example reflectivity in the infrared is 
decreased by 5 % when conductivity is divided by a factor 3. This may be explained 
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by the fact that reflectivity is due to the concentration of metallic domains and is less 
influenced by connectivity between metallic islands. This results from a preferential 
degradation of the amorphous phase between metallic domains where diffusion of 
oxygen is easier. 
It was also observed that after aging the polymer has lost its solubility and then that 
cross linking reactions may occur in the material. 

Aging experiments on thin deposits (3-5 urn) of Pani on glass substrates where 
performed at various temperatures for the two polyaniline samples doped with 
DBSA and for the high viscosity polyaniline sample doped with CSA. Conductivity 
level was 500 S.cm"1 for high viscosity CSA doped sample, and 150 and 25 S.cm"1 

respectively for high and low viscosity samples (6). Decrease in conductivity as a 
function of time was well described by first order laws. It was possible than to 
determine the activation energy of the phenomenon and to deduce, at room 
temperature the time needed for the conductivity to be divided by a factor two. The 
results are that the time needed is about 10 years for CSA-doped samples, three 
years for the high viscosity DBSA doped sample and only three months for the low 
viscosity DBSA doped sample. We can see here that the higher the conductivity, the 
higher the stability of the material is. In fact a higher conductivity is due to a 
material with higher crystallinity and organization leading to a better stability. CSA 
doped samples are interesting for their stability properties but are not liable to be 
extruded with polyethylene. So work remains to be done in order to get extruded 
polyaniline with expected values of radioelectric parameters and enough stability. 

Conducting polymers for radar absorbing materials. 

We have recently reviewed the use of conducting polymers in radar absorbing 
materials (1). The aim of this application is to generate materials able to decrease 
the reflected microwave energy of a metallic target illuminated by a radar. We have 
shown that such an application requires a careful control not only of dc conductivity 
but also of radioelectric parameters that are influenced by details of conduction 
mechanism at microscopic level (2). The great advantage carried on by conducting 
polymers is the wide diversity of synthesis routes and the possibility to tune the 
radioelectric parameters through doping or control of structural parameters. 
Different examples of such materials are given in reference (1) and will not be 
developed here. The challenge is now to generate new absorbers with conducting 
polymers having better controlled structural parameters leading to a wide choice of 
processing routes and better stability. 

Conclusion 

Control of synthesis and process parameters permit the tailoring of electrical 
properties. Concerning the static conductivity, we have shown that the decrease of 
defects and the increase of molecular weight permit to obtain high levels of 
conductivity and better stability. Concerning microwave properties, achievement of 
homogeneous blends permits to obtain materials with interesting properties at very 
low concentrations of conductive polymer. For IR properties the decrease of defects 
rate and the control of chain conformation permit to obtain high levels of reflectivity 
in the infrared range. 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

00
1

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



15 

Soluble conducting polymers are very attractive materials in order to realize 
microwave absorbing materials. However, structural parameters of the polymer and 
details of preparation techniques have to be severely controlled in order to get 
reproducible and expected values. More specifically, DBSA doped polyaniline based 
materials are promising materials if two major problems are fixed : homogeneity of 
properties after extrusion and stability over time. Work is in progress now in order 
to increase properties stability of the polymer. 
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Chapter 2 

Separation and Concentration of Anionic Organic 
Electrolytes by Electrotransport through Polyethylene 

Films Grafted with Cationic Polymers 
Kazunori Yamada, Koki Sasaki, and Mitsuo Hirata 

Department of Industrial Chemistry, College of Industrial Technology, 
Nihon University, Narashino, Chiba 275-8575, Japan 

Electrotransport of anionic and neutral phenyl compounds such as 
benzoic acid (BA), benzenesulfonic acid (BSA), and phenyl-1,2-
ethanediol (PhED) was studied using polyethylene films photografted 
with 2-(dimethylamino)ethyl methacrylate (DMAEMA). The BA and 
BSA permeabilities of DMAEMA-grafted PE (PE-g-PDMAEMA) films 
were considerably increased by the application of the direct current at 
pH 6. On the other hand, the permeability of phenyl-1,2-ethanediol 
(PhED) increased slightly. BA and BSA could be selectively 
permeated from the respective binary BA/PhED and BSA/PhED 
mixtures by making use of the difference in the permeabilities between 
the anionic and neutral phenyl compounds. In addition, anionic 
phenyl compounds could be concentrated by 1.8 to 1.9 times the initial 
concentrations by the continuous application of the direct current in the 
aqueous BA and BSA solution systems. 

It is possible to add new properties to polymer substrates by grafting various 
monomers onto the surfaces or throughout the bulk of the polymeric substrates such as 
polyethylene (PE) (1-5), polypropylene (PP) (6-9), or poly(tetrafluoroethylene) 
(PTFE) (10-13) by using U V radiation (1-5), Co y rays (7,10), plasma (6), or electron 
beam (8,9) as an energy source or by the combined use of the plasma treatment and 
photografting (11-13). We reported in previous papers (2,3) that the wettabilities 
and adhesivities of polyethylene (PE) plates were enhanced without affecting any bulk 
properties by the photograftings of hydrophilic monomers. Furthermore, it was 
found that the grafted layers formed on the PE substrates could absorb a significant 
amount of water. When the photograftings of hydrophilic monomers were carried 
out throughout the bulk of PE films used in place of PE plates, the grafted PE films 
possessed reasonable mechanical properties in the swollen state (4,14). They are 
suitable for use in hydrogel systems or functional membranes (5). Among these 
grafted PE films, 2-(dimethylamino)ethyl methacrylate (DMAEMA) grafted PE (PE-g-
PDMAEMA) films showed good electrical conductivities and water-absorptivities even 
at lower grafted amounts (4,14). Generally, polyelectrolytes undergo 
conformational changes with a change in the environmental conditions such as pH, 
ionic strength, and electric field of the medium (15,16). Therefore, if such 
polyelectrolytes are covalently bonded to polymeric films as grafted polymer chains, 

16 © 1999 American Chemical Society 
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their permeabilities to neutral and ionic small molecules can be controlled in response 
to one or more of the above mentioned environmental changes. 

Our work has been geared toward studying the application of grafted PE films as 
functional membranes for the separation, concentration, and recovery of anionic and 
cationic compounds. In fact, many kinds of ionic membranes have been designed 
for the concentration and selective separation of anionic and canonic compounds by 
several researchers (17-19). We reported in previous papers that ionic phenyl 
compounds such as benzoic acid (BA), benzenesulfonic acid (BSA), and p-
aminobenzoic acid could be uphill transported against the concentration gradient by the 
use of the pH difference across the PE-g-PDMAEMA films. The concentration of 
each ionic phenyl compound in the acidic side increased by about 1.8 times the initial 
concentration (20,21). However, it took much longer time to concentrated the 
concentration of the ionic phenyl compounds against the concentration gradient. 
Thus, we tried to examine electrotransport properties of PE-g-PDMAEMA films to 
some anionic phenyl compounds. 

In this study, the control of permeation of anionic phenyl compounds and their 
selective separation and concentration by electrotransport were examined using PE-g-
PDMAEMA films with the aim of applying them to various types of functional 
membranes. 

Experimental Section 

Photografting. A film of PE (thickness = 30 ^m, density = 0.924 g/cm3) 
supplied from Tamapoly Co., Ltd., in Japan was used as a polymer substrate. 
DMAEMA was purified by distillation under reduced pressure. Other chemicals 
were used as supplied. The PE films, cut strips of 6.0 cm length and 3.0 cm width, 
were dipped for 1 min in a 50 ml of an acetone solution containing 0.25 g 
benzophenone (BP) as a sensitizer to coat the PE surfaces with BP (1-3). Next, the 
pH value of an aqueous DMAEMA monomer solution at 1.0 mol/dm3 was adjusted to 
8.0 with concentrated HC1 to prepare PE-g-PDMAEMA films. Photografting of 
DMAEMA onto the BP-coated PE films was carried out by applying U V rays emitted 
from a 400 W high pressure mercury lamp to the aqueous DMAEMA monomer 
solutions adjusted to pH 8 in the Pyrex glass tubes at 60 ^ using a Riko RH400-10W 
rotary photochemical reactor (4). The grafted amount was calculated from the 
weight increase of the samples in mmol/g. 

Permeation Control in Response to the Direct Current. Two platinum 
mesh electrodes and PE-g-PDMAEMA films swollen in NH4C1/HC1 or NH4Cl/NaOH 
buffer solutions of pH 4 to 10 housed in the permeation cells were arranged in order of 
one platinum electrode, the PE-g-PDMAEMA film, and another platinum electrode 
(22,23). A 100 ml of buffer solution containing BA, BSA. or PhED (concentration 
= 2.0 mrnoVdm3) was put in one side of the cell and a 100 cnr of the buffer solution in 
the other side of the cell, and then the direct current was turned on and off in a 
stepwise manner with stirring. During applying the direct current, 0 . 5 - 2 mol/dm3 

HC1 or NaOH was added to the feed and permeate solutions to keep their initial pH 
values. The amounts of permeated BA, BSA, and PhED were determined by 
measuring the absorbance of the aliquots (X = 219 nm for BA and BSA and X = 205 
nm for PhED), and then each aliquot was immediately returned to the permeate 
solution. 

Selective Permeation by Electrotransport. The binary mixtures of BA/PhED 
and BSA/PhED in a NH4C1/HC1 buffer solution of pH 6 (100 cm3) were put in the 
feed side, and the direct current of 10 mA was applied with stirring. The amounts 
of two phenyl compounds, designating one phenyl compound as A and another as B, 
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Table I. Determination of the amount of permeated phenyl compounds for the 
binary BA/PhED and BSA/PhED mixture systems. 

Binary component 
(nm) 

loge 
(dm3/molcm) 

Xi 
(nm) 

loge 
(dm3/molcm) 

BA/PhED 212 3.76 
3.76 

219 3.87 
3.10 

BSA/PhED < 209 
3.86 
3.86 220 

3.67 
2.85 

permeated from the binary mixtures through PE-g-PDMAEMA films were determined 
by measuring the absorbance of the aliquots taken from the permeate solutions at two 
different wavelengths, X\ and Xi, as shown in Table I. The absorbances were 
determined both at one wavelength X\ at which the molar absorption coefficient of A 
was equal to that of B (£AI = 8BI) and at another wavelength Xi at which the molar 
absorption coefficients of two phenyl compounds were considerably different (£AI * 
£Bi). The amounts of permeated phenyl compounds, A and B, were calculated 
using equations 1 and 2: 

Abs2 = C A £A2 • L + (CA+B - C A ) -^2 • L (1) 

C A + B = C A + C B (2) 

In addition, the permselectivities were estimated from the separation factors calculated 
using equation 3: 

Separation factor = A or BSA / YPHEP ( 3 ) 

XBA or BSA/ XphED 

where X and Y denote the molar fractions of phenyl compounds in the feed and in the 
permeate solutions, respectively, and the subscripts are the abbreviations of the phenyl 
compounds used here. 

Concentration by Electrotransport. An aqueous BA or BSA solution at 2 
mmol/dm3 was put in both anode and cathode sides of the cell, and then the direct 
current of 10 mA was continuously applied. The concentrations of BA or BSA in 
the feed and permeate sides were spectroscopically measured. The transport 
fraction was calculated from the maximum concentration in the anode side, C , ^ , and 
the initial concentration, C i n l , using equation 4: 

Transport fraction = C f n a * ~ C i n t . 100 (4) 
Cint 

Results and Discussion 

The dependence of the B A and BSA permeabilities on the amount of grafted 
PDMAEMA and the pH value of the buffer solution during the application of the direct 
current was followed up using PE-g-PDMAEMA films. First, the B A and BSA 
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permeabilities were examined during applying the direct current of 5 mA at pH 6 using 
PE-g-PDMAEMA films with different grafted amounts. Figure 1 shows the 
variations in the B A and BSA permeabilities of PE-g-PDMAEMA films with the 
grafted amount The B A and BSA permeabilities showed the maximum values 
about 7 - 8 mmol/g. No ungrafted layers in any PE-g-PDMAEMA films could be 
observed more than 5 mmol/g (4). Since the grafted amount leads to the increase in 
the amount of dimethylamino groups as a positively charged functional group, the B A 
and B S A permeabilities increase with an increase in the grafted amount. However, 
a further increase in the grafted amount leads to the increase in the total thickness of the 
PE-g-PDMAEMA film, so the B A and BSA permeabilities decrease. Secondly, the 
B A and BSA permeabilities were examined in the buffer solutions of different pH 
values using the PE-g-PDMAEMA film with 7.7 mmol/g which showed the maximum 
permeabilities in Figure 1. Figure 2 shows the variation in the BA and BSA 
permeabilities with the pH value. The BA and BSA permeabilities passed through 
the maximum value at pH 6. This result can be explained in terms of the 
viscometric behavior of aqueous PDMAEMA solutions (ionic strength = 0.01 mol/dm3, 
NaCl) (4) and the protonation behavior of dimethylamino groups affixed to 
PDMAEMA as a function of pH value (21). The maximum value of the reduced 
viscosity of PDMAEMA in the aqueous solutions was also observed at the same pH 
value. Therefore, it can be suggested that the maximum permeabilities of PE-g-
PDMAEMA film to B A and BSA at pH 6 is due to the expansion of grafted 
PDMAEMA chains caused by the protonation of dimethylamino groups. 

On the basis of the above results, electrotransports of B A and BSA were followed 
up at pH 6 using the PE-g-PDMAEMA film with 7.7 mmol/g. Figure 3 shows the 
B A and BSA permeabilities of PE-g-PDMAEMA film with 7.7 mmol/g on repeatedly 
turning on and off the direct current between 0 and 5 mA at pH 6. When the 
platinum mesh electrode in the permeate side was used as the anode, the BA and BSA 
permeabilities considerably increased by the application of the direct current When 
the platinum mesh electrode in the permeate side was used as the cathode, the B A and 
B S A permeabilities were depressed. These results indicate that increased 
permeabilities of B A and BSA were caused not only by the concentration gradient but 
also by the migration of benzoate and benzenesulfonate anions toward the anode. In 
addition, electrotransport of B A was examined using a methacrylamide (MAAm, 
neutral) grafted PE film with 31.0 mmol/g and a methacrylic acid (MAA, anionic) 
grafted PE film with 13.8 mmol/g under the same conditions as shown in Figure 3(a). 
Both grafted PE films had no grafted layers. Figure 4 shows the B A permeabilities 
of the PE-g-PMAAm and PE-g-PMAA films on repeatedly turning on and off the 
direct current between 0 and 5 mA at pH 6. It is apparent that the B A permeabilities 
slightly increased for the PE-g-PMAAm film and little for the PE-g-PMAA film on 
applying the direct current These results indicate that grafted polymer chains with 
positively charged functional groups are required to obtain a high permeability during 
the application of the direct current The on-off regulation of permeation observed 
by turning on and off the direct current could be repeated in shorter intervals than that 
repeated by the temperature and pH changes (5). 

In addition, the permeabilities of PhED as a neutral phenyl compound were 
investigated under the same electrical field as above described. Figure 5 shows the 
PhED permeabilities of the PE-g-PDMAEMA film at pH 6 by repeatedly turning on 
and off the direct current of 10 mA. The PhED permeabilities during turning on the 
direct current only slightly increased compared to those during turning off the direct 
current, even when the platinum mesh electrode in the permeate side was used as the 
anode. Therefore, it seems from this result that grafted PDMAEMA chains with 
positively charged dimethylamino groups orient toward the cathode in the feed solution. 
This behavior also exerts a favorable influence on the increase in the permeation of BA 
and B S A molecules on applying the direct current in addition to the above-mentioned 
two factors. 
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Amount of grafted D M A E M A 
(mmol/g) 

Amount of grafted D M A E M A 
(mmol/g) 

Figure 1. Variations in the permeation flux of (a) B A and (b) BSA with the 
amount of grafted D M A E M A in a buffer solution of pH 6. Direct current 
( m A ) : O : 0 , « : 5 , A:10. 

pH pH 

Figure 2. Variations in the permeation flux of (a) B A and (b) BSA with the 
pH value of the buffer solution for PE-g-PDMAEMA film with 7.7 mmol/g. 
Direct current (mA): 0 : 0, • : 5. 

9 25 

Time (h) Time (h) 

Figure 3. Reversible permeation of (a) B A and (b) BSA through PE-g-
P D M A E M A film with 7.7 mmol/g at pH 6 by repeatedly turning on and off 
the direct current between 0 ( O , A ) and 5 mA ( • , • ) . Electrode in the 
permeate side : O , • : anode, A , A : cathode. 
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Z 25 

4 20 

| 15 

3 10 

5 

(a) PE-g-PMAAm (b) PE-g-PMAA 

Time (h) Time (h) 

Figure 4. Permeation behavior of B A through (a) PE-g-PMAAm film with 3 
l.Ommol/g and (b) PE-g-PMAA with 13.8 mmol/g at pH 6 by repeatedly 
turning on and off the direct current 0 ( O , A ) and 5 mA (• , A). Electrode 
in the permeate side : O , • : anode, A , A : cathode. 

Z 25 

f 2 0 

§ 15 
6 

•8 
10 

5 

0' 
0 1 

Time (h) 
Figure 5. Reversible permeation of PhED through PE-g-PDMAEMA film 
with 7.7 mmol/g at pH 6 be repeatedly turning on and off the direct current 
between 0 ( O ) and 10 mA ( • ) . Electrode in the permeate side was used as 
the anode. 

Kb) BSA/PhED^ 

BSA I 

4 0 1 

Time (h) Time (h) 
Figure 6. Selective permeation of (a) B A from BA/PhED mixture and (b) 
B S A from BSA/PhED mixture (C = 2.0 mmol/dm3) through PE-g-
P D M A E M A film with 7.7 mmol/g at pH 6 on applying the direct current of 
10 mA. Electrode in the permeate side : O , 0 : cathode, A , A: anode. Molar 
fraction of anionic phenyl compounds (BA and BSA) was 0.50. 
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The permselectivities of PE-g-PDMAEMA film by electrotransport were followed 
up from in the BA/PhED and BSA/PhED systems at pH 6. Figure 6 shows the 
permselectivities of the PE-g-PDMAEMA film with 7.7 mmol/g from the binary 
BA/PhED and BSA/PhED mixtures of pH 6 (mole % = 50/50) on applying the direct 
current. While applying the direct current, benzoate and benzenesulfonate anions 
were selectively transported to the anode side through the PE-g-PDMAEMA film. 
The separation factors for the binary BA/PhED and BSA/PhED mixtures were 
calculated to be 17.8 and 23.8, respectively, from equation 3. It is clear from 
Figure 5 that PE-g-PDMAEMA films show high permselectivities to anionic phenyl 
compounds. In addition, selective permeation experiments were carried out using 
the BA/PhED or BSA/PhED mixtures with different molar fractions of BA or BSA at a 
constant total concentration of 2.0 mmol/dm3. Figure 7 shows the effect of feed 
composition of B A and BSA on the separation of BA/PhED and BSA/PhED mixtures 
and separation factor. Separation factors increased with a decrease in the molar 
fraction of B A or BSA. It is apparent from Figure 6 (b) that the selective separation 
of anionic phenyl compounds such as B A and BSA was attained through the PE-g-
PDMAEMA films and the permeate solutions enriched with BA and BSA could be 
obtained even from a low B A and BSA feed solution. Such a high permselectivity 
to B A or B S A was considered to be attributed to the migration of benzoate or 
benzenesulfonate anions toward the anode and electrostatic attraction between benzoate 
and benzenesulfonate anions and grafted PDMAEMA chains with positively charged 
dimethylamino groups. It can be considered that the BSA fraction is higher than BA 
fraction in the permeate in spite of the molar fractions of anionic phenyl compounds in 
the feed, since most of BSA molecules dissociate into anions. 

The concentration of anionic phenyl compounds through the PE-g-PDMAEMA 
films by electrotransport was studied. An aqueous B A or BSA solution at 2 
mmol/dm3 was put in both sides of the cell, and then the direct current of 10 mA was 
continuously applied. Figure 8 shows the changes in the concentrations of B A and 
BSA and the pH values in the feed and permeate solutions with the time. The 
concentrations of B A and BSA in the anode side increased with the passage of the time 
and went up to over 3.8 mmol/dm3. The electrotransport of anionic phenyl anions 
to the anode side progressed concurrently with a sharp increase in the pH value in the 
cathode side. It becomes apparent from these results that benzoate and 
benzenesulfonate anions are uphill transported to the anode side against their 
concentration gradient with simultaneous transfer of hydrogen ions generated by 
electrolysis of water molecules. Bubbles produced in the vicinity of the electrodes 
during the application of the direct current were promptly removed because the 
presence of the bubbles resulted in a decrease in the migration of phenyl anions due to 
a significant increase in die electrical resistance. The transport fraction of BA and 
B S A calculated from equation 4 amounted to 87 % and 95 %, respectively. 
Although the concentration of BA more rapidly increased than that of BSA, the 
maximum concentration of B A was lower than that of BSA. It is understandable 
from the dissociation behavior of B A molecules calculated using the dissociation 
constant of pKa = 4.20 and the protonation behavior of dimethylamino groups affixed 
to DMAEMA chains determined from the colloid titration with potassium polyvinyl 
alcohol) sulfate (KPVS) [17,21] that the degree of dissociation of BA molecules is low 
and most of dimethylamino groups are protonated in the pH range below pH 4. 
Since the pH value in the anode side is lower than that in the cathode side, benzoate 
anions incorporated into the PE-g-PDMAEMA film by electrostatic attraction with 
positively charged dimethylamino groups are readily released to the anode medium. 
For the aqueous BSA solution, however, the pH range below pH 4 was maintained 
for 3 hrs so that the higher maximum concentration was obtained. The 
concentration of B A and BSA by electrotransport could be attained in more shorter 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

00
2

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



23 

70 

Molar fraction of BA or BSA 
in the feed 

Figure 7. Effect of the feed composition on the separation factor and 
selective permeation of B A from BA/PhED mixture (O) and BSA from BSA/ 
PhED mixture (•) at pH 6 on applying the direct current of 10 mA for PE-g-
P D M A E M A film of 7.7 mmol/g. Electrode in the permeate side was used 
as the cathode. 

Time (h) Time (h) 

Figure 8. Changes in the concentration of (a) BA and (b) BSA and pH 
values in the anode (O) and cathode (#) sides on contituously applying the 
direct current of 10 mA using a PE-g-PDMAEMA film of 7.7 mmol/g. 
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time than that by the uphill transport using the pH difference across the PE-g-
PDMAEMA films as a driving force and the maximum concentrations obtained here 
was a little higher than those by the uphill transport From the above results, the 
PE-g-PDMAEMA films are expected to be applied to electrodialysis membranes for 
anionic organic compounds. 
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Chapter 3 

Ionic Polymer-Metal Composites as Biomimetic 
Sensors and Actuators-Artificial Muscles 

M. Shahinpoor1, Y. Bar-Cohen2, T. Xue2, Joycelyn S. Harrison3, and J. Smith3 

1Artificial Muscles Research Institute, University of New Mexico, 
Albuquerque, NM 87131 

2 NASA Jet Propulsion Laboratory (JPL), California Institute of Technology, 
Pasadena, CA, 91109-8099 

3Composites and Polymers Branch, NASA Langley Research Center, 
Hampton, V A 23681-0001 

ABSTRACT 

This chapter presents an introduction to ionic-polymer-metal composites and 
some mathematical modeling pertaining to them. It further discusses a number of 
recent findings in connection with ion-exchange polymer metal composites (IPMC) as 
biomimetic sensors and actuators. Strips of these composites can undergo large 
bending and flapping displacement if an electric field is imposed across their 
thickness. Thus, in this sense they are large motion actuators. Conversely by bending 
the composite strip, either quasi-statically or dynamically, a voltage is produced across 
the thickness of the strip. Thus, they are also large motion sensors. The output voltage 
can be calibrated for a standard size sensor and correlated to the applied loads or 
stresses. They can be manufactured and cut in any size and shape. In this paper first 
the sensing capability of these materials is reported The preliminary results show the 
existence of a linear relationship between the output voltage and the imposed 
displacement for almost all cases. Furthermore, the ability of these IPMC's as large 
motion actuators and robotic manipulators is presented. Several muscle configurations 
are constructed to demonstrate the capabilities of these IPMC actuators. This paper 
further identifies key parameters involving the vibrational and resonance 
characteristics of sensors and actuators made with IPMC's. When the applied signal 
frequency is varied, so does the displacement up to a point where large deformations 
are observed at a critical frequency called resonant frequency where maximum 
deformation is observed. Beyond which the actuator response is diminished. A data 
acquisition system was used to measure the parameters involved and record the results 
in real time basis. Also the load characterization of the IPMC's were measured and 
showed that these actuators exhibit good force to weight characteristics in the 
presence of low applied voltages. Finally, reported are the cryogenic properties of 
these muscles for potential utilization in an outer space environment of few Torrs and 
temperatures of the order of -140 degrees Celsius. These muscles are shown to work 

© 1999 American Chemical Society 25 
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quite well in such harsh cryogenics environments and thus present a great potential as 
sensors and actuators that can operate at cryogenic temperatures. 

Keywords: Ionic Polymer-Metal Composite Sensor, Soft Actuator, Artificial Muscles, 
Biomimetic Sensor, Vibrations, Resonance. 

1. INTRODUCTION 

Ion-exchange polymer-metal composites (IPMC) are active actuators that 
show large deformation in the presence of low applied voltage and exhibit low 
impedance. They operate best in a humid environment and can be made as a self-
contained encapsulated actuators to operate in dry environments as well. They have 
been modeled as both capacitive and resistive element actuators that behave like 
biological muscles and provide an attractive means of actuation as artificial muscles 
for biomechanics and biomimetics applications. Grodzinsky1, Grodzinsky and 
Melcher 2 , 3 and Yannas, Grodzinsky and Melcher4 were the first to present a plausible 
continuum model for electrochemistry of deformation of charged polyelectrolyte 
membranes such as collagen or fibrous protein and were among the first to perform 
the same type of experiments on animal collagen fibers essentially made of charged 
natural ionic polymers and were able to describe the results through electro-osmosis 
phenomenon. Kuhn 5 and Katchalsky6, Kuhn, Kunzle, and Katchalsky7, Kuhn, 
Hargitay, and Katchalsky8, Kuhn, and Hargitay9, however, should be credited as the 
first investigators to report the ionic chemomechanical deformation of polyelectrolytes 
such as polyacrylic acid (PAA), polyvinyl chloride (PVA) systems. Kent, Hamlen and 
Shafer10 were also the first to report the electrochemical transduction of PVA-PAA 
polyelectrolyte system. Recently revived interest in this area concentrates on artificial 
muscles which can be traced to Shahinpoor and co-workers and other researchers u ~ 1 4 ' 
2 2 " 5 3 , Osada15, Oguro, Asaka and Takenaka16, Asaka, Oguro, Nishimura, Mizuhata and 
Takenaka17, Guo, Fukuda, Kosuge, Arai, Oguro and Negoro1 8, De Rossi, Parrini, 
Chiarelli and Buzzigoli 1 9 and De Rossi, Domenici and Chairelli 2 0. More recently De 
Rossi, Chiarelli, Osada, Hasebe, Oguro, Asaka, Tanaka, Brock, Shahinpoor, 
Mojarrad 1 1 - 6 9 have been experimenting with various chemically active as well as 
electrically active ionic polymers and their metal composites as artificial muscle 
actuators. 

Essentially polyelectrolytes possess ionizable groups on their molecular 
backbone. These ionizable groups have the property of dissociating and attaining a net 
charge in a variety of solvent medium. According to Alexanderowicz and Katchalsky17 

these net charge groups which are attached to networks of macromolecules are called 
polyions and give rise to intense electric fields of the order of 10 1 0 V/m. Thus, the 
essence of electromechanical deformation of such polyelectrolyte systems is their 
susceptibility to interactions with externally applied fields as well as their own internal 
field structure. In particular i f the interstitial space of a polyelectrolyte network is 
filled with liquid containing ions, then the electrophoretic migration of such ions 
inside the structure due to an imposed electric field can also cause the macromolecular 
network to deform accordingly. Shahinpoo^ , 8• 2 2 , 2 5 ' 2 6 , 2 8 ' 2 9 ' 3 1" , 3 6 and Shahinpoor and co-
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workers 2 1 , 2 3 , 2 4 , 2 7 ' 3 0 have recently presented a number of plausible models for micro-
electro-mechanics of ionic polymeric gels as electrically controllable artificial muscles 
in different dynamic environments. The reader is referred to these papers for the 
theoretical and experimental results on dynamics of ion-exchange membranes -
platinum composite artificial muscles. 

The IPMC muscle used in our investigation is composed of a perfluorinated 
ion exchange membrane ( E M ) , which is chemically composited with a noble metal 
such as gold or platinum. A typical chemical structure of one of the ionic polymers 
used in our research is 

K C F ^ M C F - C F J X , , . ] 
I 

0-CF-CF 2-0-CF 2-SO- 3 M + 

I 
CF 3 

where n is such that 5<n<l 1 and m ~ 1, and M + is the counter ion (H*, L i + or Na*). 
One of the interesting properties of this material is its ability to absorb large amounts 
of polar solvents, i.e. water. Platinum, Pt, metal ions, which are dispersed through out 
the hydrophilic regions of the polymer, are subsequently reduced to the corresponding 
metal atoms. This results-in the formation of a dendritic type electrodes. 

Metallization of Ion-Exchange Membranes 

In Metalizing this material there is a first stage of in-depth molecular 
metallization and a second stage of surface plating and electroding. Thus, the 
important stage of compositing is the first stage which can be postulated to take place 
according to the following chemical reacctions: 

[P/(AW3 )4 f + + le ~ => Pt ° + 4NH 3 (1.1) 

LiBHA+WH- z>B02+Li+ +6H20 + 9e~ (1-2) 

From equations (1.1) and (2.1), it is possible to draw the following: 

LiBH4 + 4[p/(M/3)4f + + 80/T 4Pt° + \6NH3 + B02 +1#+ + 6H20 + &T 

= LiBHA + 4[P/(M/3)4f + + 80/T 4Pt° + 16AW3 + B02 + Li+ + 6H20 

Also, the solid form of L i B 0 2 occationally precipitates. Therefore, the overall 
reaction may be, 

LiBH4 + 4[P»(AH3)4 J + + 80/T => 4Pt°(s) + \6NH3(g) + UB02(sl) + 6H20(!) (14) 

Now, the biggest question is the source of hydroxyl ions. Apparantely, the following 
reaction may be possible. 
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LiBHA + 4H20 => 4H2 +DOH(Li* +OH)+B(OH)3(s?) (1.5) 

This indicates 9 moles of UBH4 are required for reducting 4 moles of Pt(NH 3 ) 4

2 + 

2-THEORETICAL CONSIDERATION 

A simple one-dimensional model of electrically-induced deformation of ionic 
polymeric gels is such that: 

a = ( l / 3 ) E ( C o , C i ) ( X - V 2 ) , (2.1) 

a = K ( C o , Q ) E * 2 (2.2) 

where a is the stress, X is the stretch, E(Co, Q) is the corresponding Young's modulus 
of hyper-elasticity, Co is the polymer solid concentration, Q , (i=l,2,....,N)'s are the 
molal concentration of various ionic species in the aqueous medium, K (C 0 , Q) is an 
electromechanical coefficient and E* is the local electric field. Thus bending can 
occur due to differential contraction and expansion of outer most remote regions of a 
strip i f an electric field is imposed across its thickness as shown below in Figure 1. 
Since ionic polyelectrolytes are for the most part three dimensional network of 
macromolecules cross-linked nonuniformly, the concentration of ionic charge groups 
are also nonuniform within the polymer matrix. Therefore the mechanism of bending 
is partially related to the redistribution of fixed ions and migration of mobile ions 
within the network due to the imposition of an electric field. However, recent 
modeling effort on the sensing and actuation have revealed that this effect may play an 
insignificant role on the actuation which may be dominated by surface charge 
interactions. This subject is currently under investigation. 

A simple one-dimensional model of electrically-induced dynamic deformation 
or vibration of a cantilever beam made with such IPMC artificial muscle strips is 
given by the following equations : 

p ^ f = — + F(x, t ) , (2.3) 

e = sc+KEn, -C<n<C, (2.4) 

A = \ + €9 (2.5) 

K-X_ = 2*r£C, (2.6) 

where F is the body force per unit volume of the muscle, p is the density, e is the 
strain, subscript c indicates values at the neutral axis of the cross-section of the strip, C 
is the distance of the outer-most remote fibers, KEis the local curvature due to an 
imposed electric field, TJ is a cross-sectional parameter, E* is the local electric field, x 
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and t are axial location and time variables and subscripts + and respectively indicate 
the values of variable at the outermost remote fibers. 

++ ++ 
++ ++ ++ ++ ++ 

++ ++ ++ 

Figure 1. General redistribution of charges in an ionic polymer due to an imposed 
electric field. 

Thus bending can occur due to differential contraction and expansion of outer 
most remote fibers of a strip i f an electric field is imposed across its thickness as 
shown below in Figures 1 and 2. Numerical solutions to the above set of dynamic 
equations are presently underway and will be reported later. However, it must be 
mentioned that the governing equations 0 M 6 ) display a set of highly non-linear 
dynamic equations of motion for the IPMC artificial muscles. 

Presently attempts are under way to establish existence and uniqueness of 
dynamic solutions to the above equations mathematically. However, experimental 
observations in our laboratory clearly indicate the non-linear motion characteristics of 
such muscles as well as unique vibrational response and resonance characteristics. 

For detailed dynamics description and analysis of the continuum theory of 
ionic polymeric gel the reader is referred to Segalman, Witkowski, Adolf and 
Shahinpoor25. Since polyelectrolytes are for the most part three dimensional network 
of macromolecules cross-linked nonuniformly, the concentration of ionic charge 
groups are also nonuniform within the polymer matrix. Therefore the mechanism of 
swelling and contraction are intimately related to osmotic diffusion of solvent, ions 
and counterions into and out of the gel. One possible way to describe this mechanism 
is to model the system by the governing continuum mechanics equations and Neo-
Hookean deformation theory. In the next section an analytical relation is presented as 
described by Segalman, Witkowski, Adolf and Shahinpoor25. 
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3-ION TRANSPORT MECHANISMS 

Let c(X,t) be the solvent concentration, H(X,t) be the ionic concentration, 
x(X,t) be the position vector of a typical gel element, X be the reference material 
coordinate, and t be the time such that the governing continuum mechanics equation 
takes the following forms: 

^ = V • [ D u (C, H) Vc + D 1 2 (c , H) VH] - V • (cx) (3.1) 

^ = V [D 2 I (C , / / )VC + D22(c,H)VH]-V (Hx) + / / , (3.2) 

- ^ + V ( p i ) = 0 (3.3) 

pgx = V:S + pgfb (3.4) 

— = 5 : V i + V ^ + V qc+J-E + pgh (3.5) 

where x is the displacement, a superposed dot stands for a differentiation with respect 
to time, Dij is diffusion coefficient, Hs is the source term for the production of ions in 
the gel, p g is the gel density, S is the stress tensor, fb is the body force vector which 
includes electromagnetic and gravitational terms, 8 is the specific internal energy of 
the ionic polymeric gel, q is the heat flux vector, qc is the chemical energy flux vector, 
J is the electric current flux vector, E is the electric field vector, and h is the specific 
source of energy production in the gel. The stress tensor S, is related to deformation 
gradient field by means of Neo-Hookean type constitutive equation which may be 
represented by the following equation: 

S = G{c\F-\F-{)T-l]+pl (3.6) 

where F = (dx/dX), I is the identity matrix, superposed T stands for transpose, G(c) is 
the Young's modulus, p is an unknown Lagrangian multiplier to be found by solving 
system of equations 1-12. The solution to this model will enable one to electrically 
control the polymeric muscle bending and therefore the motion of the swimming 
robotic structure. For additional references on modeling of IPMC artificial muscles the 
reader is referred to references [11]-[14] and [22J-53] 

4-BIOMIMETIC SENSING CAPABILITY OF IPMC 

Investigations of the use of ion-exchange-membrane materials as sensors can 
be traced to Sadeghipour, Salomon, and Neogi 5 8 where they used such membranes as 
a pressure sensor/damper in a small chamber which constituted a prototype 
accelerometer. However, it was Shahinpoor3 9 who first discussed the phenomenon of 
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flexogelectric effect in connection with dynamic sensing of ionic polymeric gels. In 
this paper the focus is on the application of the IPMC sensor on quasi-static or 
dynamic displacement sensing where the response of the sensor against large imposed 
displacements was investigated. To get a better understanding of the mechanism of 
sensing, more explanation must be given about the general nature of the ionic 
polymers. 

As shown in Figures 1 and 2, IPMC strips generally bend towards the anode and i f the 
voltage signal is reversed they also reverse their direction of bending. Conversely by 
bending the material, shifting of mobile charges become possible due to imposed 
stresses. Consider Figure 2 where a rectangular strip of the composite sensor is placed 
between two electrodes. When the composite is bent a stress gradient is built on the 
outer fibers relative to the neutral axis (NA). The mobile ions therefore will shift 
toward the favored region where opposite charges are available. The deficit in one 
charge and excess in the other can be translated into a voltage gradient which is easily 
sensed by a low power amplifier. 

4.1-Quasi- Static Sensing 

The experimental results showed that a linear relationship exists between the voltage 
output and imposed quasi-static displacement of the tip of the IPMC sensor as shown 
in Figure 3. The experimental set up was such that the tip of the cantilevered IPMC 
strip as shown in Figure 2 was mechanically moved and the corresponding output 
voltage recorded. The results are shown in Figure 3. 

Figure 2. Simple IPMC sensor placed between two electrodes. 
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Sensor Response (• Displacement) 
Membrane Face Down 

Figure 3. Inverted IPMC film sensor response for positive displacement input. 

4.2-Dynamic Sensing 

When strips of IPMC are dynamically disturbed by means of a dynamic impact 
or shock loading, a damped electrical response is observed as shown in Figure 4. The 
dynamic response was observed to be highly repeatable with a fairly high band width 
to 100's of Hz.. This particular property of I P M C s may find a large number of 
applications in large motion sensing devices for a variety of industrial applications. 
Since these muscles can also be cut as small as one desires, they present a tremendous 
potential to micro-electro-mechanical systems (MEMS) sensing and actuation 
applications. 
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5-BIOMBVfETIC ACTUATION PROPERTIES OF IPMCs 

5.1- General Considerations 

As mentioned before, IPMCs are large motion actuators that operate under a 
low voltage compared to other actuators such as peizocerams or shape memory alloys. 
Table 1 shows a comparison between the capability of IPMC materials and both 
electroceramics and shape memory alloys. As shown in Table 1, IPMC materials are 
lighter and their potential striction capability can be as high as two orders of 
magnitude more than E A C materials. Further, their response time is significantly 
higher than Shape Memory Alloys (SMA). They can be designed to emulate the 
operation of biological muscles and have unique characteristics of low density as well 
as high toughness, large actuation strain and inherent vibration damping. 

TABLE 1: Comparison of the properties of IPMC, SMA and E A C 

Property Ionic polymer-Metal 
Composites (IPMC) 

Shape Memory Alloys 
(SMA) 

Electroactive 
Ceramics 

(EAC) 

Actuation 
displacement 

>10% <8% short fatigue life 0.1-0.3% 

Force (MPa) 10-30 about 700 30-40 

Reaction speed Usee to sec sec to min usee to sec 

Density 1-2.5 g/cc 5-6 g/cc 6-8 g/cc 

Drive voltage 4 - 7 V N A 50-800 V 

Power consumption watts watts watts 

Fracture toughness resilient, elastic elastic fragile 

These muscles are manufactured by a unique chemical process in which a 
noble metal (Pt) is deposited within the molecular network of the base ionic polymer. 
Equations (1.1) through (1.5) depict the essence of such chemical compositing which 
is followed by a surface plating and electroding process. One of the interesting 
properties of IPMC artificial muscles is its ability to absorb large amounts of polar 
solvents, i.e. water. Platinum salt ions, which are dispersed through out the 
hydrophilic regions of the polymer, are subsequently chemically reduced to the 
corresponding metal atoms. This results-in the formation of dendritic type electrodes. 
In Figure 5, scanning electron micrographs are shown in two magnifications, with an 
order of magnitude difference. On the left, a view is given of the edge of an 
electroded muscle. The Pt metal covers each surface of the film with some of the 
metal penetrating the subsurface regions of the material. A closer view with xlO 
magnification is shown in Figure 5 on the right. 
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Figure 5: Scanning Electron Micrographs of the Structure of IPMC, (a) displays the 
the thickness edge of the muscle while (b) depicts the metal particle deposition on the 

network inside the muscle 

When an external direct voltage of 2 volts or higher is applied on a IPMC film, it 
bends towards the anode. An increase in the voltage level (up to 6 or 7 volts) causes a 
larger bending displacement. When an alternating voltage is applied, the film 
undergoes swinging movement and the displacement level depends not only on the 
voltage magnitude but also on the frequency. Lower frequencies (down to 0.1 or 0.01 
Hz) lead to higher displacement (approaching 25mm) for a 0.5cmx2cmx0.2mm thick 
strip. Thus, the movement of the muscle is fully controllable by the applied electrical 
source. The muscle performance is also strongly dependent on the water content 
which serves as an ion transport medium and the dehydration rate gradient across the 
film leads to a pressure difference. The frequency dependence of the ionomer 
deflection as a function of the applied voltage is shown in Figure 6. A single film was 
used to emulate a miniature bending arm that lifted a mass weighing a fraction of a 
gram. A film-pair weighing 0.2-g was configured as a linear actuator and using 5V and 
20 mW successfully induced more than 11% contraction displacement Also, the film-
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pair displayed a significant expansion capability, where a stack of two film-pairs 0.2 
cm thick expanded to about 2.5 cm wide (see Figure 7). 

Figure 6: The deflection of a IPMC strip as Figure 7: IPMC film-pair in 
a function of the frequency (0.1,0.5 and 1 expanded mode. A reference pair (top) 
Hz) and the applied voltage. and an activated pair (bottom). 

5.2- Muscle actuators for soft robotic applications 

IPMC films have shown remarkable displacement under relatively low voltage, 
using very low power. Since the IPMC films are made of a relatively strong material 
with a large displacement capability, we investigated their application to emulate 
fingers. In Figure 8, a gripper is shown that uses IPMC fingers in the form of an end-
effector of a miniature low-mass robotic arm. 

Figure 8: An end-effector gripper lifting 10.3-g rock under 5-V, 25-mW activation 
using four 0.1-g fingers made of IPMCs. 
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The fingers are shown as vertical gray bars and the electrical wiring, where 
the films are connected back-to-back, can be seen in the middle portion of Figure 8. 
Upon electrical activation, this wiring configuration allows the fingers to bend either 
inward or outward similar to the operation of a hand and thus close or open the gripper 
fingers as desired. The hooks at the end of the fingers represent the concept of nails 
and secure the gripped object that is encircled by the fingers. 

To date, multi-finger grippers that consist of 2- and 4-fingers were produced, 
where the 4-finger gripper shown in Figure 8 was able to lift 10.3-g. This gripper 
prototype was mounted on a 5-mm diameter graphite/epoxy composite rod to emulate 
a light weight robotic arm. This gripper was driven by a 5 volts square wave signal at 
a frequency of 0.1 Hz to allow sufficient time to perform a desirable demonstration of 
the capability of the Gripper - opening the gripper fingers, bringing the gripper near 
the collected object, closing the fingers and lifting an object with the arm. The 
demonstration of this gripper capability to lift a rock was intended to pave the way for 
a future potential application of the gripper to planetary sample collection tasks (such 
as Mars Exploration) using ultra-dexterous and versatile end-effector. 

53- Linear and Platform type actuators 

For detailed dynamics description and analysis of the dynamic theory of ionic 
polymeric gels the reader is referred to Shahinpoor and co-workers 1 1 1 4 , 2 7 0 Since 
polyelectrolytes are for the most part three dimensional network of macromolecules 
cross-linked nonuniformly, the concentration of ionic charge groups are also 
nonuniform within the polymer matrix. Therefore the mechanism of bending is 
partially related to migration of mobile ions within the network due to imposition of 
an electric field as shown in Figure 1. However, recent investigation by the author and 
his co-workers point to a stronger effect due to surface charge interactions which will 
be reported later. Figure 9 depicts the bending deformation of a typical strip with 
varying electric field, while Figure 10 displays the variation of deformation with 
varying frequency of alternating electric field. 

Voltage vs. Displacement 

2 
0 

0 

8 y=4.4737x-1.2237 

— -I f ---4- < \ 

0.5 1 1.5 2 25 

AnpMud»0/) 

3 

Figure 9-Bending Displacement versus Voltage for a typical IPMC strip of 
5mmx0.20mmx20mm under a frequency of 0.5Hz. 
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Based on such dynamic deformation characteristics, linear and platform type 
actuators can be designed and made dynamically operational. These types of actuators 
are shown in Figure 11. 

6-LARGE AMPLITUDE VIBRATIONAL RESPONSE OF IPMCs 

6.1-General Considerations 

Strips of IPMC were used to study their large amplitude vibration 
characteristics. The IPMC strips were chemically composited with Platinum. A small 
function generator circuit was designed and built to produce approximately ±4.0V 
amplitude alternating wave at varying frequency. In order to study the feasibility of 
using IPMC artificial muscles as vibration damper, a series of muscles made from 
IPMCs were cut into strips and attached either end-to-end or to one fixed platform 
and another movable platform in a cantilever configuration. By applying a low voltage 
the movement of the free end of the beam could be calibrated and its response 
measured, accordingly. Typical data for the frequency-dependence of amplitude of 
lateral oscillations of the muscle strips subjected to alternating voltages of various 
forms such as sinusoidal, rectangular, saw-tooth or pulsed were investigated. 
Furthermore, the static deformation of the strip with voltage as well as the frequency 
dependence of deflection-voltage curves were evaluated. 

Figure 10-Frequency dependence of bending deformation of IPMC composite muscles 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

00
3

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



38 

Figure 11- A typical linear-type robotic actuators made with IPMC legs 

6.2—EXPERIMENTAL OBSERVATIONS 

IPMC artificial muscle strips of about 2-4cmx4-6mm were cut and completely 
swollen in a suitable solution such as water to swell. The IPMC muscle strip typically 
weighed 0.1-0.4 grams and its thickness measured about 0.2mm. The strip was then 
held by a clamping setup between two platinum plate terminals which were wired to a 
signal amplifier and generator apparatus driven by Labview software through an IBM 
compatible PC containing an analog output data acquisition board. The amplifier 
(Crown model D-150A) was used to amplify the signal output of a National 
Instrument data acquisition card (AT-AO-10). Software was written to produce 
various waveforms such as sinusoid, square, triangular and saw tooth signals at desired 
frequencies up to 100 Hz and amplitudes up to 10 volts. When a low direct voltage 
was applied, the membrane composite bent toward the anode side each time. So by 
applying an alternating signal we were able to observe alternating bending of the 
actuator that followed the input signal very closely up to 35 Hz. At voltages higher 
than 2.0 volts, degradation of displacement output of the actuator was observed which 
may be due to dehydration. Water acts as the single most important element for the 
composite bending by sequentially moving within the composite depending on the 
polarity of the electrodes. The side facing the anode dehydrated faster than the side 
facing the cathode leading to a differential stresses which ultimately leads to bending 
of the composite. So, prior to each experiment, the composite was completely swollen 
in water. The displacement of the free end of a typical 2cmx4mm composite 
membrane was then measured for the frequency range of 0.1-35 Hz for sinusoid input 
voltage at 2.0 volts amplitude (Figure 12). 
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Resonance was observed at about 20 Hz where the associated displacement 
was observed to be 7.5mm. It should be noted that as the actuator dehydrated the 
resonance frequency and maximum displacement varied accordingly. By 
encapsulating the strips in a plastic membrane such as SaranR, the deterioration in the 
amplitude of oscillation decreased with time. However, the initial amplitude of 
oscillation for the same level of voltage was smaller than the unwrapped case due to 
increased rigidity of the strip. For our sample actuator the resonance occurred in the 
frequency range of 12 to 28 Hz. 

Based on such dynamic deformation characteristics, noiseless swimming 
robotic structures as shown in Figure 13 and cilia assembly-type robotic worlds, 
similar to coral reefs, as shown in Figure 14, were constructed and tested for collective 
vibrational dynamics. Furthermore, wing flapping flying machines, schematically 
shown in Figure 15, can be equipped with these muscles. 

Figure 13. Robotic swimmer with muscle undulation frequency of 3 Hz 
(frame time interval, 1/3 second) 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

00
3

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



40 

Figure 14-Cilia-Type assembly of IPMC-Pt Muscles Simulating Collective Dynamic 
Vibrational Response Similar to Coral Reefs and could create anti-biofouling surfaces 

Figure 15-Wing-flapping flying machines design depicted schematically. 

7-LOAD AND FORCE CHARACTERIZATION OF IPMCs 

7.1-General Considerations 

In order to measure the force generated by strips of these muscles in a 
cantilever form an experimental set up was designed using a load cell. A load cell 
(Transducer Techniques, model GS-30, 30 grams capacity) and corresponding signal 
conditioning module (Transducer Techniques, model TMO-1) together with a power 
supply was setup and connected to a PC-platform data acquisition and signal 
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generation system composed of a 12-bit analog output board (National Instrument 
A T - A O 10) and a 16-bit multi-input-output board (National Instrument AT-MIO-
16XE-50). A Nicolet scope was used to monitor the input and output waveform. 
Labview™ software was used to write a program to generate various waveform such 
as sinusoid, square, saw tooth, and triangular signals at desired frequencies and 
amplitudes. The effective length of the membrane was 10mm. . This made the 
effective weight of the muscle producing a force to be about 20 milligrams. The 
resulting graphs were then adjusted for initial noise and pre-load and plotted over 5 
second period (2.5 cycles). The force capability of these muscles , on average was 
measured to be about 400 N/Kgm indicating that these muscles can lift almost 40 
times their own weight. Figures 16 depict such general trends. 

Figure 16. IPMC actuator response for square and saw tooth wave input at 2.5 Volts 
rms and a current of about 20 milliamps 

8-CRYOGENIC PROPERTIES OF IPMC ARTIFICIAL MUSCLES 

In this section are reported a number of recent experimental results pertaining 
to the behavior of ionic polymer metal composites (IPMC) under low pressure (few 
Torrs) and low temperature (-140 degrees Celsius). These experimental results have 
been obtained in a cryogenic chamber at NASA/JPL as well as a cryogenic chamber at 
the Artificial Muscles Research Institute at U N M . The interest at NASA/JPL was to 
study the actuation properties of these muscles in a harsh space environment such as 
one Torr of pressure and -140 degrees Celsius temperature. While at U N M the 
electrical properties , sensing capabilities as well as actuation properties of these 
muscles were tested in an atmospheric pressure chamber with a low temperasture of -
80 degrees Celsius. 

In general the results show that these materials are still capable of 
sensing and actuation in such harsh conditions as the following Figures 17 through 24 
display. Furthermore, these IPMC artificial muscles become less conductive, i.e., their 
electrical resistance increases with decreasing temperature. This result appears to defy 
the generally accepted fact that resistance of metallic conductors increases /decreases 
with increasing/decreasing temperature, respectively. 
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Figure 21 (a) clearly shows a remarkable trend which is opposite to the normal trend 
of resistance-temperature variations in conductors. The graph is showing that as the 
temperature decreases in IPMC artificial muscles the resistance increases . For any 
given temperature, there is a range of linear response of V vs. I, which indicates a 
close to a pure resistor response. This rather remarkable effect is presently under 
study. However, one plausible explanation is that the colder the temperature the less 
active are the ionic species within the network of IPMC and thus the less ionic current 
activities. Since current is voltage over the resistance R, i.e., I=V7R, thus R has to 
increase to accommodate the decreasing ionic current due to decreasing temperature. 

aoo 200 4ioo &Q0 aoo 

Figure 18: Power consumption of the 
IPMC strip bending actuator as a 
function of activation voltage. 

ODD KD 20D 3DD 4QD SOD 60D ~XD 8 D 

Figure 19: Deflection of the bending 
IPMC strip as function of voltage 
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26 

1 . 

05 

2D 30 43 3D 60 7) a) 

a. View of the deflection vs. power b. View of the deflection vs. current 

Figure 20- Deflection versus power and current under a constant voltage of 3 volts 
And a frequency of 0.1-Hz. For two different pressures 

aoo 

(a)-IPMC strip static (V/I) and dynamic (b)-The relation between voltage and 
(V/I) resistance at various temperature. current for an IPMC strip that was 

exposed to RT and to -100°C. 

Figure 21- Effect of temperature on the electrical resistance. 

Figures 22 , 23 and 24 show the relationship between the temperature, voltage , 
current, power and displacement in a typical IPMC strips. Note that the behaviour of 
this material at low temperatures resembles more a semi-conductor type response to 
colder temperatures rather than a typical metalic conductor. 
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1 20 

Currant (mA) 

Figure 22-The relation between the 
current and the deflection for an IPMC 
strip that was exposed to room 
temperature and to -100°C 
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Figure 23-The relation between the 
power and the deflection for an 
IPMC strip that was exposed to 
room temperature and to -100°C. 

Figure 24-Deflection and power consumption of the IPMC muscle as a function of 
temperature with pressure as a parameter. Vpeak=3 V, Freq=0.1Hz. 

9-SUMMARY 

An introduction to ionic polymer metal composites as biomimetic sensors and 
actuators were presented. Some theoretical modeling on the mechanisms of sensing 
and actuation of such polymer composites were given. Highly Dynamic sensing 
characteristics of IPMC strips were remarkable in accuracy and repeatability and 
found to be superior to existing motion sensors and micro sensors. A new type of soft 
actuator and multi-fingered robotic hand were made from IPMC artificial muscles and 
found to be quite superior to conventional grippers and multi-fingered robotic hands. 
The feasibility of designing linear and platform type robotic actuators made with 
IPMC artificial muscle were presented. By applying a low voltage the movement of 
free end of the actuator could be calibrated and its response could be measured, 
accordingly. The feasibility of designing dynamic vibrational systems of artificial 
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muscles made with IPMC artificial muscle were presented. Our experiments 
confirmed that these types of composite muscles show remarkable bending 
displacement that follow input signal very closely. When the applied signal frequency 
is varied, so did the displacement up to a point where large deformations were 
observed at a critical frequency called resonant frequency where maximum 
deformation was observed, beyond which the actuator response was diminished. A 
data acquisition system was used to measure the parameters involved and record the 
results in real time basis. The observed remarkable vibrational characteristics of IPMC 
composite artificial muscles clearly point to the potential of these muscles for 
biomimetics applications such as swimming robotic structures, wing-flapping flying 
machines, slithering snakes, heart and circulation assist devices, peristaltic pumps and 
dynamic robotic cilia-worlds. The cryogenic properties of these materials were quite 
unique. The fact that they still operated at very low temperatures such as -140 degrees 
Celsius shows their potential as cryogenic sensors and actuators. Their resistance 
increased with decreasing temperature, a property that is opposite to all metallic 
conductors. 
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Chapter 4 

Nonaqueous Polymer Electrolytes 
for Electrochromic Devices 

J. R. Stevens, W. Wieczorek, D. Raducha, and K. R. Jeffrey 

Department of Physics, University of Guelph, Guelph, 
Ontario N1G 2W1, Canada 

Nonaqueous alkali metal salt polyether electrolytes and nonaqueous 
H3PO4 proton conducting electrolyte gels have been synthesized for 
application in electrochromic devices. The ionic conductivity of these 
electrolytes has been optimized to be in the range 10-3 S/cm to 10-6 

S/cm at room temperature. The most favourable, stable, polyether 
electrolytes are blends based upon EO/PO (= 50/50 or 60/40) 
copolymers with molecular weights in the range of 300-600 and 
LiCF3SO3 or Li(CF3SO2)2N concentrations of 25:1, PMMA 
concentrations in the range 8 to 40 vol% and PC < 15 vol%. The most 
favourable, stable nonaqueous gels were those with H3PO4 dissolved in 
PC (20 to 50 vol%) entrapped in a PMMA network using a crosslinking 
agent. These electrolytes are stable from -30° to 100°C. 

According to the Report of the World Commission on Environment and 
Development (7) and the research and development being carried out under the 
International Energy Agency (2), interest in solar energy materials, like energy efficient 
window coatings, is growing. Materials with optical switching (dynamic) properties 
were reviewed by Lampert and Granqvist (3) and Granqvist (4) and consist of 
photochromic, thermochromic and electrochromic materials depending on whether their 
optical properties are changed due to irradiation, temperature, or electric potential 
difference. 

Electrochromism is defined as a persistent but reversible optical change in 
absorption or reflection produced electrochemically in a medium by an applied electric 
field or current. An electrochromic device in which this process can be realized is 
schematically shown in Figure 1. Generally such a device contains transparent 
conductors, an ion storage layer, an ionic conductor and an optically active 
electrochromic layer. We will focus on properties of the ionic conductor. 

Since the first reports that alkali metal salts could be dissolved in poly(ethylene 
oxide) (PEO) (5-7) much progress has been made in the synthesis of polymer 
electrolytes (£). The main role of an electrolyte in electrochromic devices is to allow 

© 1999 American Chemical Society 51 
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Figure 1. Schematic sketch of an electrochromic device.  O
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ions to be shuttled between an electrochromic film and an ion storage film also known 
as a "counter electrode". It is beneficial for polymer electrolytes working in 
electrochromic devices to have the following properties: wide operational 
temperature range, high exchange current density, ionic conductivity > 10"5 S/cm, 
good to excellent adhesive properties, greater than 80% transparency in the visible 
region of the electromagnetic spectrum, stability against such environmental factors 
as moisture and temperature variation, and either be self-supporting films or have 
good, bubble free, coatability onto an electrochromic film substrate. 

A wide range of solid and liquid electrolytes has been tested in various 
electrochromic devices and the results of these studies have been extensively 
discussed (4). The main electrolyte groups are: aqueous acidic electrolytes, 
nonaqueous lithium electrolytes, ceramic ionic conductors (P-alumina, Nasicon etc.), 
polyelectrolytes, polymer solid electrolytes (complexes of polyethers or polyimines 
with alkali metal salts and proton donors) and plasticized polymer ionic conductors. 

Ambient temperature proton conducting systems studied so far are either not 
very stable (e.g. heteropolyacids) or their conductivity depends on the amount of 
water present (e.g. hydrated Nafion or Dow membranes). The presence of water is 
the main disadvantage of using aqueous or polyelectrolyte systems. It has been 
shown that most of the electrochromic oxides react with water molecules. This 
limits the lifetime of electrochromic devices containing electrolytes with even 
residual traces of water. The utilization of ceramic electrolytes leads to interfacial 
problems manifested by an increase in the overall resistance of the device which 
results in limiting current effects. Moreover most of the intercalated materials used 
as electrodes in electrochromic devices expand during the intercalation of ions; this 
often results in the cracking of the ceramic electrolyte. 

Because of the above mentioned limitations flexible nonaqueous polymeric 
electrolytes have been used as electrolyte membranes in various electrochromic 
devices. Polymer electrolytes with ionic conductivities up to 10'3 S/cm at room 
temperature have been synthesized and tested in "smart window" and electrochromic 
display configurations. Generally these electrolytes are of two types; lithium salt 
doped polyether copolymers (9-17) and nonaqueous, proton conducting strong acid 
solutions (18-20); both types entrapped in a polymeric gel. Lithium 
bis(triflouromethanesulfonyl)imide (Li(CF 3S02) and lithium 
triflouromethanesulfonate (LiCF3SOj) are the favoured lithium salts and phosphoric, 
antimonic and sulphuric acids have been used as sources of protons. The gels are 
usually poly(methyl methacrylate) (PMMA) or a copolymer of P M M A and glycidal 
methacrylate (GMA), poly(vinyl acetate), poly(acrylamide) or poly(vinylidene 
fluoride). 

The highest conductivities in lithium salt doped systems have been achieved 
in plasticized systems (13-17). These are characterized by relatively high ionic 
conductivities (up to 10"3 S/cm at room temperature) and transparency for up to 30 
mass% of P M M A where P M M A has been used (13,14). A two step polymerization 
of glycidyl methacrylate (GMA) in the presence of propylene carbonate (PC) and a 
lithium salt (75), the use of small molecule cyclotriphosphazenes in 
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poly[bis(methoxyethoxy) phosphazene] (MEEP)-LiCF 3 S0 3 (16), and the use of 
fumed-silica particulates in low molecular weight poly(ethylene oxide) (17) with 
lithium salts (imide and triflate anions) are examples of placticized systems. In these 
systems anions are the dominant mobile species. 

Scanning election microscope studies indicate that polyether/PMMA/Li salt 
blends have a microphase separated morphology with the P M M A well dispersed in 
sizes of 2-20 fim (11). The effect of the molecular weight of the components on the 
"window of compatibility" is known from the literature for polymer blends such as 
polyethylene oxide) (PEO)/PMMA (9-12). The blending of P M M A with the 
polyether was found to stabilize the electrolyte against moisture uptake and provide 
adhesion to a glass substrate. 

There has recently been widespread interest in the development of proton 
conducting polymeric electrolytes which can be used at ambient and moderate 
temperatures (18-28). The advantage of proton conducting systems in comparison with 
alkali metal electrolytes arises from their potentially higher conductivity. Thus we 
should expect a faster coloration-bleaching time in electrochromic devices compared 
with lithium salt electrolytes. Proton conductors are systems in which polar polymers 
with basic sites on a main polymer chain form compounds with strong acids such as 
H 2 S 0 4 or H 3 P 0 4 . The polymeric films formed must be chemically and mechanically 
stable. Properties of these systems have been reviewed by Lassegues (27). Ambient 
temperature conductivities obtained for some of these proton polymeric electrolytes 
were higher than 10"3 S/cm (18-21,27,28). The C-0 bond in ethers and alcohols is 
broken by strong acids; such degradation is accelerated by traces of water. Under 
laboratory conditions all necessary precautions have been made to keep these 
electrolytes "dry" (22). However it is not clear what the effect of residual traces of 
water on conductivity will be as well as the long time stability of these electrolytes in 
large area applications. 

The main objectives of the work discussed here are to optimize the 
conductivity of nonaqueous electrolytes for electrochromic devices. The 
electrochemistry of nonaqueous alkali metal salt electrolytes is well developed because 
of the possible application of these systems in ambient temperature alkali metal batteries 
(29). However, little is known about the properties of nonaqueous concentrated 
solutions of strong acids which potentially have high protonic conductivity. Most of the 
studies of liquid proton conducting electrolytes described in the literature are devoted 
to aqueous electrolytes or to very dilute solutions (<1CT* mol/dm3) of moderately strong 
acids in nonaqueous solutions (29-30). (The comments in reference 29 regarding the 
effects of alkali salts in nonaqueous systems also apply to acids.) Nonaqueous proton 
conducting gels have attracted our attention due to the possibility of their application 
in various electrochemical devices (e.g. sensors or electrochromic windows) working 
at ambient temperatures. 

Results and Discussion 

The techniques and materials used are discussed in references 13, 14, 18 and 19. 
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PEG based electrolytes. Highly conductive solid polymer electrolytes based upon 
methyl capped poly (ethylene glycol) (PEG) of ^ = 3 5 0 g/mol and random 
copolymers of poly(ethylene oxide-co-propylene oxide) (EO/PO) of M^fSOO g/mol 
(m.u. ratio = 1) blended with up to 50% by volume of P M M A and doped with 
L i C F 3 S 0 3 (0 :L i = 25:1) have been synthesized (Table I (14)). Samples based on 
PEG and containing 13 vol% of P M M A or less (PI, P2) were found to be viscous 
liquids which crystallized at -225 K while those containing more than 19 vol% of 
P M M A did not crystallize and could be prepared as thin films. For up to 38 vol% 
of P M M A all electrolytes were transparent and exhibited only one T g in the region 
close to T g for the PEG-IiCFjSQ, (0/M=25:1) system. For samples containing 38 
vol% and 50 vol% of P M M A (P6, P7), phase separation was observed and a second 
glass transition appeared in the region appropriate for the T g of P M M A . As 
calculated from the GPC spectra, molecular weights for P M M A polymerized in 
PEG-salt systems varied between 100000 and 130000 with a relatively narrow 
distribution M w / M n = 1 . 5 . 

Ionic conductivity is a crucial parameter in the classification of 
polyether/PMMA/ L i C F 3 S 0 3 systems for use as polymer electrolytes in 
electrochromic "smart windows". For liquid samples (6 and 13vol% of P M M A ) 
conductivities were even higher than for the pure P E G / L i C F 3 S 0 3 system (sample 
PO) and exceeded 10 4 S/cm at 25° C (Table I). Conductivity is observed to increase 
(up to 10"3 S/cm at around 100* Q with increase in temperature. In the temperature 
range 20° C to 100* C the temperature dependence of conductivity of the blend based 
electrolytes is V T F and follows 

o = A T ° 5 expt-E/kBCT-TJ] 

where E is a pseudo-activation energy for ionic conductivity, A is a pre-exponential 
factor which is proportional to the number of charge carriers, and T Q (in Kelvins) is 
a quasi-equilibrium glass transition temperature 30-50 degrees below T g . For 
temperatures below 20°C, conductivities of these systems are found to have either 
a V T F or an Arrhenius (-expf-E/kaT]) temperature dependence (Figure 2). 

The simplest method which suppresses the crystallization of PEG without 
diminishing chain flexibility is to prepare three component amorphous blends 
consisting of polymer, salt and a low molecular plasticizer such as propylene 
carbonate (PC). The temperature dependence of the conductivity for the PEG-
P M M A - L i C F 3 S 0 3 system (sample P3) is compared in Figure 3 with similar 
amorphous electrolytes containing PC (samples T l and T2). The conductivities of 
the Tj and T 2 electrolytes are 3.6x10^ S/cm and 1.6X10"4 S/cm at room temperature 
(T r) and decrease to respectively 8.0xl0"5 and 2.7xl0"5 S/cm at 0° C but still exceed 
5.0X10" 6 S/cm at around -20° C. These three component electrolytes are stable up 
to 100° C. Values of T g are slightly lower than those measured for similar 
electrolytes without PC. 

Another method of increasing the polarity of electrolytes and hence their 
ionic conductivity is to introduce polar comonomers via copolymerization with 
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Table I. Sample* Characterization for Samples Based on PEG and EO/PO 
Copolymers 

Sample 
code 

polyether vol % of 
PMMA 

oat 273 K 
rs/cmj 

oat 298 K 
fS/cml 

PO PEG 0 3.1 x 10s 1.5 x 10" 

PI PEG 6 4.2 x 10"J 2.2 x 10" 

P2 PEG 13 3.6 x 105 1.8 x 10" 

P3 PEG 19 1.5 x 10s 1.1 x 10" 

P4 PEG 26 1.2 x 10* 9.0 x 105 

P5 PEG 31 9.1 x 10* 6.5 x 10* 

P6 PEG 38 6.6 x 10* 4.2 x 105 

P7 PEG 50 1.3 x 10-* 9.5 x 10* 

CI EO:PO (85:15) 0 6.1x10* 1.1x10" 

C2 EO:PO (60:40) 0 1.1 x l O 5 1.4 x 10" 

C3 EO:PO (50:50) 0 2.9 x 10* 1.2 x 10" 

C4 EO:PO (95:5) 10 1.0 x 105 8.9 x 105 

C5 EO:PO (85:15) 10 1.2 x 105 8.0 x lO 5 

C6 EO:PO (60:40) 12 1.3 x 105 8.5 x 105 

C7 EO:PO (50:50) 13 1.1 x l O 5 7.0 x 105 

T l PEG 17, (22, PC) 7.9 x 105 3.6 x 10" 

T2 PEG 27, (14, PC) 2.7 x 10s 1.6 x 10" 

T3 PEGC 23, 10 
EO-coAN 

6.7 x 10* 5.4 x 10s 

• All samples doped with LiCF 3S0 3, ether oxygen to metal ratio = 25:1. 
b % Yield was calculated with respect to PMMA. 
c EO-co-AN copolymer containing 10 molar % of AN monomelic units. 
SOURCE: Adapted from ref. 13. 
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2.50 3.00 3.50 4.00 4.5 
1000/Temperature [1/K] 

Figure 2. A comparison of conductivities measured for PEG-PMMA-
LiCF 3S0 3 electrolytes. Samples of various concentrations of 
PMMA denoted in vol %. Concentration of LiCF 3S0 3 is 0:M 
= 25:1. (O)0 vol % of PMMA; (V) 13 vol % of PMMA; (A) 
50 vol % of PMMA. (Reproduced with permission from ref. 
14. Copyright 1995 Hsevier.) 

2.50 3.00 3.50 4.00 
1000/Temperature [1/K] 

4.50 

Figure 3. A comparison of conductivities measured for PEG-PMMA-
LiCF3S03-PC electrolytes. Concentration of LiCF 3S0 3 is 0:M 
= 25:1. (V) 17 vol % of PMMA, 22 vol % of PC; (•) 27 vol 
% of PMMA, 14 vol % of PC; (O) 19 vol % of PMMA. 
(Reproduced with permission from ref. 14. Copyright 1995 
Elsevier.) 
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methyl methacrylate. A random MMA-AN copolymer was prepared by 
copolymerization in the PEG-salt environment (Table I). Samples containing more 
than 20 vol% of AN were found to produce precipitates from the reaction mixture, 
thus resulting in opaque electrolytes. Similar conductivities were measured for 
transparent samples of lower AN concentrations and PEG-PMMA based blends with 
PMMA concentrations similar to those for AN (see Table I). 

EO/PO based electrolytes. Noncrystallizable electrolytes of low PMMA 
concentration (10-13 vol%) can be obtained from random EO/PO copolymers 
containing 50 and 60 mol% of EO monomelic units (samples C2, C3, C6, C7) 
whereas blends of PMMA with EO/PO copolymers (85, 95 mol% of EO, samples 
CI, C4, C5) still exhibit a tendency to crystallize. For electrolytes based on EO/PO 
copolymers ambient temperature conductivities are slightly lower than the PEG-
PMMA blend based described above (see Table I). This is a result of the weaker 
complexation abilities of the PO monomelic units. However at temperatures in the 
range of the melting point of the crystalline PEG phase, conductivities of amorphous 
EO/PO copolymer based systems remain in the range 5x107 to 5x10^ S/cm whereas 
those of PEG-PMMA based blends drop to 10'9 to 10"8 S/cm (see Figure 2). 

The salt concentration dependence of ionic conductivity was studied for 
copolymers of EO/PO (50:50) of molecular weights Mw=600 g/mol and Mw=2600 
g/mol. Polymer electrolytes based on these polyethers were investigated with or 
without the presence of PMMA as shown in Table II in which ionic conductivities 
at 273 and 298K are listed (13,14). As evident from our studies, statistical 
copolymers with EO/PO molar ratio equal to (50:50) or (60:40) are the best for smart 
window application because of their amorphous character. The improvement in 
conductivity when going from molecular weight 2600 to 600 (see Table II (14)) is due 
to the lower viscosity and greater mobility of polyether chains which facilitates the 
movement of ions in the polyether matrix. Further it was possible to incorporate 
greater amounts of PMMA into these EO/PO based polymer electrolyte systems 
enhancing the mechanical properties while maintaining good conductivity. Electrolytes 
with up to 13 vol% PMMA are transparent and exhibit high ionic conductivity. The 
conductivity is further improved with the addition of a small amount (<15 vol%) of PC 
plasticizer. 

Proton conducting gels. It is generally believed that the solvent should be the main 
conduction medium in a solvent/gel system; the conduction mechanism for gel 
electrolytes is similar to that for liquid systems. The polymer matrix simply acts as a 
"container" assuring good structural integrity. Also of importance is whether the 
solvent molecules are protonated by the protonic dopant in the system. The protophilic 
solvent itself can contribute to proton conduction leading to a Grotthus type of proton 
transport (20); the activation energy for proton conduction is lowered and an increase 
in conductivity is possible in the presence of a mixture of protonated and unprotonated 
solvents molecules. PC and dimethylformamide (DMF) seem to be the most 
appropriate solvents due to relatively high dielectric constants, low viscosities and a 
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Table H. Sample Characterization for EO/PO/PMMA/LiCF 3 S0 3 

Electrolytes 

sample 
code 

copolymer 
EO/PO 
MJn/moll 

UCFJO, 
O/M ratio 

PMMA 
vol% 

Tt[K] °Z73 
[S/cm] [S/cm] 

A l 600 50:1 0 197 1.1x10* 5.3xl0"5 

A2 if 30:1 0 200 3.8x10s 9.7x10s 

A3 n 25:1 0 204 2.4x10s 1.8xlO* 

A4 if 16:1 0 209 1.2X104 1.5x10" 

A5 if 25:1 10 204 3.5x10s 7.0xlO5 

A6 II 25:1 20 204 2.5xl07 3.0xl0"5 

A7 n 25:1 30 205 2.4xl07 2.1xl0"5 

Bl 2600 50:1 0 212 1.6xl0"7 1.3xl05 

B2 if 30:1 0 215 1.4xl07 l . lxlO 1 

B3 N 25:1 0 219 1.2xl0"7 1.4x10s 

B4 ft 16:1 0 228 1.3x10* 1.0x10-* 

B5 II 8:1 0 252 2.0xlO9 8.0xl07 

B6 N 25:1 10 220 5.0x10"* 5.7x10^ 

SOURCE: Reprinted with permission from ref. 14. Copyright 1995 Elsevier. 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

00
4

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



60 

wide operational temperature range. We have measured the T R conductivities of gels 
entrapping UjPOA in other solvents and confirm our choice of PC and DMF as the most 
interesting solvents with gel/H3P04 conductivities approaching 10*3 S/cm (18,19). 

Various types of polymer networks were synthesized depending on the type of 
low molecular weight solvent used for the preparation of H 3P0 4 doped gels. Most of 
these networks contain monomelic units of methacrylic acid esters such as MMA 
and/or GMA. GMA is a difunctional monomer with a reactive unsaturated C=C bond 
and oxirane ring (18). Oxirane rings can react with the P-OH groups of H 3P0 4 and its 
mono or diesters leading to the formation of C-OH groups. This is followed by the 
addition reaction of oxirane rings with C-OH groups according to the "activated 
monomer mechanism" (18). The polymer networks for PC based electrolytes were 
obtained without GMA by using the free radical copolymerization of MMA with a 
crosslinking agent, triethylene glycol dimethacrylate, since precipitation products were 
observed when GMA was used. Homogeneous PC based gels can be obtained within 
broad solvent and H 3P0 4 concentration ranges. 

DMF Based Electrolytes. Transparent gels incorporating DMF can be obtained in 
wide solvent and H 3P0 4 concentration ranges for polymer hosts based on GMA 
homopolymers as well as those based on copolymers with other acrylic monomers (e.g. 
methyl methacrylate, acrylonitrile, acrylamide). For DMF/GMA electrolytes the 
temperature dependence of the conductivity is Arrhenius for samples containing less 
than 25 mass % of H3P04; two examples are shown in Figure 4. The activation energy 
for conduction calculated for these samples is in the range 0.1-0.25 eV which suggests 
the possibility of proton transport via a Grotthus type mechanism (37). Conductivities 
measured for these systems are higher than for the other DMF based gels over the 
entire temperature range studied. For DMF based electrolytes with higher H 3P0 4 

concentrations the temperature behavior of the conductivity is similar to that discussed 
below for the PC based electrolytes (see Figure 5). 

The intensity of vibrations characteristic of P-0(H) bonds in H 3P0 4 (-1000 
cm"1) increases with an increase in H 3P0 4 concentration for the DMF-H 3P0 4 based gel 
electrolytes. The position of the maximum of this band remains almost unchanged with 
an increase in the H 3P0 4 concentration. For the DMF based gel electrolyte containing 
7.4 mass % of H 3P0 4 a shoulder is observed at -971 cm*1 which we suggest is due to 
the formation of mono or diesters of H 3P0 4. According to previously published data 
(32,33) the formation of ester structures should be related to a down shift in the 
maximum of the P-(OH) vibration. However, for gel samples with higher H 3P0 4 

concentration the presence of a peak due to the ester vibration is most probably masked 
by a stronger mode due to excess H 3P0 4. 

Interaction between the DMF carbonyl groups and H 3P0 4 leading either to the 
protonation of the carbonyl group or to the formation of hydrogen bonds is confirmed 
by a shift of the maximum of the C=0 IR band to lower frequencies (1674 to 1646 
cm*1) as the concentration of H 3P0 4 is increased from 0 to 45 mass%. The full width 
at half maximum (FWHM) of the C=0 mode increases with an increase in H 3P0 4 

concentration. The position of the band related to C-N vibrations is centered at 1382-
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3.5 4.0 
1000 K/T 

5.0 

Figure 4. The ionic conductivity of DMF-H3P04 entrapped gel electrolytes 
as a function of inverse temperature. Samples containing 10.5 
mass % of GMA based polymer matrix with 50 [o], 45 [A], 34 
[M], 23 [•] and 7.4 (•] mass % of H 3P0 4. (Reproduced with 
permission from ref. 18. Copyright ACS.) 

100 50 

• • A O 

T/ °C 
0 -50 
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-9 I 1 1 1 1 1 
2.5 3.0 3.5 4.0 4.5 5.0 

1000 K/T 

Figure 5. The ionic conductivity of PC-H3P04 gel electrolytes as a function 
of inverse temperature. Samples containing 10.5 mass % of 
MMA based polymer matrix with 50 [o], 45 [A], 34 [•], 23 [*] 
and 17.5 [•] mass % of H 3P0 4. (Reproduced with permission 
from ref. 18. Copyright ACS.) 
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1388 cm"1 throughout the entire H 3P0 4 concentration range which indicates that 
interactions between H^04 and DMF occur mainly via the carbonyl groups of DMF. 
Electrolytes based on DMF exhibit higher ambient temperature conductivities (up to 
8 x 10"4 S/cm) due to the possibility of solvent protonation and therefore the possibility 
of proton transport via a Grotthuss type mechanism. (See Figure 6.) FT-IR spectra 
confirm the possibility of the protonation of the carbonyl oxygens of DMF by H 3P0 4. 

Figure 6 presents the conductivity isotherms obtained at 25°C as a function of 
H 3P0 4 concentration for gels containing DMF and PC. Opposite trends are observed 
for these systems in the H 3P0 4 concentration range 10-40 mass%. The explanation of 
this observation is, we believe, related to different conduction mechanisms and to the 
different nature of the solvents. At low H 3P0 4 concentrations in DMF there is a higher 
degree of dissociation according to the law of mass action as shown. 

H - C - N ; £ | ] 3 • H 3 P O 4 H - C - N ; £ " 3 * H 2 P O 4 -
3 3 

At higher concentrations of H 3P0 4 the formation of ion pairs and possibly higher 
multiplets occurs in DMF which has a lower dielectric constant (37) than PC (65) 
(29,30). The formation of neutral associated species lowers the conductivity in DMF 
as the H 3P0 4 concentration increases. 

PC Based Electrolytes. Figure 5 shows the temperature dependence of the ionic 
conductivity for gel electrolytes entrapping PC with various H 3P0 4 concentrations. 
Two temperature regions with opposite trends in conductivity versus H 3P0 4 

concentration can be seen. Above ~ -10°C conductivity increases with an increase in 
the H 3P0 4 concentration. Below ~ -10°C conductivities decrease with an increase in 
H 3 P0 4 concentration. For PC-H3P04 gel electrolytes conductivities are lower than 
those measured for liquid PC-H3P04 electrolytes due to the "dilution effect" of the 
polymer matrix phase (79). 

The change in the temperature dependence of the conductivity observed for PC 
based gel electrolytes at ~ -10°C (see Figure 5) is most likely related to changes in the 
local viscosity of these electrolytes. An increase in T g with an increase in the H 3P0 4 

concentration was observed (79) and confirms the possibility of H 3P0 4 interactions with 
both the solvent and polymer matrix which stiffen the protonic gels. The Tg's measured 
for the gel electrolytes are higher than those measured for the liquid-H3P04 electrolytes 
of similar concentrations of H3P04. This difference increases with an increase in H,P04 

concentration. 
The bands formed due to vibrations in the ions formed on dissociation of H 3P0 4 

can be seen in the FT-IR and FT-Raman spectra. For example in the region of the 1790 
cm"1 (C = 0) band in PC there appears three new bands due to the acid at ~1764, 1743 
and 1698 cm"1. The intensity of these "acid" lines relative to the intensity of the 1790 
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10 20 30 40 50 

mass % of phosphoric acid 

60 

Figure 6. Isotherms of ionic conductivity of DMF-H 3P0 4 [•] and PC-
H 3P0 4 [•] gel electrolytes versus mass % of H 3P0 4. Samples 
containing 10.5 mass % of polymer matrix (GMA and MMA 
based respectively). (Reproduced with permission from ref. 18. 
Copyright ACS.) 
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cm"1 band decreases with increasing temperature indicating further dissociation of the 
phosphoric acid ions possibly producing "free" protons. This agrees with our 
observations from conduction studies of an increase in charge carrier concentration 
with increase in temperature. 

For PC liquid or gel electrolytes a broadening of the band characteristic of the 
C=0 stretching vibration (~ 1790 cm"1) is also observed after the addition of HjP04. 
However, the maxima of these vibrational bands do not shift down even for high 
concentrations of H 3P0 4. The maximum of the P-0(H) vibrational bands remains at 
1000-1010 cm"1 over the entire concentration range of H3P04for both liquid and gel 
electrolytes. 

Ambient temperature conductivities measured for the PC based electrolytes 
also exceeded 104 S/cm. For ambient to subambient temperatures E, - 0.52 eV and 
protonic transport probably occurs via a vehicle type mechanism in which 
polyatomic molecules such as H2P04~ or H 4 P0 4

+ are the dominant charge carriers 
(34,35) and play a different role than in the Grotthuss mechanism. In the higher 
temperature region used in Figure 7 the conduction activation energy (Figure 5) is 
-0.3 eV for the PC-D3P04(23%) gel electrolyte (19). This is a little lower than the 
activation energy (-0.38 eV) measured for deuteron self diffusion by NMR 
indicating the possibility of some structure diffusion (Grotthuss). As seen in Figure 
7 the diffusion coefficient for the PC-D 3P0 4 (45%) gel is slightly less than for the 
PC-D 3 P0 4 (23%) gel from static field gradient NMR spectroscopy. Also the 3 1P 
results indicate that the "vehicles" move more slowly than the proton and that as 
indicated in the IR and Raman studies there are some "free" protons present (36, 37). 

The solvent (PC) is not involved in any protonation and lower ambient 
temperature conductivities result for gels with low H 3P0 4 concentrations (see Figure 
6); the conductivity increases with increasing H 3P0 4 concentration. Although PC is a 
good electron pair donor solvent (38) it has considerable difficulty solvating free 
protons (39). The formation of charge carriers probably occurs via the self dissociation 
ofH 3P0 4 as shown in a simplified form (35). 

2 H 3 P O 4 jj » H 2 P 0 4 - + H 4 P 0 4

+ 

Here protonic transport probably occurs via a vehicle type mechanism in which 
polyatomic molecules such as HjPO/ or H 4 P0 4

+ are the dominant charge carriers and 
play a different role than in the Grotthus mechanism. Here the solvent is not involved 
and there is a higher activation energy for conduction and lower ambient temperature 
conductivities result for gels with low H 3P0 4 concentrations. For high H 3P0 4 

concentrations, acid-base pairs like H2P047HP04

2' are probably also present leading to 
the possibility of a pseudo Grotthus type mechanism in which an exchange of protons 
between acid-base pairs of components occurs and therefore an increase in the 
conductivity is observed. 

The Nernst-Einstein equation can be written as 
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1000/TEMPERATURE (K*1) 

Figure 7. Diffusion coefficient versus inverse temperature for the PC-
D 3PQ 4 (23%) gel electrolyte. 
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k 

where n is the number density of charge carriers and q is the charge on charge 
carrier. If we consider the temperature region 285 K to 322 K in Figure 7 there is 
a linear relation between oT (from Figure 5) and D (from Figure 7) and the slope 
is -2.1x10* S cm"3 s K. (See Figure 8.) This gives a value of n - 1.1x10?° cm"3 for 
the PC gel sample with 23 mass % of H 3P0 4. Assuming that D 4 P0 4

+ and D2P04" 
are the main charge carriers and using the dissociation strategy suggested (34,35) 
n - lxlO2 0 cm"3 for 0.69g D 3P0 4 and 1.98g PC in a 3g sample; in good agreement. 

The higher viscosity of PC results in a lower ionic charge mobility, which can 
also be the reason for the lower ionic conductivities measured for PC systems. At 
temperatures close to but above T g the viscosity of the electrolyte as reflected in the 
value of T g has a dominant effect on the ionic conductivity plotted in Figures 5 and 6. 
The higher the HjP04 concentration, the higher T g and thus the lower the conductivity. 
Above —10°C the viscosity of the electrolytes containing PC is lower and comparable 
for electrolytes with various H 3P0 4 concentration and ionic transport depends mainly 
on the number of charge carriers participating in the vehicle mechanism. The possibility 
of proton transport via the vehicle mechanism in PC systems is also confirmed by a 
significant increase in conductivity over the entire temperature range (57). It can be 
noticed (compare Figures 4 and 5) that at temperatures higher than ~50°C 
conductivities obtained for PC based systems are comparable or even higher (see 
samples with 45 and 50 masS% of H3P04 in Figure 5) than conductivities measured for 
the DMF based gel electrolytes. 

Studies of the effect of changes in crosslink density on the ionic conductivity 
of gel protonic electrolytes were carried out using as crosslinking agent, triethylene 
glycol dimethacrylates. With this agent one can expect chemically that the crosslink 
density will increase as the concentration of crosslinking agent increases. This was 
confirmed by DSC measurements of Tg. For the nonaqueous PMMA/PC/H3P04 system 
room temperature conductivities increase with a decrease in the crosslinking agent 
concentration as well as with a decrease in the polymer matrix concentration. For the 
gel electrolytes containing DMF-H 3P0 4 the crosslink density can be reduced by the 
utilization of GMA copolymerized with other acrylic monomers as polymer matrices 
instead of GMA homopolymers. A decrease in the density of junction points in the 
polymer matrix does not result in an increase in the ionic conductivity of these gel 
electrolytes. A small increase in conductivity (-3.1X10" 4 to 3.8X10"4 S/cm) is only 
observed for gels based on a GMA-AN copolymer matrix (18). On the other hand the 
concentration of P-OH groups in matrices based on GMA copolymers is lower than in 
matrices based on GMA homopolymers which, according to previous assumptions, 
should lead to a decrease in conductivity. The final conductivity is a result of a 
competition between the effect of the density of matrix junction points and the effect 
of the concentration of P-OH groups. The above observations illustrate the role of P-
OH polymer matrix groups in the conductivity of gel protonic electrolytes. 
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Figure 8. The product of ionic conductivity and temperature (K) versus the 
diffusion coefficient for the PC-D 3P0 4 (23 mass %) gel. 
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Applications. Efforts are underway to transfer the knowledge gained in these studies 
to industrially viable electrochromic devices. These include "smart" windows, rear 
view mirrors and displays. The greatest progress has been made with 
EO/PO/PMMA/lithium salt systems. While the proton conducting gels have higher 
conductivities they react with dectrochromic layers such as nickel and vanadium oxide 
after about 1000 cycles. W0 3 presents no problems. 

Conclusions 

Stable to atmospheric moisture, adhesive and transparent polymer blend 
electrolytes have been synthesized by the free radical polymerization of methyl 
methacrylate in a range of polyethers and doped with LiCF 3S0 3. The polyethers 
include PEG and EO/PO copolymers. Ionic conductivities range from Iff4 S/cm to 
10~* S/cm at room temperature. Electrolytes are viscoelastic ranging from soft 
elastomers to castable thin films. The most favourable blends are thin films based 
upon EO/PO (= 50/50 or 60/40) copolymers with molecular weights in the range 
of 300-600 and with salt concentrations of 25:1, PMMA concentrations in the range 
8 to 40 vol% and PC < 15 vol%. OMPEO/PAAM/LiC104 films are also quite 
satisfactory with room temperature conductivities up to 6 x 10"5 S/cm; a factor of 
two less than the EO/PO based system (13,14). These oxymethylene linked 
poly(ethylene oxide) (OMPEO) based polymers are of much higher molecular weight 
(-10^ and the best films were those with 0:Li = 10:1 and a PAAM concentration 
of 20 vol%. Although these electrolytes are microphase separated those that are 
transparent exhibit only one T g and have structural stability. 

Nonaqueous gels swollen by the solvents DMF and PC are prospective 
materials for various electrochemical applications due to their high ambient and sub-
ambient temperature conductivities. Electrolytes based on DMF exhibit higher ambient 
temperature conductivities (up to 8x10"* S/cm) due to the possibility of solvent 
protonation and therefore the possibility of proton transport via a Grotthus type 
mechanism. FT-IR spectra confirm the possibility of the protonation of the carbonyl 
oxygens of DMF by HjP04. Ambient temperature conductivities measured for the PC 
based electrolytes also exceed 10"4 S/cm. Conductivities of some of these gel 
electrolytes remain higher than 10*5 S/cm even at temperatures as low as -50°C. It has 
been suggested that at subambient temperatures the mobility of charge carriers, which 
is a function of the electrolyte viscosity, has a dominant effect on conductivity whereas 
at ambient and moderate temperatures conductivity depends mostly on charge carrier 
concentration. 
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Chapter 5 

Morphology and Luminescence Properties 
of Poly(phenylenevinylene) 

and Poly(N-vinylpyrrolidone) Polyblends 
King-Fu Lin, Lu-Kuen Chang, and Horng-Long Cheng 

Institute of Materials Science and Engineering, National Taiwan University, 
Taipei, Taiwan 10617, Republic of China 

Poly(vinyl pyrrolidone) (PVP) was mixed with poly(phenylene 
vinylene) (PPV) precursor (III) aqueous solution to prepare the 
PPV/PVP polyblends and its dilution effect on the luminescence 
properties of PPV was investigated. PVP is miscible with PPV 
precursor but immiscible with the transformed PPV. In PPV/PVP 
polyblends, PPV conjugated segments preserved their configuration 
of C2h symmetry but with less packing. The size of PPV phase is 
similar to the reported PPV crystallites and was decreased with the 
content of PVP. As to the photoluminescence (PL) properties, the 
energy gap to produce the excitons in the PPV conjugated chains was 
not changed by blending with PVP, whereas the PL intensity per 
mole of PPV conjugated units was increased. It was attributed to 
the dilution effect that decreased the non-radiative interchain's 
quenching of excitons. Similar results were also found for the 
electroluminescence (EL) properties of ITO/polyblend/Al light 
emitting diode (LED) device, except that the current to generate the 
excitons might leak to the PVP phase. As a result, the optimal 
content of PVP in polyblends to provide the best EL performance was 
15~20 wt%. 

Poly(p-phenylene vinylene) (PPV) was the first reported polymer having electro
luminescence (EL) properties (7), which made this material attractive in view of the 
potential applications in large-area visible emitting diode (LED). In the L E D 
devices incorporating PPV polymers, the injected positive and negative charges 
move through the conjugated chains under the influence of the applied electric field. 
Some of the charges annihilate one another in pairs and form a singlet exciton that 
decays to the ground state with a fluorescence emission, the process of which is 
called EL . The emitted E L spectrum is similar to that of the photoluminescence (PL) 
excited by ultraviolet (UV) light. Thus, the n* to n interband transition of 
excitons during emission has no different between EL and PL. 

However, the E L efficiency of PPV is rather low. Only up to 0.05% 
photons/electron was reported (7). Many efforts were aimed to improve the E L 
efficiency, such as (i) using multilayer LED devices to enhance the E L through 

© 1999 American Chemical Society 71 
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charge carrier confinement (2,3); (ii) minimizing the energy barriers between 
polymer and the L E D injection electrods (4,5); (iii) introducing side groups to the 
PPV units (6,7); (iv) copolymerizing PPV with other monomers (8,9); and (v) 
blending PPV with other polymers (10,11). The first two efforts were to increase 
the concentration of excitons, whereas the last two were to decrease the non-
radiation decay of generated excitons. It has been indicated that one of the major 
non-radiation decay was through the migration of excitons to the quenching sites, 
which might be in intrachains or interchains of conjugated polymers (12). Several 
evidences have been reported for the intrachain's quenching. For examples, the 
photoluminescence was longer lived for less-conjugated PPV in time-resolved 
measurements of PL and it accounted for the higher EL efficiency of light-emitting 
devices made from less-conjugated materials (13). Wong et al. (14) also reported 
that the decay of PL was faster in more conjugated materials. Due to the fact that 
more-conjugated polymer chains contain more intrachain's quenching sites for 
excitons, blockcopolymers of PPV with non-conjugated segments showed much 
higher quantum yield than pure PPV in PL measurements (12). 

By the same token, the non-radiation interchain's quenching of PPV might be 
reduced by dilution of the conjugated polymer chains with non-conjugated polymers. 
It has been indicated that the dilution of poly(phenyl-p-phenylenevinylene) in a 
blend with polycarbonate leaded to the increase of radiation recombination (15). 
Significant enhancement of PL by isolation of extended conjugated polymer chains 
in the PPV-incorporated nanocomposites with a well-defined hexagonal architecture 
was also reported and has been attributed to the reduction of non-radiative 
interchain's quenching (16). 

In this study, we blended PPV (I) with poly(N-vinylpyrrolidone) (PVP) (II), a 
water-soluble non-conjugated polymer. The polyblends were prepared from the 
PPV precursor (III) aqueous solution mixed with various amounts of PVP. When 
their mixture was spin-coated on a glass plate and heated in vacuum to transform the 
PPV precursor into PPV, the converted PPV became immiscible with PVP. Since 
the non-radiative interchain's quenching of excitons depends on the characteristics 
of polyblends, we investigated the chemical structure and morphology of PPV/PVP 
polyblends first by Fourier transform infrared spectroscopy (FTIR), Raman 
spectroscopy, transmission electron microscopy (TEM) and wide angle X-ray 
scattering (WAXS). Then, the effects of morphology on the PL and EL properties 
of PPV/PVP polyblends will be discussed. 

Experimental 

Sample Preparation. The preparation of PPV precursor is briefly shown in Figure 
1. The synthesis of p-xylylene-bis(tetrahydrothiophenium chloride) monomer IV 
was according to the method of Lenz et al (17): 10 g dichloro-p-xylene (V, Tokyo 
Kasei) was dissolved in 150 mL methanol and then added with 10 mL 
tetrahydrothiophene (VI, Janssen Chimica) for reaction. After reacted at 50 °C for 
20 h, the solution was concentrated and then added with 250 mL cold acetone (0 °C) 
to precipitate the monomer. A white monomer crystalline with m.p.=149-151 °C 
was obtained after filtrated, washed with cold acetone several times, and dried. The 
PPV precursor III was polymerized by the following method (18-20): 0.4 M 
monomer IV aqueous solution (20 mL) was mixed with 80 mL pentane and then 
cooled to 0-5 °C. The polymerization was carried out by further addition of 0.4 M 
sodium hydroxide (20 mL, already cooled to 0-5 °C ) under nitrogen and proceeded 
for 1 h. The reaction was terminated with 0.1 M HC1 to pH 7. 
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Figure 1. The preparation procedure of PPV/PVP polyblends. 
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The prepared PPV precursor solution after removed pentane was dialyzed in 
membrane (molecular weight cut-off: 3,500) against deionized water for at least a 
week. At this stage, the sodium ion content remained 3.57 ppm, measured by using 
a GBC 902 model atomic analyzer. Its PPV content measured from the thermal 
gravimetric analysis (TGA) was -0.25 wt% (27). Then, the aqueous solution was 
added with various amount of PVP II (Sigma, molecular weight=40,000) and mixed 
until homogeneous. The aqueous mixture to prepare the PPV/PVP blended 
samples for E L tests were spin-coated on an indium-tin oxide (ITO)-deposited glass 
plate, whereas those for PL, infrared and Raman spectroscopies, and W A X S tests 
were spin-coated on a regular glass plate. A l l the samples were vacuumed 
overnight at room temperature to remove water and then heat-treated in a high 
vacuum oven (<10"5torr) at 220 °C for 2 h to convert the PPV precursor into PPV. 
The thickness of coated films after heat-treated was measured ranging 1000-1300 A 
by using a Dektek 3030 model surface texture analysis system. We designated the 
prepared PPV/PVP polyblend containing 20 wt% PVP as PPV-20PVP, and so on. 
To prepare the L E D devices, the samples on ITO glass were coated with aluminum 
(Al) by thermal evaporation at high vacuum (<5xl0 6 tog) to give an ITO/Polymer/ 
A l device. The thickness of coated A l was 1500-2000 A . 

Characterization. PL spectra of the PPV and PPV/PVP polyblends excited by 
ultraviolet light with a wavelength of 365 nm were recorded on a Jasco FR-777 
spectrofluorometer. The E L spectra of their prepared L E D devices at a drive 
voltage of 8 volts (V) were also recorded on the same spectrofluorometer. Their 
current-voltage curves were recorded on a keithley 2400 model electrometer, where 
the concurrent E L intensities were recorded using a photodiode detector. The IR 
spectra of PPV and PPV/PVP films (removed from the coated glass plates) were 
recorded on a Jasco 300E model FTIR spectrometer. Their Raman spectra excited 
by a He-Ne laser (632.8 nm) were recorded on a Renishaw 127 model Raman 
spectrometer. W A X S of the PPV and PPV/PVP polyblends was performed on a 
Philips model PW1710 X-ray diffractometer using Cu K a radiation and a graphite 
monochromator. Their ultraviolet/visible (UV/vis) absorption spectra were recorded 
on a Jasco 7800 model spectrometer. The samples for T E M were prepared by the 
following method: A 300-mesh carbon-coated copper grid was dipt into the PPV 
precursor/PVP aqueous solution and quickly withdrawn. After dried under vacuum 
at room temperature, the sample-coated grid was heat-treated under high vacuum 
at 220 °C for 2 h to transform the PPV precursor into PPV. Then the specimens 
were stained by exposing to the vapor from an Osmium tetraoxide 
(Os0 4 )/acetone/H20 (2/49/49 wt%) solution at room temperature for 72 h. A 
Hitachi H-600 model T E M was used to investigate the microstructure; the stained 
PPV-rich phase appeared as darkened areas, whereas the PVP-rich phase appeared as 
white areas. 

Results and Discussion 

Morphology of PPV/PVP Polyblends. Figure 2 shows the FTIR spectra of PPV, 
PVP and PPV/PVP polyblends. No significant chemical reaction was found 
between PPV and PVP during the preparation of polyblends. However, the 
absorption peak at 959 cm'1 contributed by the C H out-of plane bending of trans-
vinyl goups of PPV was shifted to 967 cm'1 whereas that at 1660 cm"1 contributed by 
C=0 stretching of PVP became broader, especially for PPV-80PVP. Apparently, 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

00
5

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



75 
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wavenumber (cm -1) 

Figure 2. FTIR spectra of (a) PPV, (b) PPV-20PVP, (c) PPV-40PVP, (d) 
PPV-50PVP, (e) PPV-60PVP, (f) PPV-80PVP, and (g) PVP. 
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certain interaction between PPV and PVP was expected. Figure 3 shows the 
Raman spectra of PPV and PPV-50PVP polyblend excited by a wavelength of 632.8 
nm. The Raman spectrum of PPV has been well studied (22-25). The main bands 
peaked at 1330 and 1628 cm'1 were contributed by the vinylene C=C stretching, 
those peaked at 1550 and 1586 cm*1 were contributed by the phenylene C-C ring 
stretching, whereas the peak at 1174 cm"1 was contributed by the phenylene C-H ring 
in-plane bending. The appearance of very weak 963 cm"1 band contributed by the 
vinylene C-H out-off-plane bending was indicated as an evidence of slight distortion 
of the vinylene group from a planar trans form of PPV polymer chains (22). 
According to their studies, PPV conjugated segments in solid state have approximate 
C 2 h symmetry. When PPV was blended with PVP, no significant change in Raman 
spectrum was observed as seen in Figure 3. Apparently, the chemical structure and 
C 2 h symmetry of PPV conjugated segments was not affected by blending with PVP. 

Figure 4 shows the WAXS patterns of PPV, PVP and PPV-50PVP polyblend. 
The thin film of PPV was reported to possess measurable equatorial anisotropy with 
[110] and [200] lattice planes preferentially oriented parallel to the film surface (26). 
According to their calculation based on a monoclinic unit cell with nominal lattice 
parameters of a=0.80 nm, b=0.60 nm, c(chain axis)=0.66 nm and a =123°, the d-
spacings of [110], [200] and [210] are 4.29 A (2 9 =20.7°), 3.95 A (2 6=22.5°) 
and 3.19 A (2 0 =28°) respectively. Apparently, the d-spacing values of our PPV 
films observed in Figure 3 are in agreement with the calculated values. When PPV 
was blended with 50 wt% PVP which is amorphous in nature, the [200] diffraction 
peak reduced significantly. The WAXS pattern of PPV-50PVP shown in Figure 4 
is similar to the reported patterns of incompletely-transformed PPV, which was 
indicated as the imperfect PPV crystalline co-existed with the amouphous PPV 
precursor (27). When the latter was transformed more, the crystalline domains had 
better packing and their size grew bigger. The reported maximum size of pristine 
PPV crystallites was 4.5 nm, slightly smaller than those of oriented samples (27-29). 
The oriented films of PPV have been shown to possess crystallites approximately 
5.0 nm in size with aspect ratios near 1.0 (29). 

We did not observe the individual PPV crystallites in the TEM investigation of 
Os04-stained PPV films. Instead, the PPV image showed a variety of rectangular, 
square and triangular shapes with a size ranging from 30 to 300 nm. It might be 
due to the fact that heavy electron density of the staining osmium atoms blurred the 
density difference between the disordered grain-boundary regions and the PPV 
crystallites. When PPV was blended with 40 wt% PVP, most of the PPV broke 
into small particles with a size in the same order as that of the crystallites although it 
still had a small portion of PPV remained the original shape as illustrated in Figure 
5a. When PPV was blended with 60 wt% PVP, the PPV particles became smaller 
and dispersed in PVP matrix as illustrated in Figure 5b. Although some of them 
coagulated together, they did not form larger particles. When PPV was blended 
with 80 wt% PVP, the small particles coagulated into larger particles with a size 
ranging 20-150 nm as illustrated in Figure 5c. Because the size and behavior of 
small particles are similar to those of the PPV crystallites, it implies that they were 
identical. 

Larger particles in the PPV-80PVP polyblend were formed due to the fact that 
small particles have a higher tendency to coagulate with each other in order to 
reduce the surface energy. The boundary between small particles in a coagulated 
large particle is still barely visible, in which we believe that the PVP was inserted 
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Figure 3. Raman spectra of (a) PPV and (b) PPV-50PVP. 
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Figure 4. WAXS patterns of (a) PPV, (b) PPV-50PVP, and(c)PVP. 
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Figure 5. TEM micrographs of (a) PPV-40PVP, (b) PPV-60PVP, and(c) 
PPV-80PVP stained with Os0 4. 
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Figure 5. Continued.  O
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because higher interactions between two polymers in PPV-80PVP polyblend than 
other compositions were found in their FTIR spectra (Figure 2). 

Luminescence Properties. Figure 6 shows the UV/vis spectra of PPV and its 
blends with PVP. The energy gap, E, of n - n * interband onset transition to yield 
the exciton can be calculated by the following equation, 

E=1240/A (1) 

where X is the onset UV/vis absorption wavelengh. From equation 1, the energy 
gap of PPV to produce the excitons was calculated as 2.34 eV. Because no 
significant change of UV/vis absorption spectrum was found when PPV was blended 
with PVP, the similar excitation energy to produce the excitons was expected. The 
same energy gap also indicates that the effective conjugation length of PPV was not 
changed by blending with PVP. Figure 7 shows the PL spectra of PPV and its 
blends with PVP. The PPV has a major emission peak appeared at 550 nm 
wavelength and a shoulder at 520 nm. Because only PPV conjugated chains emit 
fluorescence light, to evaluate the effect of blending on the PL intensity of PPV we 
calculated their relative intensities, RI, of emission peaks both at -520 and 550 nm 
wavelength per mole of PPV conjugated unit by the following equation, 

RI=V(XpIp) 

where Ib is the peak intensity of polyblends, Xp is the molar fraction of PPV in 
polyblends, and Ip is the peak intensity of pristine PPV. The results were plotted in 
Figure 8, indicating the increase of PPV emission by blending with PVP and that the 
emission intensity at -520 nm was increased more. Apparently, the incorporated 
PVP has a dilute effect and thus decreased the interchain's quenching of excitons. 
A slight blue shift of the peak at 520 nm to 515 nm was also found when PPV was 
blended with 80 wt% PVP. 

Figure 9 shows the EL spectra of ITO/polymer/Al LED devices incorporating 
PPV and its blends with PVP respectively, at a drive voltage of 8 V. ITO was 
used as a positive electrode, whereas Al as a negative electrode. The EL spectrum 
of PPV LED is basically the same as its PL spectrum except that the peak intensity 
at 520 nm is relatively higher. When PPV was blended with 20 wt% PVP, the EL 
spectrum became broader and had much higher intensity compared to the pristine 
PPV. The peak at 520 nm also had a blue shift to 515 nm. However, with further 
increase of PVP content, the peak intensities decreased. The peak at 550 nm 
reduced its intensity at much higher rate than the left peak, while the latter further 
shifted to 502 nm when the content of PVP was increased to 50 wt%. 

Figure 10 illustrates the current-voltage characteristic of LED devices 
incorporating PPV and its blends with PVP respectively. When the forward bias 
exceeded the threshold voltage, a yellow-green light emitted. It can be seen from 
the figure that the threshold voltage of PPV LED was decreased from 7 to 5 V by 
blending with 20 wt% PVP. Further increasing the content of PVP to 60 wt% in 
PPV/PVP polyblends increased the threshold voltage of LED to 6 V. Figure 11 
illustrates die concurrent EL intensities emitted by LED as a function of the applied 
voltage swept in the same speed as that of the current-voltage measurements. 
Since EL is emitted by the singlet excitons generated by way of the annihilation 
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Figure 6. UV/vis spectra of (a) PPV, (b) PPV-20PVP,(c)PPV-40PVP, (d) 
PPV-50PVP, (e) PPV-60PVP, and (f) PPV-80PVP. 
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Figure 7. PL spectra of (a) PPV, (b) PPV-20PVP,(c)PPV-40PVP, (d) PPV-
50PVP, (e) PPV-60PVP, and (f) PPV-80PVP. 
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Figure 8. Relative intensities of emission peaks at (O) 520 nm and (•) 550 
nm wavelength per mole of PPV conjugated units as a function of PVP 
content in PPV/PVP polyblends. 
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Figure 9. EL spectra of ITO/polymer/Al LED devices incorporating (a) PPV, 
(b) PPV-20PVP,(c)PPV-40PVP, and (d) PPV-50PVP. 
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25 

Voltage (V) 

Figure 10. Current-voltage characteristics of LED devices incorporating ( • ) 
PPV, (O) PPV-20PVP, ( • ) PPV-40PVP, ( • ) PPV-50PVP, and ( A ) PPV-
60PVP. 
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Figure 11. E L intensity-voltage (I-V) curves of L E D devices incorporating 
( • ) PPV, (O) PPV-20PVP, ( • ) PPV-40PVP, ( • ) PPV-50PVP, and ( A ) 
PPV-60PVP. 
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between the injected holes and electrons from the electrodes, higher current 
produces more excitons and hence gives off higher EL intensity. This phenomenon 
can be seen in Figure 12 illustrating the EL intensities per mole of PPV conjugated 
units as a function of the current in the LED devices. The figure was plotted by 
rearrangement of the data from Figures 10 and 11 based on the uniform current 
across the specimen. As seen in the figure, the PPV phase in PPV/PVP polyblends 
emitted higher EL intensity than pristine PPV based on the same current. Again, it 
was attributed to the dilution effect that the generated excitons had less tendency to 
undergo the non-radiation decay through the interchain's quenching. However, 
higher content of PVP in the PPV/PVP polyblends decreased the EL intensity. 
This contradictory phenomenon might be due to the leaking of current through the 
PVP phase more than through the PPV phase, because the PVP polymers turned to 
form ionic clusters with the sodium ions remained during the sample preparation 
leading to higher dielectric constant of the PPV/PVP polyblends than the pristine 
PPV (27). In that case, there should have an optimum content of PVP in the blends 
to give the highest EL efficiency. 

Figure 13 shows the current-voltage characteristic of PPV/PVP LED with low 
content of PVP. It is noteworthy that gradual decrease of the threshold voltage 
was found as the content of PVP was increased from 5 to 20 wt%. Thus, based on 
our studies, PPV-20PVP LED possessed the lowest threshold voltage. However, 
when the emitted EL intensity per mole of PPV conjugated units was plotted versus 
current, the gradual increase of intensity with the content of PVP was found (based 
on the same current) until 15 wt% was reached as illustrated in Figure 14. 
Therefore, the PPV-15PVP LED possesses the highest EL intensity. In summary, 
the optimam content of PVP in polyblends to provide the best performance of EL is 
15-20 wt%. 
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Figure 12. EL intensity per mole of PPV units as a function of current in LED 
devices incorporating (#) PPV, (O) PPV-20PVP, (•) PPV-40PVP, (•) 
PPV-50PVP, and ( A ) PPV-60PVP. 

Figure 13. Current-voltage characteristics of LED devices incorporating (#) 
PPV, ( A ) PPV-5PVP, (•) PPV-10PVP, (•) PPV-15PVP, and (O) PPV-
20PVP. 
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Current (mA) 

Figure 14. EL intensity per mole of PPV units as a function of current in LED 
devices incorporating (#) PPV, (A) PPV-5PVP, (•) PPV-10PVP, (•) PPV
/ P V P , and (O) PPV-20PVP. 
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Chapter 6 

An Overview of the Piezoelectric Phenomenon 
in Amorphous Polymers 

Zoubeida Ounaies1, Jennifer A. Young2, and Joycelyn S. Harrison3 

1National Research Council and 3Composites and Polymers Branch, NASA 
Langley Research Center, Hampton, V A 23681 

2Department of Materials Science and Engineering, University of Virginia, 
Charlottesville, V A 22903 

An overview of the piezoelectric activity in amorphous piezoelectric 
polymers is presented. The criteria required to render a polymer 
piezoelectric are discussed. Although piezoelectricity is a coupling 
between mechanical and electrical properties, most research has 
concentrated on the electrical properties of potentially piezoelectric 
polymers. In this work, we present comparative mechanical data as a 
function of temperature and offer a summary of polarization and 
electromechanical properties for each of the polymers considered. 

Kawai's (7) pioneering work almost thirty years ago in the area of piezoelectric 
polymers has led to the development of strong piezoelectric activity in polyvinylidene 
fluoride (PVDF) and its copolymers with trifluoroethylene and tetrafluoroethylene. 
These semicrystalline fluoropolymers represent the state of the art in piezoelectric 
polymers. Research on the morphology (2-5), piezoelectric and pyroelectric properties 
(6-70), and applications of polyvinylidene fluoride (11-14) are widespread in the 
literature. More recently Scheinbeim et al. have demonstrated piezoelectric activity in 
a series of semicrystalline, odd numbered nylons (15-17). When examined relative to 
their glass transition temperature, these nylons exhibit good piezoelectric properties 
(d3i = 17 pC/N for Nylon 7) but have not been used commercially primarily due to the 
serious problem of moisture uptake. In order to render them piezoelectric, 
semicrystalline polymers must have a noncentrosymmetric crystalline phase. In the 
case of PVDF and nylon, these polar crystals cannot be grown from the melt. The 
polymer must be mechanically oriented to induce noncentrosymmetric crystals which 
are subsequently polarized by an electric field. In such systems the amorphous phase 
supports the crystalline orientation and polarization is stable up to the Curie 
temperature. 

88 © 1999 American Chemical Society 
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Nalwa et al. have also examined piezoelectricity in a series of polythioureas (18,19). 
Though not highly crystalline, these thiourea polymers have a very high degree of 
hydrogen bonding which stabilizes the remanent polarization in such systems after 
poling. 

The literature on amorphous piezoelectric polymers is much more limited than 
that for semicrystalline systems. This is in part due to the fact that no amorphous 
piezoelectric polymers have exhibited responses high enough to attract commercial 
interest. Much of the previous work resides in the area of nitrile substituted polymers 
including polyacrylonitrile (PAN) (2(9-22), poly(vinylidenecyanide vinylacetate) 
(PVDCN/VAc) (23-26), polyphenylethernitrile (PPEN) (27,28) and poly(l-
bicyclobutanecarbonitrile) (29). The most promising of these materials are the 
vinylidene cyanide copolymers which exhibit large dielectric relaxation strengths and 
strong piezoelectricity. The carbon-chlorine dipole in polyvinylchloride (PVC) has 
also been oriented to produce a low level of piezoelectricity (30,31). Motivated by a 
need for high temperature piezoelectric sensor materials, N A S A has recently begun 
research in the development of amorphous piezoelectric polymers. In this paper an 
amorphous, aromatic piezoelectric polyimide developed at NASA (32) is presented 
along with other amorphous and paracrystalline piezoelectric polymers shown in Table 
I. The purpose of this overview is to explain the mechanism and key components 
required for developing piezoelectricity in amorphous polymers and to present a 
summary of polarization and electromechanical properties of currently researched 
amorphous systems. 

Background 

The piezoelectricity in amorphous polymers differs from that in semi-crystalline 
polymers and inorganic crystals in that the polarization is not in a state of thermal 
equilibrium, but rather a quasi-stable state due to the freezing-in of molecular dipoles. 
As mentioned by Broadhurst and Davis (33), four criteria are essential to make an 
amorphous polymer exhibit piezoelectric behavior. First, molecular dipoles must be 
present. As seen in Table 1, these dipoles are typically pendant to the polymer 
backbone as are the nitrile groups in PAN, PVDCN-VAC, and ((J-CN) APB/ODPA. 
However, the dipoles may also reside within the main chain of the polymer such as the 
anhydride units in the (P-CN) APB/ODPA polyimide. In addition to a dipole moment 
\i, the dipole concentration N (number of dipoles per unit volume) is also important in 
determining the ultimate polarization, P u , of a polymer, 

P u = N | i (1) 

Equation (1) is for a rigid dipole model and gives a maximum value for the 
polarization which assumes all dipoles are perfectly aligned with the poling field. 
Table II lists some amorphous piezoelectric polymers along with ultimate 
polarizations, remanent polarizations, and calculated and measured dielectric 
relaxation strengths, Ae. The dielectric relaxation strength is defined as the change in 
dielectric constant as the polymer traverses the glass transition temperature. 
Semicrystalline PVDF is added for comparison. 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

00
6

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



90 

Table I. Structure, morphology and T, for piezoelectric polymers. 

Polymer Repeat Unit Morphology T.(°C) 

PVC Amorphous 80 

PAN Paracrystalline 90 

PVAc Amorphous 30 

P(VDCN-
VAc) 

/ C W \ 
-fCHj—b C H 2 C H — \ 

C=N 6 Paracrystalline 170 

PPEN tqr°T§r0} Amorphous 145 

(P-CN) 
APB/ODPA Amorphous 220 

PVDF Semicrystalline -35 

Table II. Polarization data for some amorphous piezoelectric polymers and PVDF. 

Polymer n 
(io-30 

Cm) 

N 
(1028 m°) (mC/m2) 

Aeb 

calculated 
A6C 

measured 
P a 

* remanent 
(mC/m2) 

Pr/Pu 

(%) 

PVC 3.7 1.33 50 7.0 10.0 16.0 
(Ep=32 
MV/m) 

32 

PAN 11.3 1.34 152 35.0 38.0 25.0 17 

PVAc 6.0 0.83 50 6.6 6.5 5.0 10 

PVDCN/VA 
c 

19.0 0.44 84 30.0 125.0 50.0 60 

PPEN 14.0 0.37 52 12.0 12.0 10.0 19 

(P-CN) 
APB/ODPA 29.5 0.14 40 23.0 17.6 14.0 35 

PVDF 7.0 18.40 130 - - 40.0-55.0 30-42 

"Calculated using equation 1. 
b Ae is calculated by equation 2. 
c Ae is measured as (e ab0ve Tg - e bd0w Tg)-
d Pr is the actual polarization in the polymer, measured by the thermally stimulated current method, 
or hysteresis measurements in the case of PVDF. 
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The importance of dipole concentration on ultimate polarization is evident 
from a comparison of polyacrilonitrile (PAN) and the polyimide (P-CN) APB/ODPA. 
PAN has a single nitrile dipole per repeat unit (\L = 3.5D) resulting in a dipole 
concentration of 1.34 x 102 8 m 3 . This translates into an ultimate polarization of 152 
mC/m 2 (20). The (p-GN) APB/ODPA polyimide, on the other hand, has a single 
nitrile dipole pendant to a phenyl ring (p. = 4.2 D), as well as two anhydride dipoles 
(H = 2.34 D) resulting in a total dipole moment per monomer of 8.8 D (Young, J. A.; 
Farmer, B. L. Polymer, in press). However, the dipole concentration of (P-CN) 
APB/ODPA is only 0.136 x 102 8 m "3, resulting in an ultimate polarization of 40 
mC/m 2, which is less than a fourth of that of PAN. 

The second criterion for piezoelectricity is the ability to align the dipoles. 
Orientation polarization of molecular dipoles is responsible for piezoelectricity in 
amorphous polymers. It is induced by applying an electric field (Ep) at an elevated 
temperature (T p > T g) where the molecular chains are sufficiently mobile to allow 
dipole alignment with the electric field. Partial retention of this orientation is achieved 
by lowering the temperature below T g in the presence of E pas shown in Figure 1. The 
resulting remanent polarization (Pr) is directly proportional to E p and the piezoelectric 
response. The procedure used to prepare a piezoelectric amorphous polymer clearly 
results in both oriented dipoles and space or real charge injection. The real charges are 
usually concentrated near the surface of the polymer as schematically shown in Figure 
2, and they are introduced due to the presence of the electrodes. However, Broadhurst 
et.al. (34) have shown that the presence of space charges does not have a significant 
effect on the piezoelectric behavior. The reason for this is two fold. The magnitude of 
the space charges is usually not significant with respect to the polarization charges. 
Secondly, space charges are essentially symmetrical with respect to the thickness of 
the polymer therefore when the material is strained uniformly their contribution to the 
piezoelectric effect is negligible. A number of authors have demonstrated this by use 
of phenomenological models (33,34). 

A study of the relationship between relaxation times, poling temperatures and 
poling fields is crucial to achieve optimal dipole alignment. Theoretically, the higher 
the electric field, the better the dipole alignment. However, the value of the electric 
field is limited by the dielectric breakdown of the polymeric material. In practice, 100 
MV/m is the maximum field that can be applied to these materials. Poling times need 
to be of the order of the relaxation time of the polymer at the poling temperature. It is 
unlikely that a high degree of alignment is achievable in amorphous polymers as 
evidenced by P,/Pu data in Table II. Using computational chemistry techniques the 
orientation polarization of the (P-CN) APB/ODPA polymer has been assessed by 
monitoring the angle, 0, that the dipoles make with the applied electric field (Young, J. 
A.; Farmer, B. L. Polymer, in press). The unpoled state is found to exhibit random 
orientation of the dipoles, 6 = 90°, as shown in Figure 3a. Upon poling, the nitrile and 
anhydride dipoles are perturbed by the electric field to form average angles of 0 = 50° 
and 0 = 63°, respectively, Figure 3b. As shown in Table II, for most polymers the 
ratio of measured remanent polarization to the calculated ultimate polarization is 30%. 

When local ordering or paracrystallinity is inherent in the polymer or is 
induced by mechanical stretching, an increase in the value of the remanent polarization 
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80 -100 MV/m 

P r 

Figure 1. Poling of amorphous polymer. 

Figure 2. A model of a polymer with real charges and oriented dipolar charges 
after poling. 
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Before Poling 

-^Average 
Dipole 

\ Individual 
\ Dipole 

/ ^Average 
Dipole 

Individual 
Dipole 

(a) (b) 

Figure 3. (a) Before poling, dipoles form an average angle of 90° with respect to 
the vertical axis. 
(b) After poling, the angle 0 between the vertical axis and the average dipoles is 
decreased. 
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is observed. For example, some researchers (23, 35, 36) assert that the large 
discrepancy between the measured and calculated Ae for PVDCN-VAc (Table II) may 
be attributed to locally ordered regions in the polymer. A number of authors have 
suggested that PVDCN-VAc also exhibits ferroelectric-like behavior (37) due to 
switching of the nitrile dipoles under AC-field. Several investigators (20, 33, 38) 
have proposed that the difficulty of poling P A N in the unstretched state is related to 
the strong dipole-dipole interaction of nitrile groups of the same molecule which repel 
each other, thus preventing normal polarization. Upon stretching, the intermolecular 
dipole interactions facilitate the packing of the individual chains and give rise to 
ordered zones (38). Comstock et al. (39) measured the remanent polarization of both 
unstretched and stretched PAN using the thermally stimulated current method (TSC) 
and observed a two-fold increase in the remanent polarization (TSC peak at 90°C) for 
PAN that was stretched four times its original length. 

The third criterion for making an amorphous piezoelectric polymer is the 
locking-in of dipole alignment and its subsequent stability. As explained earlier, the 
temperature is lowered to room temperature while the field is still on, to freeze in the 
dipole alignment. In a semi-crystalline material, however, the locking-in of the 
polarization is supported by the crystalline structure of the polymer, and is therefore 
stable above the glass transition temperature of the polymer. It is for that reason that 
PVDF (T g = -35° C) can be used from room temperature to about 100° C. In semi-
crystalline materials, piezoelectricity remains until the Curie temperature is reached. 
Although there is little data addressing the stability of piezoelectric activity in 
amorphous polymers, the general effect of time, temperature and pressure has been 
noted. Broadhurst and Davis (33) state that as temperature decreases the structural 
relaxation time of PVC increases rapidly to the order of years at room temperature. 
This is probably the case for most of the polymers mentioned in this discussion. It has 
been shown by TSC measurements that the remanent polarization of (P-CN) 
APB/ODPA is stable when heated at l°C/min up to 200°C, where over 80% of the P r 

is retained (40). It is clear that time, pressure and temperature can all contribute to 
dipole relaxation in these polymers. For a given application and use temperature, the 
effect of these parameters on the stability of the frozen-in dipole alignment should be 
determined. 

The final determining factor for a material's degree of piezoelectric response is 
the ability of the polymer to strain with applied stress. Since the remanent polarization 
in amorphous polymers is lost in the vicinity of T g , the use of these piezoelectric 
polymers is limited to temperatures well below T g . This means that the polymers are 
in their glassy state, and the further away from T g the use temperature is, the stiffer the 
polymer. This also means that measurement of the bulk physical properties is crucial 
both for identifying practical applications and for comparing polymers. The 
electromechanical coupling coefficient, k 3 i , is a measure of the combination of 
piezoelectric and mechanical properties of a material (refer to Table III). It can be 
calculated using the equation below: 

(2) 
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Table III. Piezoelectric and mechanical properties (at 25°C). 

E n * 

(109Pa) 

d 3i 

(pC/N) 

fc.1 

PVC 0.34 0.7° 0.001 

P A N 1.70 \.T 0.010 

PVDCN-VAc - 7.0U 0.050 

(p-CN)APB/ODPA 2.80 0.3C 0.002 

PVDF 2.60 27.0e 0.120 

aMeasured in our laboratories using a Rheovibron. 
b[from Ref. 30]. 
c[from Ref. 21]. 
d[from Ref.27]. 
eMeasured in our laboratories. 
Calculated using equation 2. 
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where d 3 i is the piezoelectric strain coefficient, Y M is Young's modulus, e is the 
dielectric constant of the polymer and Co is the dielectric constant of free space. The 
piezoelectric amorphous polymer may be used at temperatures near its T g to optimize 
the mechanical properties, but not too close so as not to lose the remanent polarization. 

Dielectric properties as predictors of piezoelectric behavior 

This section addresses the origins of the dielectric contribution to the piezoelectric 
response of amorphous polymers. The potential energy U of a dipole p at an angle 0 
with the applied electric field is U = j i E cos 0. Using statistical mechanics and 
assuming a Boltzman's distribution of the dipole energies, the mean projection of the 
dipole moment, <u>E , in the direction of the applied electric field is obtained. 

!M^ = cothBjL.K (3) 
H kT HE 

This is the Langevin equation which describes the degree of polarization in a 
sample when an electric field, E, is applied at temperature T. Experimentally, a poling 
temperature in the vicinity of T g is used to maximize dipole motion. The maximum 
electric field which may be applied, typically 100 MV/m, is determined by the 
dielectric breakdown strength of the polymer. For amorphous polymers \i E / kT « 1 , 
which places these systems well within the linear region of the Langevin function. The 
following linear equation for the remanent polarization results when the Clausius 
Mossotti equation is used to relate the dielectric constant to the dipole moment (41). 

P r = Ae eoEp (4) 

It can be concluded that remanent polarization and hence piezoelectric 
response of a material is determined by Ae, making it a practical criterion to use when 
designing piezoelectric amorphous polymers. The dielectric relaxation strength, 
Ae may be the result of either free or cooperative dipole motion. Dielectric theory 
yields a mathematical way of examining the dielectric relaxation due to free rotation of 
the dipoles, Ae. The equation incorporates Debye's work based on statistical 
mechanics, the Clausius Mossotti equation, and the Onsager local field and neglects 
short range interactions (42) 

3*7*0( 3 )(2e(0) + n2) W 

N is the number of dipoles per unit volume, k is the Boltzmann constant, e(0) is the 
static dielectric constant and n is the refractive index. If the experimental value of Ae 
(Aemeasured) agrees with the theoretical value of Ae (Aecaicuiated). then the material 
exhibits free dipolar motion. Table II shows that in polymers such as PAN, VAc, 
PVC, PPEN, and (p-CN) APB/ODPA the dielectric relaxation strength corresponds to 
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free dipolar motion since Aecaicuiated and Aemeasured are in agreement. This table also 
shows that for the copolymer PVDCN/VAc, Adulated = 30 while Aemeasured =125 (25, 
36). This large discrepancy in the values of Ae is indicative of cooperative motion of 
several C N dipoles within the locally ordered regions of the polymer. Cooperativity 
means that instead of each dipole acting independently, multiple C N dipoles respond 
to the applied electric field in a unified manner. When x dipoles act cooperatively, the 
number density of dipoles decreases by 1/x yet the effective dipole moment increases 
by x 2 to yield a large dielectric relaxation strength. Intramolecular and/or 
intermolecular interactions between individual dipoles may be responsible for this 
particular phenomenon (25). Such interactions are manifested in the existence of 
paracrystalline regions within the PVDCN/VAc polymer (27). The large relaxation 
strength exhibited by PVDCN/VAc gives it the largest value of P r (Table II) and hence 
d 3 | (Table III) of all the amorphous polymers. Although the existence of cooperative 
dipole motion clearly increases the piezoelectric response of amorphous polymers, the 
mechanisms by which cooperativity can be systematically incorporated into the 
polymer structure remain unclear at this time. Finally, Table II demonstrates the 
efficiency with which polarization may be imparted into the sample. The polymers 
which exhibit free dipolar motion show relatively low ratios of P r / P u (10-30%) which 
indicates low dipole orientation, while the ratio of P r / P u for PVDCN/VAc polymer is 
as high as 60%. It is noted that in Table II, P r is measured using the previously 
mentioned TSC method. As a result, P r could include space charge effects as well as 
dipolar reorientation. However, for all the amorphous polymers of Table II except 
PVDCN-VAc, P r measured was seen to vary linearly with E p , which is an indication 
that space charge effect is negligible since space charge polarization varies nonlinearly 
with the poling field. Also for these polymers, P r measured is of the order of P r given 
by equation (4), again indicating a linear relationship. 

Designing an amorphous polymer with a large dielectric relaxation strength 
and hence piezoelectric response would require the ability to incorporate highly polar 
groups at high concentrations and cooperative dipole motion. 

Mechanical and electromechanical properties 

Mechanical properties are often overlooked when investigating piezoelectric polymers. 
It is important to note that the piezoelectric response is a result of the coupling 
between the mechanical and dielectric properties in an amorphous polymer. The 
piezoelectric coefficient, d, is defined as 

1*1 
a 5r' 

d = ̂ U r (6) 

where Q is the charge per unit area displaced through a closed circuit between two 
electrodes, T is the applied stress, A is the area of the electrodes, and E is the applied 
field. This equation is used for the direct measurement of the d 3i piezoelectric 
coefficient by stressing the polymer in the plane of the film, and measuring the charge 
that forms on the electrodes under zero field. Figure 4 shows the Young's modulus, 
Y ' n as a function of temperature. A decrease in the modulus of the four amorphous 
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Figure 4. Comparison of Young's modulus Y ' 11 
(measured in our laboratories). 
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polymers, PVDCN-VAc, unstretched PAN, PVC, and (p-CN) APB/ODPA, occurs in 
the region of the glass transition. Figure 5 presents d 3 ! as a function of temperature for 
several piezoelectric polymers. As the polymers approach their respective glass 
transition temperatures, d 3 | increases due to the decrease in the modulus. The trend 
continues until the thermal energy randomizes the molecular dipoles to yield a 
decrease in d 3i as shown for PAN which has a T g = 90 °C. The effect of the 
mechanical properties on the piezoelectric response is also evident by comparing two 
polymers with comparable remanent polarizations, PVC, and (P-CN) APB/ODPA. 
The lower modulus (higher compressibility) of PVC results in a larger piezoelectric 
response relative to (p-CN) APB/ODPA. It is important to note that data for identical 
processing conditions for the various polymers ( E p , tp and T p) is not readily available 
in the literature. This type of data would be very useful for a comparative analysis of 
the relative effects of mechanical and dielectric properties on the piezoelectric 
response. 

Stretching can also have an effect on the piezoelectric coefficient of a polymer 
as shown for PAN in Figure 5. The increase in d 3i with stretching has both 
mechanical and polarization contributions. Stretching in the 1-direction aligns the 
chains in the plane of the film, which results in an increase in the compressibility in 
the 3-direction. This chain alignment also facilitates dipole orientation in response to 
an applied electric field (38,39) which results in a higher P r than is achievable in 
unstretched PAN. 

Figure 6 stresses the importance of the relative effect of the temperature on the 
piezoelectric activity. Although from Figure 5, PAN (stretched) looked like it 
outperforms (p-CN) APB/ODPA, a closer look of Figure 6 shows that at 70°C below 
T g , d 3 , of PAN is 1.7 pC/N whereas that of (p-CN) APB/ODPA is 5 pC/N. It is clear 
that the amorphous piezoelectric polymers have to be used below their T g as P A N 
quickly depolarizes as T g is approached. This is in contrast to PVDF (and other 
semicrystalline polymers) which are used well above their T g 's. 

The coupling between mechanical and dielectric properties is also evident in 
the hydrostatic piezoelectric coefficient, dh which is given by (33): 

d h = - P A e e o£ooE p / 3 (7) 

As seen in equation 7, both the mechanical properties (through the compressibility, P) 
and the dielectric properties (represented by Ae) affect the piezoelectric coefficient. 
Figure 7a presents the mechanical and electrical properties as a function of 
temperature for (p-CN) APB/ODPA. The compressibility of (p-CN) APB/ODPA 
increases slightly with temperature until T g is reached. The remanent polarization is 
relatively stable until about 50 degrees below the glass transition at which point it 
decreases due to dipole randomization. Consequently as shown in Figure 7b, d h 

increases slightly with temperature prior to the onset of depolarization. 
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Figure 5. Piezoelectric coefficient d 3i for various amorphous polymers and PVDF. 
(PVC,CN-APB/ODPA and PVDF measured in our laboratories, PAN from Ref. 
21,PVDCNfromRef.25). 
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Figure 7a. Mechanical and Piezoelectric properties (P-CN)APB/ODPA(measured 
in our laboratories). 
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Figure 7b. Hydrostatic coefficient d h as a function of temperature for (p-
CN)APB/ODPA(calculated using equation 7). 
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Summary 

This review has brought together the dielectric theory and the mechanical properties 
which define the piezoelectric response in amorphous polymers. The basic 
requirements for designing an amorphous piezoelectric polymer are the presence and 
concentration of dipoles, the ability to orient these dipoles and to lock them in this 
alignment, and the ability to sufficiently strain the polymer. Calculating the ultimate 
polarization P u is a good starting point when designing piezoelectric amorphous 
polymers. A primary weakness of amorphous polymers is poor dipole alignment 
during poling (low Pr/Pu value). This would be overcome by incorporating 
cooperativity such as the case of PVDCN-VAc. Until this phenomenon is understood 
where the polymer structure may be engineered to include cooperativity, incremental 
steps are being made to improve the response by incorporating large dipoles (primarily 
CN) at high concentrations. 
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Chapter 7 

The Electrorheological Properties of Chitosan 
Sulfate Suspensions 
Shuizhu Wu and Jiarui Shen 

Department of Polymer Science and Engineering, South China University 
of Technology, Guangzhou 510641, Peoples Republic of China 

The activator-free electrorheological suspensions based on 
chitosan sulfate particles exhibit significant electrorheological 
effect under the applied electric field, and have good thermal 
stability and low conductivity. The suspension's electrorheological 
effect increases with the increasing field strength and suspension 
concentration but decreases with the increasing shear rate, and the 
dynamic yield stress of the suspension increases with the 
increasing concentration. 

Electrorheology is the term applied to the phenomenon in which the fluidity of 
suspensions is modified by the application of electric fields(i). This phenomenon 
concerns the formation of a fibrilated microstructure in dense suspension due to 
dipole interactions. These interparticle forces result in a fluid with an enhanced 
viscosity and that is capable of sustaining a large yield stress(2). The magnitude of 
these stress, and the rapid time scales of the structure formation make these 
systems ideal working fluids in electromechanical applications(i). ER devices 
currently being developed^, 5), including engine mounts and shock absorbers, 
require large field-induced viscosities as well as rapid responses, with times scales 
on the order of milliseconds. However, there are still problems to be solved before 
ER fluids find extensive commercial applications. 

It has been long observed that wet particulates are most ER active. But these 
moist fluids are limited to a narrow temperature range (< 70°C) and show 
undesirable levels of conductance arising from mobile ions«6) . Solution of these 
problems and the development of better ER fluids depend on improving our 
understanding of how the phenomenon depends upon the properties of the 
materials which make up ER fluids. Recent development of anhydrous suspensions 

104 © 1999 American Chemical Society 
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based on conducting materials seems to have overcome some of these problems, 
however they show undesirable levels of conductance as well(3,46). 

Natural polymers such as cellulose have been used in ER fluid preparation, 
but, these fluids usually require water or other polar liquids as activator(7,#). In 
this article, we made use of the unique features of chitosan, such as it contains lots 
of polar groups along its molecular chain, thus it has relatively higher dielectric 
constant, and is easy to go through modification reactions including sulfation. In 
present study, the activator-free chitosan sulfate-silicone oil suspensions are 
prepared, these suspensions appear to be able to avoid the disadvantages of the 
moist ER suspensions. On the other hand, the biodegradable feature of chitosan 
might be good for their future applications in terms of environmental protection. 
The electrorheological properties of these suspensions are investigated for a range 
of field strengths, particle concentrations and shear rates. The conductance of ER 
fluid is believed to be an important parameter in ER effect especially when it 
comes to actual applications. Large increase in the conductance of the fluid would 
result in excessive power demands with possible serious implications in terms of 
power supply and energy dissipation in the ER devices, it could even cause 
dielectric breakdown(7,P). For this reason, low conductance is an important goal 
for future ER fluids. The chitosan sulfate — silicon oil suspensions prepared in 
the present study have extremely low conductance. The relationship between the 
suspension's dynamic yield strength and particle concentration is determined 
experimentally as well. 

Experimental 

Synthesis of Chitosan Sulfate. The deacetylation of chitin (Katakura Chikkarin 
Co., Japan) was carried out according to literature(70), namely, the chitin samples 
were treated with 50wt% NaOH at 100°C for 1 hour to produce chitosan. The 
sulfation of chitosan was then conducted with the method of Wolfrom et al(77): 
First, chitosan sample was dissolved in dilute acetic acid solution; after the 
undissovled part being filtered out, chitosan was reprecipitated with NaOH 
solution, then washed with distilled water till the washings tested neutral with pH 
paper. After that, it was washed with ethanol, absolute ethanol, diethyl ether and 
dimethylformide (DMF). Then chitosan sample was suspended in DMF and 
treated with a S 0 3 (fuming sulfuric acid) - DMF mixture for 12h at 20°C. After 
neutralization, the reaction mixture then underwent the purification process by 
using the dialysis membrane. After drying, the sulfur content of the final product 
was determined by elemental analysis, the product has 13.68% S. The degree of 
sulfation (DS) is calculated as follows(77): 

p s _ S(%)xl61 
32x l00-S(%)x l03 

where S is the sulfur content of the sample, 161 is the mole molecular weight of 
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the repeating unit of chitosan, 103 is the mole molecular weight of SC^Na, and 32 
is the molecular weight of S. Therefore, the DS of the product is 1.23. The 
sulfation of chitosan is shown schematically as follows: 

Suspension Preparation. The preparation for the activator-free suspension: 
After drying, chitosan sulfate samples were dispersed in a certain amount of 
silicone oil and ball-milled until microscopic examination indicated a mean 
particle size of 10 urn and the absence of particles > 20 |im. Particles were 
irregular in shape but without any tendency to anisometry. The silicone oil used is 
a colorless oil with the following physical properties: density 0.97 g/cm3, viscosity 
100 mPa-s at 20°C, dielectric constant 2.8, and boiling temperature 300°C. There 
was little tendency for these dispersions to separate in the short term, and such 
dispersions that had separated after lengthy standing readily redispersed on 
agitation. 

The preparation for the activator-containing suspension: The chitosan 
sulfate samples were immersed into the glycerin-methanol solution for 72 hours, 
to make sure the samples adsorb a certain amount of glycerin. The fraction of the 
adsorbed glycerin is determined by the weight method, and the glycerin content is 
5wt%. After the removal of methanol, the chitosan sulfate suspension was made 
with the same procedures as the above-mentioned. 

Methods of Measurement. For electrorheological measurement, a concentric 
cylinder rheometer was used. To apply large electric field strength across the 
concentric cylinders, each cylinder was insulated from the rest of the rheometer. 
The inner cylinder has an outer diameter of 14.6 mm and height of 30mm. The 
outer cylinder has an inner diameter of 20 mm and height of 35 mm. The annular 
gap is 2.7 mm. The electric field strength was applied to the gap by grounding the 
outer cylinder and connecting the inner cylinder to a high-voltage source. The DC 
voltage of 100 - 2500 V were used in the experiments. The current passing the 
suspension was monitored by using a multimeter attached in series to the ground 
wire of the circuit. A l l measurements were carried out at room temperature. 

Results and Discussion 

Effects of Field Strength and Particle Concentration. The shear stress of the 
activator-free suspensions containing chitosan sulfate particles at different 
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2500 

200 800 400 600 
E ( V/mm ) 

Figure 1 The suspension's shear stress versus 

field strength curve, (y = 1.441s"1 ) 

concentrations is shown in Figure 1, and the ratio of the suspension's shear stress 
under the applied electric field over the zero-field shear stress is plotted as a 
function of particle concentration in Figure 2. It can be seen that, the suspension's 
shear stress increases with the increasing field strength, i.e., the suspension's ER 
effect increases with the field strength. There exists a critical concentration (about 
3wt%), under which the suspension barely displays any ER effect. While over the 
critical concentration, the suspension's ER effect increases with the increasing 
concentration. 

10 15 
C (wt%) 

Figure 2 Relative shear stress versus concentration curve. 

(E = 800 V/mm, 17s 1 ) 
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These experimental phenomena can be understood by considering the 
polarization forces between the suspended particles. Since the polarization forces 
scale as 7ia2eo8iPE2, where a is the radius of particle, eo is the permittivity of free 
space, 61 is the dielectric constant of the dispersing medium, and p is the 
polarization coefficient of particle: P = (62 - 6i)/(82 + 2ei), where 82 is the 
dielectric constant of particle(72). Therefore, with the enhancing field strength, the 
polarization forces between particles increases, as a result, more and stronger 
particle chains or strands form, hence the suspension exhibits more obvious ER 
effect. 

On the other hand, the formation of particle chains is a percolation 
process(75). Only when there are enough amount of particles in the fluid, could 
the particle chains or strands span the gap of the electrodes, this is why there 
exists a critical concentration. Under the critical concentration, particles are 
simply dispersing in the continuous medium or form short chains, which couldn't 
cause significant ER effect. Over the critical concentration, the ER effect of the 
suspension increases with the concentration. It is because, with the increasing 
concentration, there are more particles dispersed in the continuous medium, 
therefore, more particle chains can form under the applied electric field, and the 
suspension exhibits much stronger ER effect. 

At the same time, the suspension's thermal stability was examined as well, 
the results are shown in Table I. 

Table I. The shear stress of the suspension before and after thermal 
treatment (C= 19wt%, E= 800V/mm, y = 1.441s'1). 

T(°C) r(Pa) 

20 2031 
50 2058 
80 2064 
110 2066 
130 2071 

The suspension was placed in an oven at 130°C for 72 hours; then its ER 
effect was examined again, the suspension's shear stress didn't decrease but 
increase a little, as shown in Table I. This indicates that activator-free suspension 
has quite good thermal stability. 

Effects of Shear Rate. The suspension viscosity at different shear rates are 
shown in Figure 3. As shown in this Figure, the suspension viscosity decreases 
with the increasing shear rate. 

According to the experimental facts, it is considered that, under the applied 
electric field, the interparticle polarization forces lead to the aggregation of 
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1600 
—•—1.4s"1 

400 600 
E (V/mm ) 

800 

Figure 3 Suspension viscosity versus field strength 
at different shear rates. (C = 19wt% ) 

particles or even fibril formation between the electrodes. Such a structural 
skeleton is across the direction of the shear field and leads to an increased 
suspension viscosity. In the presence of a shear field simultaneously, the particles 
are also acted on by the viscous forces, which is modulated by hydrodynamic 
interactions with other particles in the suspension. These viscous forces are in 
proportion with the shear rate y, and intend to disrupt the suspension 
structure^ 2). As y is increased, the viscous forces increase, so that the tendency 
to break down the structural skeleton of the suspension is increased; Therefore, 
the suspension structure is much easier to damage and the increment of the 
viscosity is much smaller, while at high enough shear rate, the suspension 
viscosity becomes almost independent of the electric field. This suggests that, at 
high enough shear rate, the viscous forces are dominant, and the suspension 
structure does not vary appreciably with the field strength. 

The characteristic parameter describing the interplay between dipole forces 
and flow, the Mason number, Mn = 6x\\y /[eoei(PE)2], is the ratio of the viscous 
forces tending to disrupt the structure and the polarization forces responsible for 
the structure, where r)i is the viscosity of the dispersing medium(72). Based on the 
above analysis, it is expected that the dimensionless suspension viscosity x\lr\\ 
depends on two parameters, suspension concentration C and Mn. At a given 
concentration and temperature, a plot of suspension viscosity against Mn should 
reduce the data at different field strengths and shear rates to a single curve. Figure 
4 shows the dimensionless suspension viscosity as a function of the Mason 
number for different concentrations studied. A l l the results show an identical form; 
at low Mn values, the curve is almost linear; while at high Mn values, the curve 
approaches a constant viscosity. This behavior suggests that, at a given 
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Figure 4 Relative viscosity as a function of Mason number 

concentration, the shear and electric field dependence of ER suspensions can be 
expressed as a single function of Mn. That the data collapse onto a single curve in 
the transition from polarization-controlled structures to the domination of the 
viscous forces suggests that the suspension structure does not vary appreciable 
with field strength. 

Suspension Current Density. In order to assess the suspension's conductivity, 
we measure the current passing the suspension, and the current density (j) is 
calculated by dividing the current over the surface area of the electrode. The 
current densities of the suspensions with or without activator are shown in Table 
II. 

Table II. Relationship between the suspension current density 
and electric field strength. (C = 19wt%, y = 0 s"1) 

E (V/mm) j (fiA/cm2) j (/jA/cm2) 
(suspension with activator) (suspension without activator) 

500 1.84 — 

1000 2.57 — 

1500 3.18 — 

2000 4.78 0.07 

As shown in Table II, the current density of the suspension with activator 
increases with the increasing electric field strength. The current density of the 
suspension with activator is much larger than that of the suspension without 
activator. These phenomena can be explained as follows: The adsorption of 
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glycerin will enhance the surface conductance of chitosan sulfate particles; on the 
other hand, glycerin as an impurity, will also enhance the system's volume 
conductance; and both these conductances increases with the increasing field 
strength(V4). So the suspension's current density increases with the field strength. 
In addition, The field-induced particle chains or strands bridging the electrodes 
could provide conducting pathways as well. 

Furthermore, under higher field strength, the space charge current could 
occur due to the electrons discharged into the fluid from the electrode. The space 
charge current is non-ohmic, and proportional to the square of the field 
strength(/4). Under higher field strength, the space charge current could 
contribute to the current density of the suspension. 

Due to the instrumental limitations, the current density of the suspension 
without activator under the field strength less than 2 0 0 0 V/mm couldn't be 
obtained. These experimental results indicate that the activator-free chitosan 
sulfate suspension has very low conductivity, compared with other fluids (6, 15). 

Rheograms. The suspensions' shear stress (x) as a function of shear rate (y) is 
shown in Figure 5 and 6. In the absence of an electric field, the dependence of T on 

y is almost linear. Under the applied electric field, at lower concentration, the x ~ 
y curves are similar to the zero-field curves, and the suspension almost behaves 
as a Newtonian fluid; and the higher the concentration is, the greater the anomaly 
of the viscoplastic behavior is. In the presence of the electric field, at higher 
concentration range, there appears a yield limit (xa), which represents the limiting 
value of the shear stress as the shear rate approaches zero. The value of the 
dynamic yield stress is a function of concentration and increases with the 
increasing concentration (see Figure 6). This supports the assumption about a 

60 

50 100 1! 

Figure 5 Shear stress versus shear rate 
under zero field strength. 

200 
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2500 

2000 

• 1500 
Q. 

1000 

500 

°1 11 21 31 41 51 61 71 81 91 
y ( f 1 ) 

Figure 6 Shear stress versus shear rate curves. 
( E = 800 V/mm ) 

growth of the interpaticle interaction forces and, therefore, strengthening of the 
system skeleton with the increasing concentration. 
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Chapter 8 

Field-Responsive Conjugated Polymers 
Karim Faïd and Mario Leclerc 

Département de Chimie, Université de Montréal, C.P. 6128, Succ. Centre 
Ville, Montréal, Québec H3C 3J7, Canada 

Neutral, highly regioregular polythiophene derivatives undergo striking 
optical changes upon exposure to various external stimuli. These 
optical changes are believed to be related to a conformational 
transition of the polymer backbone, from a planar to non-planar form, 
triggered by adequately functionalized side-chains. In addition to the 
well-known chromic transitions induced by heating (thermochromism) 
or solvent quality changes (solvatochromism), novel phenomena have 
been generated including the detection of alkali metal cations 
(ionochromism), UV-induced dual photochromism and molecular 
recognition of chemical or biological moieties (affinitychromism). 

In addition to the use of colorimetric detection, due to the change in 
the absorption characteristics of the polymer backbone, 
electrochemical techniques can be also advantageously employed. The 
recognition or binding events, between the functionalized side chains 
and the external stimuli, could be detected and measured by taking 
advantage of the large difference in the electronic structure between 
a planar and a nonplanar form of the polymer backbone. This results 
in a very significative shift of the oxidation potentials, allowing the 
design of highly selective and efficent electrochemical sensors. 

The search for smart materials is an exploding research field due to the high demand for 
materials capable of carrying out increasingly complex tasks. One of the main 
requirements is the obtention of materials that can perform various functions while 
shrinking cost requirements. Field-responsive materials are one of these fast developing 
areas and can be defined as materials in which a given property might be changed in a 

© 1999 American Chemical Society 113 
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measurable way through its interaction with some external stimuli. The detectable 
characteristic can be any optical, electrical or magnetic properties while the external 
stimuli can be any form of energy or matter. 

Among field-responsive materials, functionalized regioregular conjugated 
polythiophene derivatives have been found to be a very promising family, with impressive 
conformational changes upon exposure to specific stimuli. These conformational changes, 
which are believed to be related to a planar to non-planar transition of the conjugated 
backbone, result in very pronounced chromic effects, from deep violet to bright yellow. 

The utilization of such field-induced chromic effects will be the subject of this 
chapter and we will review some examples in which the external stimuli can be varied 
from heat, light, ions or biological moieties while the side-chain moieties are tuned 
accordingly. A brief presentation of conjugated polymers will be also provided as well 
as a presentation of different chromic polymers and finally some possible applications will 
be discussed. 

Conjugated Polymers 

During the last twenty years, conjugated polymers (Figure 1), such as polyacetylenes, 
polyanilines, polypyrroles, polythiophenes, etc., have attracted tremendous attention, 
mainly because of their interesting optical, electrochemical and electrical properties. 
These properties may lead to a variety of applications such as information storage, 
electroluminescent devices, optical signal processing, solar energy conversion materials, 
electrochemical cells, EMI shieldings, antistatic coatings, bioelectronic devices, etc.[1-4]. 

For instance, these materials are well known for their high electrical conductivity 
arising upon doping (oxidation, reduction, protonation). The delocalized electronic 
structure of these polymers is partly responsible for the stabilization of the charge carriers 
created upon doping and electrical conductivities in the range of 1-1000 S/cm can be 
reached in most cases. Moreover, processability and a high level of conjugation have 
been obtained through the incorporation of alkyl side chains on polythiophenes[5-70]. 
However, the asymmetric nature of the starting monomers usually leads to the 

Polyacctylcne 

~^^UT^^^^ Polythiophene 

N ^ Q N ^ . T N ^ O N ' A J " Polypyrrole H H H H 

- O - O - O O - O - O - O -
Figure 1: Structure of Different conjugated polymers 
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occurrence of head-to-tail, head-to-head or tail-to-tail couplings upon polymerization, 
which can yield up to four different triads along the backbone[77-74] (Figure 2). 

Figure 2: Different regiochemical structure in poly(3-alkylthiophene)s 

Highly conjugated and fully substituted poly(3-alkoxy-4-methylthiophene)[75-77] have 
been designed in such a way that the presence of a second substituent was made possible 
by the introduction of the small oxygen atom in the vicinity of the thiophene 
backbone[77]. Moreover, the asymmetric reactivity of the oxidized monomers[7#-79] 
(Figure 3) allowed the preparation of poly(3-alkoxy-4-methylthiophene)s in good yields 
with a high degree of regioregularity compared to poly(3-alkylthiophene)s which are 
poorly regioregular when polymerized by oxidative means. 

Head-Tail/Head-Head Tail-Tail/Head-Head 

Head-Tail/Head-Tail Tail-Tail/Head-Tail 

Polymerization i 
>95% 

Head to Tail 

Figure 3: Effect of the side-chain on the spin density distribution of oxidized 
thiophene monomers and on the regioregularity of the resulting polymers 
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The introduction of various substituents on the backbone can not only enhance the 
processability of some of these polymers but also modulate their electrical, 
electrochemical and optical properties. Electrochemical redox processes result usually 
in strong changes in the visible absorption spectra (electochromism), from dark red to 
light blue in the case of poly(3-alkylthiophene)s[20] from dark blue to transparent light 
blue in alkoxy-substituted poly(thienylenevinylene)s[27] and poly(3,4-
ethylenedioxythiophene)s[22]. On the other hand, the UV-visible absorption 
characteristics of neutral conjugated polymers can be varied by tuning their 
conformational structure. It has been shown that the backbone conformation has strong 
effects on the electronic structure of conjugated molecules and, therefore on their 
absorption characteristics[23-24]. For example, striking reversible chromic effects[25-29] 
have been reported in polythiophene derivatives upon heating both in solid state and 
solution (thermochrornism) or when the solvent quality is altered (solvatochromism). The 
dependence of the electronic structure of conjugated polymers upon their conformation 
have been fully described[2,24] and can explain the interesting optical effects that have 
been attributed to a reversible transition between a coplanar (highly conjugated) form 
and a nonplanar (less conjugated) conformational structure of the backbone[30]. 

Field-induced Chromism in Polythiophene Derivatives 

Many experimental results have suggested that the conformational modification of the 
polythiophene backbone can be induced through order-disorder transitions of the side-
chains [30]. It was then postulated that various external stimuli could perturb the side-
chain organization and consequently induce some chromic effects. These side-chain 
transitions can be induced by heating (thermochrornism), varying the solvent quality 
(solvatochromism), ion complexation (ionochromism), photo-induced isomerization 
(photochromism) and affinity binding (affinity or biochromism) giving rise to a novel 
class of field responsive materials. 

Thermochrornism. Neutral poly(3-alkylthiophene)s and poly(3-alkoxy-4-
methyhhiophene)s exhibit strong chromic effect upon heating both in the solid state and 
in solution[25-29]. Two types of thermochromic behavior can be observed and are 
correlated to the substitution pattern of the polymers. As an example of the first type (the 
two-phase behavior), the temperature dependence of the absorbance of a thin film of 
poly[3-oligo(oxyethylene)-4-methylthiophene] [31] is shown in Figure 4. 

At room temperature this polymer is highly conjugated with an absorption 
maximum around 550 nm. Upon heating, a new absorption band, centered around 
426 nm is increasing while the band at 550 nm is decreasing. This strong blue shift of the 
maximum of absorption upon heating could be related to a conformational transition 
from a highly conjugated form (coplanar or nearly planar, deep violet in color) at low 
temperatures to a less conjugated form (nonplanar and yellow in color) at higher 
temperatures [30]. At a fixed temperature, there is no evolution as a function of the 
elapsed time and, since these optical effects are also reversible, they cannot be therefore 
attributed to a degradation of the polymer. 
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300 400 500 600 700 
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Figure 4: Temperature-dependent UV-visible absorption spectra of highly 
regioregular poly(3-(oligo(oxyethylene)-4-methylthiophene) in the solid 
state 

A clear isosbestic point is also observed indicating the coexistence of two phases in the 
material while it is impossible, however, to determine whether these phases do exist on 
different parts of the same polymer chain or on different ones. 

A similar effect has been observed in solution, both in good and poor solvents 
[57]. In a good solvent (tetrahydrofuran), at room temperature, the maximum absorption 
of rx)ly[3-ofigo(oxyethylene)-4-methylthiophene] takes place at 426 nm, indicating that 
the polymer chains are already in a twisted conformation. Upon cooling, the color of the 
solution shifts from yellow at room temperature to violet at -100°C, the transition being 
fiiUy reversible [57]. Poly[3-oligo(oxyethylene)-4-methylthiophene] can be dissolved in 
poor solvents, such as methanol, but the solution is then violet at room temperature with 
the maximum of absorption at 550 nm, indicating that the polymer chains are mostly 
planar. Upon heating, the 426 nm band is increasing while the band at 550 nm is 
disappearing (Figure 5) in a very similar manner to the situation observed in 
tetrahydrofuran and in the solid state, although at different temperature ranges [37]. 

Differential scanning calorimetric measurements have revealed well-defined 
thermal transitions which are well correlated with the observed optical transitions[29]. 
Temperature-dependent X-ray diffraction analyses have revealed a rather amorphous 
structure for this polymer that is not strongly affected by the heating process[2P]. 
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Wavelength (nm) 

Figure 5: Temperature-dependent UV-visible absorption spectra of highly 
regioregular poly(3-(oligo(oxyethylene)-4-methylthiophene) in poor 
solvent (methanol) 

This two-phase thermally induced behavior have been also observed in other amorphous 
poly(3-alkoxy-4-methyltniophene)s and in semicrystalline poly(3-alkylthiophene)s which 
exhibit a strong chromic transition upon heating, with the occurrence of a clear isosbestic 
point, indicating the coexistence of two distinct conformational structures [29]. Fairly 
good correlation have been established between the melting of these polymers and the 
chromic transitions by DSC, FTIR and X-ray analyses[30], indicating that a similar 
twisting of the main conjugated chain can be observed in both the amorphous and 
crystalline phases, although the transition speed and temperature of the crystalline regions 
are expected to deviate from that of the amorphous zones, explaining the absence of clear 
isosbestic point in some semicrystalline polythiophene derivatives[30]. 

This two-phase chromic behavior has been observed in relatively well-defined 
regioregular polymers, with head-to-tail couplings ranging from 80 to 98%. The head-to-
tail structure refers to couplings between the 2-position of a thiophene monomer and the 
5-position of a second one, leading to structures shown in Figure 2. Depending on the 
nature of the monomers used, different radiochemical structures can be obtained that can 
lead to fairly different properties. By adequately designing the polymerization 
procedures[32-33] of 3-alkyhhiophenes, highly regioregular polymers have been obtained 
which display a two-phase chromic behavior[29]. Highly regioregular poly(3-alkoxy-4-
methylthiophene)s have also been obtained by the simple and straightforward oxidative 
polymerization of the corresponding monomers. The asymmetric reactivity of these 
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monomers[/9] leads to a high symmetry along the main polymeric chains, giving rise to 
a simple way of obtaining highly regioregular functionalized polymers (Figure 3). 
In contrast to highly regioregular polythiophene derivatives which display a two-phase 
behavior upon heating, only weak and monotonic shifts of the absorption maximum are 
observed upon heating of non-regioregular polythiophene derivatives[30]. For instance, 
poly(3-hexylthiophene) containing only 50% head-to-tail couplings, poly(3-dodecyl-2,2-
bithiophene), poly(3-butoxy-3'-decyl-bithiophene) and poly(3\4-<Mhexylterthiophene) 
represent some of the polymers that do exhibit only monotonic shifts of their absorption 
maxima upon heating without any isosbestic point (Figure 6). Clearly, the lack of 
regioregularity is responsible for the occurrence of such a monotonic behavior. 

300 400 500 600 700 

Wavelength (nm) 

Figure 6: Temperature-dependent UV-visible absorption spectra of regiorandom 
poly(3-hexylthiophene) in the solid state 

Photochromism. All the results presented above support the assumption that side-chain 
disordering can be the driving force of the twisting of polythiophene conjugated 
backbones. It can be postulated therefore that a large range of external stimuli could 
trigger this kind of chromic effects leading to the utilization of this chromic phenomena 
as an indirect measurement of various external stimuli. Along these lines, highly 
regioregular polythiophenes derivatives bearing photo-isomerizable moieties have been 
designed in order to photo-induce side-chain disordering[3<|. 

Azobenzene-substituted polythiophenes has led to the development of novel dual-
photochromic polymers, where the isomerization of the photo-active side-chains, 
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modifies not only their own UV-vis absorption but induces also a modification of the 
optical features associated with the polythiophene conjugated backbone (Figure 7). A 
trans-cis isomerization reaction of the azobenzene unit is induced as revealed by the 
decrease of the absorption near 365 nm and the increase of the 325 and 440 nm bands. 
Moreover, the photo-isomerization of the azobenzene moieties induces also a significant 
modification of the conjugated backbone optical features. The decrease of the 550 nm 
band is associated with the growth of a novel absorption band centred around 420-440 
nm, which in this case is added to the absorption band related to the n-7t* transition of 
the cis-configuration of the azobenzene moieties. 

300 400 500 600 700 800 
Wavelength (nm) 

Figure 7: UV-visible spectra of poly(3-(2-(4-(4,-ethoxyphenyazo)phenoxy) 
ethoxy)-4-methylthiophene) as a function of irradiation time in 
chloroform-methanol (1:1) solution at room temperature 

This photo-induced chromic effect is reversible and the irradiated polymers slowly 
recover their initial absorptions features. Moreover, the same effect has been observed 
in solid state upon irradiation of thin film of azobenzene-substituted polythiophenes, 
opening the way to the design of novel photochromic polythiophenes that can be useful 
in a variety of optical devices. 

Ionochromism. It is well known that ether and crown-ether moieties can establish some 
non-covalent interactions with alkali metal cations and it has been postulated that such 
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interactions could modify the side-chain organization, inducing a modification of the 
backbone conformation and, hence, a modification of its optical characteristics. 
Interesting ionochromic effects have been observed in some polythiophene 
derivatives[35-57]; however, by using highly regioregular poly[3-oligo(oxyethylene)-4-
methylthiophene][37], it was even possible to determine optically the concentration of 
some alkali ions in solutions (Figure 8). At a given temperature, some noncovalent 
interactions between the side chains and alkali metal ions take place and induce a 
cooperative twisting of the main chain. The addition of increasing aliquots of KSCN to 
a poly[3-obgo(oxyethylene)-4-methylthiophene] solution in methanol, resulted in a two-
phase chromic behavior, with the absorption intensity of the planar form at 550-600 nm 
decreasing while a new absorption centred around 440 nm is appearing, in a very similar 
manner to the thermally and photo-induced chromic effects presented above. 

J i i L 

300 400 500 600 700 800 

Wavelength (nm) 

Figure 8: UV-visible absorption spectra of poly(3-oligo(oxyethylene)-4-
methylthiophene) in methanol with different KSCN concentrations 

Other cations (Na+, NH 4

+) can induce the same effect although with a reduced 
magnitude (Figure 9). Larger amounts of Na+ and NH 4

+ are required in order to induce 
the same effect as K +, while Li* does not produce any measurable effect. The size of the 
alkali cations seems to be of first importance in the sensitivity of this polymer while the 
effect of the anion size anion seems to be negligible, KSCN producing almost the same 
effect as KC1. 
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Figure 9: Variation of the absorbance of the 426 nm band of poly(3-
oligo(oxyethylene)-4-methylthiophene) in methanol as a function of 
various salts at room temperature 

Biochromism. From all the knowledge gained in these studies on chromic poly(3-
alkylthiophene)s and poly(3-alkoxy-4-metylthiophene)s, it has been thus anticipated that 
almost any modification of the side chain organization could result in an impressive 
chromic effect through the alteration of the main chain conformation. If a specific 
complexation reaction, resulting from recognition or affinity, between functionalized side 
chains and some targeted chemical or biological moieties can be designed, the side-chain 
perturbation could thus induce the occurrence of a two-phase chromic behavior in well-
defined regioregular polythiophene derivatives and lead thus to a detection mechanism. 
To test this hypothesis, novel functionalizable polythiophene derivatives have been 
designed and characterized^]. 

The synthetic approach was based on the use of the well known specific 
complexation between biotin and avidin to trigger the side chain conformational changes 
in highly regioregular polythiophene derivatives. Novel water-soluble functionalized 
rx)ly(3-alkoxy-4-methylthiophene)s copolymers have been designed to incorporate some 
biotin moieties on the side chains. Avidin, a tetrameric protein containing four identical 
binding sites and forming with biotin an essentially irreversible complex[5P] (with a 
stability comparable to a covalent bond), is then added to an aqueous solution of the 
copolymer. The copolymer solution, initially violet in color (and thus with the backbone 
mainly in the planar form), undergoes a dramatic color change to yellow (Figure 10), 
induced by the alteration of the side chain organization resulting from the complexation 
of avidin and biotinylated side chains. 
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300 400 500 600 700 
Wavelength (nm) 

Figure 10: UV-visible spectra of (a) biotinylated polythiophene derivative without 
avidin and (b) after the addition of avidin in water at room temperature 

The changes of the optical characteristics of the polythiophene upon the 
complexation of biotin with avidin could be used to visualize and quantify the binding 
event, opening the way to the development of novel sensors incorporating both the 
affinity or recognition elements (side chain functions) and the optical probe 
(conformation changes of the backbone) in the same macromolecular assembly. 

Piezochromism. It has been found that the optical absorption characteristics of various 
poly(3-alkylthiophene)s can be altered as a function of applied pressure[40]. A poly(3-
dodecylthiophene) thin film[47], which is non-planar at high temperatures with the 
maximum of absorption around 420 nm, undergoes a red-shift with increasing pressure 
with the maximum of absorption around 520 nm at a pressure of 8 kbar. This red-shift 
could be explained in terms of increased conjugation length driven by a better packing 
which compensate the increase of the band gap and the conformational changes in the 
polymer induced by heating[30]. 

Electrochemical detection. In addition to the optical detection of the interaction of the 
polymers with some external stimuli, the alteration of the backbone conformation can be 
detected electrochemically. The electrochemical characteristics of polythiophene 
derivatives are correlated with the degree of regioregularity and the type of coupling 
between substituted thiophene rings[2]. Polymers with the largest percentage of head-to-
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tail couplings exhibit higher degree of long range order and conductivity and longer 
wavelength of maximum of absorpion. These highly regioregular polymers (planar) have 
smaller band gaps (1.7 eV), 0.3-0.5 eV lower than their regiorandom (non-planar) 
analogs[42] which should result in a lower oxidation potential for the planar form of the 
polymer compared to the non-planar conformation. 
The cyclic voltammetry of poly(3-(2-methyl-l-butoxy)-4-metylthiophene)[2P] 
(PMBMT), a polymer that can be obtained either in a planar or non-planar form at room 
temperature, is shown in Figure 11. The planar (violet) form has an oxidation potential 
of +0.70 V vs SCE while the non-planar (yellow) form has an oxidation potential of 
+0.88 V vs SCE. At a potential of +0.65 V, there is almost a 200-fold increase in the 
measured current giving rise to a very simple way of quantifying electrochemically the 
different field-induced chromic transitions of regioregular polythiophene derivatives[43]. 

Potential (V vs SCE) 
+ 1.2 +1.0 +0.8 +0.6 +0.4 +0.2 0.0 

' I • I ' 1 ' I ' I ' 

350 400 450 500 550 600 650 700 

Wavelength (nm) 

Figure 11: Cyclic Voltammetry of poly(3-(2-methyl-l-butoxy)-4-methylthiophene) 
PMBMT (a) in planar form and (b) in nonplanar form 
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OTHER CHROMIC POLYMERS 

Porydiacetylenes Other classes of polymeric materials do show similar optical features. 
Indeed, thermochromic effect have been first observed in polydiacetylenes[44]. Similarly 
to polythiophenes, the addition of flexible side chains produced processible and chromic 
polydiacetylenes[45-49]which undergo color changes when subjected to either heat, 
pressure or change in solvent quality, with the presence of a clear isosbestic point 
indicating the coexistence of two different conformational structures, having different 
optical features (red and yellow). Although the exact mechanism responsible for this 
phenomena is still subject of debate[50-55] these optical phenomena could be also 
related to a planar to nonplanar transition of the main conjugated backbone. 

For instance, an interesting chromic sensor of influenza A virus has been 
developed[56-57] using a Langmuir-Blodgett film of a polydiacetylene derivative bearing 
a recognition site (sialic acid) for the hemagglutin (a surface group on the influenza 
virus). Binding of hemagglutin to the polydiacetylene thin film induces a strong chromic 
effect with the color going from blue to red. This approach has been further extended to 
the detection of other species, by using for example polydiacetylene liposomes 
incorporating Gml ganglioside to colorimetrically detect cholera toxin[5£] or to measure 
optically the concentration of glucose through the conformational changes induced on 
a lipid polydiacetylene layer bearing an hexokinase enzyme[59]. 

Polysilanes. Polysilanes are another family of polymers that display strong chromic 
effects when subjected to certain stimuli[60-66]. Owing to the extensive derealization 
of o electrons along the silicium backbone, polysilanes display an intense absorption band 
in the near-UV region, which is strongly correlated to the polymer conformation. 
Thermally-induced chromism in the solid state and in solution have been reported, with 
good correlations between the side-chain melting and disordering of the polymer 
backbone from a planar to a non planar conformation. Symmetrically substituted 
polysilanes exhibit a two-phase chromic behavior, with a clear isosbestic point, upon 
being subjected to heat, pressure or change in solvent qualityftf 7-70]. On the other hand, 
a monotonic blue shift of the absorption maximum is observed in unsymmetrically 
substituted polysilanes when heated[77]. 

PERSPECTIVES 

On the basis of all these results, striking chromic effects can be triggered by a variety of 
external stimuli, including heat, pressure, electromagnetic radiation, ions, molecules, etc. 
In some polythiophene derivatives, these field-induced conformational transitions do not 
only alter the optical features of the materials of interest but their electrochemical 
characteristics as well, giving rise to the possible development of various devices in 
different areas, such as in sensing, detection and recognition of numerous chemical and 
biochemical moieties or solid-state devices. 
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Chapter 9 

Dielectric and Electro-Optical Properties 
of a Ferroelectric Side-Chain Liquid Crystalline 

Polysiloxane Containing Azobenzene Dyes 
as Guest Molecules 

Rong-Ho Lee1, Ging-Ho Hsiue1,3, and Ru-Jong Jeng2 

1Department of Chemical Engineering, National Tsing Hua University, 
Hsinchu, Taiwan 300, Republic of China 

2Department of Chemical Engineering, National Chung Hsing University, 
Taichung, Taiwan 400, Republic of China 

Guest-host systems of a ferroelectric side-chain liquid crystalline 
polysiloxane (PS121A) containing azobenzene dyes have been 
investigated. Disperse orange 3 (DO3) with a strong dipole moment, 
and a liquid crystal 4'-(5-hexenyloxy)-4-methoxyazobenzene (HMAB) 
with a relatively weak dipole moment were used as the guest 
molecules. The intensity and frequency of the Goldstone mode were 
increased remarkably for the PS121A/DO3, due to the doping of the 
DO3 (5 wt. %). The guest molecule with a strong dipole moment 
results in larger fluctuation of the spontaneous polarization vector in 
each smectic layer under an applied electric field. As a result, large 
spontaneous polarization and short response time were obtained for 
this system. On the other hand, the doping effect of HMAB on 
dielectric and electro-optical properties was not significant for this 
system compared to that of the PS121A/DO3. The intensity and 
frequency of Goldstone mode were slightly increased even with a 
higher doping level (15 wt. %) of HMAB. PS121A/HMAB exhibited 
a smaller spontaneous polarization and longer response time than 
PS121A/DO3 sample. The doping of a suitable amount of the 
azobenzene dye in the LC phase of the FLCP was helpful for the 
improvement of the electro-optical properties of such guest-host 
system. 

Ferroelectric liquid crystals (FLC) have attracted attention because of their high speed 
response and memory effect (1-3). The characteristics of fast response and memory 
effect make them suitable in electro-optical device applications, such as display, light 
valve and memory devices. Ferroelectric side chain liquid crystalline polymers 
(FLCPs) exhibit desirable mechanical properties of polymers and electro-optical 
properties of low molecular weight FLC, which have been investigated extensively 
Corresponding author. 
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(4-5). The excellent film formability and electro-optical properties of FLCP is 
desirable for large area displays (6). 

FLCPs exhibiting a chiral smectic C (Sc*) phase over a broad temperature range 
(about 200 °C including room temperature) have been synthesized recently in our 
laboratory (7-8). FLCPs with such mesomorphic behavior have promising potential 
for electro-optical applications (9). However, high viscosity reduces the response 
ability of the mesogenic group in the Sc* phase toward an applied electric field for this 
type of FLCPs. This is due to the fact that the long and rigid mesogenic core has a 
lower mobility, thereby resulting in slow response toward the electric field. 
Therefore, the improvement of the thermal behaviors and electro-optical properties 
become a pertinent topic for this type of FLCPs. One of the approaches is the guest-
host system consisting of an FLCP and an azobenzene dye (10). In this approach, it 
is found that the doping of the low molecular weight azobenzene dye into the Sc* 
phase would enhance the thickness of the smectic layer, and result in the high mobility 
of the mesogenic group for the FLCP (10). When a FLCP exhibits high molecular 
mobility in the fluctuation of the director of the tilt angle (Goldstone mode), the 
threshold field for switching can be lowered. As a result, the helical structure of the 
FLCP in the Sc phase can be unwound completely. Consequently, high spontaneous 
polarization (Ps) and short response time (x) can be obtained. 

In this study, we describe here guest-host systems of an FLCP (PS121A) 
containing azobenzene dyes. Disperse orange 3 (D03) with a strong dipole moment, 
and a liquid crystal 4'-(5-hexenyloxy)-4-methoxyazobenzene (HMAB) with a 
relatively weak dipole moment were used as the guest molecules, respectively. The 
phase transitions and mesophase of the guest-host FLC polymeric materials were 
studied using differential scanning calorimeter and optical polarizing microscopy. 
Dielectric measurements were taken from a low temperature range over the liquid 
crystal phase. The relaxation behavior of the molecular and collective relaxations 
will be discussed. Moreover, temperature dependence of the P s and x were also taken 
from the electro-optical measurements. The doping effect of two azobenzene dyes on 
the dielectric and electro-optical properties of the FLCP was investigated. 

Experimental 

Chemical structures of PS 121 A, D03 and H M A B are shown in Figure 1. The 
mixtures of the FLCP and azobenzene dyes (FLCP/D03 or FLCP/HMAB) with 
different weight ratios (sample DO305: 95/5, DO310: 90/10, DO330:70/30 and 
HMAB05: 95/5, HMAB10: 90/10, HMAB15: 85/15) were obtained by dissolving the 
compounds in chloroform. The solution of the mixture was kept in vacuum oven at 
room temperature to completely dry out chloroform. 

The thermal transitions of azobenzene dyes and guest-host FLC polymeric 
materials were determined by a differential scanning calorimeter (Seiko SSC/5200 
DSC). The thermal transitions were read at the maximum of their endothermic or 
exothermic peaks. Glass transition temperature (Tg) was read at the middle of the 
change in heat capacity. Heating and cooling rates were 10 °C/min in all of these 
cases. The transitions were collected from the second heating and cooling scans. A 
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CH 3 

3Si-(-0—Si-o)-SiMe 3 n n 

I 8 0 _ j _ | 

( C H ^ - o c H j C H a - o - Q O - c - < H 3 ^ c - o -

CH 3 

R* : - C H 2 - C H - C 2 H 5 

(a) PS121A 

H 2 N ^ Q ^ N = N - Q ^ N 0 2 

(b) D03 

CH2=CH4 CH2 ^O-Q-N=N-0-OCH 3 

(c) HMAB 

Figure 1. Chemical structures of the PS121A, D03, and HMAB. 
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Nikon Microphot-FX optical polarized microscope equipped with a Mettler FP82 hot 
stage and a Mettler FP80 central processor was applied toward observing anisotropic 
textures. Dielectric spectroscopy was determined on a Novercontrol GmbH. 
Measurements were performed by a Schlumberger SI 1260 impedance/gain-phase 
analyzer (frequency: 10"l~106 Hz) and a Quator temperature controller. A nitrogen 
gas heating system ranged from-100 °C to 250 °C was used. The temperature was 
adjusted within the tolerance of ± 0.5 °C. The guest-host FLC polymeric materials 
were sandwiched between two parallel metal electrode plates with a spacer of 50 jim. 

The electro-optical measurements were taken using home-made LC cells. The 
guest-host FLC polymeric materials were sandwiched between ITO coated glass 
electrodes which were separated by a spacer of 4 pm thickness. The surfaces of ITO 
glass plates were coated with polyimide (Merck: ZLI-2650) and rubbed in one 
direction to obtain homogeneous alignment by using rubbing machine (Sigma Koki; 
RM-50). Homogeneous alignment was achieved by cooling the sample from the 
isotropic to the Sc* phase with a slow cooling rate under an applied electric field. P s 

has been measured by the triangular wave method (77). x was determined with a 
photo diode measuring the transmitted light (He-Ne laser light: 632.8 nm) of the 
sample placed between crossed polarizers, x is defined as the time required for an 
intensity change from 10 percent to 90 percent on applying a square wave field. 
Change of the transmission light intensity through the cell was recorded by a digital 
storage oscilloscope (Hitachi VC-6025). 

Results and Discussion 

The thermal transition temperatures and their corresponding enthalpy changes of the 
PS 121 A, azobenzene dyes, and guest-host FLC polymeric materials are summarized in 
Table I. PS 121A exhibited a broad temperature range of the Sc* and smectic A (SA) 
phases on the heating and cooling scans. No LC phase was observed for D03, 
whereas a nematic phase was observed for H M A B on both the heating and cooling 
scans. Moreover, all of the guest-host FLC polymeric materials exhibited 
enantiotropic S A and Sc* phases. No phase separation was observed for these guest-
host materials except the sample DO330. For sample DO330, aggregation of D03 
molecules was present, and an additional melting transition at 191.3 °C on the heating 
scan and a crystallization transition at 167.5 °C on the cooling scan were observed. 
No phase separation was observed for the guest-host FLC polymeric material 
H M A B 15, even through a large amount of azobenzene dye (15 wt % ) was doped. 
Moreover, the phase transition temperatures decreased with increasing content of the 
azobenzene dye. The doping of the azobenzene dye into the FLCP seemed to reduce 
the thermal stability of the LC phases. However, a broad temperature range of the 
Sc* phase was still present for these guest-host FLC polymeric materials. 

The dielectric constant versus temperature and frequency for samples PS 121 A, 
DO305, DO330, HMAB05 and H M A B 15 are shown in Figure 2. In Figure 2a, the 
dielectric constant increased with increasing temperature in the Sc* phase. The 
dielectric constant increased remarkably in the neighborhood of the SA-Sc* transition 
temperature because of the presence of the Goldstone and Soft modes. However, the 
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Table I. Phase transitions and phase transition enthalpies for 
the samples. 

PS121A 

D03 

H M A B 

DO305 

DO310 

DO330 

HMAB05 

HMAB10 

HMAB15 

Phase transitions3, °C . / neaung \ 
Sample (corresponding enthalpy changes, kJkg") [ c o o i i n g j 

' heating \ 

G 9.8 S c * 215.2(0.07) S A 234.6(0.8 ) I 
I 229.2(0.73 ) S A 211.7 (0.03 ) S c * 4.1 G 
K 212.01 
1209.0 K 
K 69.4 (13.8 ) N 88.8(107.0) I 
I 87.1(105.2 ) N 62.3 (12.4 ) K 

G 8.1 S c * 160.0(0.6) S A 230.7(5.9) I 
1229.1(4.1) S A 164.7 (0.3) S c * 5.8 G 
G 1.9 S c * 134.0(0.4) S A 225.6(8.1 ) I 
1224.1(5.5) S A 129.7 (0.3 ) S c * 4.6 G 
G 1 1 . 5 S r * 141.1 (0.5)SA 191.3b (27.8)1 
1186.3 (5.1) S A 167.5^ (17.0) S A 138.4 (0 186.3 (5.1) S A 167.5° (17.0) S A 138.4 (0.4) S c * 5.6 G 
G 5.4 S r * 186.2 (0.1) S A 213.1(5.3 ) I 
1208.0(4.8 ) S A 185.5 (0.1) S c * -1.5 G 

G 12.1 S c * 168.2 (0.15 ) S A 212.5(6.1) I 
I 209.8(5.3 ) S A 165.3(0.1 ) S c * 3.0 G 

G 10.2 S c * 152.1 (0.1) S A 204.5(4.3 ) I 
1203.1(3.9) S A 148.7(0.1) S c * 7.0 G 

1 G : glass transition, S A : smectic A phase, S c *: chiral smectic C phase, 
I: isotropic phase 

} The melting point of the crystallite in the LC phase 
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Figure 2. The dielectric constant as a function of temperature and logarithm of 
frequency for the samples (a) PS121A, (b) DO305, (c) DO330, (d) HMAB05, 
and (e) H M A B 15, respectively. 
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Temperature (°C) 
(e) 

Figure 2. Continued. 
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relaxation peak (maximum value of the dielectric constant) of the Goldstone mode 
was not observed due to the fact that relaxation frequency is smaller than 0.1 Hz for 
PS 121 A . In Figure 2b, a larger amplitude of the Goldstone mode was observed in the 
S c * phase at a frequency between 0.1 Hz and 100 Hz for sample DO305. The doping 
of D03 in the LC phase led to the increase of the thickness of the smectic layer in the 
Sc* phase for the FLCP. Subsequently, the loosening of the denser packing of the 
highly tilted smectic phase resulted in the relaxation frequency of the Goldstone mode 
shifting toward a higher frequency range. Moreover, the relaxation intensity of the 
Goldstone mode was also enhanced remarkably due to the existence of the strong 
dipole-moment molecules of D03. In Figure 2c, the relaxation frequency also shifted 
toward the higher frequency range (above 0.1 Hz) for sample DO330. Its amplitude 
of the Goldstone mode was smaller than that of sample DO305. The formation of the 
crystalline domain in the LC phase restricted the molecular mobility of the Goldstone 
mode as the phase separation occurred for sample DO330. On the other hand, the 
amplitude of the Goldstone mode was increased only slightly for sample HMAB05 
and H M A B 15 compared to that for the PS 121A (Figure 2d and e). The doping effect 
of H M A B on the Goldstone mode was not significant compared to that of the D03, 
even though a larger quantity of H M A B was doped into PS 121 A . This is possibly 
due to the fact that the guest molecule with a strong dipole moment could respond 
toward an applied electric field more rapidly, and subsequently results in faster 
switching of the mesogenic groups in FLCP. The increase of the relaxation intensity 
and frequency of the Goldstone mode is important for the electro-optical application of 
the FLCP. Kalmykov et al. (72) have reported that the electro-optical response time 
is related to the dielectric parameter of the Goldstone mode 

X = 
2 e 0 A e G E 

The response time is dependent on the relaxation time (XG) and dielectric relaxation 
intensity (ACQ) of the Goldstone mode. This demonstrates that a shorter response 
time would be obtained for the FLCP which possesses strong relaxation intensity of 
the Goldstone mode at a high frequency range. This confirms that the doping effect 
of D03 on the electro-optical properties was more pronounced than that of H M A B . 

The dielectric loss tangent as a function of temperature and frequency for 
samples PS121A, DO305, DO330, HMAB05 and H M A B 15 are given in Figure 3. 
The molecular relaxations (a-, P-, y-relaxation) are clearly observed for these samples. 
The P- and y-relaxations occurred below T g , which are corresponding to the 
reorientation of the mesogenic group and spacer group of the FLCP, respectively. 
The a-relaxation has been observed at a higher temperature range. This relaxation is 
the process to be associated with the glass transition. For samples DO305 and 
DO330, the a-relaxation was observed above T g , which is corresponding to the 
molecular motion of the D03 (Figure 3b and c) (70). For sample DO305, the cc-
relaxation was covered by the a-relaxation at the frequency below 104 Hz due to the 
higher intensity of the a-relaxation. The a-relaxation temperature shifted toward a 
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Figure 3. The dielectric loss tangent as a function of temperature and 
logarithm of frequency for the samples (a) PS121 A, (b) DO305, (c) DO330, (d) 
HMAB05, and (e) HMAB15, respectively. 

Continued on next page. 
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Figure 3. Continued. 
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higher temperature range as the measuring frequency increased. The relaxation 
behavior of the a- and a-relaxations for the sample DO310 was the same as that for 
the sample DO305. For sample DO330, the a-relaxation was not covered by the a-
relaxation due to the decrease of the intensity of the a-relaxation. The a-relaxation 
intensity was reduced because of the occurrence of phase separation. The 
aggregation of the D03 molecules led to the decrease of the molecular mobility. 
Moreover, the a-relaxation coincided with the a-relaxation at lower frequency range 
(103 Hz). Subsequently, these two relaxations separated as the measuring frequency 
increased. In addition, a melting transition (191.3 °C) of the crystallites was 
observed for the sample DO330. At a higher temperature range, the existence of the 
Goldstone and Soft modes led to remarkable increase of the dielectric loss tangent in 
the Sc* phase for PS 121A and guest-host FLC polymeric materials. The doping of 
azobenzene dye resulted in the relaxation frequency of Goldstone mode shifting 
toward a higher frequency range (above 10"' Hz). This phenomenon was more 
significant for PS121A/D03 than for PS121A/HMAB. 

Temperature dependence of the relaxation frequency of molecular and collective 
relaxations for PS 121A and guest-host FLC polymeric materials are shown in Figure 4. 
A straight line similar to the characteristic of Arrhenius plot were obtained except for 
the a- and a-relaxations. A non-linear character of the a- and a-relaxations was 
obtained for these samples. The non-linear character indicates that the a-relaxation 
could be identified as the glass transition (13). Moreover, FLCP exhibits a larger tilt 
angle at temperatures near T g in the Sc* phase. The tilt angle becomes smaller as the 
temperature increases. The rotational freedom of azobenzene dye decreases in the 
tighter pitch (i.e. larger tilt angle) of the Sc* phase by steric hindrance near T g (14). 
Because of that, the high activation energy of the a-relaxation was obtained at a lower 
frequency range (below 104 Hz). The activation energy was decreased with 
decreasing steric hindrance at a higher temperature range. This led to non-linear 
character of the a-relaxation. The activation energies of the dielectric relaxations are 
summarized in Table II. The activation energies of the Goldstone mode, a-, a-, and 
P-relaxations decreased with increasing content of azobenzene dye. This is due to 
the plasticizer effect of the azobenzene dye. The plasticizer effect was not 
pronounced in the activation energies of the y-relaxation. For sample DO330, the 
aggregation of the D03 and the formation of the crystallites in the LC phase led to the 
increase of the activation energy for all of the dielectric relaxations. The activation 
energy of the a-relaxation could not be obtained at lower frequency range for samples 
D0305 and D0310 due to the overlapping of the a-relaxation. However, this was not 
observed for the sample DO330 owing to the decrease of the a-relaxation intensity. 
In addition, the doping effect of D03 on the activation energy of molecular and 
collective relaxations is more significant than that of H M A B . This is due to the large 
dipole moment of D03. The highly polar molecule is favorable to respond toward 
the electric field and subsequently to enhance the mobility of the molecular segments 
in its close vicinity. 

The electro-optical properties of PS 121A and guest-host FLC polymeric 
materials have been measured. The electro-optical properties of PS 121A could not 
be obtained as a result of a high viscosity and a large tilt angle of molecules in the Sc* 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

00
9

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



140 

3 3 

1 

4 CD 

A O { 

A O 

©O 

• PS121A 
ADO305 
oDO310 
ODO330 

DO ' 
© A © 

o 

. 2 I 1 1 1 ' ' 1 
2 3 4 5 6 7 8 

1 0 0 0 / T ( K ! ) 

(a) 

6 

4 

3, 

a a H M A B O S 
a R A H M A B I O 
a A © H M A B 15 

a a \ 9 \ 
a \ © ** • © ^ 

- a ° • <n 
© a 

- a a 0 
© A 
a a 

- ca 
ca 
• 

2 3 4 5 6 7 8 

1 0 0 0 / T ( K * ' ) 

0>) 

4 
• D O 3 0 5 

, ^ D O 3 1 0 
„ © D O 3 3 0 
G ^ * * 0 1 * o H M A B O S 

2 R
 M O D C A H M A B I O 

% © H M A B 1 5 

a ° 6 A * © S , 
0 [ ° 6 A - " 

• A © 
• A 

3 

2.2 2.4 2.6 2.8 

1 0 0 0 / T ( K * ' ) 

(c) 

Figure 4. Temperature dependence of the relaxation frequencies for the y, P, a, 
and Goldstone mode relaxations of PS 121A and guest-host FLC polymeric 
materials. 
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Table II. Activation energies (KJmol") of the y, p, a, a and Goldstone 
mode relaxations for samples PS121A-HMAB15. 

Relaxation Goldstone 

Sample f Pb <xb o b 
mode 

PS121A 34.0 76.0 418.0 c-243.2 d 

DO305 31.0 73.2 227.7° 127.5°-65.7 d 102.2 

DO310 26.3 61.8 143.8C 115.7°-60.7 d 93.5 

DO330 36.1 65.4 216.0°-200.0 d 128.7° - 79.4d 107.2 

HMAB05 33.2 75.8 407.1° -243.4d 115.3 

H M A B 10 30.4 72.0 339° - 206.0d 106.1 

H M A B 15 26.5 65.4 225.2 104.5 

a y-relaxation + 4kJmol"1 

b p, a, a and Goldstone mode relaxations ± 15 kJmol 
0 The data were calculated at 103 Hz 
d The data were calculated at 105 Hz 
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phase. A long and rigid aromatic mesogenic core with a large tilt angle results in the 
low rotational freedom of side chain of FLCP. Because of that, the molecules are 
difficult to be switched in the Sc* phase by an applied electric field. On the other 
hand, the doping of azobenzene dye led to the decrease of the rational viscosity of 
mesogenic group. This would circumvent the switching problem. Because of the 
doping of azobenzene dyes, the electro-optical properties could be measured from the 
guest-host FLC polymeric materials. However, this is not the case for DO310, 
DO330 and HMAB05. For DO330, the phase separation in the Sc* phase prevent 
such measurement. For sample DO310, the phase separation was not observed by 
DSC and POM. However, the aggregation of D03 was formed in a thin LC cell 
under the applied electric field as observed by POM. For sample HMAB05, the high 
viscosity of the denser packing of smectic phase was not effectively reduced by the 
doping of H M A B (5 wt. %). The temperature dependence of P s for samples DO305, 
H M A B 10, and H M A B 15 is shown in Figure 5. P s increased with decreasing 
temperature because of the increase of the tilt angle in the Sc* phase. After reaching 
a maximum, P s then decreased at a lower temperature range. This is due to the fact 
that the molecules have a higher viscosity at lower temperatures. The molecules 
could not be switched by the applied electric field, thereby resulting in a smaller P s 

value. Moreover, sample DO305 has a larger P s value compared to samples 
H M A B 10 and H M A B 15. This demonstrates that the high dipole moment guest 
molecules are more helpful for the switching of the mesogenic group in the Sc* phase. 
In addition, the temperature dependence of x for samples DO305, H M A B 10, and 
H M A B 15 is shown in Figure 6. x was increased with decreasing temperature for 
these samples. Sample DO305 exhibited a shorter x in the neighborhood of the SA-
Sc* transition temperature than samples H M A B 10 and H M A B 15 did. As the 
temperature decreased, x of sample DO305 increased rapidly due to the increase of the 
viscosity. The results indicate that the doping effect of a strong dipole moment guest 
molecule (D03) on the electro-optical properties are more pronounced than a 
relatively weak dipole moment one (HMAB). 

Conclusion 

The doping of azobenzene dyes in FLCP resulted in a larger fluctuation of the director 
of the mesogenic groups in each smectic layer under an applied electric field. As a 
result of that, larger intensity and higher frequency of Goldstone mode relaxation, and 
better electro-optical properties were obtained. Moreover, the doping effect on the 
dielectric behavior and electro-optical properties is more significant for the FLCP 
doped with strong dipole-moment guest molecules compared to that of the FLCP 
doped with weak dipole moment molecules. The doping of a suitable amount of the 
azobenzene dyes into the Sc* phase is helpful for the improvement of the electro-
optical properties. 
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Figure 5. Temperature dependence of P s for samples D O 3 0 5 , H M A B 10, and 
H M A B 15 (4um, 4 Hz, 80Vnm, and lOOV™). 
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Figure 6. Temperature dependence of x for samples DO305, HMAB10, and 
H M A B 15 (4um, 4 Hz, 100V™, T c = TS A-sc.). 
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Chapter 10 

High Dielectric Constant (Microwave Frequencies) 
Polymer Composites 

Shailendra Negi1, Keith Gordon1, Saeed M. Khan2, and Ishrat M. Khan1,3 

1Department of Chemistry, Clark Atlanta University, Atlanta, G A 303124 
2Department of Electrical Engineering, Kansas State University, 

Manhattan, KS 66506 

Dielectric constants of polymer/salt molecular composites prepared 
using poly(2-vinylpyridine)/poly(ethyleneoxide) and/or 
methoxypolyethyleneglycol or tetraethyleneglycol/LiClO4 were 
determined at microwave frequencies. Change of dielectric constants 
of composites with varying voltages was studied to determine their 
possible feasibility as tunable materials. Effect of chain length, 
functional groups, salt content and T g on the dielectric constant were 
determined. Modeling studies at different frequencies were done to 
evaluate their microwave reflection/attenuation properties. 

Polymeric materials are playing an increasingly important role in electronic 
components, such as antennas, wave guide, electromagnetic interference (EMI) 
shielding (7) and optical materials (2). They provide an advantage over 
conventional materials in terms of lightweight, material/property tuning and 
combination of various properties in a given matrix. Although applications are 
found in all region of the electromagnetic spectrum, relatively little work has been 
done in the microwave region. Polymers with high dielectric constant in the 
microwave region would be expected to have potential in EMI shields, radar 
absorbers, hybrid-integrated lines, wave-guides, microwave transmission lines and 
dielectric resonator antennas (7,5). Polymers with inclusions (high dielectric 
constant inorganic materials) and intrinsically conducting polymers are different 
types of materials that may be used for the above applications. Certain inorganic 
materials, like barium titanate, have very high dielectric constants but also have 
drawbacks, e.g. they are not amenable to property and material tuning required for 
specific purposes. Inorganic fillers dispersed in a polymer matrix have found use in 
EMI shields (4,5). High dielectric constant materials composed of nickel, silver, 
copper and nickel coated graphite fibers dispersed in polymers have been also 
studied (6). The metal powder particles are polarizable and increase the permittivity 
of the composite materials. Properties of polymers with inclusions may be affected 
by interfacial charge accumulations and are difficult to control. Moreover, large 
amount of filler material is required to achieve a substantial effect. 

Corresponding author. 

© 1999 American Chemical Society 145 
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The intrinsically conducting polymers have desirable features such as 
lightweight, processability and electrical conductivity and, therefore, they have 
potential applications as microwave active materials. Furthermore, control of the 
electronic properties can be done by synthesis, addition of different dopants, and 
molecular structure modification. To behave as a microwave active material, the 
system should be able to interact with the field microscopically (microwave 
radiation). A prerequisite for such interaction is that the system should have 
polarizable charged groups and/or highly conjugated polarizable functionality. 
Conjugated polymers, p-doped or n-doped, lead to highly polarized system resulting 
in high microwave absorption (7). 

Polymer films of poly(p-phenylene-benzobis-thiazole) (PBT) (8), doped 
with iodine show good EMI shielding properties at microwave frequencies, 
indicated by the small amplitude of field transmitted through the polymer in the 
frequency range of 2 GHz to 10 GHz. One of the very important polymer systems, 
polyaniline (PAN), which has high conductivity and dielectric constant, shows high 
shielding efficiency in the microwave frequency range (9a). On a mass/area basis, 
the shielding efficiency of conducting PANs is comparable to that of copper. 
Furthermore, the dielectric constant of PAN can be controlled through chemical 
processing, molecular weight, doping level, counter ion, solvent etc. Stretching, 
which leads to higher crystallinity, also changes the dielectric constant. For highly 
crystalline PAN, increasing the temperature leads to three-dimensional coupled 
metallic regions, resulting in a dramatic change in the value of the microwave 
dielectric constant (9b). Hourquebie (10) et. al. have studied a number of 
conducting polymers (polyanilines, polypyrroles and polyalkylthiophenes) and 
correlated their dielectric constant values with various parameters, via. nature of 
dopant, microstructure and monomer structure. Increasing the size of the alkyl 
group and counter ion results in lowering the values due to decrease in capacitive 
coupling. A combination of polypyrrole (conducting material) and silicon rubber 
(lossy material) results in a composite with a high dielectric constant and a high 
tan 8. These examples show the utility of polymers as unique materials whose 
microwave properties can be tailored in a number of ways (77). 

Microwave active smart materials will find applications in sophisticated 
technologies in the near future. Such materials will adopt or change their properties 
in response to an external stimulus in a reversible manner. Kon et. al. (72) have 
found a conducting system which can be oxidized and reduced reversibly and 
therefore changes the microwave transmittance from less than 10% to more than 
90%. Thus tunable attenuation can be achieved in the microwave region. The 
microwave characteristics of blends of poly(aniline).HCl-silver-polymer 
electrolytes can be modulated by changing the oxidation states when applying DC 
voltage (75). 

It is possible to prepare composites of nonconducting polymer/inorganic salt 
by dispersing inorganic salts in the organic matrix via complexation. The electrical 
conductivity of such materials has been well established in view of their importance 
as solid polymer electrolytes in solid state batteries (14,15). 
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We are interested in systems whose microwave properties may be tunable, 
i.e. change the value of the dielectric constant on applying small external electrical 
potential up to 10 volts. Such phenomenon can lead to smart materials (16) as 
mentioned above, and inorganic salt dispersed in an organic polymer matrix might 
be a suitable system. Earlier studies in microwave tunable material involved 
intrinsic conducting materials whose microwave properties were modulated by 
changing the oxidation states of the conducting polymers involved. Our system does 
not involve any redox reaction, but requires rearrangement of polymer chains 
and/or ion pairing in the matrix for the said effect. Thus our approach is 
complimentary to others being currently pursued. 

Experimental 

Materials: Poly(2-vinylpyridine) (P2VP, MW 200,000, Polysciences) 
methoxypolyethyleneglycol (MPEG , MW 350), tetraethyleneglycol (TEG, Sigma), 
and polyethylene oxide)(PEO, MW 600,000, Aldrich), LiC104 (Aldrich) were used 
as received. 

Sample preparations: PE0/P2VP/LiC104 (/7a,b) and P2VP/LiC104 (17c) blends 
were prepared according to literature procedures. Abbreviations of the type 
PEO(80)/P2VP(20)/LiClO4 indicate blend of LiC104 containing 80% by weight 
PEO and 20% by weight P2VP. Blends of PEO/MPEG/P2VP/LiC104 were prepared 
by a modified procedure. PEO, MPEG and LiC104 were dissolved in methanol by 
heating and stirring vigorously and P2VP in methanol was added and stirred 
overnight. Solution was evaporated for 2 days at 50 °C in vacuo followed by drying 
at 80 °C under vacuum for 2 days. Samples for the measurements were prepared by 
heat pressing at 50 °C for 20 minutes. A similar solution blending procedure was 
applied for the preparation of PEO/TEG/P2VP/LiC104 blends. 

Measurements: Dielectric measurements were carried out using a Hewlett 
Packard 4192 A Impedance analyzer at interval of 45 minutes at room temperature 
under nitrogen atmosphere. DSC was performed on a Perkin-Elmer DSC-4 under 
dry nitrogen using indium as the calibration standard. Thermograms were obtained 
at a rate of 15 °C per minute and after the samples were quench cooled at a rate of 
320 °C/minute. After first heating, the next few runs of thermograms indicated 
essentially the same Tg values and the reported values were obtained from the third 
run. P2 VP/LiC104 dielectric constant measurements were done in the GHz range in 
an X-band waveguide (17c). 

Result and Discussion 

Earlier studies in our laboratories have indicated that molecular composites of 
poly(2-vinylpyridine) and LiC104 have high dielectric constants (17c) in the GHz 
range as listed in Table I. These composites are amenable to material/property 
tuning by changing the salt content. Poly(2-vinylpyridine) and lithium salt form a 
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homogenous system at low salt concentrations as indicated by Tg. The nitrogen in 
the pyridine ring solubilizes the salt via ion-dipole interactions, based on Hard Soft 
Acid Base (HSAB) principle. One can conceive that applying a voltage across the 
system could lead ions to rearrange, simultaneously forcing the coordinated 
polymer chains to rearrange. This can result in a change in the dielectric constant 
and therefore microwave properties. Thus the system may be tunable by changing 
applied voltages. 

Table I: Relative dielectric constants, tan 8 and glass transition temperatures 
of polymer salt complexes. 

P2VP/LiCl(V Relative dielectric 

constant, ERb 

TanSxlO 4 I» 
( °Q 

Pure P2 VP 7.5 258 110 
50 8.5 334 113 
20 10.5 87 125 
5 16.5 50 133 

a Mole ratio of 2-vinylpyridine repeating units to lithium perchlorate. 
b at 12 GHz and 6R = (1+ i tan 8) 

Studies showed that the dielectric constants of the system did not change on 
applying small voltages. The observed glass transition temperatures of the polymer/ 
salt complexes are high and increase with increasing salt content. Similar trends 
(i.e. increase in T g with increase in salt) are observed in most solid polymer 
electrolyte systems (17,18). Thus, it may be imperative to introduce another 
component, which makes the system more flexible, i.e. lowers the T„ and is 
simultaneously compatible with P2VP/lithium salt system. 

Our group has studied PEO/P2VP/LiC104 blends (17a), prepared by solution 
blending. Even though PEO and P2VP are not compatible with each other, lithium 
cation coordinates with both the nitrogen in P2 VP and the oxygen in PEO to form a 
compatible system. Thus lithium perchlorate is effectively dispersed throughout the 
system in a homogenous fashion. Thermal studies indicate almost a linear change 
in T g with change in salt content at low salt concentration and verify the 
homogeneity of the system. The PEO/P2VP/LiC104 blends are elastomeric and 
contain low T g domains. This indicates that there may be sufficient segmental 
motions (or flexibility) at room temperature for the chains to respond to external 
stimulus therefore, making this an appropriate system to study the dielectric 
constant as a function of voltage. A blend of PEO(80)/P2VP(20)/LiClO4 with an 
EO/Li+=5 (Tg = -18 °C) was prepared and dielectric constants were determined at 
room temperature at 30 minute intervals with varying frequencies and voltages. 
Preliminary studies show that there was a change in the dielectric constant with 
voltage at all the frequencies and a maximum change of 3% (±1%) was observed at 
10,000 KHz as shown in Table II. However, the response time was slow. 
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Table n : Relative dielectric constants of PEO(80)/P2VP(20)/LiClO4; 

Bias Relative dielectric constant, 
(Volts) 6R8 

0 7.7 
2 7.6 
5 7.5 
10 7.4 

a at 10MHzandSR = (l+itan8) 

To improve the system, methoxypolyethyleneglycol (MPEG, MW 350) 
which is similar to PEO, was substituted for PEO. MPEG has shorter and more 
flexible chains and would be expected to have increased flexibility and segmental 
motions. As a result of the above factors it may be able to accommodate changes in 
conformations more readily than the corresponding PEO based system. Blends of 
different compositions of MPEG/P2VP/LiC104 were investigated. Initially 
composites with higher content of P2VP and salt were prepared. The Tg's and the 
dielectric constants of the system are presented in Table III. 

Table m. Glass transition temperatures and relative dielectric constants as a 

Blend composition" T. 
(°C) 

Relative dielectric constant, 6Rb 

at bias voltage shown below 
MPEG 8 P2VP* EO/Li + 2 5 10 5 2 volts 

25 75 8 40 
25 75 5 70 4.3 4.3 4.3 4.3 4.3 
25 75 2 96 

35 65 10 20 
35 65 8 31 
35 65 5 42 5.4 5.4 5.4 5.4 5.4 
35 65 2 91 

8 weight %. 
bat 10MHzand6R = (l+itan8) 
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In view of the dimensional stability, blends of composition 
MPEG(25)/P2VP(75)/LiC104 [EO/Li+ = 5] and MPEG(35)/P2VP(65)/LiC104 

[EO/Li+ = 5] were chosen as representative examples for study of change in 
dielectric constants with voltage variations. Dielectric measurements were done at 
one-hour intervals. The results show that the dielectric constant remains practically 
the same on application of an external field and this is most likely related to the 
fairly high Tg's observed for the system. It became clear that further studies would 
require composites with lower Tg. Figure 1 shows the DSC thermograms of blends 
of MPEG(35)/P2VP(65)/LiC104 and, as expected, an increase in T g is observed with 
increasing salt content. The almost linear increase in the T g values with increasing 
salt content is consistent with previously observed P2VP/PEO/LiC104 system (18). 

We explored blends PEO/MPEG/P2VP/LiC104 with much lower content of 
P2VP. The glass transition temperatures and the dielectric constants are listed in 
Table IV, and DSC thermograms are shown in Figure 2. 

Table IV. Glass transition temperatures and relative dielectric constants as a 
function of voltage for blends of PEO/MPEG/P2VP/LiC104. 

Blend composition* 
(°C) 

Relative dielectric constant, 8Rb at 
bias voltage shown below. 

PEO* MPEG' P2VP* EO/Li + 10 2 volts 

40 40 20 10 -39 10.5 10.3 10.3 10.3 10.2 
40 40 20 -32 
40 40 20 •26 10.8 10.7 10.7 10.6 10.7 

weight % 
bat 10MHzandER = (l+itan8) 

Dielectric values remained almost constant on application of an external 
field. It may be possible that the coordination of the metal ion is not strong enough 
with the polymer chains to perturb them sufficiently when the voltage is varied and, 
therefore, more polar analogue of MPEG, leading to stronger complexation, was 
chosen to potentially yield better results. Tetraethyleneglycol, which has larger 
number of hydroxy 1 group, was selected instead of MPEG. An additional advantage 
of TEG was that it would enhance the dielectric constant of the systems because of 
the polar hydroxyl groups (19). 

Composites of PEO(40)/TEG(40)/P2VP(20)/LiCIO4 were prepared and their 
Tg's are tabulated in Table V and DSC result are presented in Figure 3. 
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Figure 2. DSC thermograms of PEO(40)/MPEG(40)/P2VP(20)/LiClO4 blends 
at various EO/Li + ratios. 
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Figure 3. DSC thermograms of PEO(40)/TEG(40)/P2VP(20)/LiClO4 blends at 
two different EO/Li + ratios. 

i 

-90.00 -70.00" -50T00 -30.00 -10.00 lO.OO" 

Figure 4. DSC thermograms ofPEO(25)/ TEG(55)/P2VP(20)/LiClO4 blends at 
EO/Li+ratios of 5 and 10. 
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Table V. Glass transition temperatures and relative dielectric constants as a 
function of voltage for blends of PEQ/TEG/P2VP/LiC104. 

Blend composition* 
(°C) 

Relative dielectric constant, ERb at 
bias voltage shown below 

PEO* TEG* P2VP* EO/Li + 2 5 10 5 2 volts 

40 40 20 8 -32 
40 40 20 5 -25 11.6 11.4 11.3 11.3 11.4 

25 55 20 10 -47 
25 55 20 5 -35 12.7 12.4 12.2 12.2 12.3 

aweight % 
bat 10 MHz and 8R = (1+ i tan 8) 

Comparison of the blends PEO(40)/MPEG(40)/P2VP(20yLiClO4 and 
PEO(40)/TEG(40)/P2VP(20)/LiClO4 indicates that the blend system have similar T g 

values. Thus the effect of smaller size of TEG chain relative to MPEG is probably 
compensated by greater (or more effective) interaction of blend with the metal ions. 
As expected, higher salt concentration is reflected in higher Tg's in both series. 

Table V also shows that variation of voltage resulted in change of relative 
dielectric constant and the phenomenon is reversible. Results indicate a change of 
about 3-5 % and reversible nature of the system was observed for 3 cycles. The 
blend with smaller EO/Li + ratio of 10, also shows reversibility although changes are 
smaller. It should be pointed out that the relative dielectric constants in Tables HI, 
IV and V are determined at interval of 45 minutes after the bias voltage is changed, 
the systems reached close to initial value on equilibrating overnight at room 
temperature. 

To further increase the amount of TEG, blends of 
PEO(25)/TEG(55)/P2VP(20)/LiClO4 were prepared. The glass transition 
temperature of the system is lower than the corresponding system with the 40% 
TEG (Figure 4). Dielectric measurements of PEO(25)/TEG(55)/P2VP(20)/LiClO4 
[EO/Li+ = 5] was investigated as a function of voltage. All these results are shown 
in Table V. The dielectric constant changes though small (3-5%) were reversible 
and more pronounced than in the previous case. 

Therefore, our observation indicates that higher concentration of hydroxyl 
groups results in the ability of the system to solubilize higher concentrations of 
LiC104 and at the same time the system has a fairly low T g value.If the molecule is 
large (polymeric as opposed to oligomeric) with a high hydroxyl group 
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concentration then the material may become crystalline (as in polyvinylalcohol) 
and the system may not work. Similarly a very high cation concentration could lead 
to more pseudo cross-linking, resulting in higher T g and decreased segmental 
flexibility of the polymer chains. Various parameters thus play important roles and 
these factors may have opposite effects; one dominating the other at different 
concentrations. Such systems, therefore, require very fine tuning to get the required 
desirable properties and our studies are a starting point to prepare polymeric 
materials where dielectric constants may be modulated with a change of 10% and 
are reversible for large number of cycles. 

Modeling Studies: To study the microwave properties of the blend, 
PEO(25)/TEG(55)/ P2VP(20)/LiClO4 [EO/Li+ = 5] was chosen and the dielectric 
constants were measured at various frequencies at intervals of 30 minutes and are 
listed in Table VI. 

Table VI: Relative dielectric constants of PEO(25)/TEG(55)/P2VP(20)/LiClO4; 
EO/Li + = 5 at various frequencies. 

Frequency 
(KHz) 

Relative dielectric 

constant, 6R 3 

Frequency 
(KHz) 

Relative dielectric 

constant, 8R 8 

.01 - 2000 15.1 
.1 5630 3000 13.9 
.5 453 5000 12.7 
1 195 7000 12.0 
10 52.0 9000 11.5 
100 29.2 11000 11.2 
1000 17.5 13000 11.0 

aat 0 volt and 6R = (1+ i tan 8) 

The reflection properties at normal plane wave incidence (/, 20) for the 
blend reveals that it is a very good reflector under 10 KHz and quite good up to 100 
KHz. 
Figure 5 shows that at 1 MHz, the reflection coefficient is around 0.7 and at about 
10 MHz it drops down to 0.5. The study of its intrinsic attenuation reveals that it 
will not significantly absorb transmitted fields (Figure 6). This modeling studies do 
indeed show that the tunable composites are good microwave reflectors. 

Conclusion 

We were able to prepare low T g blends with relatively high dielectric constants, 
which could be modulated reversibly by voltage variation. Dielectric changes in the 
range of 3-5% were observed as a function of voltage and such effects were 
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Figure 6. Reflection and transmission properties of PEO(25)/TEG(55)/ 
P2VP(20)/LiClO 4 blend at E O / L i + = 5. 
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possible for a few cycles. For a system to be tunable, the important factors are a low 
Tg, the presence of short flexible molecules, and increased concentration of 
hydroxyl 
groups. Elastomeric blends such as PEO(40)/TEG(40)/P2VP(20)/LiClO4 
[EO/Li+=5] and PEO(25)/TEG(55)/P2VP(20)/LiClO4 [EO/Li+ = 5] were found to be 
most promising and may be further modified to obtain reversible tunability up to 
10%. 

The PEO(25)/TEG(55)/ P2VP(20)/LiClO4 [EO/Li+ = 5] blend was a very 
good reflector at very low frequency. It is expected that more material tuning might 
result in increase of reflective properties at higher frequencies. If the reflection 
characteristics are enhanced up to 20 MHz, this material could prove to be a 
usefulas microwave shields against interference from many common sources like 
lightning, corona, electric motors etc. Hybridization by mixing this material with 
metal flakes might further enhance the electrical properties related to 
electromagnetic shielding (27). 
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Chapter 11 

Identification of Critical Structure-Function 
Relationships in the Preparation of Polymer Thin 
Films for Electro-Optic Modulator Applications 

A. W. Harper1, F. Wang, J. Chen, M. Lee, and L. R. Dalton 

Loker Hydrocarbon Research Institute, University of Southern California, 
Los Angeles, C A 90089-1661 

The past decade has witnessed the design and preparation of second 
order nonlinear optical chromophores characterized by ever increasing 
molecular hyperpolarizability; indeed, values of µβ (where β is the 
hyperpolarizability and µ is the dipole moment) greater than 1x10-44 

esu (at 1.9 µm wavelength) have been realized. However, 
chromophores which exhibit large hyperpolarizabilities often exhibit 
large polarizability and dipole moments leading to strong intermolecular 
electrostatic (London forces) interactions. Such intermolecular 
interactions oppose the translation of large observed molecular optical 
nonlinearities into large macroscopic optical nonlinearities by opposing 
electric field poling induction of the acentric chromophore order 
required for such macroscopic optical nonlinearity. In this 
communication, it is demonstrated that the attenuation of poling-
induced order is strongly influenced by chromophore shape and that
simple derivatization of chromophores with "steric" buffer substituents 
leads to dramatic improvement in poling-induced acentric order and 
associated macroscopic optical nonlinearity. Materials appropriate for 
device fabrication and characterized by electro-optic coefficients in the 
range 25-55 pm/V (at 1.3 µm operational wavelength) have been 
developed. Since electrostatic interactions can lead to chromophore 
aggregation resulting in light scattering and inhibition of thermosetting 
lattice hardening reactions, it is not surprising that modified 
chromophore materials also exhibit reduced optical loss and improved 
thermal stability of optical nonlinearity induced by thermosetting 
reactions. 

A crucial objective of research involving second order organic nonlinear optical 
materials is the realization of polymeric electro-optic waveguides characterized by 
electro-optic coefficients (at 1.3 pm communication wavelength) of greater than 30 
pm/V and which are stable for long periods of time (e.g., 1000 hours) at temperatures 

'Current address: Department of Chemistry, Texas A&M University, College Station, TX 77843-
3255. 

160 © 1999 American Chemical Society 
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on the order of 100°C. Such values of electro-optic coefficient are necessary for 
utilization of digital level drive voltages (without amplification) with standard electro-
optic modulator device (Mach-Zehnder interferometer, birefringent modulator, and 
directional coupler) configurations. Materials must also exhibit modest (1 dB/cm) to 
low optical loss at the operational wavelength and must be amenable to low loss 
integration with semiconductor VLSI electrical circuitry and silica fiber optic 
transmission lines. 

To satisfy device-related materials requirements, chromophores must exhibit 
large molecular hyperpolarizabihties and must be incorporated in high number density 
into thermally stable acentric chromophore lattices defined by a high degree of 
chromophore order. Realization of approximately 10% of the potential macroscopic 
optical nonlinearity of a chromophore requires chromophore loading on the order of 
30% (by weight) and an order parameter, <cos30>, on the order of 0.3. Clearly, 
there is not much opportunity to compromise on chromophore optical nonlinearity, 
chromophore loading, and/or poling efficiency and still achieve acceptable electro-optic 
coefficients. Since low optical loss and robustness are also critical material 
requirements, the chromophore must exhibit good thermal, electrochemical, and 
photochemical stability and must exhibit good solubility in acceptable spin casting 
solvents. The chromophore must be capable of being poled with good efficiency and 
coupled to a high glass transition lattice subsequent to poling. Not only must the 
chromophore have significant mobility under poling but also the chromophore/polymer 
matrix must be resistant to corona damage and to phase separation of components 
during poling and hardening. The resulting nonlinear optical material must be 
compatible with fabrication of buried channel waveguide structures by reactive ion 
etching and the deposition of compatible cladding layers. 

An introduction to high chromophores. 

A number of researchers, including Marder and Perry (Cal Tech/JPL), Marks and 
Ratner (Northwestern), and Alex Jen (formerly at EniChem and now at Northeastern 
Univ.), have advanced the synthesis of improved chromophores (which we shall 
collectively refer to as "high pp chromophores") exploiting insights gained from 
quantum mechanical calculations. As we (1) and others (2) have reviewed this work 
elsewhere, we will not review this work here other than to present selected data shown 
in Table I. The data shown in this table illustrate the systematic increase in optical 
nonlinearity which has been achieved relative to standard stilbene and azobenzene 
(disperse red, DR) chromophores (upper left, Table I). If high pp chromophores 
could be incorporated in high number density into acentric macroscopic lattices with a 
high degree of acentric order, it is clear that very large macroscopic optical 
nonlinearities (electro-optic and second harmonic generation coefficients) would result. 
Of course, such chromophores must exhibit appropriate chemical and thermal stability 
and in some cases the introduction of acceptor groups to enhance optical nonlinearity 
has resulted in an unwanted sensitivity to nucleophilic attack. 

The research that we report here focuses upon the translation of promising high 
pP chromophores into electro-optically active materials suitable for fabrication of 
prototype devices. Our initial focus is a review of problems associated with 
intermolecular chromophore electrostatic interactions and how these can be minimized 
by simple structural modification of chromophores. We summarize our experiences 
with defining maximum achievable optical nonlinearity, minimum optical loss 
(including processing associated loss), and maximum material stability. This 
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Table I. Representative High p.p Chromophores 

Chromophore ( lO^esu) MW Chromophore ( lO^esu) MW 

research has already permitted a new generation of electro-optic modulators to be 
fabricated from polymeric materials. These modulators are capable of broadband 
operation (to above 100 GHz), driven by digital level drive voltages, and characterized 
by optical loss on the order of 1 dB/cm. The thermal stability achieved with high p(3 
chromophores has been found to be comparable to that previously obtained for 
azobenzene chromophores. 
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Translating microscopic optical nonlinearity to macroscopic optical 
nonlinearity. 

The effective electro-optic coefficient, r, of a material is related to chromophore 
number density, N , chromophore molecular first hyperpolarizability, P, and acentric 
order parameter, <cos36>, by 

r = 2fNP<cos36>/n4 (1) 

where f is a frequency-dependent local field factor which takes into account the 
dielectric matrix that contains the chromophore and n is the index of refraction. The 
expression for electro-optic coefficient, r, can also be expressed in terms of 
chromophore weight fraction, w, by noting that N = wN'p/MW where N ' is 
Avogadro's number, p is material density, and M W is chromophore molecular weight. 
In the absence of chromophore-chromophore interactions (the independent particle or 
"gas" model), the chromophore acentric order parameter arising from electric field 
poling can be expressed as 

<cos36> = pf Ep/5kT (2) 

where p is the chromophore dipole moment, E p is the applied electric poling field, f is 
a local field factor (F = f E p is the actual poling field felt by the chromophore), k is the 
Boltzmann constant and T is the Kelvin temperature. From the above, it is clear that 
within the approximation of treating chromophores as independent particles that 
predicted macroscopic optical nonlinearity should scale as pP/MW (see Table I), 
<C0S39> should be independent of N , and r should increase linearly with N . That this 
is not so is now obvious from a number of experimental observations but the point is 
conveniently illustrated in Figure 1. 

As is demonstrated in Figure 1, electro-optic coefficients increase linearly with 
chromophore number density (with a slope proportional to pP) only at low 
chromophore loading. At higher concentrations, deviation from linearity is observed 
and the problem becomes more severe as chromophores with higher pp are studied. 
In particular, maximum in plots of r versus N are observed and these shift to lower N 
for the higher pp chromophores. The problem can be traced to increasing 
chromophore electrostatic interactions as is illustrated in Table II. In this Table, we 
illustrate the variation of dipole moment, polarizability, and ionization potential (the 
parameters which define chromophore-chromophore electrostatic interactions-London 
forces) with molecular hyperpolarizability. 

While these simple correlations are suggestive, it is necessary to analyze the 
problem in a more quantitative manner. We have done this by re-examining and 
extending Debye-London theory (3). In particular, we have analyzed the problem of 
chromophores interacting with an externally applied poling field, interacting with each 
other, and experiencing thermal collisions which act to randomize their order with 
respect to the poling field axis system. Two levels of analysis have been carried out. 
In our most approximate treatment, we follow the assumptions of London (4) and treat 
chromophores as hard spherical objects and average out the anisotropic dipole-dipole, 
induced-dipole, and dispersion interactions between chromophores. We also make a 
high temperature approximation and carry out a power series expansion in the ratio of 
chromophore/poling field interaction energy to thermal 
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0 10 20 30 40 50 

Chromophore Number Density (10 2 0/cm 3) 

Figure 1. Normalized electro-optic coefficients versus chromophore number density 
for the disperse red (DR) and isoxazolone acceptor (ISX) chromophores of Table I. 

Table II. Dipole moments, polarizabilities, ionization potential, and 
hyperpolarizabilities for some representative chromophores. 

u « I Po 
Compound Structure (Debye) (lO^cm3) (1019J) (lu^esu) 

a = molecular polarizability, I = ionization potential, p = molecular first hyper
polarizability, and p = molecular dipole moment. 
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energy and we retain only the first term. This approach leads to the following 
analytical result: 

<COS3e> = (pfEp/5kT)[l -L2(W/kT)] (3) 

where W is the London electrostatic interaction energy expression given by 

W = (l/R6){(2p4/3kT) + 2p2cc + 3Icc2/4} (4) 

where R is the average distance of separation between chromophores. W will exhibit a 
quadratic dependence on chromophore number density N. 

It is clear even from this highly approximate analysis that an attenuation of 
poling-induced acentric order (and hence electro-optic coefficient, r) can be expected at 
high chromophore concentrations for chromophores with significant values of p, a, 
and I. A more informative illustration of this point is given in Figure 2 which shows 
calculated variation of acentric order parameters with average chromophore separation 
(related to chromophore concentration, i.e., N is proportional to R"3) for the 
chromophores and electrostatic interactions of Table n. 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 
separation distance, R (angstroms) 

Figure 2. Variation of acentric order parameter with average separation distance 
between chromophores is shown for the chromophores (and electrostatic interactions) 
of Table II. 

As electrostatic interaction, W, increases an attenuation of acentric order onsets 
at ever increasing R (or decreasing concentration). Moreover, this Figure illustrates 
that acentric order is rapidly attenuated as a function of R. 

A more sophisticated analysis is required for quantitative simulation of 
experimental data. In particular, we explicitly consider both chromophore shape 
(within a hard object approximation) and do not average out anisotropic intermolecular 
interactions. As discussed elsewhere (3), this approach leads to 
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reasonably good simulation of data particularly when cases of non-transient 
aggregation are avoided. Examples of the quality of agreement between theory and 
experiment are shown in Figure 1 for the DR and ISX chromophores. This level of 
treatment suggests that the problem of attenuation of poling-induced electro-optic 
activity at high chromophore concentrations is particularly problematic for prolate 
ellipsoidal chromophores. The close approach along minor axes of the prolate 
ellipsoids particularly favors centric aggregation. Electrostatic interaction energies for 
such centric aggregates can reach many times kT which can lead to non-transient 
aggregation. If aggregate size approaches the wavelength of light then light scattering 
can be observed. As is illustrated in Figure 3, this is indeed observed in a number of 
samples and the onset of 

Wt % in P M M A 

Figure 3. Correlated variation of waveguide loss (upper) and electro-optic coefficient 
(lower) versus chromophore loading (wt. % in PMMA) for the TCI chromophore of 
Table I is shown. The behavior reflects the formation of non-transient aggregrates. 

such scattering corresponds to the onset in the attenuation of electro-optic activity. To 
simulate such effects, molecular dynamics must be added to the calculations. 

Our point in this communication is not to discuss the quantitative simulation of 
a large number of effects that can be attributed to chromophore-chromophore 
electrostatic interactions but rather to explore a simple prediction from the more 
rigorous theoretical analysis, namely, that attaching steric substituents to 
chromophores to increase the dimensions of the minor axes of prolate ellipsoidal 
chromophores should decrease chromophore-chromophore electrostatic interactions. 
Here we report are first crude efforts to exploit this observation. 
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Reduction in chromophore chromophore electrostatic interactions by 
derivatization with bulky substituents. 

A comparison of theory and experiment establishes that it does not make sense to 
derivatize chromophores such as the disperse (DR) and DANS other than to improve 
their solubility. The attenuation of electro-optic activity is not a problem for these 
systems. We can gain only for those systems where optical nonlinearity is seriously 
attenuated and where we are in the steep region of the acentric order parameter 
attenuation as a function of variation of chromophore minor axes dimensions. For 
such cases, a change of minor axes dimensions by 1 or 2 angstroms can lead to factors 
of 2 and 3 increase in maximum realizable electro-optic coefficient. 

To date, we have attempted only minor chromophore modifications which can 
be effected in a cost effective manner necessary to produce the quantities of materials 
(grams to kilograms) necessary for prototype device studies (Figure 4). 

Figure 4. Illustration of derivatization of chromophores with bulky substituents. 
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Minor modification of the chromophore structure also is likely to result in the least 
perturbation of chromophore electronic structure so that we do not have to worry about 
changing values of p and p by the modification. In experimental practice, we have 
used the criteria of insignificant differences between the wavelengths of the absorption 
maxima in derivatized and underivatized chromophores as an indication of minimum 
influence of derivatization on chromophore n electron structure. 

In all of the cases shown in Figure 4, derivatization has resulted in at least a 
factor of two increase in maximum obtainable electro-optic coefficient. Best results to 
date have been obtained for the last entry in Figure 4 where we observed an electro-
optic coefficient of 55 pm/V (at 20 and 24 weight percent chromophore loading) and 
an optical loss of 0.75 pm/V (at 1.3 pm). Data for the first entry of Figure 4 (using an 
isophorone group to sterically hinder close approach of chromophores) are shown in 
Figure 5 and illustrate that the isophorone group 

Figure 5. Electro-optic coefficient versus chromophore loading data obtained for the 
first derivatized chromophore of Figure 4. Linearity of the graph of r versus w (N) is 
increased to approximately 40 wt % by derivatization with an isophorone group to 
sterically hinder chromophore-chromophore close approach. 

effectively etiminates the problem of attenuation of electro-optic activity by 
intermolecular chromophore electrostatic interactions. The linearity of r versus N has 
been extended to 40% (wt) chromophore loading. Essentially, most of the realizable 
(by electric field poling) optical nonlinearity of the chromophore has been achieved. 
The optical loss of this chromophore at high loading was found to be 0.9 dB/cm (1.3 
pm). An analog of this chromophore where the isophorone group has been replaced 
by a verbenone group has also been made with comparable results. Both composite 
materials where the chromophores of Figure 4 are incorporated into polymer matrices 
such as polymethylmethacrylate (PMMA) and hardened (thermosetting DEC 

35-f 

T 1 1 1 1 r 
0 10 20 30 40 50 

Loading Density (weight percent in PMMA) 
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chromophore) polymer materials with the chromophore covalently to attached to a 
three dimensional lattice have been prepared and examined. Comparable results in 
terms of optical nonlinearity are observed for the two approaches. With thermosetting 
processing of hardened polymer materials, care must be exercised to avoid optical 
losses due to processing, e.g., phase separation of components. However, with care 
materials have been fabricated into devices characterized by digital level drive voltages 
(Vn = 7 volts or less), optical loss on the order of 1.0 dB/cm, and thermal stability to 
100°C. For example, the isopherone and verbenone analogs of the first chromophore 
of Figure 4 yield simple birefringent modulators with V n = 7 volts. The DEC (double 
end crosslinkable) chromophore versions of these chromophores yield thermal 
stabilities comparable to those obtained for DEC disperse red chromophores (1). 

The second chromophore (at 56% by weight loading into PMMA) of Figure 4 
exhibits a increase in optical nonlinearity form 21 pm/V to 42 pm/V as a function of 
derivatization of the thiophene group with butyl groups. 

Processing issues: The integration of polymeric modulators with silica 
fibers and VLSI electronic circuitry. 

We have carried out extensive investigations of the sources of poling induced optical 
loss and of losses associated with the fabrication of buried channel waveguide 
structures and the intergration of polymeric modulator waveguides with silica optical 
fibers. 

Poling induced losses can typically be associated with surface damage from the 
corona field or with phase separation (or aggregation) occuring during poling and 
hardening. Corona damage can be mimimized by maintaining appropriate material 
hardeness during poling. The use of stepped electric field/poling temperature profiles 
during poling and thermosetting processing is very effective in reducing poling 
induced surface damage and phase separation. 

To avoid losses associated with phase separation during thermosetting lattice 
hardening (to lock-in poling-induced order) reactions, it is important to maintain a 
stoichiometric ratio of reacting components (DEC chromophores and crosslinking 
reagents). Maintenance of stoichiometric ratios, of course, means avoiding side 
reactions such as with atmospheric water. When appropriate attention is given to these 
issures, optical loss on the order of 1 dB/cm (or even less can be realized). However, 
reactions with atmospheric water, corona surface damage, etc. In carelessly handled 
samples can easily lead to optical losses above 5 dB/cm. 

With appropriate care optical losses due to wall roughness from pitting during 
reactive ion etching can be reduced to insignificant values (e.g., 0.01 dB/cm). 

Recently, optical loss due to optical mode size mismatch between polymer EO 
waveguide modes and silica fiber modes have been dramatically reduced exploiting 
reactive ion etched tapered transitions (5). This achievement together with the 
demonstration of integration of polymeric electro-optic circuitry with VLSI 
semiconductor electronics (6) and very large polymeric modulator bandwidths (7) 
represent dramatic advances in the utilization of polymeric electro-optic materials. 
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Chapter 12 

Novel Side Chain Liquid Crystalline Polymers 
for Quadratic Nonlinear Optics 

F. Kajzar1, Gangadhara2, S. Ponrathnam2, C. Noël2, and D. Reyx3 

1LETI (CEA-Technologies Avancées, DEIN/SPE), C E Saclay 91191 Gif sur 
Yvette Cedex, France 

2ESPCI, 10, rue Vauquelin, 75231 Paris Cedex 05, France 
3Laboratoire de Chimie et de Physique des Matériaux Polymères UMR 6115, 

Université du Maine, 72017 Le Mans Cedex, France 

The synthesis of a new class of polymaleimide - based side chain liquid 
crystal polymers for quadratic nonlinear optical (NLO) applications is 
reported. The active chromophore is a cyanobiphenyl. The thermal 
behavior was established by differential scanning calorimetry, optical 
microscopy and X-Ray diffraction. Depending on the length of the 
spacer and the chromophore concentration they exhibit smectic and/or 
nematic or liquide crystalline phases. The active chromophores were 
oriented by the standard corona poling technique and the degree of axial 
ordering was determined as a function of poling conditions by linear 
optical absorption coefficients The second order NLO susceptibility 
tensor component coefficients d31 and d33 were measured by the second 
harmonic generation technique A gain in net polar ordering was 
observed when starting with a liquid crystalline system. The ratio d33/d31 

was found to be much larger than 3 in agreement with the molecular 
statistical models for static electric field poling of liquid crystals. These 
new polymers are of particular interest: both the liquid crystalline 
character and the high glass transition temperatures (up to 160°C) 
contribute to the enhanced orientational stability of NLO active 
chromophores in these systems. 

Side chain polymers (SCP's) with the required noncentrosymmetric structure induced 
by static electric field poling1 or all optical poling2 have emerged as a new class of 
interesting materials for applications in second - order nonlinear optics (NLO). 
Frequency conversion through the use of frequency doubling or parametric oscillators 
(OPO's), optical storage and optical image processing through the photorefractive 

© 1999 American Chemical Society 171 
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effect, sensors and ultrashort electric pulse generation through the optical rectification 
effect are often invoked. SCP's combine the good optical quality of the usually a-
bond polymer chain with the high value of first hyperpolarizability p of charge transfer 
(CT) chromophore side groups. Even if the figures of merit of poled SCP's are now 
nearly on a par with or better than that of the reference single-crystal LiNbC>3 for 
applications such as electro-optic modulation, thus making possible a high modulation 
rate (in excess of 100 GHz3,4), there exist still possibilities to improve their NLO 
response as well as their thermal and temporal stability. It is worth noting that unlike 
inorganic ferroelectric crystals, where the electro-optic response is dominated by 
phonon contributions, the electro-optic effect in SCP's arises in the electronic 
structure of the individual chromophores, yielding large EO coefficients with little 
dispersion from DC to optical frequencies, low dielectric constants and fast response 
times. Poled polymers have been demonstrated to exhibit EO coefficients larger than 
that of LiNb03, coupled with a dielectric constant nearly an order of magnitude 
smaller. The low dielectric constant could lead to an improvement of more than a 
factor of 10 in the bandwidth - length product over current LiNb03 devices. 

The quantity of interest for device applications is the macroscopic second order 
NLO susceptibility ^ ( - f l V i f t J , , ^ ) i where 01,0)2 are the angular frequencies of the 
two input beams and ©3 = coi+ ©2 the frequency of the output beam. For a single 
crystal the relationship between the macroscopic Z^i'^^i^i) susceptibilty and 
the microscopic (molecular) (̂-<w3;iy1,fi?2)first hyperpolarizability is given by 

j r S ( - » 3 ; « , , « 2 ) - S ^ " , S / ( " , " % < " , " l / r ^ « r < < ^ ) ( - ^ ^ . ' f i ' 2 ) ( i ) 

n ] 

where N ^ is is the number density of molecular species (n) and the f s are appropriate 
local field factors. For small molecules, t** can be approximated using the well 
known Lorentz-Lorenz formula 

3 

where S — \Jl ) is the dielectric constant and n® is the refractive index at optical 
frequency OE>. The a's in Eq. (1) are the Wigner rotation matrices. 

In polymeric materials, where the location and orientation of each molecule are 
not known, we must consider an average over the orientational distribution and the 
local field factors. The summation over individual molecules for the macroscopic 
second order NLO susceptibility, as required in single crystals, is replaced by a 
thermodynamic average 

*/i(-a>3>G)l9G)2) = NF <figk(-a)39a)l9a)2)>IJK (3) 
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where </3iJk >UK is the UK* component of the orientational average of the molecular 
first hyperpolarizability. For poled polymers functionalized with 1-D CT molecules and 
with point symmetry oornm, the number of independent non zero x(2) tensor elements, 
provided that Kleinman's conditions are satisfied, reduces to two. These can be simply 
written as: 

where the xyz coordinates refer to the molecular coordinate system with the principal 
first hyperpolarizability tensor component, p^, lying along the z - axis and the 
macroscopic axes are designated as 1,2,3 = X,Y,Z, the poling field being applied along 
the 3 (Z) direction assumed to be perpendicular to the thin film surface. 6 is the angle 
between the molecular long z - axis and the poling field and the expressions in brackets 
are the polar ordering parameters. One can see from Eqs. (4)-(5) that in order to 

**3 = X%z = < cos3 6> (4) 

and 

(5) 

2.5 

2.0-

1.5-
o 
c 

o 
(A 

<0.5* 

0.0 
2 8 0 3 0 0 3 2 5 3 5 0 375 400 

X ( n m ) 

Fig. 1. Optical absorption spectra of a bicyanopheny) - based SCLCP thin film before 
(solid line) after (dashed line) poling 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

01
2

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



174 

achieve maximum values for the x(2) components, the degree of polar order obtained 
during the poling process has to be optimized. 

In this context liquid crystals (LC's) are of particular interest because of their 
properties of self organization. These give rise to systems with high axial order, which 
can be used to enhance the polar order as predicted by a number of molecular 
statistical models5"8. Of these materials side chain LC polymers seem most attractive 
because of their inherent tailorability - that is, the ability to alter material properties to 
fit specific needs such as: optical clarity, ease of processability, reasonable mechanical 
properties and easy coupling to an external electric field. Quite recently, Gonin et al 9 , 1 0 

demonstrated experimentally that side chain LC polymers can exhibit a gain in polar 
ordering by a factor of 2.3-3.3 over the isotropic counterparts. 

In subsequent studies11"17 we reported a systematic investigation of new side 
chain LC polymers aimed at providing structure property relationships and reaching a 
better understanding of the effects of their LC behavior on their polarization, NLO 
properties and temporal stability. The polymers studied each have the same 
cyanobiphenyl-based active chromophore. It should be noted that the 4-cyanobiphenyl 
group is an excellent candidate for blue conversion. Its main advantages lie in a wide 
transparency range (cf. Fig. 1) with an optical absorption cut-off at ca. 350 nm and a 
noticeable first hyperpolarizability P = (16-20)xl0*30esu18. This chromophore was 
attached directly or through spacers to different polymer backbones such as 
poiyepichlorohydrin (PECH)9, polybischloromethyloxetane (PBCMO)1 2 , 1 3, 
polyacrylate (PA)1 0 , 1 1, polymethacrylate (PMMA) 1 0 , 1 1 and poly-p-chloromethylstyrene 
(PCMS)16. Depending on the stiffness of the backbone, the length and flexibility of the 
spacer and the chromophore content, the resulting polymers were isotropic or nematic. 
Thin films of selected polymers were oriented by a corona discharge poling process 
and the second order NLO properties were studied by second harmonic generation 
(SHG). First, we showed that both and Xzzz1 Xzxx t r a c k ^ t h e 8 x 1 8 1 o r d e r 

parameter, <P2> as predicted by the molecular statistical models5"8. We were able to 
obtain $zz values up to 35.6 pm/V at X = 1.064 \im, thus exceeding many previously 
reported for off-resonant SHG measurements on isotropic side chain functionalized 
polymers19. We also found an enhanced temporal stability. The second - order 
nonlinearities showed no significant decay at ambient conditions for the polymers 
exhibiting glass transition temperatures (Tg) higher than 100°C This result was 
attributed to peculiar features of the molecular dynamics of side chain LC polymers, 
namely the orientational motions of the chromophores about the polymer backbone (8 
- mode)15'20. These motions are highly cooperative and require more free volume than 
that characteristic of the main chain segmental motions (a - mode). The temperature at 
which they cease to exist has been estimated to be T g - TQ(8) « 56 K 2 1 , However, the 
glass transition temperatures of the side chain LC polymers we have synthesized so far 
are lower than ca. 140°C, thus limiting their thermal stability. This is a severe 
limitation because considerations of potential use must acknowledge certain thermal 
requirements. 

In this paper we describe our progress towards the development of NLO side 
chain polymers exhibiting LC behavior and high T g Polymers with maleimide units 
along the backbone have been chosen because it is well known that high dipole 
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moment of the maleimide unit at right angle to the backbone and its cyclic structure 
impart great stiffness to polymer chain, thus resulting in high Tg. The cyanobiphenyl -
based chromophore was attached to the polymer backbone through oligomethylene 
spacers in order to decouple the chromophores from the main chain and thus to 
enhance the possibility of self organization into an anisotropic mesophase. 

Experimental 

Materials: p '̂-CyanobiphenyM-yloxy^methylstyrene (CBMS)1 6 , poly[p-(4'-
cyanobiphenyl-4-yloxy)methylstyrene] (PCBMS)16, exo-7-oxabicyclo[2,2,l] hept-5-
ene-2,3-(Ucarboximide22, n^'cyanobiphenyl^yloxyjalkan-l-ols23 (CBA„) (n=2-8) 
and poly(styrene - alt - maleimide)24 were prepared as described in the literature. 

Synthesis of monomers: N-[n-(4'-cyanobiphenyl-4-yloxy)alkyl]maleimides (M„) 
were prepared via the Mitsunobu reaction previously described for the condensation of 
alcohols with maleimide25 (yield : 90-95%) and subsequent deprotection of the 
maleimide double bond by a retro-Diels-Alder reaction (yield : 80-95%) as outlined in 
Scheme 1. 

Ph3P, DEAD 
THF 

M , 

N 
I 

(CH 2 ) n 

i p r o t e c t e d 

I M n 

, C 6 H 4 - C 6 H 4 - C N 

^0 
N C - C 6 H 4 - C 6 H 4 

Retro-
Diels-Alder 

Scheme 1 

Synthesis of polymers: Poly {N-[n-(4'-cyanobiphenyl-4-yloxy) alkyl] maleimide }s 
(PM„) and poly[p-(4'-cyanobiphenyl-4-yloxy) methylstyrene-co- {N-[3-(4'-
cyanobiphenyl-4-yloxy)propyl] maleimide}] [P(CBMS-co-M3)] were obtained by free 
radical polymerization (A1BN, 2 mol%) in DMSO ([monomer]=0.6 mol/L) under 
vacuum in sealed tubes at 70°C for 48 h. 
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Poly [styrene - ah - {N - [3-(4'-cyanobipherryl-4-yloxy) propyl] maleimide }] [P(S-alt-
M3)] was obtained using 50% excess of both the alcohol and the Mitsunobu reagent. 
Diethyldicarboxylate (DEAD) in dry DMF (0 3 mol/L) was added dropwise to a DMF 
solution of polystyrene - alt - maleimide) ([maleimide unit] = 0.1 mol/1), CBA 3 and 
triphenylphosphine (Ph3P) maintained at 0°C. The reaction mixture was stirred at 
room temperature for 48h and then concentrated The polymer was precipitated into 
methanol and purified by further reprecipitation into methanol 

The polymers had all the expected IR and NMR characterizations. 

RT for 48 h. 

C 6 H 4 - C 6 H 4 - C N 

P C B M S 
N C 6 H 4 - C 6 H 4 - C N 

R C 6 H 4 - C 6 H 4 - C N 

R = H 
P ( S - a l t - M 3 ) 

R = CH 2 -0 -C 6 H 4 -C 6 H 4 -CN 
P ( C B M S - c o - M 3 ) 

Scheme 2 

Techniques: The transition temperatures were measured using a differential thermal 
analyzer (Du Pont 1090) operating at 20°C/min. Optical observations were made using 
a polarizing microscope (Olympus BHA-P) equipped with a Mettler FP52 hot-stage 
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and a FP5 control unit. UV spectra were recorded using an Uvikon 810 spectrometer. 
Polymeric films were prepared by spin-coating solutions (ca. 60g/L) of the polymers in 
either 1,1,2,2 - tetrachloroethane or NMP/1,1,2,2 - tetrachloroethane mixture onto 
cleaned glass plates followed by the solvent evaporation in vacuo. The standard 
corona poling technique (cf. Fig. 2) was used to orient the chromophores. The second 
order nonliner optical properties of poled films were studied by the transverse second 
harmonic generation (SHG) technique. 

Fig. 2. Schematic representation of the corona poling apparatus. 

RESULTS AND DISCUSSION 

Thermal behavior 

There is no real evidence for LC properties in PCBMS (Tg = 132°C) and P(S-ah-M3) 
(Tg = 130°C). Microscopic observations show that these polymers give a clear 
isotropic phase above T g. The present results suggest that PCBMS should be 
considered to be polyethylene with the benzyl ether of 4 - hydroxy '̂-cyanobiphenyl 
as the chromophore directly attached to the backbone instead of polystyrene with the 4 
- cyanobiphenyl unit linked to the backbone through a - O - CH 2 spacer. Without the 
presence of a flexible spacer a LC phase cannot form at all because the backbone 
restricts the orientation of the mesogenic side - chain units. It should be noted , 
however, that by pressing the cover glass of the microscopic preparation, transient 
birefringence appears in the sample (cf. Fig. 3). This effect is observable over 20°C, 
although it becomes weaker and weaker as the temperature is raised. It may be due to 
polymer alignment under press. 

In P(S-alt-M3) the molar ratio of mesogenic to non-mesogenic units is clearly 
too low for LC phase formation. Indeed, it is well known that polymers lose their 
mesogenic behavior below a minimum mesogen concentration, which depends on the 
nature of both monomers. We showed that PECH 1 1 and PBCM0 1 2* 1 3 require a 
minimum 4-bicyanophenyl - based mesogen concentration of about 65 mol % to form 
a nematic phase. 
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P(CBMS - co - M 3) has a glass transition temperature T G of 142°C and forms 
a nematic phase over a broad temperature range ( T M * 220°C)(cf Fig. 4). Except the 
functionalized polymaleimide PM 2 , with spacer of only two methylene units, which is 

Fig. 3. Transient birefringence obtained under pressure at 145°C in PCBMS sample. 
Crossed polarizers. 

Fig. 4. Nematic phase of P(CBMS - co - M3) at 200°C. Crossed polarizers. 
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Fig. 5. Nematic phase of PM3 at 260°C. Crossed polarizers. 

crystalline, all the synthesized polymaleimides PM n (n = 3 - 8) exhibit a smectic and a 
nematic phase (cf. Fig. 5). Up to now the smectic phase remains unidentified. It should 
be noted that the S/N and N/I transition temperatures show even-odd effects, the 
transition temperatures being higher for odd spacers (cf. Table 1). For short spacers, 
the glass transitions were observed in the temperature range 110 - 150°C. 

Table 1 

Dependence of transition temperature on the spacer length for PM n . 

Spacer length Transition temperature 
(n) ccy 
2 T g = 150, T m = 240, TM>300b 

3 G 130 S 195 N 280 I 
4 G115S155N225I 
5 G75S 180N265I 
6 G76S 115 N 1361 
7 G61 S 172N220I 
8 G43 S 120N 1851 

a - from DSC analysis 
b - G: glassy state, S: smectic phase, N: nematic phase, 1: isotropic liquid 
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Electric field - induced alignment 

Theoretical background. Placed in the poling field, Ep, the chromophores will tend to 
lower their energy by rotating so that the dipole axis lies parallel to the field. This will 
lead to both axial and polar ordering. The level of orientation can be described by the 
order parameters, <P|>, defined as 

K 
< Pt >= 2;rJG(0)/>(cos0)sinft/6> (6) 

where 0 gives the deviation of the molecular long axis from the field direction, the 
Pi(cosO) are Legendre polynomials and G(6) is the orientational distribution function. 
The odd order parameters <P2n+i> characterize the polar order while the even order 
parameters give the degree of axial ordering. Usually, <P2> and <P4> are sufficient to 
describe the state of axial order in uniaxial systems. They are given by 

<P2 >=x<3cos 20-l> (7) 
2 2 

and 

< P4 >= - < 35cos4 0- 30COS2 0+ 3 > (8) 
8 

In Boltzmann statistics, the orientational distribution function is given by 

G(0,Ep)= _ ° ' (9) 

2/rJ e sina/0 

where U(0) is the molecular energy in the electric field, T p is the poling temperature 
and k the Boltzmann constant. The equilibrium state reached after a certain poling 
time, tp, willd depend on the value of the molecular energy relative to that of the 
thermal disordering energy, kTp. 

In conjugated rod type molecules, such as 1-D CT molecules, there is greater 
opportunity for electron transfer along the molecule than normal to it, so that the 
molecules are characterized by a strong anisotropy in the polarizability, Act, and the 
orientation process has two components. The dominant contribution is from the 
interaction of the applied field with the permanent dipole moment, po, which leads to 
polarization through molecular rotation. The corresponding energy term 

UEp(0) = -MoEpcosO (10) 
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will be lowered when the dipole axis (i.e., the rod axis for 1-D CT molecules) lies 
parallel to the field with the positive end facing the negative electrode and vice-versa. 
The second contribution results from the formation of an induced dipole which will 
give rise to molecular orientation by virtue of the anisotropy in its polarizability. The 9 
- dependent part of the energy term connected with this induced dipole moment 

LT(0) = -AaE2

pP2(cos0)/3 (11) 

in which P2(cos6) is the second-order Legendre polynomial 

(P2(cos0) - -̂ (Scos2 0-1) will be lowered whichever way up the molecule is (0 = 0 

or 7i). It is worth noting that the first process will lead to polar orientation of the 
chromophores while the second will lead to axial ordering. 

So far we have assumed the medium to be isotropic in character before poling. 
It should be noted, however, that the factors which enhance the second-order NLO 
activity in efficient chromophores (high axial ratio, planarity, charged end groups, ...) 
are essentially those factors which encourage liquid crystallinity in small - molecule 
materials. In other words, in concentrated systems, CT conjugated rod molecules 
should experience a certain tendency towards mutual axial alignment or even possess 
mesogenic properties themselves as observed for the 4 - cyanobiphenyl derivatives.. 
Such a CT rod - shaped molecule, placed in an environment of neighbors already 
axially ordered (director along the Z-axis), will have a tendency to align with the 
director. Its energy will be a function of its orientation with respect to the director and 
of the degree of preferred orientation of all the molecules expressed as the order 
parameter, <P2>. According to Maier and Saupe26'27 the orientation dependent part of 
its potential energy can be written as 

U0(®) = ~C< Pi > P2(cos0) (12) 

where £ is a constant which scales the magnitude of the interaction. It will be lowered 
when the chromophore is parallel to the director. Bearing in mind that the LC director 
is a nonpolar axis resulting from gross alignment due to highly directional (non 
dipolar) Van der Waals interactions at the molecular level, this will lead to axial 
ordering. 

The molecular statistical models5"8 developed so far for describing electric field 
poling of NLO molecules have the same expression for the energy term connected 
with the permanent dipole moment in the electric field, UB (0) (cf. Eq. (10)). Only the 

model by Van der Vorst and Picken7'8 takes into account the 0 - dependent part of the 
energy term for the linearly induced dipole moment, Ui(0) (cf. Eq. (11)). The models 
differ in their choice of Uo(0). The isotropic model assumes no initial axial order (<P2> 
= <P4> = 0) while the Ising model assumes perfect axial order (<P2> = <P4> = 1) 
before the application of the field. Singer, Kuzyk and Sohn6 do not introduce an 
additional energy term. They consider that the intrinsic axial order of the LC « host» 
is transferred to the NLO «guest» molecules. The axial ordering existing 
independently of the poling field is specified by the order parameters <P2> and <P4> 
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which must be determined experimentally at zero field strength. By contrast, Van der 
Vorst and Picken7'8 take explicitly into account the intrinsic mesogenic properties of 
the NLO molecules themselves through the effective single particle energy Uo(0) 
originally used by Maier and Saupe26,27 in their theory for nematic LC's. The 
expressions for <P2>, <cos30> and <cos6 sk?Q>/29 as obtained in the four models are 
given in Table 2. 

Table 2. 

Orientational averages <cos3G>, <cos9 s i n ^ ^ and <P2> in the four statistical models 

Model <cos3e> <sin28cosG>/2 <P2> 
lsing ua 0 1 

Isotropic u/5a u/15 *u2/15 

SKS 

MSVP 

V5 7 2 35 4 

No analytical formula" 

u(—+—<P2> — <P4>) 
15 21 2 70 4 

No analytical formula" 

b) 

c) 

a) u = poEp/kT. 
b) The order parameters <P2> and <P4> are assumed to be independent on the electric 
field strength and are to be determined at Ep = 0. 
c) The order parameter <P2> has to be calculated selfconsistently by numerical 
methods. 

Development of axial order 
Changes in the optical absorption spectra were used to probe the development of axial 
order as a function of poling time. If the primary electronic transition moment is 
directed along the molecular axis, then the absorbance will decrease as the molecules 
align parallel to the poling field, i.e. perpendicular to the film surface (cf. Fig. 1).) The 
absorbance will decrease because the average number of chromophores with transition 
moment perpendicular to the plane of the electric vector has increased. In the 
transmission mode, <P2> is given by 

</>>=1-4L (13) 
A 

where Ao and A± are the absorbances of the film before and after poling. 
For the isotropic polymers, PCBMS 1 6 and P(S - alt - M 3), the axial order 

develops rapidly as soon as the kinetic limitations on the polymer mobility are relieved, 
i.e. as soon as T g is reached. As shown in Fig. 6, the order develops rapidly at first 
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with time and then levels off toward a maximum value <P2>m« The saturation limits 
<P2>max lie in the range 0.3 - 0.35 at temperatures close to T g. These data compare 

0.4 n 

03-

o 140 °C 

• 150 °C 

A 160 °C 

i I i I I 
0 20 40 60 80 

t (min) 
Fig. 6. Development of orientation with time in P(S-alt-M3). Applied voltage 6kV. 

nicely with values reported for other isotropic NLO functionalized polymers28; It 
should be noted, however, that above a critical poling temperature (ca. T g + 20°C) the 
plateau value falls. Such a behavior is expected from the consideration of equilibrium 
between the competing rates of alignment due to the directing electric field and 
thermal randomization. 

As already noted for other side chain LC polymers11, the as - prepared films 
obtained from the LC polymers P(CBMS-co-M3) and P M 3 are not birefringent. Upon 
spin-coating from isotropic solutions, the polymer chains are frozen in a disordered, 
optically isotropic state because of the rapid removal of the solvent. In this metastable 
glassy state, mesogenic chromophores are restricted from ordering to the 
thermodynamically favored LC phase by the kinetic limitations imposed on polymer 
chain mobility at room temperature. Once the temperature is above Tg, the polymer is 
sufficiently mobile to rearrange to a more ordered state, and as poling time and/or 
poling temperature are increased the sample morphology evolves towards the stable 
LC phase. Therefore, it is necessary to pole these systems at temperatures above T g if 
we want to derive benefit from their LC character. 

As shown in Fig. 7, for the nematic polymer P(CBMS-co-M3) (order 
parameters up to 0.55 could be obtained. This value is larger than those reported in the 
present work for PCBMS) and P(S-aJt-M3) and in the literature for other isotropic 
side-chain functionalized NLO polymers. Clearly, heating as-spin coated films above 
T g relieves the kinetic constraints on the cooperative motions of the polymer chains, 
thus allowing nematic order to develop. In the presence of the poling field, the nematic 
phase is formed aligned, i.e. free from domain - induced light scattering. The 
development of axial order could be described by a single exponential 
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< /» >=< /> >„ l-e (14) 

I 
20 

r 
60 

I 
80 40 

t (min) 
Fig. 7. Development of orientation with time in P(CBMS-aco-M3). Applied voltage 
6kV (open circles correspond to experiment! data obtained at 160°C with U p = 7 kV). 

where x is a constant characterizing the rate of orientation for a given set of poling 
conditions. It decreases rapidly above Tg. The value of <P2>m« , the plateau level of 
orientation reached after long times, decreases as the poling temperature increases. 
This behavior was predicted by the mean field theories of nematics26'27,29. These 
indicate that <P 2 > in the nematic phase decreases with increasing values of the 
reduced temperature T* = T/TNI until it reaches a critical value <P2>NI when the phase 
transforms to the isotropic one. At the transition an average value of <P2>NI appears to 
be approximately 0.3 for side chain polymers30. The saturation limit <P2>nua. is also 
sensitive to the strength of the poling field used. As shown both theoretically and 
experimentally, when a LC is subjected to a strong electric field the nematic/isotropic 
transition is shifted to higher temperature. The stronger the electric field, the higher 
will be TNI. A S indicated before, this will correspond to lower values of T* = T/Tm. 
and, as consequence, to larger values of <P2>mn Interestingly, it was found that 
specimens which have been held in the field for short periods subsequently relaxed to a 
state with a lower value of <P 2 > when the field was removed while those held for 
longer times retained the perfection of axial order in the glassy state. 
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Similar results were obtained for the LC polymer, PM3, when poled at and 
above T S N (i.e. in the temperature range corresponding to the thermal stability range of 
the nematic phase) and slowly cooled to room temperature in the presence of the 
poling field (cf. Fig. 8). If, however, the specimens were poled at temperature between 
T G and T S N , then the transformation from the metastable isotropic state to the 
thermodynamically favored smectic state led to the formation of small birefringent 
smectic domains of different orientations as could be easily observed by polarizing 
microscopy. In this case, the measured order parameter <P2>, i.e. the order parameter 
of the molecules with respect to the external « global» director (the direction of the 
poling field) is given by the simple convolution of the order parameter, <P2>m, 

0 20 40 60 80 
t (min) 

Fig. 8. Development of orientation with time in PM3. Applied voltage 6kV (open 
circles correspond to experimentl data obtained at 210°C with U p = 7 kV). 

characterizing the quality of the molecular orientation within each domain with respect 
to the director for that domain and the order parameter, <P2>d, characterizing the 
orientation distribution of the domain directors about the global director 

<P2>=<P2>m*<P2>< 05) 

where < P2 >m is typical of the liquid crystalline phase, and, in the case of many 
polymeric smectic systems, higher than 0.7-0.8. Thus, the low degree of preferred 
orientation determined on a global scale (< P2 >„** * 0.25-0.3) results from the 
orientation distribution of the domain directors. From the present data, <P2>d should 
lie between 0.3 and 0.4. Compared to nematics, the much more rigid smectics require 
considerably higher voltages for their deformation. 
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Second order NLO properties. 

The evaluation of the NLO properties of the synthesized polymers is in its early stages, 
but some results can be reported. The NLO properties, imparted by corona poling, 
were determined by SHG in transmission at the fundamental wavelength of 1.064 pm. 
Under these experimental conditions, the absorption of the polymers at the harmonic 
wavelength (0.532 pm) is negligible and the values of the SHG coefficients d33 ( = 
X(2)333/2)andd3l( =x(2)3ii/2) given in Table 3 are essentially not resonance enhanced. 

For the isotropic polymer PCBMS16, the values obtained at the plateau level of 
orientation (<P2> = 0.3) for d 3 3 and d3i were 12.8 and 2.13 pm/V, respectively. These 
data give a ratio d 3 3/d 3 i of 6 , which exceeds the theoretical value of 3 predicted for 
isotropic systems (cf. Table 2). 

Table 3 

Poling conditions and NLO coefficients for a number of samples (X = 1.064 pm). 

Polymer Film 
thickness 
(A°) 

UP(kV) TP(°C) tp(min) <P2> d 3 3 

pm/V 
d 3 i 

pm/V 
a=d33/d3i 

P(S-alt-M3) 2040 6 140 60 0.3 13.06 2 6.5 
2600 6 140 90 0.33 24.15 1.97 12.2 
1980 6 150 75 0.36 19.6 22.11 9.3 

P(CBMS- 2500 6 150 110 0.4 17.9 1.53 11.7 
co-M3) 1500 6 160 110 0.52 30.5 2.23 13.6 

1400 6 170 80 0.48 25 1.89 13.2 
PM 3 1500 6 210 40 0.25 15.6 1.67 11.7 

One of the assumptions made in the isotropic model, that is the chromophores can 
rotate freely, may be responsible for this discrepancy. When the NLO chromophores 
are linked to the polymer backbone either directly or through short spacers, the 
motions of both the main chain and the side groups are coupled. This results in 
conformational constraints on chromophore ordering. Herminghaus et al.31 and Robin 
et al32. developed simple models which take into account the effects of such 
conformational constraints and yield d3 3/d3i ranging from 3 to 6. 

Similarly, d 3 3 and d3i were found to be 13.06 and 2 pm/V, respectively, for the 
P ( S - alt - M 3 ) films characterized by an order parameter <P2> of about 0.3. However, 
as <P 2 > increases, so do d3 3/d3 !. Clearly for the range 0 .3«P 2 x0.4 one obtains 
systems on the borderline between isotropic and LC behavior. According to the Maier 
- Saupe theory26,27 for low molar mass nematics, <P 2 > changes discontinuously from 
zero at the isotropic/nematic transition to 0.429. However, Luckhurst29 has shown that 
the Maier - Saupe theory results in an overestimate of about 25% in <P2>NI. In 
addition, comparison of the temperature dependence of <P 2 > for LC monomers and 
corresponding side chain polymers has demonstrated that the absolute values of <P 2 > 
related to the reduced temperature T/TNI are always lower for the polymers. As 
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already mentioned, a good estimate of <P2>NI appears to be approximately 0.3 for side 
chain polymers30. 

In agreement with the theoretical predictions5"8 , the results listed in Table 3 
show that liquid crystallinity makes higher anisotropy for the second order 
susceptibility tensor x(2)

 since d 3 3 is much larger than 3d3i for all the P(CBMS-co-M3) 
samples investigated. As already observed for other 4 - cyanobiphenyl - based nematic 
side chain polymers10,11,1314, both d 3 3 and d33/d3i increase as <P2> increases. d 3 3 values 
range from 18 to 30 pm/V, the smaller value determined at <P2> = 0.4 and the larger 
at <P2> = 0.58. Taking into account the results obtained for the wavelength dispersion 
of the SHG coefficients of 4-cyanobiphenyl - based nematic copolyethers9, it should be 
possible to reach values of d 3 3 in the range 30-50 pm/V at 0.777 pm. 

Until now we did not succeed in obtaining order parameters higher than 0.25 
while maintaining good quality PM3 samples. This may be due to conductivity 
problem at the high temperature required to pole the system in the thermal stability 
range of the nematic phase. Further purification of the polymer is needed to minimize 
the high temperature film conductivity. Nevertheless, a d 3 3 value of 15.3 pm/V was 
measured. 

Preliminary results indicate that attachment of the 4-cyanobiphenyl based 
chromophore to the polymaleimide backbone gives systems that retain the majority of 
imparted polarization if they have been held in the poling field for long periods. 
Typically, at ambient conditions, changes of the SH coefficients were less than 10% 
over 50 days. 
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Chapter 13 

Dielectric Relaxation and Second-Order Nonlinearity 
of Copolymethacrylates Containing Tolane-Based 

Mesogenic Groups 
Ging-Ho Hsiue1, Ru-Jong Jeng2, and Rong-Ho Lee1 

1Department of Chemical Engineering, National Tsing Hua University, 
Hsinchu 300, Taiwan, Republic of China 

2Department of Chemical Engineering, National Chung Hsing University, 
Taichung 400, Taiwan, Republic of China 

A series of copolymethacrylates with different contents of tolane-based 
mesogenic group have been synthesized. The mesogenic group content 
was characterized with 1H-NMR. The phase behaviors were determined 
by the differential scanning calorimeter and optical polarizing 
microscopy. A smectic A phase was obtained when the mesogenic 
group content was increased up to 80 mol.%. Dielectric relaxation 
results indicates that the amplitude of the α-relaxation was suppressed 
significantly due to the self-alignment of the mesogenic group. The 
reduction of the molecular motion is beneficial to the enhancement of 
the temporal stability of effective second-harmonic coefficient for the 
polymer with a higher mesogenic group content. Moreover, the 
second harmonic coefficient is enhanced as the mesogenic group 
content increases. The self-alignment nature of liquid crystal phase is 
favorable for alignment of the NLO-active mesogenic group under an 
applied electric field and preserving such alignment after removal of 
the electric field. The relationship between thermal dynamic behavior 
and second-order nonlinear optical properties were also discussed. 

Side chain liquid crystalline polymers (SCLCPs) exhibiting the desirable mechanical 
properties of polymer, and electro-optical properties of low molecular weight liquid 
crystal have been studied extensively (7-2). SCLCPs with excellent electro-optical 
properties have potential in electro-optical device applications, such as display, light 
valve, and memory devices. Moreover, SCLCPs with second-order nonlinearity have 
recently attracted attention because of self-alignment nature of liquid crystal (LC) 
phase (3-5). The self-alignment nature of LC phase is helpful for the alignment of 
the mesogenic group under an applied electric poling field and preserving such 
alignment after removal of the poling field. 

© 1999 American Chemical Society 189 
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SCLCPs are able to show second-order nonlinear optical (NLO) properties as their 
NLO-active mesogenic groups to be oriented in a non-centrosymmetric manner by an 
applied electric field. The NLO properties are determined by the structure of NLO-
active mesogenic group (i.e. NLO chromophore), chromophore density in polymer, 
and the electric poling efficiency. Moreover, the poling efficiency is closely related 
to the ease of the reorientation of the mesogenic groups. The reorientation of the 
mesogenic groups is dependent on the chemical structure of SCLCPs. The SCLCPs 
containing a mesogenic group with large dipole moment, large intermolecular distance, 
and a flexible spacer are favorable for the electric poling process (4,6). Dielectric 
relaxation is an useful technique for studying the dynamic behavior of the polymers, 
since it is sensitive to the motions of the ground-state dipole moments of the NLO-
active mesogenic groups. In addition, the poling efficiency was also determined by 
the poling conditions of an applied electric field. They are the poling temperature, 
poling time and strength of the poling field. The effect of poling condition on the 
poling efficiency have been studied for the amorphous polymers by Firestone et al. (7-
8). Furthermore, the poling efficiency and temporal stability of second-order 
nonlinearity can be obtained by studying the relaxation behavior of the mesogenic 
groups. This includes the temperature dependence of the relaxation time, broadening 
parameter, and activation energy. 

In this study, a series of copolymethacrylates containing different contents of 
tolane-based mesogenic groups have been synthesized. The phase behavior of this 
series polymers was characterized with the differential scanning calorimeter, and 
optical polarizing microscopy. Moreover, in order to study the relationship among 
the compositions, thermal dynamic behavior, and NLO properties of polymers, the 
relaxation behaviors of dielectric and second-harmonic (SH) coefficient were 
measured by using broadband dielectric relaxation spectroscopy and an in-situ second-
harmonic generation (SHG) technique. Furthermore, relaxation behaviors were 
discussed in terms of the polymer compositions and temperature dependencies. 

Experimental 

The synthesis of the tolane-based mesogenic group (M6CN) has been previously 
reported (9). The copolymethacrylates containing tolane-based mesogenic group 
were prepared according to scheme 1. The free radical copolymerizations of the 
tolane-based monomers and methylmethacrylate were carried out in a Schlenk tube 
under nitrogen. The polymerization tube, which contained a chloroform solution of 
the monomer and initiator (AIBN), was degassed under vacuum, and finally filled with 
nitrogen. A l l polymerizations were carried out at 65 °C for 24 h. After the reaction 
time, the obtained polymers were precipitated in methanol, and purified by several 
reprecipitations from THF solutions into methanol. The content of side chain 
mesogenic groups was characterized with 'H-NMR for the copolymethacrylates. 
Moreover, the molecular weights of the polymers were determined by a viscotek 200 
GPC equipped with a differential refractometer and a viscometer. 

The thermal transitions of polymers were determined by a differential scanning 
calorimeter (Seiko SSC/5200 DSC). The thermal transitions were read at the 
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CH 3 fH3 

C H 2 = C + H 2 C = C 

C O O C H 3 COO -(-CH 2^0—(~}-C=C—(~)-CN 

CH 3 

I 

AIBN, 
C H C I 3 

CH 3 

- f C H 2 - C - ) - f CH 2 - C —) 
1 1-m 1 m 

C O O C H 3 COO-f/CH 2 ^ O — ^ - C = C — { ~ ) ~ C N 

m = 0.3 ~ 1.0 

Scheme 1. Synthesis of copolymethacrylates containing tolane-based 
mesogenic group. 
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maximum of their endothermic or exothermic peaks. Glass transition temperature 
(Tg) was read at the middle of the change in heat capacity. Heating and cooling rates 
were 10 °C/min in all of these cases. The transitions were collected from the second 
heating and cooling scans. A Nikon Microphot-FX optical polarized microscope 
equipped with a Mettler FP82 hot stage and a Mettler FP80 central processor was 
applied toward observing anisotropic textures. Dielectric spectroscopy was 
determined on a Novercontrol GmbH. Measurements were performed by a 
Schlumberger SI 1260 impedance/gain-phase analyzer (frequency: l O ' ^ l O 6 Hz) and 
a Quator temperature controller. A nitrogen gas heating system ranged from -100 to 
250 °C was used. The temperature was adjusted within the tolerance of ± 0.1 °C. 
The polymers were sandwiched between two parallel metal electrode plates with a 
spacer of 50 pm. 

The polymer was dissolved in tetrahydrofuran (THF) for film preparation. Thin 
film was prepared by spin-coating the polymer solution onto indium tin oxide (ITO) 
glass substrates. The thickness and indices of refraction were measured by using a 
prism coupler (Metricon 2010). The poling process of the thin films was carried out 
using the in-situ poling technique. The details of the corona poling set-up was the 
same as reported earlier (10). The poling process was started at room temperature 
and then the temperature was increased up to the poling temperature (above T g) with a 
heating rate of 10 °C/min. The corona current was maintained at 1~2 uA with a 
potential of 4 kV. Upon saturation of the SHG intensity, the sample was then cooled 
down to room temperature in the presence of the poling field. Once room 
temperature was reached, the poling field was terminated. Second harmonic 
generation measurements were carried out with a Q-switched Nd .YAG laser operating 
at 1064-nm. Measurement of the second harmonic coefficient, d 3 3 , has been 
previously discussed (11), and the d 3 3 values were corrected for absorption (12). 
Relaxation behavior of the poled sample was achieved by the in-situ SHG technique. 

Results and Discussion 

The compositions, molecular weights and polydispersity of the copolymers are 
summarized in Table I. The content of mesogenic groups in the copolymers was 
characterized with 'H-NMR. Their molecular weights were found to be in the range 
of l x l 0 4 - 1.5xl04. Only amorphous phase was observed for the polymers with a 
lower mesogenic group content (< 65 mol. %). No LC phase was observed for the 
copolymers 30P, 50P, and 65P. T g was decreased with increasing mesogenic group 
content, due to the plasticizer effect of the mesogenic groups (13). On the other hand, 
the crystalline phase was observed at temperatures below the LC phase for the 
polymers with a higher mesogenic group content (80P, 90P, and 100P) on the first 
heating scan. However, the melting point disappeared, and the glass transition was 
observed on the first cooling and second heating scans. Their glass transition zones 
were broad and the AQ>'s (Tg) were smaller compared to those of the polymers with 
lower mesogenic group contents (30P, 50P, and 65P). This implies that the mobility 
of the polymer chains is reduced for the polymer with a higher content of the 
mesogenic group at temperatures close to T g . In addition, an LC phase (smectic A) 
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Table I. Molecular weights, phase transitions (°C ) and corresponding 
enthalpy changes (J / g) of the copolymethacrylates. 

GPC Phase transitionsb 

Polymer / cooling scanS 
10*3 Mn M w / Mn I heating scandJ 

30P 0.28 9.27 1.92 I 77.3 G 
G78.0 I 

50P 0.47 14.6 2.22 166.5 G 
G 69.2 I 

65P 0.63 13.0 1.94 164.2 G 65P 
G66.1 I 

* K 57.5 (3.8) S A 81.4 (2.5) I 
80P 0.78 10.5 1.92 I 80.7(2.0) S A 57.9 G 

G59.1 S A 81.8 (2.4) I 
* K54.1 (3.1) S A 92.7 (2.9) I 

90P 0.87 11.8 1.86 190.2(2.2) S A 53.1 G 
G54.0 SA93.7 (2.8)1 

* K 50.9 (2.6) S A 111.4 (3.2) I 
100P 1.00 10.1 1.61 1108.1 (2.5) S A 4 6 . 2 G 

G47.0 S A 111.8 (3.0)1 

a m, according to the scheme. 
b G , glass; S A , smectic A ; I, isotropic 

cthe data were obtained from the first cooling scans. 
dthe data were obtained from the second heating scans. 
*the data were obtained from the first heating scans. 
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was observed for the copolymers 80P, 90P, and 100P. The temperature range and 
thermal stability of the LC phase were increased with increasing mesogenic group 
contents as shown in Table I. The texture of the LC phase was characterized by the 
optical polarized microscope. 

Dielectric loss tangent (Tan 8) versus temperature and frequency for the polymers 
50P, and 100P are shown in Figure 1. In Figure la, the a-relaxation associated with 
the glass transition was observed for the polymer 50P. The large amplitude of the a-
relaxation was obtained due to the plasticizer effect of the mesogenic groups. 
Moreover, the 8-relaxation was observed at a higher temperature range, which 
corresponded to the rotation of mesogenic group around the polymer backbone. 
Similar phenomena were observed for the polymers 30P and 65P. On the other hand, 
a a-relaxation was observed near the transition temperature of smectic A and isotropic 
phases for the polymer 100P (Figure lb), in addition to the a- and 8-relaxations. This 
relaxation was possibly caused by the transition of LC and isotropic phases. 
Moreover, the amplitude of the a-relaxation was suppressed remarkably compared to 
that of the 50P. This implies that the molecular mobility of the polymer chains was 
reduced during glass transition for the polymer 100P. According to the literature (74), 
the a-relaxation is attributed to a combination of motions of the polymer main chain 
with the mesogenic group. In other words, the relaxation intensity is dependent on 
the dipole moment and molecular motions of the main chain backbone and side chain 
groups. For the polymer with mesogenic groups, the molecular motions of the main 
chain backbone and mesogenic groups were mutually affected via the flexible spacer 
(4,15). The self-alignment characteristic of mesogenic groups would reduce the 
mobility of the main chain backbone and mesogenic groups (4,15). Consequently, 
the suppression of the a-relaxation was obtained for the polymers with a higher 
mesogenic group content. Similar results were obtained for polymers 80P, and 90P. 

When the relaxation frequencies were plotted as a function of the reciprocal 
temperature, a nonlinear "WLF" curve of the a-relaxation was obtained for polymers 
30P, 50P, and 65P (Figure 2a). Moreover, the relaxation frequency was increased 
with increasing mesogenic group content, due to the increase of the plasticizer effect. 
The temperature dependence of the relaxation times has been described by the 
empirical Williams-Landel-Ferry (WLF) equation (7-8,16) 

Log a T = Log (T / T r ) = -C, (T - T R ) / [C 2 +(T-TR)] (1) 

where ay is the WLF shift factor, T is the apparent relaxation time at temperature T, TR 
is the apparent relaxation time at the reference temperature TR, and Cj and C 2 are the 
WLF constants. The constants C | and C 2 can be obtained from the WLF plot of shift 
factors [(Log ay) versus 1/(T-TR)]. The temperature dependence of the shift factor for 
the polymers 30P, 50P, and 65P is shown in Figure 2b. Furthermore, the apparent 
activation energy (AH a) of the a-relaxation can be calculated as follows (7-8,16) 

A H a = 2.303 R C , C 2 T 2 / ( C 2 + T - T R ) 2 (2) 
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Figure 1. Dielectric loss tangent versus temperature and frequency for the 
polymers 50P (a), and 100P (b), respectively. 
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Figure 2. Temperature dependence of the relaxation frequency (fmax), shift 
factor (at), and activation energy (AH a) of a-relaxation for polymers 30P, 50P, 
and 65P. 
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where R is the ideal gas constant, TR is defined as the relaxation temperature of the a-
relaxation at a lower frequency (0.1 Hz). The temperature dependence of the 
apparent activation energy for a-relaxation is shown in Figure 2c. The result 
indicates that the apparent activation energy of a-relaxation was temperature-
independent and decreased with increasing mesogenic group content. However, the 
relaxation time and activation energy were not obtained for the polymers 80P, 90P, 
and 100P, due to the insignificance of the a-relaxation peak. 

In addition to the dielectric relaxation, thermal dynamic behavior of the polymers 
has been studied by an in-situ SHG technique. The time dependence of the SHG 
intensity during poling process for polymers 50P, and 80P are shown in Figure 3. 
The results suggest that the poling efficiency (maximum of SHG intensity) was 
increased with increasing poling temperature at the temperature range between T g and 
15 °C above T g . The enhancement of the thermal energy was favorable for the 
alignment of the mesogenic group. However, the poling efficiency was reduced as 
the poling temperature further increased. Two factors are responsible for this. First, 
the high thermal energy results in a randomization in the orientation of the mesogenic 
group toward the electric field, and subsequently leads to the decrease of the poling 
efficiency (77). Secondly, the increase of the conductivity of the polymer film 
results in the reduction of the internal electric field. This leads to the decrease of the 
poling efficiency of polymers at a higher poling temperature range (18). Moreover, 
similar behavior of the poling process was also observed for polymers 30P, 65P, 90P, 
and 100P. 

The temporal characteristic of effective SH coefficient after removal of the electric 
field at temperatures above T g for the polymers 50P, and 80P are shown in Figure 4. 
The relaxation of the effective SH coefficient was dependent on the temperature. The 
effective SH coefficient decayed rapidly as the temperature increased. Moreover, 
polymer 80P exhibited a better temporal stability compared to polymer 50P. This is 
due to the fact that the polymer with a lower mesogenic group content possessed a 
larger molecular mobility at temperatures near T g . Dielectric relaxation results 
indicate that the mobility of the polymer chains was suppressed remarkably during the 
glass transition for the polymer with LC phase i.e. high mesogenic group content, 
owing to the self-alignment characteristic of the mesogenic group. As a result of that, 
a longer relaxation time was obtained for the polymer 80P. 

The temporal characteristics of SH coefficient for all of the polymers at room 
temperature are shown in Figure 5. For polymers 30P, 50P, 65P, the temporal 
stability was decreased with increasing mesogenic group contents, due to the 
plasticizer effect of the side chain group. Moreover, these three polymers have a 
better temporal stability at room temperature compared to polymers 80P, 90P, and 
100P. This is due to the fact that the polymers with a lower mesogenic group content 
(30P, 50P, and 65P) have a higher a-relaxation temperature. For polymers 80P, 90P, 
and 100P, the temporal stability at room temperature was increased with increasing 
content of the mesogenic group despite their similar T g 's. This results indicate that 
the self-alignment nature of the NLO-active mesogenic group is beneficial to the 
enhancement of the temporal stability. In addition, the refraction indices and SH 
coefficient (d33) of the poled polymers are summarized in Table II. The d33 values for 
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0.1 

Time (hour) 
(a) 

0.025 

~ 0.02 -

Time (hour) 
(b) 

Figure 3. Time dependence of effective second harmonic coefficient during 
poling process for polymers 50P (a), and 80P (b), respectively (T-T g = 0 (•), 
5(A), 10(0), and 15 °C (O)). 
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Figure 4. Temporal characteristic of effective second harmonic coefficient at 
temperature above T g for polymers 50P (a), and 80P (b), respectively (T-T g = 
0(D),5 (A), 10(0), and 15 °C (O)). 
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0.7 1 1 ' 1 1 

0 1 2 3 4 

Time (hour) 

Figure 5. Temporal characteristic of effective second harmonic coefficient at 
room temperature for polymers 30P-100P. 

TablelL The thickness, refraction indices, and second 
harmonic coefficient (d33). 

Samples d(nm)* n532+ 
+ 

n1064 d33(pm/V)* 

30P 1.08 1.37 1.30 3.7 

50P 1.12 1.41 1.32 4.2 

65P 1.02 1.42 1.34 4.5 

80P 0.95 1.44 1.35 6.2 

90P 1.08 1.45 1.36 7.4 

100P 0.89 1.47 1.38 8.9 

*d: thickness of the polymer films. 
+ n: refraction indices at wavelengths 543 nm and 1064 nm. 
# d 3 3 : second harmonic coefficient. 
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these polymers are in the range of 3.7 to 8.9 pm/V. The d33 value is enhanced as the 
density of the mesogenic group increases. This indicates that the steric effect among 
the NLO-active mesogenic groups does not occur even at high chromophore content. 
This is different from S'heeren's result (19) that in an amorphous NLO polymer 
system the SH coefficient initially increases with the increasing of the chromophore 
density and subsequently decreases after reaching a maximum. This is because at the 
high chromophore content the polymer in this work exhibits LC phase, whereas the 
polymer in S'heeren's work does otherwise. LC behavior indeed has a positive effect 
on the second-order NLO properties. 

Conclusion 

The effect of the mesogenic group content on the dielectric behavior and second-order 
nonlinearity of copolymethacrylates containing NLO-active tolane-based mesogenic 
groups have been studied. The self-alignment characteristic of the mesogenic group 
results in the reduction of the molecular mobility during the glass transition for the 
polymer containing a higher mesogenic group content (above 80 mol. %). As a result, 
a better temporal stability of SH coefficient was obtained for this type of polymers at 
temperatures near T g . Moreover, the temporal stability of effective SH coefficient at 
room temperature was increased with increasing content of the mesogenic group for 
copolymers with LC phase. This indicates that the self-alignment nature of the NLO-
active mesogenic group is beneficial to the enhancement of the temporal stability. In 
addition, the d33 value is enhanced as the density of the mesogenic group increases. 
The steric effect among the NLO-active mesogenic groups does not occur even at high 
chromophore contents. It is concluded that liquid crystal behavior play an important 
role in enhancing the second-order NLO properties. 
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Chapter 14 

Photorefractive Polymers and Polymer-Dispersed 
Liquid Crystals 

B. Kippelen1, A . Golemme1,4, E . Hendrickx1, J . F. Wang1, S. R. Marder2,3, 
and N. Peyghambarian1 

1Optical Sciences Center, The University of Arizona, Tucson, AZ 85721 
2Beckman Institute, California Institute of Technology, Pasadena, C A 91125 

3Jet Propulsion Laboratory, California Institute of Technology, 
Pasadena, C A 91109 

Photorefractive (PR) polymers are multifunctional field-responsive 
materials that combine photoconducting and electro-optic properties. 
In this chapter, we will review the basics of photorefractivity in 
polymers and liquid crystals and describe recent advances that have 
led to highly efficient materials. These advances in material 
development enable a variety of photonic applications including 
optical correlators for security verification. 

PR materials are among the most sensitive nonlinear optical materials since they 
exhibit large refractive index changes when exposed to low power laser beams. The 
PR effect is based on the build-up of a space-charge through the photoexcitation of 
carriers and their transport over macroscopic distances (1). Transport can occur by 
either diffusion of the carriers, if the excitation is nonuniform, or by drift, if an 
electric field is applied to the material. Charge separation results in a space-charge 
field that changes the optical properties of the material. These different steps are 
illustrated in Fig. 1. PR materials are typically illuminated by two coherent laser 
beams that interfere (see step a in Fig. 1) to produce a spatially modulated intensity 
distribution I(x) given by (2): 

7(x) = / 0 [l +wcos(2^c/A)] (1) 

Where / 0= Ij+I2 is the sum of the intensities of the two beams, m = 2(IJI2)1/21 
(Ii+Iz) is the fringe visibility, and A is the grating spacing, i.e. the distance 
between two light maxima. After charge separation and trapping, an internal 
electric field with the same spatial periodicity is formed in the material (steps btod 
in Fig. 1). Finally, (step e) the internal electric field causes a change in refractive 
index leading to a phase replica of the initial light distribution (also called a 
grating). 

4Current address: Dipartimento di Chimica, Universita della Calabria, Rende, Italy. 
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Figure 1. Illustration of the photorefractive effect. The overlap of two coherent 
laser beams creates an optical interference pattern (a). In the high intensity 
regions, charge carriers are generated (b). One type of carriers is transported 
and trapped (c), creating an alternating space-charge field (d). The space 
charge field induces a change in refractive index (e). The resulting index 
grating is phase shifted with respect to the initial light distribution. 
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In traditional PR materials, this optical encoding of a grating is based on a 
second-order nonlinear optical process and can therefore only be observed in 
materials that are noncentrosymmetric (3). In polymers, noncentrosymmetry and 
consequently electro-optic properties, can be achieved by doping the material with 
nonlinear chromophores that possess a permanent dipole moment and by orienting 
them in an electric field (the so called poling process) (4,5). Initially, 
photorefractivity was observed in multifunctional polymers that combined 
photoconducting and electro-optic properties (6). However, in current high-
efficiency PR polymers (7,8), the refractive index of the material is also modulated 
by a spatially periodic orientation of the chromophores (9). Both electro-optic and 
orientational effects contribute to the overall refractive index change, but the 
orientational effects are dominant in the most efficient PR polymers to date (8,10). 
Such polymers have a glass transition temperature that is below or close to room 
temperature, to enable the field-responsive reorientation of the chromophores in 
real time. Recent advances in PR polymer development have focused on the 
optimization of these orientational effects (10). Simultaneously, various PR liquid 
crystalline materials were developed in which strong orientational effects at low 
applied electric field can be observed (11-13). 

Optical media that can record elementary gratings, such as PR polymers, are 
in high demand. In many fields, the decomposition of a signal into a superposition of 
harmonic functions (Fourier analysis) is a powerful tool. In optics, Fourier analysis 
often provides an efficient way to implement complex operations and is at the basis 
of many optical systems. For instance, any arbitrary image can be decomposed into a 
sum of harmonic functions with different spatial frequencies and complex 
amplitudes as illustrated in Fig. 2. Each of these periodic functions can be considered 
as an elementary grating. For real-time optical recording or processing applications, 
the material must have a dynamic response. In other words, the light-induced 
gratings should be erasable or be able to accommodate any changes in the light 
waves that are inducing them, in real time. Materials with such optical encoding 
properties allow for implementation of a wide range of optical applications ranging 
from reconfigurable interconnects, dynamic holographic storage, to optical 
correlation, image recognition, image processing, and phase conjugation. Therefore, 
materials where the optical encoding is dynamic and based on a periodic modulation 
of the refractive index are the focus of intense research. 

Internal Electric Field Formation 

The unique properties of PR materials, including their high sensitivity to low power 
optical excitation, arise from the build-up and storage mechanism of the internal 
space-charge field. This build-up can be divided into two steps: the electron-hole 
generation process followed by the transport of one of the carriers over macroscopic 
distances. The photogeneration process is characterized by its quantum efficiency 
which is the ratio of the number of photogenerated free carriers that undergo 
transport over the number of absorbed photons. In most of inorganic PR materials, 
that efficiency is close to unity. In contrast, in organic PR polymers, many of the 
photogenerated carriers find some recombination channels. As a result, only a small 
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Figure 2. Illustration of the decomposition of an image into Fourier 
components or elementary gratings. 
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fraction of absorbed photons leads to free carriers for transport. The photogeneration 
efficiency is increased by applying an electric field and its field-dependence can be 
described by the geminate recombination model developed by Onsager (14). 

After photogeneration, free carriers migrate from the brighter regions of the 
light interference pattern, where they are generated, to the darker regions, where they 
get trapped. In contrast to inorganic PR crystals with a periodic structure, PR 
polymers are nearly amorphous. The local energy level of each molecule/moiety is 
affected by its nonuniform environment. In contrast to molecular crystals, the 
disorder in amorphous photoconductors leads to a distribution of localized electronic 
states. As a result, transport can no longer be described by band models but is 
attributed to intermolecular hopping of carriers between neighboring molecules or 
moieties. In recent years, a model developed by Bassler and co-workers has been 
used to describe the transport phenomena of a wide range of different materials and 
emerged as a solid formalism to describe the transport in amorphous organic 
materials (15). So far, most of the predictions of this theory agree reasonably well 
with the experiments performed in a wide range of doped polymers, main-chain and 
side-chain polymers, and in molecular glasses (16). In the Bassler formalism, 
disorder is separated into diagonal and off-diagonal components. Diagonal disorder 
is characterized by the standard deviation a of the Gaussian energy distribution of 
the hopping site manifold (energetical disorder) and the off-diagonal component is 
described by the parameter I that describes the amount of positional disorder. 
Results of Monte-Carlo simulations led to the following universal law for the 
mobility (15): 

Ji(E,T) = jiQexp '1/2 (2) 

where fi0 is a mobility prefactor and C an empirical constant. Eq. (2) is valid for 
high electric fields (a few tens of V/pm) and for temperatures Tg>T> Tet where Tg 

is the glass transition temperature and Tc the dispersive to nondispersive transition 
temperature. 

The study of the transport properties of organic amorphous materials is an 
active field of research that is driven by the multibillion dollar industry of 
xerography (17). Xerographic imaging systems, such as photocopiers and printers, 
play an important role in our daily life. In early systems, inorganic materials such as 
zinc oxide and amorphous silicon were used as photoconductors. However, since 
xerographic materials have to be prepared into very large areas and on flexible 
substrates, due to design and manufacturing requirements, organic photoconductors 
replaced their inorganic counterparts and represent today a 5 billion dollar industry. 
The recent development of this xerographic technology based upon organic 
materials, due to their low cost and ease of processing, provides strong evidence for 
their great potential for optical applications. 
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Field-Induced Refractive Index Changes 

In guest/host PR polymers the macroscopic nonlinear optical properties result from 
the molecular constants of the dopant molecule (also called the chromophore). 
Chromophores for nonlinear optical properties are usually based upon aromatic Ttr 
electron systems unsymmetrically end-capped with electron donating and electron 
accepting groups, as shown in Fig. 3. The molecular polarization of such molecules 
is a nonlinear function of the electric field and can be simplified to (4,5): 

p = H + aE + pE2 + .... (3) 

where p, is the permanent dipole moment of the molecule, a the linear polarizability, 
and fi the first hyperpolarizability. For simplicity, we omit here tensorial notation. 
On a macroscopic level, orientation of these molecules in an applied electric field 
leads to electro-optic properties and to birefringence. The electro-optic properties are 
characterized by the second-order susceptibility tensor ^(-Q); (0,0). In the oriented 
gas model, the tensor element along the direction of the poling field (Z) is given by 
(18): 

Z%z 0) = NF™ fi < cos3 9 > * NF™ p ^ ( 4 ) 

where N is the density of chromophores, F<2) is a local field correction factor that 
depends on the average refractive index and the low-frequency dielectric constant of 
the polymer composite, 9 is the angle between the poling field direction (with 
amplitude E), and the dipole moment of the molecule, < > means averaged value 
using Maxwell-Bohzmann statistics, and kT is the thermal energy. A change in 
refractive index along the direction of the poling field leads to a birefringence that is 
given by (9,19): 

An? (<o) = —NFmAa\< cos2 9 > - m \ . ^ ^ - L a { ^ (5) 
n 45w \kT) 

where n is the average refractive index, Fa) = (n*+2)/3 is the Lorentz -Lorenz 
local field correction factor, and Aa is the polarizability anisotropy of the 
chromophore. When cylindrical symmetry is assumed, Aa *(a„ - a ± ) , where a„ 
and aL are the polarizability along the axis of the molecule and the polarizability 
in a perpendicular direction, respectively. Note that the birefringence properties 
have a quadratic dependence on electric field. This dependence is identical to the 
orientational Kerr effect, but should not be confused with the electronic electro-
optic Kerr effect, which is a third-order nonlinear process described by ^(-CD; CO, 
0, <Q) tensor elements. Electro-optic Kerr effects are purely electronic, have a fast 
response, and can be observed in all materials. Orientational effects rely on the 
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Figure 3. Two limiting charge transfer resonance forms of a donor-acceptor 
polyene molecule: the neutral form a) and the charge separated form b). 
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ability of the molecule to be oriented in its matrix and can consequently be quite 
slow. 

Chromophore Design 

In low glass transition temperature (Tg) PR polymer composites, both electro-optic 
and orientational birefringence contribute to the total refractive index modulation. 
In this case, according to Eqs. (4) and (5), a figure of merit FOM for the design of 
chromophores for PR applications can be (9, 20, 21): 

FOM = A(T)Aan2 +Pfi (6) 

where A(T) = 2/9kT is a numerical scaling factor. Recently, we used the BLA 
(Bond Length Alternation) model (22) to optimize the design of chromophores for 
PR applications (21). Within that model, molecular quantities such as the dipole 
moment, the polarizability, as well as the hyperpolarizability can be correlated with 
the degree of ground-state polarization (23,24). Donor-acceptor substituted 
molecules with a rc-electron conjugation path have a ground-state structure that can 
be viewed as a linear combination of two limiting resonance forms: a neutral form 
(Fig. 3a) and a charge-separated form (Fig. 3b). The relative contribution of these 
two forms in the ground state can be correlated to the values of BLA or BOA 
(Bond Order Alternation), where BOA is the difference in the -̂bond order 
between adjacent carbon-carbon bonds. BOA and BLA is usually varied by 
changing the strength of the donor and acceptor substituents, or by changing the 
properties of the surrounding medium such as its polarity. In model calculations, an 
internal field can be used to vary BLA or BOA (23). The calculated values of the 
dipole moment the linear polarizability along the axis of the molecule, and 
the first hyperpolarizability as a function of applied field are plotted in Fig. 4 (a)-
(c) for the molecule (CH3)^-(CH=CH)4CHO. The calculations indicate that that 
otzz»<Xxx, ctyy, thus Aa * otzz. From these results, the figure of merit FOM can be 
calculated as a function of BOA. Previous studies (20) suggested that an optimal 
FOM was obtained at the point where P vanishes and where the polarizability 
anisotropy is maximized. In contrast, our study (21) that takes into account the 
linear increase of / i as a function of BOA over the region considered, indicates that 
FOM is optimized for BOA where p is roughly maximized in amplitude with a 
negative sign as clearly shown in Fig. 4d. 

Phase Stability of Guest/Host Photorefractive Polymers 

Among the possible designs for low T f polymers, the guest/host approach is the 
most widely used and has led to the most efficient PR polymers to date (10). 
Because of the multifunctionality of photorefractivity, several compounds have to 
be mixed together to form a composite with good optical quality. This approach 
can lead to phase stability problems when the different constituents are not 
compatible. However, we would like to stress that this approach does not 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

01
4

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



212 

Figure 4. The dipole moment (a), polarizability anisotropy Aa (b), first 
hyperpolarizability (c), and figure of merit FOM (d), as a function of bond 
order alternation for the molecule (CH3)2 N(CH=CH)4 CHO (see (21) and (22) 
for details). 
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necessarily lead to unstable materials. In many guest/host PR polymers a gradual 
crystallization of the chromophore limits the shelf-lifetime of the samples. For 
instance, the lifetime of DMNPAA:PVK:ECZ:TNF samples doped with 50 wt % 
of DMNPAA (8) was found to vary between a few hours and a few weeks 
depending on the starting materials and the processing conditions (DMNPAA: 2,5 
dimemyl-4-/>-rtitrophenylazoanisole; PVK: poly(N-vinylcarbazole); ECZ: N-
ethylcarbazole; TNF: 2,4,7-trinitrofluorenone). Encapsulation to protect the sample 
from moisture was found to drastically increase the lifetime to several months. 

To characterize the phase stability of guest/host PR polymers we developed 
recently a light-scattering technique (25). To follow the gradual degradation of the 
optical quality of the sample, we monitored the intensity of the light scattered from 
the sample within a fixed solid angle, using the system shown in Fig. 5. The samples 
were illuminated with an expanded beam from a He-Ne laser or a laser diode (690 
nm). The transmitted light was focused by the first lens on a small silver dot 
(diameter 200 pm) deposited on a transparent glass slide, and reflected. Since the 
light scattered from crystallites forming in the sample propagates in different 
directions and is not focused onto the silver spot, it passes through the glass slide. 
This scattered light was then imaged onto a detector and its intensity was recorded as 
a function of time. The scattered light intensity measured as a function of time in a 
sample of DMNPAA:PVK:ECZ (39:41:20 wt. %) held at 55 °C is shown in Fig. 6. 
Crystallization does not start immediately upon heating: an induction period for the 
formation of nucleation sites that scatter light is observed and followed by a period 
of accelerated crystallization during which the nuclei grow in radius. This behavior is 
characteristic of phase separations occurring through the mechanism of nucleation 
and growth. To quantify the shelf lifetime of guest/host PR polymers we define a 
reference time r̂ -that corresponds to the intercept of the linear extrapolations of the 
induction and growth phases. We investigated the crystallization onset in PVK-based 
samples doped with different chromophores. All these measurements were carried 
out at temperatures that are well above room temperature, i.e., well above the glass 
transition temperature, but well below the melting point of the chromophores. 

NPADVBB-Based Polymers 
To improve the phase stability of PVK-based PR polymers we replaced the 
chromophore DMNPAA with isomeric mixtures of the chromophore NPADVBB (4-
(4'-nitrophenylazo)l,3-di[(3"or 4,,-vinyl)benzyloxy]-benzene) (see Table I). In 
NPADVBB, the vinyl groups on both phenyl rings can be either in the 3M or 4M-
position. Hence, NPADVBB is a mixture of four isomers, with the vinyl groups in 
positions (3H,3"), (3H,4H), (4",3") and (4",4"). The shelf lifetime and crystallization 
behavior of PVK:ECZ samples doped with DMNPAA or NPADVBB were 
investigated by light scattering experiments as a function of temperature and sample 
composition (25). The PR properties of the samples were tested by four-wave mixing 
and two-beam coupling experiments in the tilted geometry described previously 
(25,26). The laser source was a HeNe laser (633 nm). The two writing beams were s-
polarized, had a power of 0.8 mW each, and were focused to spot sizes of ~ 450 pm 
in the sample. The angle between the beams outside the sample was 20= 20.5°. The 
tilt angle was y/= 60°. The probe beam was p-polarized, had a power of 2.2 pW, 
and was focused to a spot size of -450 pm. The steady-state diffraction efficiencies 
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HS LI L2 

Figure 5. Light scattering system used for the characterization of the shelf 
lifetime of guest/host photorefractive polymers. S: sample; HS: hot-stage; G: 
glass slide; M: mirror; LI and L2: lenses. 

1.0 

^ 0.8-

Time (s) 

Figure 6. Intensity of the scattered light as a function of time for a 
photorefractive polymer composite of DMNPAA:PVK:ECZ with composition 
39:41:20 wt.% held at 55°C. 
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Table L Chemical structure, name, melting point Ty, and reference time of several chromophores doped in a PVK/ECZ matrix 
measured by light scattering experiments at 85 °C. 
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as a function of applied field in samples with composition 
DMNP AA:P VK:ECZ: TNF (40:39:19:2 wt. %) and NPADVBB :PVK: 
ECZTNF (40:39:19:2 wt. %) are shown in Fig. 7. For both samples, maximum 
diffraction efficiency is observed at an applied field of nearly 65 V/pm. The PR 
origin of both signals was confirmed by two-beam coupling experiments (27). The 
dynamics of the build-up of the PR grating was similar in both samples and sub-
second. The results of phase stability measurements for different chromophores in a 
PVK/ECZ matrix are summarized in Table I. These results demonstrate that the 
substitution of DMNPAA with isomeric mixtures of NPADVBB increases the shelf 
lifetime of the samples by two orders of magnitude without any loss in diffraction 
efficiency. The shelf lifetime at room temperature of these new composites is 
therefore several years and is no longer a limitation. 

Efficient Infrared Photorefractive Polymers 

Early dopant molecules such as DMNPAA were incorporated into polymer 
composites because of their electro-optic properties. With die evidence of strong 
orientational birefringence effects in low Tg PR polymers (8,9), new design 
rationales for PR chromophore development have emerged (20, 21). To explore our 
chromophore design rationale (21) discussed above (see Eq. 6), we have focused our 
studies on linear molecules such as polyenes, rather than on chromophores that 
contain benzene rings such as DMNPAA or NPADVBB. This is because polyenes 
exhibit a considerable charge transfer that is confined along the quasi one-
dimensional -̂conjugated bridge, providing a large Aa. In addition, polyenes can 
have an important charge separation in the ground state that provides large dipole 
moment //. T O comply with the practical requirements of a well-performing PR 
polymer, we synthesized the polyene molecule DHADC-MPN (2-N,N-
dihexylamino-7-dicyanomethylidenyl-3,4,5,6J0-pentahydronaphthalene) (Table I). 
The hexyl groups help impart solubility to this highly dipolar molecule. The 
incorporation of the polyene into the fused ring systems enhances thermal and 
photochemical stability. The molecule was used as a dopant molecule in mixtures of 
PVK and ECZ. Sensitivity in the visible (633 nm) was provided by (TNF). By using 
the sensitizer (2,4,7-trimtro-9-fluorenylidene)malonitrile (TNFDM), the spectral 
response of the photosensitivity could be extended to the near infrared (X = 830 nm). 
The spectral response of the new sensitizer in PVK/ECZ is shown in Fig. 8. The PR 
properties, in particular the dynamic range, or An, were tested by four-wave mixing 
experiments in the tilted geometry. The thickness of all the samples was 105 pm and 
the polymer was sandwiched between two transparent indium-tin oxide (ITO) 
electrodes. Two-beam coupling, i.e., energy exchange between the two interfering 
laser beams, was observed in all the PR composites presented here and confirmed the 
PR nature of the optical encoding. The normalized diffraction efficiency (corrected 
for absorption and reflection losses and for small electro-absorption effects) of a 
composite DHADC-MPN:PVK:ECZ:TNF (40:39:19:2 wt. %) as a function of 
applied field is shown in Fig. 9a. For comparison, we also plotted the normalized 
diffraction efficiency of a composite DMNPAA:PVK:ECZ:TNF (40:39:19:2 wt. %). 
In both samples the oscillatory behavior of the diffraction efficiency 17 is in 
agreement with Kogelnik's coupled-wave theory (28): 
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Applied Field (V/MTII) 

Figure 7. Diffraction efficiency as a function of applied field for samples with 
compositions DMNPAA:PVK:ECZ:TNF (40:39:19:2 wt. %) and 
NPADVBB:PVK:ECZ:TNF (40:39:19:2 wt %) measured at 633 nm. 

2.0 

Wavelength (nm) 

Figure 8. Linear optical absorption spectrum of the charge transfer complexes 
of TNF/carbazole in PMMA doped with ECZ, and TNFDM/carbazole in 
PVK. Inset: chemical structure of TNFDM. 
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Electric Field (V/pm) 

Figure 9. (a) Normalized diffraction efficiency versus field measured at 633 
nm in a composite DMNPAA:PVK:£CZ:TNF (40:39:19:2 wt. %) (circles) and 
in a composite DHADC-MPN:PVK:ECZ:TNF (40:39:19:2 wt. %) (squares), 
(b) Normalized diffraction efficiency versus field measured at 830 nm in a 
composite DHADC-MPN:PVK:ECZ:TNFDM (25:49:24:2 wt. %). 
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where G is a geometrical factor that depends on the polarization of the beams and the 
experimental geometry, An is the refractive index modulation amplitude, d the 
thickness of the grating, and X the wavelength of the light. The composite based on 
DHADC-MPN exhibits a first maximum at an applied field E*2 = 30 V/pm, to be 
compared with E*Q = 65 V/pm for the DMNPAA-based composite (Fig. 9a). At this 
first maximum of the diffraction efficiency, the value of the argument of the sin 
function in Kogelnik's expression for the diffraction efficiency (Eq. 7) is TT/2. This 
reduction in E^ by a factor larger than 2 is indicative of the large efficiency of 
DHADC-MPN based polymers. Calculations of An using Kogelnik's expression (Eq. 
7) show that An in the DHADC-MPN composite is over four times higher than in a 
DMNPAA composite with the same doping level and in the 0 to 50 V/pm field 
range. At fields > 50V/pm, beam-fanning effects are observed in the DHADC-MPN-
based polymers and the analysis of the four-wave mixing data is more complicated. 
When using TNFDM as a sensitizer, the spectral sensitivity is extended to the near 
infrared. In the normalized diffraction efficiency of a composite of DHADC-
MPN:PVK:ECZ:TNFDM (25:49:24:2 wt. %) (Fig. 9b) maximum diffraction is 
observed at = 59 V/pm at 830 nm. The real diffraction efficiency 7]MAX at E * 2 is 
30% for that composite. This value can be further optimized by reducing the 
sensitizer concentration, that is reducing the absorption of the sample at 830 nm, and 
can reach rjmax = 74% in a composite of DHADC-MPN:PVK:ECZ:TNFDM 
(25:49:25:1 wt.%). 

These materials are, to the best of our knowledge, the first efficient PR 
polymers in the near infrared. These results suggest that our proposed design 
rationale, that is to synthesize molecules that combine high // and high Aa, provides 
an efficient route to optimize the performance of low glass transition temperature PR 
polymers. The PR polymer composites with high An and spectral sensitivity in the 
near infrared developed here offer new opportunities for numerous photonic 
applications. As a sensitive holographic recording medium with high dynamic range, 
we used them for instance, for imaging through scattering media (29). Of particular 
importance is their compatibility with the emission of high quality GaAs 
semiconductor laser diodes and commercial solid-state femtosecond lasers, such as 
Ti:Sapphire lasers. More importantly, their near infrared spectral response is 
compatible with the transparency of biological tissues (700-900 nm) and therefore 
the imaging through scattering media technique shown in (29) could be extended to 
medical imaging. 

Photorefractive Polymer-Dispersed Liquid Crystals 

As shown in previous sections, PR polymers with a low T# exhibit strong electric-
field induced orientational effects that are responsible for their high efficiency. 
However, a drawback of these materials is the high electric field (30-100 V/pm) that 
needs to be applied in order to orient these molecules efficiently. Another obvious 
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way to induce a molecular reorientation with an electric field involves the use of 
materials with a dielectric anisotropy, such as liquid crystals. In contrast to dipoles 
dispersed in amorphous polymers, liquid crystal molecules in mesophases can be 
reoriented with much lower electric fields (few V/om). However, due to the 
coherence length in bulk nematic liquid crystals, the resolution of these materials is 
limited and their PR performance is low for small values (< 5 pm) of the grating 
spacing (12,13). 

To combine the high resolution of PR polymers, and the high refractive index 
changes associated with field-induced reorientation of nematic liquid crystals, we 
developed PR polymer-dispersed liquid crystals (30). Such materials are prepared by 
dispersing liquid crystal domains of almost spherical shape in a photoconducting 
solid organic polymer matrix. The sensitizing, photoconducting, and trapping 
properties necessary for the build-up of a space-charge field are provided by the 
polymer matrix and the refractive index changes are due to the liquid crystal droplets 
as illustrated in Fig. 10. In addition to the PR properties, these new materials present 
also the characteristic field-dependent transmission properties of PDLCs (31). For 
our experiments we used poly-methylmethacrylate (PMMA) for the polymer matrix, 
doped with ECZ for hole transport, TNF for charge generation, and the eutectic 
nematic mixture E49 (purchased from Merck) for the orientational properties. For 
this study, we prepared samples with the following composition: 
PMMA:E49:ECZ:TNF (45:33:21:1 wt. %). For an applied field of 22 V/pm, an 
external diffraction efficiency of 8% was observed in 53 pm-thick samples for a 
grating spacing of 4.5 pm. The corresponding internal diffraction efficiency defined 
as the ratio between the diffracted and transmitted beam intensities was 40%. This 
corresponds to a refractive index modulation amplitude of An = 2 x 10~3. That value 
is five times higher than the value of An = 3.8 x 10"4 measured with the same 
applied field in the highly efficient PR polymers DMNPAA:PVK:ECZ:TNF (8) and 
illustrates the high efficiency of these new materials. The speed of these materials is 
rather slow at this stage (minute) due to the non optimized transport properties of the 
PMMA matrix doped with ECZ. However, due to the structural flexibility of organic 
photoconductors and liquid crystals, materials with further optimized properties can 
be expected. This new class of materials combines PR properties with the field-
dependent transmission properties of PDLCs, which makes them intriguing materials 
for new optical applications. 

An All-Optical, All Polymeric Optical Correlator for Security Applications 

To demonstrate the technological potential of high efficiency PR polymers in 
device geometry, we developed an all-optical, all-polymeric pattern recognition 
system for security verification where the PR polymer was used as the real-time 
optical recording and processing medium (32). The low cost security verification 
system we proposed is based on the optical encoding of documents with pseudo-
randomly generated phase masks. These masks are attached onto documents and 
their inspection is performed by comparing them optically to a master pattern. To 
check if the phase mask on the document is identical to the master, an optical 
correlation is performed in the PR polymer that acts as the recording medium of the 
correlator. The principle of the correlator is the following: a laser beam is encoded 
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Figure 10. Design principle of photorefractive polymer-dispersed liquid 
crystals. 
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with the phase information attached to the document and is focused, together with a 
reference laser beam, into the PR polymer, leading to the recording of a Fourier 
hologram. A third laser beam is encoded with the phase information of the master 
and is diffracted on the hologram stored in the PR polymer. If the phase information 
on the document and that of the master are strictly identical, the diffraction in the PR 
polymer leads to a strong intensity peak that is detected by a photodiode. If the phase 
information does not match, only a weak background signal is generated. Thus, the 
detection of that strong intensity peak provides a rapid way to check the authenticity 
of the document that is tested. 

The recording medium is a key element in this type of all-optical architecture. 
The limited performance and/or the high cost of existing nonlinear optical materials 
has severely limited the technological potential of all-optical correlators: inorganic 
PR crystals have been investigated but their processing and high cost has limited 
their use in wide-spread applications. Due to limited optical material performance, 
other correlator designs have been proposed over the years: nonlinear joint-transform 
correlators, for instance, show good performance for pattern recognition and are 
capable of real-time operation (33). However, because these systems use either 
sophisticated liquid crystal light valves (34), CCD detectors, and/or a computer to 
perform Fourier transforms, they do not meet the low cost requirement. 

This security verification system has the following features that make it 
practical for wide-spread applications: the use of a highly efficient PR polymer and 
its compatibility with semiconductor laser diodes keep the overall manufacturing 
cost to levels that are significantly lower than that of any previously proposed optical 
correlator. The system is fast because the processing is implemented optically in 
parallel. Furthermore, the high resolution of the PR polymers allows the use of 
shorter focal length lenses in the 4f correlator, thus, making its design more compact 
compared with one using liquid crystal light valves. Fig. 11 shows a photograph of a 
compact version of the system for security verification. The correlator was built on a 
11" x 8.5" breadboard. 

Summary 

In summary, we have developed highly efficient PR polymers based on isomeric 
mixtures of chromophores and have improved the shelf lifetime by two orders of 
magnitude. These new composites are stable at room temperature for several years. 
By following a new design rationale, that is by using chromophores such as 
DHADC-MPN that combine high dipole moment and high polarizability anisotropy, 
we have been able to further improve the refractive index modulation amplitude by a 
factor of four. By using TNFDM as a sensitizer, and DHADC-MPN as a 
chromophore, we obtained PR composites that showed total diffraction in the near 
infrared at 830 nm. We have developed a new class of organic PR materials: PR 
polymer-dispersed liquid crystals. They show high refractive index changes at lower 
fields compared with polymers and are a promising new class of materials. Finally, 
we have illustrated the strong potential of PR polymers for photonic applications, by 
demonstrating an all-optical, all-polymeric optical correlator for security verification. 
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Figure 11. Photograph of an optical correlator for security verification that uses 
a photorefractive polymer as active medium. 
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Chapter 15 

Novel Photorefractive Materials Based 
on Multifunctional Organic Glasses 

Qing Wang, Nikko Quevada, Ali Gharavi, and Luping Yu1 

Department of Chemistry and The James Franck Institute, The University 
of Chicago, 5735 South Ellis Avenue, Chicago, IL 60637 

A small molecular system based on carbazole moiety was developed 
for photorefractive applications. One of the molecules has been 
shown to form stable and amorphous films and exhibit good 
photorefractive performance. A net optical gain of 11 cm-1 was 
observed. An attractive feature of this molecule is that its 
photorefractive response is fast. Because of its structural versatility, 
this molecular system is worth further exploration. 

In this paper, we describe the synthesis and characterization of a multifunctional, 
small molecular system based upon carbazole moiety for photorefractive 
applications. It is known that photorefractive effect causes refractive index change 
in a noncentrosymmetric material due to photoinduced space-charge field and 
electro-optic effect. (7) Thus, to manifest photorefractive effect, a material must 
possess photoconductivity and electro-optic response. This is one of the design 
principles for the synthesis of the above mentioned molecules. Carbazole and its 
derivatives have long been recognized as good photoconductors and extensive work 
on composite photorefractive materials have revealed that carbazole containing 
systems exhibit an efficient photorefractive effect (2-5) Carbazole also has the 
flexibility for structure modification. By attaching a nonlinear optical (NLO) 
chromophore to the carbazole, this molecule will exhibit dual functions necessary 
for the photorefractive effect photoconductivity and second-order NLO activity. 
Furthermore, in our approach, the photocharge transport and the electro-optic (EO) 
functions are performed by two separate constituents. This provides us the 
flexibility of maximizing both charge transport and NLO activity separately and 
fine-tuning the photorefractive performance. A small amount (<1 wt%) of charge-
generating sensitizer, such as 2,4,7-trinitro-9-fluorenone (TNF), is added to the 
compound to enhance photoconductivity. Another attractive feature is that we can 
choose different sensitizers to match the laser wavelength for the application desired 
since photosensitizers are available throughout the visible to near-infrared 

Results and Discussion 

Synthesis and Structural Characterization. Scheme 1 describes the 

1Corresponding author. 
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Scheme 1. Synthesis of Compound 5 and 7 
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synthetic approach for compound 5 and 7 which are stable glasses at room 
temperature. This synthetic approach is also versatile and allows the syntheses of 
many other multifunctional molecules. Thus far, we have synthesized a number of 
carbazole based molecules (Table I). In these molecules, the carbazole groups are 
linked to different kinds of NLO chromophores by long aliphatic spacers. These 
long aliphatic chain serves the purpose of introducing disorder, preventing 
crystallization, and lowering the glass transition temperature (Tg) of the 
compounds. All compounds have been characterized by *H NMR, 1 3 C NMR, IR, 
UV-visible, differential scanning calorimetry (DSC) and elemental analysis. As 
shown in Table I, the relationship between the structure and the thermal behavior of 
this system is complex. The majority of these compounds will crystallize under 
certain condition except for compound 5 and 7. Further studies are now in 
progress to examine the glass-forming properties, morphological changes of these 
molecules, and their effect on photorefractive responses. 

Here we report the results of the experiments performed on molecule 5. At 
room temperature, this molecule forms a stable amorphous glassy material which 
exhibits a low Tg (-35 °Q and no crystallization based on our DSC experiments. 
Consequently, the films prepared from CH2O2 solutions containing 0.9 wt% TNF 
are transparent and of excellent optical quality. No changes in optical quality of the 
film was observed for more than 12 months, indicating an excellent composition 
stability. The UV/vis spectrum of the thin film showed an absorption maximum of 
the chromophore (N-ethyl-4-p-hexylsulfonylazo-aniline) at 456 nm, a shoulder of 
348 nm due to the carbazole, and an absorption tail extending beyond 600 nm due 
to the charge transfer complex formed by carbazole and TNF (Fig. 1). 

Photoconductivity and Electrooptic Activity. Molecule 5 has been shown 
to be both photoconductive and second-order NLO active. The samples for 
physical property measurement were prepared in the form of films. Uniform films 
of -80pm thickness were fabricated by sandwiching the materials between two 
indium tin oxide (ITO) coated glass substrates, the electric field thus being applied 
perpendicular to the sample surface. The photoconductivity was studied at a 
wavelength of 632.8 nm using a photocurrent method. (6) Figure 2 shows that the 
photocurrent is strongly dependent on the applied electric field. A 
photoconductivity of 1.2x10-" Q-WVfW/cm2) and a quantum yield of 5.63x10-
6 at an applied field of 370 kV/cm were obtained. Second harmonic generation 
(SHG) experiments were carried out in order to probe the orientation of the NLO 
chromophores at room temperature. The sample was irradiated with infrared light 
(1064 nm) from a Q-switched Nd:YAG laser and the intensity of the second 
harmonic signal was monitored. As shown in Figure 3, after switching on the 
electric field, the value of (I33 increased as the electric field is increased. 

Steady State Properties of the Photorefractive Grating. The most 
important feature of the photorefractive effect, which distinguishes itself from many 
other mechanisms that may result in refractive index grating, is the finite phase shift 
between the refractive index grating and the interference pattern in a two-beam 
coupling (2BC) experiment This finite phase shift causes an asymmetric energy 
transfer between the two writing beams. Therefore, the observation of energy 
transfer in 2BC experiments is usually considered a proof of the photorefractive 
nature of the recorded grating. (/) We performed the 2BC experiment at 632.8 nm 
(He-Ne laser, 30mW, p polarized). Two writing beams with equal intensities were 
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Table I. Chemical structures and thermal properties of the carbazole-based 
molecules 

S .(CH2)I2CH3 

Compound 1: X ^ O 

A 

O 

Compound 2: X= H 

Compound 3: 

Compound 4: 
o 

Compound 5: X= H 

Compound 6: X= H 

Compound 7: X= H 

B 

(CH2)i2CH3 

(CH2)i2CH3 

QAHis 

D 

O 
N 

N 

S C ^ C g H ^ 

R= C12H24 NLO= B 

R= C12H24 NLO=C 

R= C12H24 NLO=C 

R= C6Hi2 N L O A 

R= C12H24 NLO= D 

R= C12H24 NLO= E 

R= C12H24 NLO=F 

Compound T g(°C) TC(°C) T m ( °C) T d (°C) 

1 -11 98 345 

2 65 114 >400 

3 37 89 >400 

4 33 60 74 324 

5 -35 85 340 

6 -2 12 72 >400 

7 -29 58 >400 

* The glass transition temperature (Tg), the crystallization temperature (Tc), the 
melting point (Tm), and the decomposition temperature (Td) were measured by 
using the DSC-10 system. (100 C/min) 
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Figure 1. UV/vis spectrum of the thin film of 99.1 wt% compound 5 and 0.9 
wt% TNF. 
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90 180 270 

Field (kv/cm) 

450 

Figure 3. The d33 value of compound 5 as a function of the external electric 
field. 
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focused and intersected in the sample at incident angle of 23° with respect to the 
bisector of the two incident beams, thus producing interference fringes with A=0.8 
pm. The normal of the sample was rotated 30° with respect to the bisector of the 
writing beams in order to provide a projection of the grating wave vector along the 
applied field. The experiment was performed by blocking one of the incident 
beams and monitoring the transmitted intensity of the other beam. As the field was 
increased, the intensity of one beam increased, while that of the second beam 
decreased. When the electric field was turned off, the intensities returned to their 
original levels and no energy change was observed. These observations confirm 
that the grating is due to an orientation photorefractivity and not to thermal or 
absorption grating. (7) Figure 4 shows the 2BC coupling gain constant, r, and the 
absorption coefficient, a, as a function of the applied field. The gain coefficient T 
was calculated according to the following equation: (8) 

r - l i n i ± a l 
L l-pa' 

where L is the optical path for the beam, a 'is the ratio of the intensity modulation of 
the signal beam (AIS/IS) and P is the intensity ratio of the two incident laser beams 
(Is/Iq). The optical gain coefficient increases exponentially with the external field. 
Such a dependence is typical for amorphous photorefractive organic materials, as 
both photoconductivity and orientation of second-order N L O chromophore depend 
on the external electric field. Beyond the field strength of 460 kV/cm, a net gain 
occurs, where the gain coefficient, T, exceeds the absorption coefficient, a, of the 
material. A net gain of 11 cm 1 was obtained at the applied electric field of 576 
kV/cm. 

The index grating recorded in the material was further tested by the four-wave 
mixing (FWM) experiment In this experiment, the two p-polarized beams (632.8 
nm, 40 mW) were used as writing beams. The grating was read with a weak p-
polarized beam (780 nm, 4 mW) counterpropagating to one of the writing beams. 
The diffraction efficiency, r|, defined as the ratio of the diffracted to incident 
reading beam power, is recorded. The value of r) increased rapidly with the 
external field E due to an increase in both the photorefractive space-charge field EB C 

and the E O response n3ren\ As shown in Figure 5, the diffraction efficiency 
reaches a maximum of 56% at E = 415 kV/cm and a value of 1.76xlfr3 for the 
refractive index modulation (An) was achieved. 

Kinetics of the Photorefractive Grating. The dynamics of holographic 
grating formations were studied by measuring the time constants of the grating 
formation and their electric field dependence in the FWM experiment In the Figure 
6, a typical write-erase cycle is shown. The arrows mark the position at which the 
second writing beam was turned on and subsequently turned off. Quantitative 
information about the grating growth can be obtained using the single-carrier model 
of photorefractivity in the limit where the decay of die diffraction efficiency is 
related to the space charge field decay. In this case, the diffraction efficiencies 
obeys the equation: (9) 
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20 

0 150 300 450 600 

Field (kv/cm) 

Figure 4. Dependence of the gain coefficient (T) and the absorption coefficient 
(a) on the applied field for a 60-pjn-thick film of 99.1 wt% compound 5 and 0.9 
wt% TNF. 

60i 

48-

Writing: 40mw He-Ne, p polarized 
Reading: 4mw 780 nm diode laser A 

I 36H 
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S 24-

12-
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Figure 5. Dependence of the diffraction efficiency on the applied field for a 71-
pm-thick film of 99.1 wt% compound 5 and 0.9 wt% TNF. 
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Time (second) 

Figure 6. Typical write-erase cycle for the film of 99.1 wt% compound 5 and 
0.9 wt% TNF. "ONM and "OFF" marked arrows denotes the moments of 
switching both writing beams "on" and switching one of the writing beams 
"off", respectively. 
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Diffracted signal @ 469kv/cm 

x=b+exp(-2t/c) 
x=23ms 
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Figure 7. Electric field dependence of the time constants of grating formation for 
a 99.1 wt% compound 5; 0.9 wt% TNF sample of thickness 81 pm.  O
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tKt) = ri(0)exp[-2t̂ ] 

which x is the characteristic response time and r\(0) is the steady state 
diffraction efficiency. For the space charge field formation, charges have to be 
generated and transported to dark regions. Consequently, the response time is 
determined by the efficiency of the photocharge generation and their drift mobility. 
As the results show, the grating writing time constant at an electric field of 469 
kV/cm is around 23 ms, which is so for the fastest response time reported for 
organic photorefractive materials to our knowledge. This may be due to the large 
charge mobility, efficient charge transporting properly of carbazole, and "small" 
size of the molecule as compared with photorefractive polymers. Such a fast 
response time makes this type of material promising for real-time holographic 
applications. Figure 7 shows the dependence of the response time on the applied 
field. 

Conclusions 

A carbazole-based multifunctional glassy molecule has been shown to exhibit large 
photorefractive effect This system also shows very fast kinetics of photorefractive 
grating formation, occurring in the millisecond time scale. This is an attractive 
feature from the point of view of real time applications. It was also found that the 
photorefractive properties were strongly dependent upon the applied field due to the 
low Tg of the material. The synthetic flexibility and simplicity of this system 
allows modification of the structures to further improve the photorefractive 
properties. Work on similar type of materials is currently in progress. 
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Chapter 16 

An Oligo(3-alkylthiophene) Containing Material 
Showing High Photorefractivity 

Wenjie Li, Alireza Gharavi, Qing Wang, and Luping Yu1 

Department of Chemistry and The James Franck Institute, The University 
of Chicago, 5735 South Ellis Avenue, Chicago, IL 60637 

A multifunctional photorefractive material was designed and 
synthesized by incorporation of an oligo(3-alkylthiophene) moiety 
with a nonlinear optical (NLO) chromophore. The conjugated 
oligo(3-alkylthiophene) segment played a dual role of the 
photocharge generator and the charge transporter. Large net optical 
gain coefficient and diffraction efficiency, as well as a fast response 
time, were achieved in this small molecule system. The 
photorefractive performance of this molecule showed a strong 
dependence on the applied electric field due to the orientational 
enhancement effect as well as the linear electro-optic effect These 
properties make it an attractive material candidate for molecular 
optical devices. 

The photorefractive (PR) effect is based on a combination of photoconductivity and 
electro-optic (E-O) effect (1-2). It is defined as the spatial modulation of the 
refractive index due to charge redistribution in an optically nonlinear and 
photoconducting material. This effect arises when photogenerated charge carriers 
separate by drift and/or diffusion processes and become trapped to produce a 
nonuniform charge density distribution. The displacement of charges in turn 
creates an internal space-charge field which modulates the refractive index of the 
material through the electro-optic effect. The refractive index grating can then be 
detected by utilizing holographic techniques such as two-beam coupling and four-
wave mixing experiments. 

The PR effect was originally found in ferroelectric single crystals of LiNbQ3 
and LiTaQ3 (3-6). Since then, numerous prototype devices based on the PR 
materials have been proposed and some of them have been demonstrated, such as 
reversible optical holography, image correlation, amplification, dynamic novelty 
filtering, and other optical signal processing techniques (1-2,7-12). Recently, the 
PR effect was also observed in polymeric materials which exhibit both electro-optic 
effect and photoconductivity (7-9). A relatively convenient approach to prepare PR 
polymers is to mix all of the necessary molecular components into a polymer matrix 
forming a composite (10-12). Extremely large photorefractive effects were 
observed in some systems when specific compositions were used (13-16). A 

Corresponding author. 

© 1999 American Chemical Society 237 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

01
6

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



238 

general observation is that only those composite materials which have low glass 
transition (Tg) temperatures (lower than room temperature) show large net optical 
gain. It was suggested that the nonlinear optical (NLO) chromophores in these low 
Tg materials could be aligned not only by the externally applied electric Held, but 
also in situ by the sinusoidally varying space-charge field during the grating 
formation. As a result, the total poling field that orients the molecules is the 
superposition of the uniform external field and the spatially modulated internal 
space-charge field. This effect was originally referred to as orientational 
enhancement effect (77). However, one major drawback for these composite 
materials is their phase separation, caused by the incompatibility between small 
molecules and the polymer host. In some cases, the phase separation may 
completely ruin their optical properties. 

To utilize the advantage of the orientational enhancement effect, and at the 
same time to minimize the phase separation, we designed and synthesized a simple, 
small molecular system which contains a 3-alkyl-substituted oligothiophene 
molecule covalently connected to a NLO chromophore. The design concept of this 
molecule is inherited from our previous work on conjugated photorefractive 
polymers (78-27). The molecule contains all the functionalities necessary to show 
the PR effect. Polythiophenes and their derivatives are known for their interesting 
electrical and optical properties (22-23). The oligo(3-alkylthiophene) is 
photoconductive in the visible light region. The E-O component could be generated 
by aligning the dipole of the NLO chromophore under an applied electric field at 
room temperature. Amorphous films of this compound can easily be prepared by 
slightly heating the material and then sandwiching it with two indium tin oxide 
(ITO) coated glass slides. The films thus made are transparent and electric field can 
be applied through the conductive ITO coatings. 

Experimental Section 

Synthesis. Synthesis of compound 3 (Scheme 1) was described in our previous 
publication (24). Compound 5 was prepared according to the literature procedures 
(25) All of the other chemicals were purchased from the Aldrich Chemical 
Company and used as received unless otherwise noted. 

Compound 2: To a stirred solution of methyl 4-methyl benzoate (4.5 g, 30 
mmol) and NBS (5.34 g, 30 mmol) in 25 ml carbon tetrachloride, benzoyl 
peroxide (36 mg, 0.15 mmol) was added. The mixture was refluxed for 4 h before 
it was filtered by suction filtration when the solution was still hot The filtrate was 
concentrated by rotary evaporation and was mixed with triethyl phosphite (12.5 g, 
75 mmol) in a 50 ml round-bottom flask. The resulting mixture was then stirred 
under reflux for 20 h. The excess triethyl phosphite was removed by vacuum 
distillation. The residue was purified by flash chromatography (silica gel, ethyl 
acetate / methanol (100 / 2)) to give 7.3 g colorless liquid (85% yield): lH NMR 
(CDC13, ppm) 6 7.92 (d, 2 H), 7.32 (d, 2 H), 3.99 (m, 4 H), 3.88 (s, 3 H), 3.18 
(d, 2 H), 1.23 (t, 6 H). 

Compound 4: A solution of sodium hydride (42 mg, 1.7 mmol) and 
compound 2 (490 mg, 1.7 mmol) in 2 ml ethylene glycol dimethyl ether (DME) 
was stirred at room temperature for 0.5 h. About one-tenth of the above mixture 
was transferred to a solution of compound 3 (280 mg, 0.17 mmol) in 5 ml DME 
The resulting mixture was stirred under refluxing for 15 h. The reaction solution 
was poured into an ice-water mixture. The product was extracted by ether three 
times. The combined organic layers were concentrated by rotary evaporation. The 
residue was then dissolved in 2 ml benzene, and a solution of potassium hydroxide 
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o 
C H 3 CH 2 P(OEt) 2 

(1)NBS, ( P h C 0 2 ) 2 

(2)(EtO) 3P 
C 0 2 C H 3 ^ 7 g % j 

0 
CeHi3 

o 1 ^ 

C 0 2 C H 3 

2 

(1) 2 , NaH, DME / = = K 

PPh 3 , DEAD 

- C H O 
g (2) KOH, NBu 4Br 

(92%) 

C e H 1 3 

CeH 1 3 

OfsH""=s~0~cooH 

ir L Jo 

H / = \ ii 
C = C - \ J - C 0 

Scheme 1. Synthesis of oligothiophene containing photorefractive material. 
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(480mg, 8.6mmol) in2ml H20/DMSO(l/l) was added. Tetrabutylammonium 
bromide (10 mg, 0.03 mmol) was also added. The resulting reaction mixture was 
stirred at 85 °C for 2 h. The solution was poured into water. Acetic acid was used 
to neutralize the solution. The product was extracted by ether and dried over 
MgSC>4. The solvent was removed by rotary evaporation, and the crude product 
was purified by flash chromatography (silica gel, hexane / ethyl acetate (100 / 
60))to give 0.27 g red solid (92% yield). *H NMR (CDCfe, ppm) 6 8.01 (d, 2 H), 
7.48 (d, 2 H), 7.41 (d, 2 H), 7.38 (d, 2 H), 7.30 (m, 1 H), 7.21 (d, 1 H), 6.99 (s, 
1 H), 6.92 (m, 8 H), 6.84 (d, 1 H), 2.78 (t, 16 H), 2.64 (t, 2 H), 1.69 (m, 18 H), 
1.33 (broad, 54 H), 0.90 (m, 27 H). 

Compound 6: Diethyl azodicarboxylate (DEAD) (40 mg, 0.23 mmol) was 
added to a solution of compound 4 (280 mg, 0.16 mmol), compound 5 (81 mg, 
0.21 mmol) and triphenylphosphine (60 mg, 0.23 mmol) in 3 ml THF. The 
mixture was stirred at room temperature for 3 h. After the solvent was removed 
with a rotary evaporator, the crude product was purified by a silica gel 
chromatography column using hexane / ethyl acetate (2 / 1) as the eluent to give 
0.25 g red solid (75% yield). *H NMR (CDCI3, ppm) 6 8.01 (d, 2 H), 7.86 (d, 2 
H), 7.60 (d, 2 H), 7.50 (d, 2 H), 7.42 (m, 6 H), 7.36 (m, 1 H), 7.24 (d, 1 H), 
7.18 (d, 1 H), 7.03 (s, 1 H), 6.98 (m, 8 H), 6.89 (d, 1 H), 6.88 (d, 1 H), 6.68 (d, 
2 H), 4.32 (t, 2 H), 3.37 (t, 2 H), 3.04 (s, 3 H), 2.99 (s, 3 H), 2.80 (t, 16 H) 
2.67 (t, 2 H), 1.68 (m, 20 H), 1.34 (m, 60 H), 0.91 (m, 27 H). Anal. Calcd for 
C127H165NS10O4: C, 72.97; H, 7.96. Found: C, 73.05; H, 7.99. 

Characterization. Nuclear magnetic resonance (NMR) spectra were obtained 
using a GE QE 300 MHz spectrometer. Infrared (IR) spectra were recorded on a 
Nicolet 20 SXB FTIR spectrometer. A Shimadzu UV-2401PC UV-Vis recording 
spectrophotometer was used to record the absorption spectra. 

Sample Preparation for Physical Property Measurements. The samples 
for physical property measurements were prepared in the form of films sandwiched 
between two ITO coated glass substrates for application of the dc field. The voltage 
was applied across the films so that the dc field is perpendicular to the sample 
surface. A filtered solution of compound 6 in CH2CI2 was cast manually onto an 
ITO glass substrate and dried under vacuum overnight to remove the solvents. The 
sample was then heated to about 80 °C and sandwiched with another ITO glass 

substrate. A typical film thickness ranged from 60 pm to 75 pm. 

Results and Discussion 

Synthesis. The oligothiophene containing photorefractive compound was 
synthesized according to Scheme 1. In our previous publication (24), we have 
described the synthesis of oligothiophene aldehyde 3. The Wittig reaction between 
aldehyde 3 and phosphonate 2 in refluxing ethylene glycol dimethyl ether, 
followed by the hydrolysis in a base condition, afforded the carboxylate acid 4. 
The target molecule (compound 6) was synthesized in 75% yield by utilizing the 
Mitsunobu reaction between compound 4 and the NLO chromophore 5. 
Compound 6 is a red solid at room temperature and is quite soluble in most organic 
solvents. 

Structural Characterization. The structure of compound 6 was verified by *H 
NMR, 1 3 C NMR and elemental analysis. In the FTIR spectrum of compound 6, 
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the absorption band at 1713 cm'1 is ascribed to the stretching vibration of the ester 
C=0 bond. The asymmetric stretching vibration bands of the ester -C(=0)-0 and 
O C - occur at 1276 cm 1 and 1112 cm"1 receptively. Another strong absorption 
band was observed at 957 cm*1, which is a typical absorption of the out-of-plane 
bending vibration of the trans-substituted vinylene groups. These results further 
support the structure of compound 6. 

The UV/vis spectrum of compound 6 in CHCI3 shows a red shift of 24 nm in 
the absorption peak compared to the absorption spectrum of the NLO chromophore 
5. The solid-state UV/vis spectrum of compound 6 exhibits the absorption 
maximum at 440 nm and a tail extending beyond 600 nm (Figure 1). This red-
shifted absorption enables us to excite the compound by utilizing a He-Ne laser (k 
= 632.8 nm). 

Physical Property Measurements. The films prepared from the CH2CI2 
solution are transparent and photoconductive as studied at the working laser 
wavelength of 632.8 nm. The photoconductivity was determined at by measuring 
the voltage which resulted from the passing of the photocurrent through the thin 
film and a 1-MQ resistor. A lock-in amplifier was used to measure the 
photovoltage. The photocurrent was found to be electric field-dependent as shown 
in Figure 2; as the electric field increases, the photocurrent increases superlinearly, 
a phenomenon similar to most of the PR polymers. A photoconductivity of ca 
1.59 x 10"9 Q-1 cm 1 /(W/cm2) was obtained for compound 6 under an external 
electric field of462 kv/cm at the wavelength of 632.8 nm. The dark conductivity of 
this sample also increases with the applied electric field but remains at least one 
magnitude lower than the photoconductivity. The quantum yield of photocharge 
generation, <(>, defined as the number of free electrons and holes formed per 
absorbed light quantum, is usually used to characterize the photogeneration 
process. It can be determined by the following equation (26): 

x_ *ph 
v eP[l-exp(-aL)] 

where 1̂  is the photocurrent, P is the power of the incident light, a is the 
absorption coefficient of the material, L is the distance between the electrodes. 
From the photoconductivity results, the maximum quantum yield for photocharge 
generation was estimated to be 1.05 x 10~2 at 462 kv/cm. 

The dipole of the NLO chromophore in this small molecule system was 
readily aligned by the applied electric field at room temperature, as indicated by the 
value of the second harmonic coefficient, d33, as a function of the electric field at 
room temperature (Figure 3). The second harmonic generation (SHG) experiments 
were performed by using a fundamental frequency (1064 nm) of a model-locked 
Nd:YAG laser. The SHG signal generated by the sample was detected by a 
photomultiplier tube (PMT), then amplified, and averaged in a boxcar integrator. 
The CI33 value shows a trend of leveling off as the field further increases, possibly 
due to the saturation of the electric field induced chromophore alignment 

The photorefractive properties of this material were examined by the two-
beam coupling, four-wave mixing, and holographic image formation experiments at 
different applied electric fields. In the two-beam coupling experiment, two coherent 
laser beams (632.8 nm, 30 mW, p-polarized) intersect in the PR sample to generate 
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300 350 400 450 500 550 600 650 700 
Wavelength (nm) 

Figure 1. UV/vis spectra of the NLO compound 5 in CHCbO), compound 6 in 
CHCl3(2) and solid-state(3). 

12 

Electric Field (kv/cm) 

Figure 2. The photocurrent and dark current response of compound 6 as a 
function of the external electric field. 
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0 100 200 300 400 500 
Field (kv/cm) 

Figure 3. The second harmonic generation coefficient d33 of compound 6 as a 
function of the external electric field. 
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the refractive index grating. The grating component that is 90° out of phase with the 
light intensity pattern leads to the asymmetric energy exchange between the two 
beams. As a result, one beam gains energy, the other one losses energy. The two 
writing laser beams used in our experiment have comparable intensities. The 
normal of the sample was tilted by 30° with respect to the bisector of the two 
writing beams in order to obtain a non-zero projection of the E O coefficient. The 
experiment was carried out by chopping one of the two incident beams while 
monitoring the transmitted intensity of the other. 

After the electric field was switched on, the asymmetric energy transfer 
between the two beams was observed (inset of Figure 4), which verifies the 
photorefractive nature of the sample. The optical gain coefficient T could be 
calculated from the intensities of the two beams by the following equation (7-2): 

where L is the optical path length for the beam with gain, a is the ratio of the 
intensity modulation of the signal beam AIS/IS, and p is the intensity ratio of the two 
writing beams Is/Iq. The gain coefficient T also showed a strong dependence on the 
applied electric field (Figure 4). This strong field dependence of the optical gain 
was anticipated because of the fact that both die SHG signal and the quantum yield 
of the photogeneration of charge carriers are strongly dependent on the external 
field. A r value of 102 cm-1 was obtained at E = 706 kv/cm. This gain exceeds 
the absorption coefficient (19 cm*1 at 632.8 nm) of the sample, giving a net optical 
gain of 83 cm-1. When the external field was switched off, the gain and loss 
signals disappeared immediately, eliminating the possibility of beam coupling due 
to thermal grating (75). 

The index grating formed can be probed by the four wave mixing (FWM) 
experiment where the diffraction efficiency of a probe laser beam (X. = 780 nm, 3 
mW.p-polarized) from the photorefractive grating was measured. According to the 
Bragg diffraction condition, the probe beam was diffracted by the index grating and 
measured by a lock-in amplifier. The diffraction efficiency r| is calculated as the 
ratio of the intensity of the diffracted beam measured after the sample and the 
intensity of the probe beam before the sample. As shown in Figure 5, the 
diffraction efficiency also has a strong dependence on the electric field and reaches 
almost 40% at E = 706 kv/cm. From this value, a refractive index modulation of 
An = 2.55x10-3 was calculated according to the following expression (76): 

i _ „ ; . 2 [ 3 » d A n c o s ( e 1 - 9 2 ) 1 

X.Vcos8icos02 

where d is the sample thickness, k is the probe laser wavelength, and 6i and 62 are 
the internal angles of incidence of the two writing beams. 

The time constant for the grating formation, x, can also be measured in the 
FWM experiment The initial growth of the diffracted signal was recorded by a 
oscilloscope and fit with the function T|(t)~exp[-2t/t] for the single-carrier model of 
refractive grating kinetics (14, 27). A fast response time of 42 ms was obtained at 
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0 100 200 300 400 500 600 700 800 

Fidd (kv/cm) 

Figure 4. The dependence of the two-beam coupling gain coefficient on the 
applied external electric field. The inset shows the two beam coupling signal. 

0 100 200 300 400 500 600 700 800 
Field (kv/cm) 

Figure 5. The dependence of the diffraction efficiency on the applied external 
electric field. The inset shows the field dependence of the response time. 
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Figure 6. Holographic image formation at different applied field. The object is 
shown in the bottom right of the series. 
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Figure 6. Continued. 
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an applied field of 616 kv/cm. The speed for the PR grating is determined by the 
photogeneration rate of charge carriers and by their migration over distances in the 
range of several times the wavelength of the laser source. Excess trapping sites 
could slow down the migration rate of the charge carriers. In organic materials, 
normally the trapping sites are impurities and structural defects. The fast response 
time constant could be attributed to the relatively higher purity and less defects in 
our material than the polymeric counterparts. The grating formation time constant 
was found to increase almost twenty-six rimes when the electric field was decreased 
from 616 kv/cm to the lowest value for which a grating was detectable (inset of 
Figure 5). 

By incorporating a mask into one of the wring beams in the FWM 
experiment, a photorefractive hologram can be written in the sample. The image 
was carried by an expanded beam and then was focused on the sample. The 
hologram was then detected by the probe reading beam under the Bragg condition 
as the diffracted signal and was recorded by a CCD camera. Figure 6 shows a 
series of holograms recorded under successively increasing electric field. Erasure 
of the holograms occurred quickly upon blocking the writing beams, consistent 
with the fast grating formation process. 

Conclusions 

In conclusion, we have designed and synthesized a multifunctional photorefractive 
molecule by combining the well-known photoconductor oligothiophene and a 
nonlinear optical (NLO) chromophore. In this single molecular system, the 
conjugated oligothiophene part acts as both the photocharge generator and the 
charge transporter. This material showed a greatly improved photorefractive 
performance. A net optical gain of 83 cm 1 and a diffraction efficiency of nearly 
40% were obtained at an applied field of 706 kv/cm. The system also has a fast 
response time to the applied electric field. The time constant for the index grating 
formation at an applied field of 616 kv/cm was measured to be 42 ms. The high 
photorefractivity and the fast dynamic process make this material very attractive for 
further exploration. 
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Chapter 17 

Methodology for the Synthesis 
of New Multifunctional Polymers 
for Photorefractive Applications 

K. D. Belfield, C. Chinna, O. Najjar, S. Sriram, and K. J. Schafer 

Department of Chemistry and Biochemistry, University of Detroit Mercy, 
P.O. Box 19900, Detroit, MI 48219-0900 

Well-defined multifunctional polymers, bearing charge transporting (CT) 
and nonlinear optical (NLO) functionality covalently attached to each 
repeat unit, were synthesized and characterized. A series of polysiloxanes 
were prepared that possessed either diarylamine, carbazole, or 
triarylamine CT moieties. High Tg polyurethanes, comprised of 
alternating CT and NLO units, were synthesized from NLO functionalized 
diols and N,N-bis(4-isocyanatophenyl)aniline. Polyimides, exhibiting 
high thermal stabilities, were obtained from a fluorinated dianhydride and 
a multifunctional (CT and NLO) diamine. Polymers were prepared 
containing two NLO chromophores per repeat unit, thereby doubling the 
NLO chromophore density over conventional NLO materials. 

Photorefractivity, first reported in 1966 as a detrimental effect in lithium niobate, is 
now considered one of the most promising mechanisms for producing holograms (1). 
Since the first report of an organic photorefractive crystal in 1990, substantial efforts 
have been expended in the development of photorefractive organic crystals, glasses, 
and polymers. Photorefractivity holds great potential in holographic optical data 
storage, optical computing and switching, and integrated optics (1). Photorefractive 
materials can, in principle, execute such integrated optoelectronic operations as 
switching, modulation, threshholding, and parallel processing for image processing 
and display. 

The photorefractive (PR) effect is defined as a spatial modulation of the 
refractive index due to charge redistribution in an optically nonlinear material. The 
effect involves photogeneration of charge carriers, by a spatially modulated light 
intensity, which separate, become trapped, and produce a non uniform space-charge 
field. This internal space-charge field can modulate the refractive index to create a 
phase grating or hologram (2). In order to be photorefractive, a material has to 
combine photosensitivity and photoconductivity, and possess an electric field 
dependent refractive index. Uniform illumination eliminates the space-charge 
distribution and erases the hologram. The materials are suitable for dynamic (i.e., 
reversible) and real time holography. 

250 © 1999 American Chemical Society 
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Organic Crystals and Polymeric Photorefractive Materials 
In 1990, the first observation of the PR effect in an organic material utilized a carefully 
grown nonlinear optical organic crystal, 2-(cyclooctylamino)-5-nitropyridine, doped 
with 7,7,8,8-tetracyanoquinodimethane (3). The growth of high quality doped 
organic crystals, however, is a very difficult process because most dopants are 
expelled during crystal preparation. Polymeric materials on the other hand, can be 
doped with various molecules of quite different sizes with relative ease. Further, 
polymers may be formed into a variety of thin films and waveguide configurations as 
required by the application. The noncentrosymmetry requisite for second order 
nonlinearity of polymers containing NLO chromophores can be produced by poling, 
whereas in crystals it depends on the formation of crystals with noncentrosymmetric 
crystal structures, a formidable limitation. Photorefractive polymers also promise 
many of the traditional advantages associated with polymers, such as good thermal 
stability, low dielectric constant, geometric flexibility, and ease of processing (2). 

The PR effect can occur in certain multifunctional materials which both 
photoconduct and show a dependence of index of refraction upon the application of an 
electric field. In order to manifest the photorefractive effect, it is thought that these 
polymers must contain photocharge generating (CG) and transporting (CT) 
functionality, charge trapping sites, and nonlinear optical (NLO) chromophores. 
Finally, the index of refraction must depend on the space charge field. The mere 
physical presence of these functionalities does not guarantee that any diffraction 
grating produced by optical illumination arises from the PR effect. Hence, a polymeric 
material can potentially be made photorefractive by incorporating these properties 
directly into the polymer or by doping guest molecules into the polymer to produce 
these properties. It is usually desirable to covalendy incorporate some of the elements 
into the polymeric host itself to minimize the amount of inert volume in the material. 

Photorefractive Polymer Composites 
A number of composite systems have been reported in which a polymer possessing 
one of the requisite functionalities, e.g., covalently attached NLO chromophores, is 
doped with the others, e.g., CG and CT dopants, or a photoconductive polymer, e.g., 
poly(N-vinylcarbazole), is doped with the sensitizer and NLO dopants (1, 4-7). The 
high dopant loading levels necessary (up to 50 wt%) result in severe limitations of 
doped systems, including diffusion, volatilization, and/or phase separation 
(crystallization) of the dopants. In addition, plasticizers and compatibilizers are often 
used to lower the glass transition temperature (Tg) of the polymer and increase 
solubility of the dopants in the host polymer, respectively. This, in turn, dilutes the 
effective concentration of CT, CG, and NLO moieties, diminishing the efficiency and 
sensitivity of the photorefractive polymer composite. 

Single Component PR Polymers 
It naturally followed that polymers were developed in which all the necessary moieties 
were covalently attached, particularly CT and NLO. Several "fully functionalized" 
polymeric systems have been reported although not all have unambiguously 
demonstrated photorefractivity. Among the reports of this class of polymer are a 
methacrylate polymer containing carbazole (CT) and tricyanovinylcarbazole groups 
(NLO and CG) linked to the polymer by an alkyl spacer (8), a random copolymer of a 
4-amino-4'-rtitrostilbene-functionalized methacrylate, carbazole-derived methacrylate, 
and a long chain alkyl methacrylate in which the long alkyl chain served to plasticize 
and solubilizethe polymer (9), a 1:1 random copolymer of a 4-amino-4,-nitrostilbene-
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functionalized methacrylate and methyl methacrylate (DANS/MMA) was studied for 
PR properties (10), a fully functionalized PR polymer in which the NLO 
chromophore, charge transporter, and the charge generator were all attached to a 
polyurethane backbone (11), a conjugated poly(phenylene vinylene) copolymers 
(12,13), a polyimide was reported that contained NLO chromophores and porphyrin 
electron-acceptor moieties (14), random and block polyesteramide copolymers in 
which a charge transporting (diphenylhydrazone-containing) diol and NLO-
functionalized diamine was reacted with a diacid chloride (15), and ring-forming, 
molybdenum-catalyzed olefin metathesis polymerization between NLO and CT-
functionalized diacetylene monomers (16). However, in all of these approaches, 
shortcomings included random distribution and spacing of charge transport and NLO 
moieties, factors that may lead to inhomogeneities and inefficient charge transport 

Our research aims to address both stability and synthetic efficacy challenges in 
creating well-defined, single-component PR polymers. Herein, we report the 
synthesis of multifunctional polymers having CT and NLO functionality attached to 
each repeat unit of the polymer. In fact, some of our systems contain two NLO 
chromophores per repeat unit, thereby doubling the NLO chromophore density over 
conventional NLO polymers. Two paradigms are introduced, one in which the NLO 
chromphores are incorporated into the CT moiety, the second involves formation of a 
perfectly alternating arrangment of CT and NLO units (Figure 1). 

Siloxane polymers, recently prepared in our laboratories based on the former 
strategy, are illustrated in Figures 2 and 3 (17). The syntheses were quite efficient 
Each reaction on the polymer, i.e., hydrosilylation, regiospecific bromination, and 
Heck reaction, went to hig conversion, confirmed spectroscopically and by elemental 
analysis. These were the first reports of the use of phosphonate groups as electron-
withdrawing functionalities in NLO-chromophore-containing polymers (17,18). 

In fact, we recently reported the first synthesis of and electro-optic characterization 
of a 4-amino-4,-phosphorylated stilbene derivative (19). This, indeed, exhibited 
second-order NLO properties. 

The synthetic methodology we developed is characterized by "high fidelity" and is 
adaptable to allow the preparation of a "catalog" of polymers. This latter aspect is 
potentially important for systematic structure-property investigations in which the CT 
and/or NLO functionalities can quite easily be systematically varied. These polymers, 
when doped with CG dopants, are expected to exhibit photorefractive behavior. 

Figure 1. Paradigms for well-defined CT and NLO-containing single component-
type PR polymers. 
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Figure 2. Synthesis of carbazole-based PR polysiloxanes. 

Figure 3. Synthesis of diphenylamine-based PR polysiloxanes. 

Experimental 

Synthesis of poly[4-(N,N-diphenylamino)-l-(3-propoxymethylbenzene) 
methylsiloxane] 12. Poly(hydrogen methylsiloxane)(1.6 g, 26.37 mmol) was 
added to a solution of 4-(N,N-diphenylamino)-l-(2-propenoxy)methylbenzene (10.8 
g, 34.28 mmol) in 70 mL toluene. After the addition of 
dichloro(dicyclopentadiene)platinum(1.05 mg, 0.0026 mmol), the mixture was heated 
to 60 °Cfor 5 days. The disappearance of the Si-H peak (2150 an"1) was monitored 
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by FT-IR. The mixture was then poured in 600 mL cold hexane. The solid obtained 
was dissolved in THF and reprecipitated twice in hexane (65% yield). lH NMR (300 
MHz, CDC13): 8 0-0.25 (bm, 3H, SiCH3), 0.45-0.65 (bs, 2H, SiCH2), 1.55-1.75 
(bs, 2H, CR 2 CH 2 CR 2 ) , 3.30-3.50 (bs, 2H, CR 2 CH 2 0), 4.25-4.45 (bs, 2H, 
ArCH^, 6.80-7.20 (bm, 14H, ArH). 

Synthesis o f poly[4-(N,N-bis(4-bromophenyl)amino)-l-(3-
propoxymethylbenzene) methylsiloxane] 13. To a solution ofl2(4g, 10.66 
mmol) in 280 mL DMF was added a solution of N-bromosuccinimide (3.736 g, 20.99 
mmol) in 60 mL DMF. The reaction mixture was stirred at room temperature 
overnight. The mixture was then poured into cold water and the solid obtained was 
precipitated from DMF. *HNMR (300 MHz, CDC13): 50-0.25 (bm, 3H, SiCH3), 
0.45-0.60 (bs, 2H, SiCH^, 1.50-1.80 (bs, 2H, CR 2 CH 2 CR 2 ) , 3.30-3.50 (bs, 2H, 
CR 2 CH 2 0), 4.20-4.50 (bs, 2H, ArCH2), 6.70-7.0 (bm, 6H, ArH, ormo to Br and 
CH 2), 7.0-7.7.40 (bm, 6H, ArH, ormo to N). Anal. Calcd for C 2 3 H 2 3 Br 2 N0 3 Si : C, 
50.29; H, 4.22; N, 2.55. Found: C, 51.58; H, 4.28; N, 2.47. 

Synthesis o f triarylaminonitrostilbene siloxane polymer 14. To a solution 
of 13 (1 g, 1.88 mmol) in 15 mL DMF, Pd(OAc)2 (0.004 g, 0.018 mmol), tri-0-
tolyphosphine (0.023 g, 0.075 mmol), Et3N (0.47 g, 4.6 mmol) and 4-nitrostyrene 
(0.8 g, 5.46 mmol) were added. The dark reaction mixture was stirred at 90 °C for 
two days. The mixture was poured in 500 mL cold water. The polymer obtained was 
dissolved in DMF, reprecipitated in water, and washed with cold hexane and diethyl 
ether. The polymer was then redissolved in CHC13, washed with water and saturated 
NaHC03. The solvent was removed under reduced pressure and the polymer was 
dried in vacuo, affording a red product. lH NMR (200 MHz, CDC13): 8 0.00-0.25 
(bs, SiCH3), 0.45-0.70 (bs, SiCH^, 1.5-1.8 (bm, CH 2CR 2Si), 3.3-3.4 (bm, 2H, 
CR 2 CH 2 -) , 4.25-4.50 (bs, ArOty, 6.65-7.70 (bm, ArH), 8.0-8.2 (bd, ArH ormo 
to N02); UV-vis: X m a x = 434 nm (240 - 570 nm). 

Synthesis o f N,N-diethanol-4'-amino-4-stilbenephosphonic acid diethyl 
ester (15). A mixture of 4-bromo-N,N-diethanolaniline (1.5 g, 7.0mmol),3 (1.51 
g, 0.31 mmol), Pd(OAc)2 (0.15 g, 0.7 mmol), tri-o-tolyl phosphine (0.429 g, 1.4 
mmol) and 1.1 mL of Et3N in 30 mL of CH 3 CN was heated in a screw capped tube 
purged with argon at 90 °C for 48 h. The reaction mixture was cooled, filtered, 
poured into cold water, and extracted with EtOAc. The organic extract was dried over 
magnesium sulfate and the solvent was removed in vacuo. Stilbene 15 was further 
purified by flash chromatography through silica gel, affording 1.21 g of fluorescent 
yellow solid (65%). UV (10^ M) XL™ = 256 nm (240-460 nm); lH NMR 
(CDC13): 8 1.30 (t, 6H), 3.60 (t, 4H), 3.85(t, 4H), 4.05 (m, 4H), 4.55 (s, 2H), 6.70 
(d, 2H), 6.70 (d,2H), 6.85 (d, 1H), 7.1 (d, 1H), 7.35 (d, 2H), 7.45 (dd, 2H), 7.60 
(dd, 2H). HRMS (FAB), [M+Na+] calc: 442.1759, actual: 442.1769 amu. 

Synthesis o f N,N-diethanol-4,-amino-4-nitrostilbene (16). A mixture of 
of 4-bromo-N,N-diethanolaniline (0.872 g, 3.35 mmol), 4-nitrostyrene (0.500 g, 
3.35 mmol), Pd(OAc)2 (0.0752 g, 0.335 mmol), tri-0-tolyl phosphine (0.204 g, 
0.670 mmol), and Et3N (0.513 mL, 3.685 mmol) in DMF was heated in a screw 
tapped tube purged with argon at 90 °C for 48 h. The reaction mixture was cooled, 
filtered, and poured into ice cold water. The organic layer was extracted with EtOAc. 
The organic extract was dried over MgSC>4 a n ( * solvent removed in vacuo. Stilbene 
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16 was further purified by flash column chromatography through silica gel, affording 
a red solid in 68% yield. lH NMR (DMF-d7): 8 3.6-3.8 (bm, OH, O C H 2 ) , 3.9 (t, 
NCH 2), 6.7 (d, ArH o- to N), 6.9-7.1 (2d, =CH stilbene), 7.2-7.8 (ArH), 8.2 (d, 
A1H0- toN02). 

Synthesis of N,N-bis(4-isocyanatophenyl)aniline (17). A solution of 
bis(tricholoromethyl)carbonate(0.719 g, 2.42 mmol) in dry toluene was added 
dropwise into a stirred solution of 4, 4*-diaminotriphenylamine (1.0 g, 3.633) in dry 
toluene at room temperature under N 2 . The reaction mixture was stirred at 100 °C for 
2 h. The reaction mixture was fdtered and the solvent evaporated, resulting in 1.01 g 
of a brown solid (85%). lH NMR (benzene-d :̂ 8 6.45 (d, 4H, ArH ormo to N), 
6.70 (d, 4H, ArH ormo to NCO), 6.90 (m, 3H, ArH of Ph), 7.05 (m, 2H, ArH ormo 
to N in Ph). HRMS (EI, 70 ev) calc: [M+]: 327.1008, actual: 327.1007 amu. 

Synthesis of phosphorylated polyurethane 18. A 40 mL heavy walled glass 
vial was charged with diol 15 (0.3558 g, 0.848 mmol) and 5 mL of dry DMF. 
Diisocyanate 17 (0.3618 g, 1.102 mmol) was added, along with another 5 mL of 
DMF. Two drops of Et3N was added to facilitate the polymerization. The 
polymerization mixture was stirred at 90 °C, yielding a dark green viscous solution. 
The reaction was stopped after 36 h and then added dropwise into cold methanol. 
Polymer 18 precipitated out as a dark green solid. It was reprecipitated again to 
further purify it, resulting in 0.3066 g of dark green solid. *H NMR (DMF-d7): 8 1.2 
(t, OCH 2CH 3), 3.4-3.8 (bm OCH 2CH 2N), 4.1 (q, OCH 2CR 3), 6.9-7.1 (2d, ArH), 
6.7, 7.1 (2d, =CH stilbene), 7.2 (m, ArH), 7.5-7.6 (bd, ArH), 7.6-7.8 (bm, ArH), 
7.9-8.1 0>m, ArH). FT-IR neat film: 3435 cm"1, 3247 cm"1 (v N-H of urethane), 
2935cm"1(vas C H ^ , 2878 cm"1 (V a s CH 2), 1659 cm"1 (v^ C=0 of urethane), 1439-
1416 cm"1 (v bending C H ^ , 1391 cm'1 (v C H 3 stretching), 1255 on"1 (v P=0 
phosphonate ester), 1104,1062 cm - 1 (v P-O-C stretch). 

Synthesis of nitrostilbene polyurethane 19. A 20 mL heavy walled glass vial 
was charged with diol 16 (0.1889 g, 0.575 mmol) and 5 mL of dry DMF. 
Diisocyanate 17 (0.2449 g, 0.748 mmol) in 5 mL of DMF was added. Two drops of 
Et 3N was added to facilitate the polymerization. The polymerization mixture was 
stirred at 90 °C, yielding an orange-red viscous solution. The reaction was stopped 
after 48 h and added dropwise into cold methanol. Polymer 19 precipitated out as an 
orange-red solid powder. It was reprecipitated and washed with methanol. UV: 
= 316 nm (range 260-548 nm). FT-IR (neat film) cm 4: 3430 (v N-H of urethane), 
2961 (v^ C H 2 stretch), 1651 (v C=0 of urethane, broad), 1504 (v^ N 0 2 stretching), 
1310-1220 (vs N0 2 stretch), 927 (v trans C=C stretch), 870 (v C-N stretch). 

Synthesis of brominated polyimide 20. A 20 mL vial was charged with 4-
bromo-4,,4"-diaminotriphenylamine (0.500 g, 1.412 mmol) and 2 g of dry NMP. 
The mixture was stirred until complete dissolution of the diamine was achieved, and 
then(hexafluoroisopropylidene)diphthalic anhydride (6-FDA) (0.627 g, 1.412 mmol) 
was added and washed in with another 2 g of NMP. The polymerization mixture 
turned dark red in color. It was stirred for a period of 48 h to yield a highly viscous 
polyamic acid solution PAA-1. 

To PAA-2 was added dry pyridine (0.451 g, 5.70 mmol) and acetic anhydride 
(0.582 g, 5.70 mmol). The reaction mixture was stirred for approximately 16 h at 
ambient temperature, and finally at 70 °C for an additional 6 h. The resulting 
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polyimide solution was then precipitated in water with vigorous stirring and washed 
thoroughly with methanol. The dark green powder was dried for 48 h under vacuum, 
resulting in 0.904 g of 20. lH NMR (DMF-d7): 8 6.9 (d, ArH), 7.0 (d, ArH), 7.1 
(bt, ArH), 7.3 (d, ArH), 7.4-7.6 (bm, ArH anhydride), 7.9 (s, ArH anhydride), 8.1-
8.2 (bm, ArH ormo and meta to imideN). Elem. Anal.: theoretical: %C = 58.29, %H 
= 2.38, %N = 5.51; actual: %C = 55.85, %H = 2.52, %N = 5.17. T g = 137 °C. 

Synthesis of phosphorylated polyimide 21 via Heck reaction of 20. A 
20 mL heavy walled vial was charged with 20 (0.400 g, 0.525 mmol), 3 (0.151 g, 
0.63 mmol), Et3N (0.011 g, 0.063 mmol), and 5 mL freshly distilled DMF. The 
reaction mixture was heated to 85 °C and stirred vigorously. The color of the reaction 
mixture turned dark red from green after 32 h. The reaction mixture was heated for a 
total of 64 h, yielding a dark red viscous liquid. The resulting solution was then 
precipitated in distilled water with vigorous stirring and washed thoroughly with 
methanol. The black colored powder was dried under vacuum, affording 200 mg of 
polyimide 21. UV-vis: = 294 nm (range 258-576 nm). FT-IR (neat film) cm"1: 
2963 (v sp2 C-H stretch), 1661 (v CON stretch), 1505 (v phenyl C=C stretching), 
1257 (v P=0 of phosphonate ester), 1102, 1063 (v POC stretch), 967 (v trans C=C 
stretch). T g = 212 °C. 

Synthesis of N,N-bis(4-aminophenyl)-4-stilbenephosphonic acid 
diethyl ester 22. In a screw cap vial was taken 4-bromo-4\4"-
diaminotriphenylamine (1.0035 g, 2.85 mmol), 3 (0.6163 g, 2.565 mmol), Pd(OAc)2 

(0.064 g, 0.285 mmol), of tri-o-tolylphosphine (0.173 g, 0.570 mmol), and Et3N 
(0.32 g, 3.135 mmol) in 30 mL CH 3 CN. The reaction mixture was heated while 
stirring at 100 °C in an oil bath. After complete consumption of 3 (by TLC), the 
reaction mixture was passed through a celite bed and poured into ice cold water, 
yielding a dark brown precipitate. The solid was filtered and dried under vacuum. 
The product was further purified by column chromatography (CH2Cl2/EtOAc), 
resultingin 1.0104 gof 22. lH NMR(CDC13): 8 1.3-1.4 (t,H, OCR 2CH 3), 3.6 (bs, 
4H, NH 2), 4.1 (m, 4H, OCH 2CR 3), 6.6 (d, 4H, ormo to NH 2), 6.8 (d, 2H, ormo to 
3°N), 6.9 and 7.1 (m, 2H, stilbene =CH), 7.3 (d, 2H, meta to 3°N), 7.5 (dd, 2H, 
meta to P(0)(OR)2), 7.7 (dd, 2H, ArH ormo to P^KOR)^. UV-vis : = 406 
nm (range 270-522 nm). 

Synthesis of phosphorylated polyimide 23. A 20 mL vial was charged with 
diaminostilbene22 (0.3025 g, 0.589 mmol) and 1 g of dry NMP. The mixture was 
stirred until complete dissolution of diamine was achieved, followed by addition of 6-
FDA (0.2616 g, 0.589 mmol) and 1 g of NMP. The mixture turned dark red in color, 
it was stirred for 48 h, yielding a dark red viscous polyamic acid solution PAA-2. 

To PAA-2 was added dry pyridine (0.188 g, 2.378 mmol) and acetic anhydride 
(0.243 g, 2.378 mmol). The reaction mixture was stirred for 16 h at ambient 
temperature and finally at 70 °C for an additional 6 h. The resulting polyimide solution 
was then precipitated into water with vigorous stirring and washed thoroughly with 
methanol. The dark colored powder was dried for 48 h under vacuum, affording 
0.304 g of polyimide 2 3. lH NMR (DMF-d7): 8 1.3 (t, 6H, OCR 2CH 3), 4.1 (m, 
4H, OCH 2CR 3), 7.1-8.2 (24H, ArH). Elemental analysis: theoretical: %C = 63.85, 
%H = 3.72, %N = 4.56; actual: %C = 62.25, %H = 3.69, %N = 4.42. T g = 167 °C. 
UV-vis : =298 nm (260 - 476 nm). 6 
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Results and Discussion 

Polysiloxanes 
A triarylamine-containing polysiloxane was synthesized bearing nitrostilbene moieties 
(Figure 4). Vilsmeier reaction of triphenylamine, followed by reduction and allylation, 
afforded alltriphenylamine 11. This was subjected to Pt-catalyzed hydrosilylation (6) 
with poly(hydrogen methylsiloxane). The reaction was conveniently monitored by 
FT-IR, by observing disappearance of the Si-H stretch at 2150 cm"1, and by lH 
NMR, by observing disappearance of the Si-H proton resonance at 4.7 ppm. 
Regiospecific bromination (20) of 12 was accomplished with NBS in DMF at room 
temperature, yielding brominated polysiloxane 13. Elemental analysis confirmed near 
quantitative dibromination of each triaryl unit, while lH NMR confirmed the para-
regiospecificity of the reaction. The highly functionalized nitrostilbene-containing 
polysiloxane 14 was secured through efficient Pd-catalyzed Heck coupling of 13 with 
4-nitrostyrene. A bright red powdery solid polymer was obtained with = 434 
nm and solubility in THF, DMF and C H C I 3 . A high fidelity, atom economical 
synthesis resulted in formation of a triaryl-based polysiloxane bearing one CT and two 
NLO moieties covalently attached to each repeat unit. Though the presence of the 
styrenic groups on the aryl rings may affect the CT of the arylamine, photoconductivty 
was recently demonstrated for polymer 6 in Figure 2 (18), an analogous material. 

02 

Figure 4. Synthesis of a triphenylamine-based PR polysiloxane. 

Polyurethanes 
Our aim was to utilize the highly efficient and atom economical Pd-catalyzed Heck 
reaction to prepare stilbene-based NLO chromophoric diols. The diols would then be 
condensed with a charge transporting diisocyanate. The synthesis of (N,N-diethanol)-
4f-amino-4-stilbenephosphonic acid diethyl ester 15 was conducted as outlined in 
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Figure 5. The first step involved rapid regioselective bromination of N,N-
diethanolaniline using benzytrimethylammoniumchlorobromate (20). The *H NMR 
indicated the symmetrical nature of the molecule. The next step involved the Heck 
reaction between 4-bromo-N,N-diethanolaniline and styrene phosphonate 3. This was 
accomplished using 10 mol% palladium (II) acetate and 20 mol% tri-0-tolylphosphine. 
To increase the efficiency of the reaction by lowering the volume of activation, the 
reaction was performed in a heavy walled screw cap vial at 90 C. Good yield of 
phosphorylated diol 15 was realized, whose structure was confirmed by both *H 
NMR and high resolution FAB MS. (N,N-Diethanol)-4,-amino-4-stilbenephosphonic 
acid diethyl ester 15 was bright yellow in color with Xj^ = 256 nm. (N,N-
Diethanol)-4,-amino-4-nitrostilbene 16 was synthesized in an analogous manner 
(Figure 5). Thus, Pd-catalyzed Heck reaction between 4-bromo-N,N-diethanolaniline 
and 4-nitrostyrene provided nitro diol 16 in good yield as a red solid. 

It has been established previously thattriarylamines possess photoconductive and 
hole transporting properties (21). We set out to prepare a charge trnasporting 
triarylamine-based diisocyanate. This was accomplished by reaction of 4,4'-
diaminotriphenylamine with triphosgene, affording the 4,4'-
diisocyanatotriphenylamine 17 as a brown solid whose sturcture was confirmed by *H 
NMR and high resolution MS (observed 327.1007, calc. 327.1008 amu). Further 
substantiation of 17 was garnered by observation of a strong NCO absorption at 2261 
cm -1 by FT-IR. 

Figure 5. Synthesis of NLO-containing diols. 

A phosphorylated stilbene containing polyurethane 18 was synthesised by 
triethylamine-catalyzed reaction of N,N-diethanol-4'-amino-4-stilbenephosphonic acid 
diethyl ester 15 with the charge transporting diisocyanate 17, as shown in Figure 6. 
A greenish polyurethane with perfectly alternating CT and NLO moieties was 
obtained, having X^^ = 316 nm and absorption extending to 438 nm. The relatively 
long absorbance maximum is suggestive of some charge transfer interaction between 
the NLO chromophore and the CT unit. The TGA analysis showed that this polymer 
is highly thermally stable, it decomposes only after 246 °C. The 1\, of the material 
was found to be 175 °C. These results indicate that the material soufu have sufficient 
stability of poled order. 

A nitro analog to polyurethane 19 was prepared by triethylamine-catalyzed 
polycondensation of (N,N-diethanol)-4'- amino-4-nitrostilbene 16 and the charge 
transporting diisocyanate 17 (Figure 6). The Xmax for 19 was also 316 nm but its 
absorption extended out to 548 nm. The *H NMR spectrum was consistent with the 
polyurethane structure. The TGA analysis revealed high thermal stability of the 
polymer, with decomposition beginning at 247 °C. The T g of polyurethane 19 was 

X = P(OXOEt)2 (3) 
X = N02 (4) 

H 

X = P(OXOEt)2 (15) 
X = N0 2 (16) 
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167 °C, indicating the material should exhibit a highly stable poled order and would 
possess good thermal stability. Thus, it was demonstrated that this methodology is 
versatile, allowing for ready preparation of well-defined polyurethanes with alternating 
CT and NLO moieties. 

X = P(0)(0Et)2 (15) N L O 
X = N02(H» 

Figure 6. Synthesis of polyurethanes with alternating CT and NLO units. 

Polyimides 
In order to realize high T g and high thermal stability, the synthesis of well-defined, 
single component polyimides was undertaken. The fluorinated dianhydride 6-FDA 
was selected to achieve both good solubility and high thermal stability. The aromatic 
polyimide moiety has also been postulated to assist in charge transport (22). Two 
approaches were investigated. The first approach involved preparing a multifunctional 
diamine bearing CT and NLO functionality, and conducting a condensation 
polymerization between the diamine and 6-FDA. The second strategy called for the 
preparation of an arylhalide-containing polyimide, followed by Heck reaction with 
appropriately derivatived styrene. Both methods are described below and result in the 
formation of polyimides with diamines units comprised of CT triarylamine-based NLO 
chromophores. 

Brominated polyimide 2 0 was prepared with a view of making multifunctional PR 
polyimides with different NLO chromophores. N-(4-bromophenyl)-N,N-bis(4-
aminophenyl)amine (a charge transporting diamine) was subjected to polycondensation 
with 6-FDA, as shown in Figure 7. The intermediate polyamic acid was chemically 
imidized. Polyimide 20 was also obtained as a green powder, soluble in THF and 
DMF. The absorption spectrum revealed a maxima at 318 nm and absorption ranging 
from 246 - 414 nm. Polyimide 20 was highly thermally stable and displayed a T g of 
137 °C. It was stable until a temperature of 216 °C, after which only a 1.5% weight 
loss occurred between 216 °C and 500 °C. NMR and elemental analysis clearly 
established formation of the product IR was a useful diagnostic tool to identify the 
formation the polyimide through observation of characteristic imide and Ar-Br bond 
stretching absorptions. 

To demonstrate the usefulness of 2 0 as a building block to create single component 
PR polymers, it was treated with styrene phosphonate 3 in a Pd-catalyzed Heck 
reaction (Figure 8). A deep red, THF and DMF soluble powder was obtained having 
m̂ax = 2^4 nm and an absorption range of 258 - 576 nm. The T g for phosphorylated 

polyimide 21 was relatively high at 212 °C and no weight loss was detected up to 230 
°C. *H NMR and IR spectroscopic analysis were consistent with the structure. 
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Chemical Imidization 
Pyridine, Acetic Anhydride 

N 

Figure 7. Synthesis of brominated polyimide 20. 

The second approach to create PR polyimides involved preparation of a diamine 
possessing both CT and NLO moieties. N,N-Bis(4-aminophenyl)-4-
stilbenephosphonic acid diethyl ester 22 was designed with the view of making a 
single component system wherein the charge transporter and the NLO chromophore 
are incorporated as one unit. The synthesis of this chromophore highlights the 
effectiveness and generality of the Heck reaction, as shown in Figure 9. 

N,N-Bis(4-nitrophenyl)-4-bromoaniline was generated by the reaction of 4-
fluoronitrobenzene and 4-bromoanilinein the presence of CsF in DMSO (23). The 
resulting dinitrotriphenylamine was then reduced with either 5 wt% of 5% Pt/C or 4 
wt% of 5% Pd/C and hydrogen, affording good conversion to N,N-bis(4-
aminophenyl)-4-bromoaniline. Controlling the wt% of Pt or Pd was essential in 
avoiding reduction (displacement) of bromine, higher weight percents lead to a mixture 
of products resulting from reduction of nitro and bromine. The final step in this 
sequence involved the Heck reaction between the diarninobromotriphenylamine 
derivative and styrene phosphonate 3. J H NMR indicated the presence of the trans 
stilbene olefinic protons. FT-IR clearly indicated the presence of a trans stilbene 
double bond from the stretches at 159 cm"1 and 965 cnr1. The P=0 stretch at 1274 
cm"1 and the P-O-C stretch at 1128 cm"1 and 1070 cm'1 were clear indication of 
formation of diamine 22. Phosphorylated diamine 22 exhibited UV-visible 
absorbance from 270 - 522 nm with = 406 nm. 

In the final step of this strategy, the CT/NLO diamine 22 underwent 
polycondensation with 6-FDA, resulting in formation of phosphorylated polyimide 2 3 
(Figure 10). The reaction was carefully monitored for color and viscosity changes, 
and chemical imidization was utilized to complete the imide bond formation. 
Polyimide 2 3 was obtained as dark brown solid, soluble in THF and DMF. The 
polymer had a broad absorption band with the maxima at 298 nm, ranging from 260 -
476 nm. Polyimide 2 3 was very stable up to 249 °C, with a T g observed at 167 °C. 
This clearly indicates the possibility of long term stability and stable poled order. lH 
NMR and elemental analysis unambiguously indicated formation of the desired 
polymer. In fact, other than the T g , polyimides 21 and 2 3 were very similar. 
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0 « P - O E t I 
OEt 

Figure 8. Synthesis of phosphorylated polyimide 21 via Heck reaction of 20. 
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6-FDA 

Figure 10. Preparation of phosphorylated polyimide 2 2 via polycondensation of 21 
and 6-FDA. 

Conclusions 

The palladium-catalyzed Heck reaction proved to be a very efficient and atom 
economical approach to synthesize stilbene derivatives on polymers as disparate as 
polysiloxanes and polyimides. A variety of different donor-acceptor substituted 
stilbenes have been synthesized. The regiospecific bromination and Heck reactions 
clearly show the utility and the generality of these processes to controllably and 
efficiently modify polymers. 

CT and NLO-containing polyimides were successfully prepared by two distinct 
strategies. These polymers displayed very high thermal stability (up to 250 °C) and 
had high T gs. Through Pd-catalyzed coupling reactions, the brominated rx>lyimide 
should prove useful as a substrate for creation of an array of PR polyimides 
possessing different NLO moieties. 

Two different polyurethanes with well-defined, alternating NLO and CT units were 
prepared through a rationally designed synthesis. The UV-visible spectrum revealed 
some charge transfer interaction between the NLO chromophore and the CT unit. The 
polyurethanes synthesized have high thermal stability up to 240 °C, with relatively 
high T«s, a clear indication that good long term stability can be expected from these 
materials. This represents the first report of the use of a phosphonate ester group as an 
electron-withdrawing group in the synthesis of stilbenoid photorefractive polyurethane 
and polyimide-based polymers. 
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Chapter 18 

Stimuli-Responsive Behavior 
of N,N-Dimethylaminoethyl Methacrylate Polymers 

and Their Hydrogels 
Fu-Mian Li, Shuang-Ji Chen, Fu-Sheng Du, Zhi-Qiang Wu, and Zi-Chen Li 

Department of Chemistry, Peking University, Beijing 100871, China 

In this chapter, we report on the thermo- and pH-responsive behavior of 
poly(N,N-dimethylaminoethyl methacrylate) (poly(DMAEMA)) in aqueous 
solution as well as those of the hydrogels prepared from the slightly 
crosslinked homopolymer and copolymers. The nature of the thermo
-responsive behavior is the balance of hydrophobility and hydrophilicity of 
poly(DMAEMA), while the pH-sensitive behavior is due to the existence of 
tertiary amino-group, which becomes protonated with the decrease of pH 
of the aqueous medium. These properties of poly(DMAEMA) were used to 
develop hydrogels with good comprehensive properties including 
mechanical properties through copolymerization of DMAEMA with other 
(meth)acrylate derivatives, among which the copolymers and hydrogels 
prepared from DMAEMA and butyl methacrylate (BMA) were studied in 
detail. By using a unique method and photoredox system to initiate the 
copolymerization of DMAEMA with BMA, a kind of strongly stuck stable 
asymmetric bilayer sheets which show reversible thermo- and pH
-responsive behavior was developed as an intelligent soft material. 

Polymers and hydrogels which are sensitive to environmental stimuli, such as tem
perature, pH, light, ionic strength, magnetic field, electric field, have promising 
potential applications in the field of drug delivery systems, separation, artificial 
muscle, chemo-mechanical systems, sensors, and so on (7). One of the hot areas of 
research of stimuli-responsive polymers and hydrogels focuses on the thermal-
responding behavior of polymers and hydrogels of N-isopropylacrylamide (NIPAAm) 
(2,3). The polymers of acrylate derivatives having aliphatic tertiary amino-group 
effectively respond to the change of pH of the environment, and we have reported 
the combined thermo- and pH-responsive behavior of polyacrylates having 
morpholinyl moieties (4,5). In this chapter, the thermo- and pH-responsive behavior 

266 © 1999 American Chemical Society 
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of N,N-dimethylaminoethyl methacrylate (DMAEMA) polymer, its copolymers and 
hydrogels have been investigated aiming at the preparation of a hydrogel not only 
possessing stimuli-responsive behavior but also with good mechanical properties. 
More important, by using a unique photopolymerization system, we prepared a 
strongly stuck asymmetric bilayer sheet which shows reversible thermo- and pH-
responsive behavior with good mechanical properties. 

Thermo-responsive Behavior of PolyfDMAEMA) in Aqueous Solution 

With the increase of temperature, the poly(DMAEMA) solutions abruptly become 
opaque. This temperature-sensitive behavior is caused by the dehydration of the 
hydrated DMAEMA molecules in the polymer chain above transition temperature. 
Depending on the thermo-responsive polymer and its concentration in aqueous 
media, the critical point of phase separation or the cloud point (CP.) can be quite 
different. This was examined in our case by monitoring the temperature-dependent 
transmittance changes at 550nm of poly(DMAEMA) in deionized water as shown in 
Figure 1. For a given concentration of poly(DMAEMA), the solution shows a dis
tinctive reversible transition in a few seconds within a narrow temperature range. 
With the increase of the concentration of poly(DMAEMA), the CP. shifts to lower 
temperature. For example, the CP. of 1.0 wt% polymer solution is 52 °C, whereas 
that of 10 wt% is 40 *C. This can be explained by the polymer chains association in 
concentrated aqueous solution which is easier than that in diluted one. The thermo-
responsive property of poly(DMAEMA) in solution has been used by Okubo as a 
thermo-sensitive coagulant and by Ito for a thermo-sensitive light shield (6,7). 

Additionally, monomelic DMAEMA and its model compound, N,N-dimethyl-
aminoethyl iso-butyrate (DMAEiBA), show similar temperature-sensitive behavior 
in aqueous solution as poly(DMAEMA), but the CP. of DMAEMA solution is much 
lower than that of its polymer solution at the same monomeric unit concentration; 
the CP. shifts to higher temperature with the increase of monomer concentration, 
which is just opposite to the trend for poly(DMAEMA) aqueous solution. 

Thermo-responsive Behavior of DMAEMA Hydrogels 

DMAEMA hydrogels were prepared by bulk (0.5 wt% 2,2-azobisisobutyronitile, 
AIBN, as an initiator, 60 °C, 24hr.) or aqueous polymerization (0.5 wt% ammonium 
persulfate, APS, as an initiator, 25 °C, 48hr.) in the presence of various amounts of 
ethylene glycol dimethacrylate (EGDMA) as a crosslinker. The crosslinked DMA
EMA hydrogel swells and shrinks in response to temperature change reversibly as 
the other well-known thermo-responsive hydrogels. Shown in Figure 2 is the tem
perature-dependent change of swelling ratio (S.R.) for poly(DMAEMA) hydrogel, 
which was prepared by initiation with AIBN in bulk and crosslinking with 1.0 wt% 
EGDMA. The hydrogel shrinks instantaneously when the temperature is higher than 
45 °C. This temperature is usually referred as phase separation temperature which 
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Figure 1. Temperature-dependent transmittance changes of poly(DMAEMA) 
aqueous solutions. Conc.(wt%): A. 1.0; B. 2.5; C. 5.0; D. 10.0. 

6 

20 30 40 50 60 70 

Temperature/°C 

Figure 2. Swelling ratio of poly(DMAEMA) hydrogels in deionized water as a 
function of temperature. Hydrogels were prepared by bulk polymerization with 
1.0wt% EGDMA as a crosslinker. 
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reflects the thermo-responsive behavior of hydrogels. The physical properties of this 
thermo-responsive poly(DMAEMA) hydrogel, including equilibrium swelling ratio 
and the phase separation temperature, were studied, and it was found that they are 
very much dependent on the preparative procedure. For example, poly(DMAEMA) 
hydrogels prepared by bulk polymerization show better mechanical properties, 
smaller swelling ratio and less sensitive thermo-responsive behavior. On the contrary, 
the hydrogels from aqueous medium by using APS as an initiator show poor 
mechanical properties even though they have larger swelling ratios and sensitive 
thermo-responsive behavior (see Table II). 

DSC measurement is an effective means to understand the thermal behavior of 
hydrogels whether caused by physical or chemical factors (8,9). Figure 3 shows the 
DSC traces of poly(DMAEMA) hydrogel in dry state and swollen state (S.R=2.5). It 
can be seen that in swollen state, the sharp transition near -2 °C and broad transition 
near 3 °C were due to the melting endotherms of freezable bound water and free wa
ter, respectively (10). The transition at around 48 °C is the characteristic endotherm 
of phase separation resulted from the dissociation of bound water and polymer 
chains. This temperature corresponds well with that obtained from the temperature-
dependent swelling ratio change as discussed above and supports the conclusion that 
poly(DMAEMA) hydrogel is a thermo-responsive hydrogel similar to poly(NLPAAm) 
hydrogel as reported by Otake et al. (77). In dry state, poly(DMAEMA) hydrogel 
displays its glass transition temperature at about 30 °C as shown in Figure 3A, while 
in the swollen state, this temperature shifted downward to about 20 °C. 

pH-responsive behavior of poly(DMAEMA) in aqueous medium and 
poly(DMAEMA) hydrogel 

Since D M A E M A has an aliphatic tertiary amino-moiety, pH value of the medium 
will very much affect its thermo-responsive behavior. Both pH-dependent transmi-
ttance changes in poly(DMAEMA) aqueous solution or pH-dependent swelling ratio 
change of poly(DMAEMA) hydrogels indicate that a discontinuous change near 
pH=7 was observed, which is similar to the results reported by Siegel et al. (72). In 
aqueous solution and at room temperature, when the pH value was higher than 7, the 
clear solution of linear poly(DMAEMA) would become opaque and the poly-
(DMAEMA) hydrogel would shrink. At a certain pH value, both D M A E M A linear 
polymer and its hydrogel show phase separation with the change of temperature and 
this phase reparation temperature increases with the decrease of pH of the medium. 
In a strongly acidic medium, such as pH=1.0, there is no phase transition point 
within the temperature range from 10 to 80 °C for both linear poly(DMAEMA) and 
poly(DMAEMA) hydrogels. Changing pH value should influence the degree of 
protonation of tertiary amino group of D M A E M A , which would change the polymer 
hydrophilicity. The highly protonated tertiary amino group in acidic medium will 
increase the polymer hydrophilicity as well as electron-statically repel polymer 
chains, thus resulting in the increase of CP. . 
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Figure 3. DSC thermograms of poly(DMAEMA) hydrogel in (A) dry state and 
(B) swollen state. (SR. =2.5). 
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Properties of Copolymers of DMAEMA with Other Acrylate Derivatives 

Though poly(DMAEMA) in aqueous solution and poly(DMAEMA) hydrogel show 
reversible thermo-responsive behavior, the lack of mechanical strength would limit 
their application. In order to solve this problem and also to vary the swelling ratio 
and phase separation temperature of poly(DMAEMA) hydrogel, the copolymers of 
D M A E M A were prepared with different acrylate derivatives in the presence and 
absence of crosslinker. The comonomers used were methyl methacrylate (MMA), 
methyl acrylate (MA), butyl methacrylate (BMA), butyl acrylate (BA), wobutyl me
thacrylate (/-BMA), wobutyl acrylate (/-BA), 2-hydroxyethyl methacrylate (HEMA) 
and 2-hydroxyethyl acrylate (HEA). The properties of hydrogels prepared from 83 
mol% of D M A E M A and 17 mol% of comonomer with 1.0 wt% E G D M A as a cross-
linker are summarized in Table I. Both the S.R and phase separation temperature of 

Table I. Properties of hydrogels prepared from copolymers of DMAEMA and 
comonomers (feed molar ratio: DMAEMA/comonomer=83/l 7 )* 

M M A B M A / -BMA H E M A M A B A /-BA HEA 
S.R. 2.3 1.6 1.7 2.4 3.6 1.8 1.9 3.5 

T(°C)FL 30-37 24-29 25-29 32-43 31-39 26-30 28-31 31-39 
* Prepared in bulk, 1.0 wt% EGDMA as a crosslinker. 
a Phase separation temperature as detected by temperature-dependent swelling ratio 
measurement. 

the copolymer hydrogels are lower than those of the pure poly(DMAEMA) hydro
gels. Also, those for the hydrogels prepared from copolymers of D M A E M A and 
acrylates are higher than those for the corresponding methacrylates. 

Some properties of these copolymers have been reported (12,13). The 
mechanical properties including tensile strength and tenacity of the hydrogels from 
the above copolymers Were tested here. They showed improved mechanical proper
ties compared to those of the poly(DMAEMA) hydrogels. Especially, the hydrogel 
prepared by the copolymerization of D M A E M A and B M A demonstrated substan
tially improved mechanical properties and this promoted us to study in more detail 
the thermo- and pH-responsive behavior of hydrogels from D M A E M A - B M A 
copolymer aiming at the development of an useful intelligent soft material. 

Table II shows the influence of B M A content on the phase separation temperature, 
swelling ratio and mechanical properties including tensile strength and elongation of 
D M A E M A - B M A copolymer hydrogels. It can be seen that with the increase of 
B M A content in copolymers, both the phase separation temperature and the swelling 
ratio decrease while the tensile strength and elongation increase. This can be 
attributed to the decrease of hydrophilicity of the copolymers with the increase of 
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Table II. Effect of BMA content on the properties of DMAEMA-BMA 
copolymer hydrogels* 

BMA/ Phase separation 
S.R. Tensile strength Percent of 

DMAEMA" temperature ("C) S.R. (Kg/cm2) Elongation (%) 
0* 47-49 35.2 <0.001 -
0 47-50 5.1 0.008 1.3 

9/91 34-37 3.9 1.2 1.6 
17/83 31-34 3.2 4.5 5.0 
23/77 29-32 2.4 8.0 7.4 
29/71 28-31 2.0 8.7 8.0 
33/67 19-23 1.8 13.6 7.8 

* Prepared in bulk, 0.5 wt% EGDMA as a crosslinker. 
a Feed molar ratio. 
* Prepared in aqueous solution, 1.0 wt% EGDMA as a crosslinker. 

BMA content as a comonomer. When the feed ratio of BMA was increased to 33 
mol%, the phase separation temperature shifted from 50°C of the pure DMAEMA 
hydrogels to about 20°C of the DMAEMA-BMA copolymer hydrogels. In addition, 
increase in the amount of crosslinker used decreased the swelling ratio and increased 
the tensile strength of the copolymer hydrogels, while the elongation seemed 
unaffected. Thus, hydrogels based on DMAEMA with satisfied comprehensive 
properties can be obtained through carefully selecting the experimental conditions. 

pH-responsive Behavior of Bilayer Sheet 

An intelligent soft material with satisfied mechanical properties constructed by 
BMA homopolymer layer and DMAEMA-BMA copolymer layer was prepared via a 
two step photopolymerization procedure as developed by us as outlined in Figure 4. 
Here Layer A is totally hydrophobic with only a very small amount of DMAEMA 
to form a redox system with benzophenone (Bp). The composition of Layer B can 
be adjusted by varying the monomer ratio. The thickness of the two layers can also 
be easily adjusted. The merit of this two step photopolymerization procedure is that 
these two layers can be stuck tightly and will not strip even when immersed into 
water for a long time, which is due to the penetration of the interface between the 
two layers. The photopolymerization was conducted by using photoredox initiation 
system. One of the well-known photoredox initiation system of photopolymerization 
for vinyl monomers consists of Bp and an aliphatic tertiary amine, such as triethyl-
amine (TEA). The advantage of Bp-TEA photoredox initiation system is that the 
polymerization can be performed in the environment exposed to air at room 
temperature, and the oxygen does not inhibit the polymerization, but accelerates the 
polymerization instead. The mechanism of this photo-redox system involves: 
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BMA 
Bp, EGDMA 

UV irradiation 
Layer A 

DMAEMA/BMA 
(varying molar ratio) 
Bp, EGDMA 

Layer B 
UV irradiation 

Figure 4. Schematic preparation of asymmetrically stimuli-responsive sheet 
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C H 3 C H N ( C H 2 C H 3 ) 2 + 0 2 

O - O -
I 

C H 3 C H N ( C H 2 C H 3 ) 2 

O — O - O — O H 
I I 

C H 3 C H N ( C H 2 C H 3 ) 2 + T E A ^ C H 3 C H N ( C H 2 C H 3 ) 2 

C H 3 C H N ( C H 2 C H 3 ) 2 

Since DMAEMA is an aliphatic tertiary amine, the N,N-dimethylaminoethyl 
moiety of DMAEMA can form a photoredox system with Bp to initiate the 
photopolymerization of itself. The photopolymerization can be carried out at very 
mild conditions. If the Bp is polymerizable, for example, 4-methacryloyl benzo-
phenone, a polymerizable photoredox initiation system will be formed (14). Figure 5 
illustrates the thermo- and pH-responsive shape change of asymmetric bilayer sheet 
made from DMAEMA-BMA copolymer. Since Layer B, in this case, is more 
hydrophobic than Layer A , the bilayer sheet exhibits an asymmetrical shape change 
against the pH or temperature change of the environment. 

Table III. Curling time (min.) of bilayer sheets from DMAEMA-BMA 
copolymer hydrogels of different composition at different pH values* 

pH 
DMAEMA/BMA (molar ratio, layer B) 

pH 
1:9 2:8 3:7 1:2 

1.0 45 24 15 16 
3.0 47 20 15 10 
5.0 60 35 27 17 

Preparation of bilayer sheet: Layer A: DMAEMA/BMA= 1/1 (molar ratio), 1.0 wt% 
Bp, 2.0 wt% EGDMA, UV irradiation for 2 hrs, then Layer B of different composi
tion with 1.0 wt% Bp and 2.0 wt% EGDMA was irradiated by UV light for lOhrs, 
Size: 40mm x 5mm x 4mm (thickness of each layer is 2mm).. 

Other types of bilayer sheet made from DMAEMA and BMA can be prepared 
by using the same method and changing the two layer compositions. The pH-
responsive behavior of one kind of bilayer sheet (Layer A: DMABMA\BMA=1/1; 
Layer B: DMABMA\BMA=l/4, both are in molar ratio) was examined in detail by 
placing the sheets in deionized water as shown in Figure 6. It can be seen that the 
bilayer began to curl very quickly. Since Layer A is more hydrophilic than Layer B, 
the sheet bent gradually until a circle was formed. The curling time, the time when 
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, DMEMA-BMA 
1 Copolymer Hydrogel 

V 
Coated with poly(BMA) layer 

Figure 5. Schematic illustration of thermo-and pH-responsive change of asy
mmetric bilayer sheet made from DMAEMA-BMA copolymer. 

Figure 6. Time-dependent change of the asymmetric bilayer sheet made from 
DMAEMA-BMA copolymer in deionized water of pH 5.0. (inner layer: DMA-
EMA/BMA=l/4, exterior: DMAEMA/BMA=1/1, by mole). 
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the straight sheet changed to circle, was used to describe this behavior. Depending 
on the compositions of the two layers and the pH value of the medium, the curling 
time can be adjusted as desired, which was shown in Table HI. Based on these 
results, an intelligent soft material with controllable mechanical properties can be 
designed and prepared for practical purpose. 
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Chapter 19 

Thermoreversible Gelation of Syndiotactic 
Poly(methyl methacrylate) Based Block Copolymers 

in o-Xylene 
J. M. Yu1 and R. Jerome 

CERM, University of Liege, B6 Sart-Tilman, 4000 Liege, Belgium 

Thermoreversible gelation has been studied in o-xylene for 
syndiotactic poly(methyl methacrylate) based block copolymers. The 
dynamic properties of solutions and gels have been analyzed and 
discussed on the basis of scaling assumptions. At the gel point, 
where the loss angle tan δc=G"/G' is independent of the probing 
frequency, the samples obey the typical power law G'(ω)~ G"(ω) ~ ω 

Δ . The scaling exponent Δ is found in the 0.65-0.75 range, 
independently of the experimental conditions, the copolymers 
composition and the nature of the midblock. Modulus-frequency 
master curves have been built up by using appropriate reaction time 
dependent renormalisation factors for the individual frequency and 
modulus data. The scaling of these factors with reaction time has 
allowed to calculate the static scaling exponents for the increase 
observed in both modulus and viscosity. 

The study of polymer gels has stimulated considerable interest from both theoretical 
and experimental points of view. In the last decade, much attention has been paid to 
modifications in the structure and viscoelastic properties of systems going through a 
sol-gel transition. As a rule, gelation may be of physical or chemical origins, 
depending on the structure of the cross-links. In physical gels, the cross-linking is 
reversible and the cross-linking sites can be of a large size and of a high functionality. 
In contrast, chemical gels are permanently cross-linked by covalent bonds and the 
branching point has a well-defined functionality, i.e. that one of the cross-linker. 

Chemical gelation has been extensively investigated by sophisticated 
experiments (7) and accounted for by different theories from the original mean-field 
theory of Flory (2) to the concept of fractal geometry and the connectivity transition 

Current address: ICI Polyurethanes, Everslaan 45-B-3078 Everberg, Belgium. 
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model of percolation (1,3,4). A special attention has been paid to the viscoelastic 
behavior of near-critical gels (5-14). Analysis of the dynamics near the critical gelation 
point has led to predictions for the frequency dependence of shear storage and loss 
moduli (eq.l) 

G*(©)=G,(a))+iG,,(co) (1) 

where G*(G>), G'(G>) and G"(G>) are the complex, storage and loss moduli, 
respectively, and © the angular frequency. At the gel point, these moduli are predicted 
(5-7) and observed(5,#,9) to scale with frequency(f) according to eq.2 

G W - G ' W - C D A (2) 

where ®=2nf, f is the frequency and A is the scaling exponent. 
As a rule, the loss angle at the gel point (Sc) which is a measure of the phase 

difference between G' and G" (G7G'=tan 8C), has an universal value at least at low 
frequencies^) 

8c=A(7t/2) (3) 

Analysis of dynamics at the gel point and theory of viscoelasticity provide a 
method to determine the static scaling exponents. Indeed, scaling arguments allow to 
show that the viscoelastic functions, G' and G", at different stages of the network 
formation, can be superimposed into a master curve, provided that frequency and 
complex modulus are renormalized by appropriate reaction time (tr) dependent 
factors. The theory shows that the renormalisation factors for the frequency and the 
complex modulus are the longest relaxation time (T z) and the steady-state creep 

compliance (J e °) (15), respectively, which at the gel point scale with e = (I tr-tg I )/tg, 
according to eqs.4 and 5 

J e ° ~ e - t (5) 

In these expressions, tg is the reaction time at gel point, s and t are the static scaling 
exponents which describe the divergence of the static viscosity, r|0~ s"s, at tr<tg and 
the static elastic modulus, Go ~ e - t, at tg<tr. The gelation mechanism has been 
discussed on the basis of several models based on the percolation theory (for review, 
see ref. 16), that provide power laws for the divergence of the static viscosity and the 
elastic moduli. Characteristic values for the s, t and A exponents are predicted by each 
of these models (Table I). 

In contrast to chemical gelation, physical gelation is not so well understood. 
The transient nature of the physical network junctions makes it difficult to study these 
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systems near the gel point. According to de Gennes (/), the physical gelation can 
either fit the universal law for "strong gelation" or be comparable to a "glass 
transition" which is then referred to as "weak gelation". Although A=0.7 is reported 
for chemical gels (8,9\ A is observed in the range of 0.1 to 0.8 for physical gels (10-
12). 

This paper is a discussion of the main results we have on the thermoreversible 
gelation of block copolymers of the MXM type in o-xylene, where M is syndiotactic 
poly(methyl methacrylate) (sPMMA) and X is either polybutadiene (PBD), 
hydrogenated PBD (PEB), poly(styrene-b-butadiene-b-styrene) (SBS) triblock or the 
hydrogenated version of this triblock (SEBS) (25-28). 

Table I. Predicted and experimental exponents for the evolution of structure and 
viscoelasticity near the gel point 

t s D Ref. 
Theories 

Mean Field 3 - 1 2,3 
Percolation Electrical Analogy 1.94 0.75 0.72 1, 17 
Percolation Rouse approx. 2.7 1.32 0.67 6, 16 

Experimental 
Chemical Gels 

Tetraethoxy silane 2.2-2.6 0.79-0.99 0.70-0.72 18 
Epoxy - 1.4 0.70 19 
Polyurethane - - 0.69 20, 44 
Polyester - - 0.69 7 
Polysaccharide - - 0.70 21 

Physical Gels - -
10% PVC 0.80 12 
Crystallizing polypropylene - - 0.13 10 
Bacterial Elastomer - - 0.11 22 
Gelatin 1.82 1.48 - 13 
Gelatin 0.62 23 
Gelatin, /-carrugeenan, - - 0.50-0.65 11 

xanthan-carob 
Pectin 1.93 0.82 0.70 24 

Materials and sample preparation 

The MXM block copolymers were prepared by sequential anionic polymerization of 
butadiene, styrene and methyl methacrylate with the diadduct of f-BuLi onto m-
diisopropenylbenzene (m-DIB) as a difunctional initiator. The MB diblock copolymer 
was prepared in the same way except for a monofunctional initiator. Details on the 
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synthesis (29) and subsequent hydrogenation (30) of the polybutadiene blocks were 
reported elsewhere. Chemical composition, molecular weight and chain 
microstructure of the MXM copolymers are listed in Table II. 

sPMMA was prepared by anionic polymerization in THF at -78°C by using the 
reaction product of s-BuLi with one equivalent of 1,1-diphenylethylene (DPE) as 
initiator (37). iPMMA was synthesized by anionic polymerization of MMA initiated 
by f-butylMgBr in toluene at -78°C (32). The molecular characteristics of sPMMA 
and iPMMA are reported in Table U. 

Homogeneous solutions of homo sPMMA, MB and MXM copolymers, added 
with sPMMA or not, were prepared in o-xylene at 80°C. Solutions of blends of 
sPMMA - polybutadiene (PBD) - sPMMA, or MBM triblock copolymers, with 
iPMMA were prepared in o-xylene at 130°C. 

Table II. Characteristics of homo PMMA and MXM block copolymers 
(M being syndiotactic PMMA). 

samples midblock Mn (xl03)b Mw/Mn syndio(%)c l,2-unitsc 

(X)* (MXM) in PMMA inPBD(%) 
M l / 30 1.15 80 
M2 / 78 1.10 80 
iPMMA / 30 1.10 d 

MB / 40-80 1.10 78 44 

MBM1 B 25-80-25 1.10 80 41 
MBM2 B 35-36-35 1.10 77 47 
MBM3 B 46-36-46 1.10 77 43 
MBM4 B 51-77-51 1.10 79 46 
MBM5 B 51-100-51 1.10 80 45 
MBM6 B 12-50-12 1.10 78 15 
MBM7 B 13-61-13 1.10 77 68 

MEBM1 EB 25-80-25 1.10 80 
MSBSM SBS 19-18-79-18-19 1.10 79 44 
MSEBSM SEBS 19-18-79-18-19 1.15 79 
a B=polybutadiene, EB=hydrogenated polybutadiene, SBS=poly(styrene-6-butadiene-
2>-styrene), SEBS=hydrogenated SBS, I=isoprene;b measured by SEC and lH NMR; 
c measured by lH NMR; d iso(%)=90 

Investigation techniques 

The final structure of polymer solutions in o-xylene was investigated by infrared (IR). 
DSC measurements were carried out under nitrogen atmosphere in sealed pans at a 
heating rate of 20° C/min. 
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The dynamic mechanical properties were measured in the linear regime with a 
Bohlin CS apparatus equipped with coaxial cylinders (d = 25 mm). The polymer 
solution, preheated at 80°C (or 130°C), was rapidly added between the coaxial 
cylinders thermostated at the requested temperature. Solutions were cooled from 
80°C or 130°C down to the requested temperature within ca. 1 minute (as measured 
with a thermocouple) and the measurements were then immediately started. 

Thermoreversible gelation 

On cooling a MXM block copolymer solutions of a high enough concentration in o-
xylene, a transparent gel was formed at temperature lower than 25°C. Conversely, the 
subsequent heating of this gel resulted in a transparent solution. This sol-gel transition 
is reversible. At room temperature, the gel is fragile at low concentration (<5wt%) 
and it becomes stronger at higher concentration (>10wt%). MBM/iPMMA blends in 
o-xylene form stronger gels than MBM. 

Mechanism of the gelation 

It is well-known that syndiotactic poly(methyl methacrylate) (sPMMA) could 
crystallize in the presence of some solvents (33, 34). This phenomenon is strongly 
dependent on the PMMA stereoregularity and the solvent used. The aggregation 
takes place in some solvents, such as o-dichlorobenzene, butyl acetate and o-xylene, 
even in dilute solutions as result of interactions between long parallel syndiotactic 
sequences. 

Solutions of sPMMA homopolymer in o-xylene have been extensively 
investigated. It has been shown (35, 35) that extended helices are formed in oriented 
swollen films. The solvent participates to the intermolecular association of the 
sPMMA chains and it is incorporated into the ordered structure. Spevacek et al. (37, 
38) have observed a regular chain conformation by IR and particularly the transition 
from a predominantly trans gauche (TG) to an all trans (TT) conformation when 
sPMMA is dissolved in o-xylene, as indicated by an increase in the intensity of the -
CH2- rocking vibration at 860 cm"1 at the expense of the intensity of the vibration at 
843 cm"1. Recently, Berghmams et al. have investigated the mechanism for the 
thermoreversible gelation of homo-sPMMA solutions in o-xylene (34) and in toluene 
(39). They have proposed a two-step mechanism, the first step being a fast 
intramolecular conformational change, followed by a time dependent intermolecular 
association into a tridimensional network. This mechanism has been extended to 
MBM triblock copolymers (Scheme 1). 

When iPMMA is added to MBM block copolymers, stereocomplexation between 
iPMMA and sPMMA chains occurs. A melting point as high as 185°C has been 
observed for toluene cast iPMMA/MBM blends (40). 

IR analysis. The mechanism of the thermoreversible gelation has been investigated by 
the IR analysis of the parent sol and gel. Indeed, the self-association of sPMMA in o-
xylene has been is accompanied by a change in the chain conformation, as observed in 
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_ i 1 » J + o-xylene 

V A J ^ 
Instantaneous conformational 

f change of sPMMA block 

(Sol) 

Time-dependent intermolecular 
association of sPMMA block 

(Gel) 

PBD sPMMA 

QUUViaSL Organized sPMMA 

Scheme 1. Gelation of MBM triblock copolymer in o-xylene (Reproduced with 
permission from Ref 25, Copyright 1996 Elsevier Science) 
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the frequency range for the carbonyl stretching vibration (1700 -1750 cm"1) and for 
the -CH 2 - rocking vibration at 843 and 860 cm"1 typical of TG and TT 
conformations, respectively. Figure 1 compares the IR absorption of a 10wt% MBM 
solution in CHC13 (Figure la) and in o-xylene (Figure lb, c). In CHCb the sPMMA 
self-association does not occur (33) and the C = O absorption is observed at 1731 cm" 
1 (Figure la). In contrast, a gel is formed in o-xylene, and an additional absorption is 
observed at a higher wave number (1738 cm"1) at room temperature (Figure lb), 
which is characteristic for intermolecular interactions (34). When this gel is heated up 
to 80°C, the absorption at 1738 cm"1 disappears and a symmetrical absorption is again 
observed for the C = 0 stretching vibration at 1733 cm"!(Figure lc), consistently with 
the dissociation of the tridimensional sPMMA network. Figure 1 also shows the 800-
870 cm"1 absorption range with a well-defined band at 843 cm"1 and a shoulder at 860 
cm*1 in CHCI3 (Figure la). The intensity of the absorption at 860 cm"1 is dramatically 
increased at the expense of the peak at 843 cm"1 when a gel is formed in o-xylene 
(Figure lb). This modification is characteristic of a transition from a random coil into 
a regular all-trans conformation for the sPMMA chains (34). This absorption pattern 
remains unmodified when the gel is melted by heating at 80°C (Figure lc) except for a 
decrease in relative intensity. This observation indicates that the regular helix 
conformation of sPMMA persists upon the chain dissociation. These observations for 
solutions of MBM in o-xylene confirm that the two-step mechanism proposed for the 
self-association of homo sPMMA (34, 35) can be extended to the MBM triblock 
copolymers. 

Solutions of homo sPMMA M l , MB diblock and MBM1 triblock copolymers 
(Table II) in o-xylene (10wt%) have been studied at 25°C (Figure 2). The regular all-
trans conformation at 860 cm"1 does not dominate in the solution of homo sPMMA 
(Figure 2a). This situation persists even at concentrations as high as 30 wt%. The all-
trans conformation dominates the random coil conformation for the MB diblock 
copolymer (Figure 2b), and this effect is more pronounced when sPMMA is part of 
the MBM triblock copolymer (Figure 2c). It is clear from Figure 2 that the sPMMA 
conformation in o-xylene at 25°C is strongly dependent on the constraints resulting 
from the chemical bonding to an immiscible partner such as polybutadiene. The 
absorption due to carbonyl vibration (1700-1750 cm"1) is also shown in Figure 2. A 
symmetrical absorption for the sPMMA homopolymer is observed at 1731 cm"1, 
whereas this peak is slightly shifted toward higher wave numbers in case of the MB 
diblock copolymer. An additional absorption becomes very pronounced at higher 
wave numbers for the MBM triblock solution. This observation is in agreement with 
the macroscopic properties of these solutions. Indeed, solution of the homo sPMMA 
solution does not form a gel even at 0°C for one week. Gelation of the MB diblock 
solution is rather slow (one day at 0°C), in contrast to gelation of the MBM triblock 
solution which is very fast (a few minutes at 10°C). 

Calorimetric study. Thermal transitions have been investigated by DSC for gels of 
MBM and MBM/iPMMA blends in o-xylene (10wt%) aged at 0°C for one week. 
Figure 3 shows the DSC thermograms typical of three gels, i.e. the MBM1 gel, the 
MBMl/iPMMA gel with a 10/1 s/i mixing ratio and the same formed at a 2/1 mixing 
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1750 1700 880 800 

cur1 

Figure 1. FTIR spectrum of MB Ml (Table II) triblock copolymer solution 
(10wt%) at 25°C in (a) CHC13; (b) o-xylene; (c) o-xylene heated at 80°C 
(Reproduced with permission from Ref.25, Copyright 1996 Elsevier Science) 

Figure 2. FTIR spectrum of a 10wt% solution in o-xylene at 25°C for (a) homo 
sPMMA M l ; (b) MB diblock copolymer; (c) MBM1 triblock copolymer (Table 
II) (Reproduced with permission from Ref.25, Copyright 1996 Elsevier Science) 
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Figure 3. DSC traces of 10wt% solutions in o-xylene of (1)MBM1; (2) 
MBMl/iPMMA (10/1, wt/wt) mixture; (3)JvffiMl/iPMMA(2/l, wt/wt) mixture 
(Reproduced from Ref.27, Copyright 1996 American Chemical Society) 
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ratio. Curve 1 shows a melting endotherm for the MBM1 gel characteristic of the self-
aggregation of the sPMMA outer blocks. The melting region extends over ca. 20°C 
with a maximum at 39°C. When the MBM1 copolymer is added with a minor amount 
of iPMMA with respect to the sPMMA blocks (curve 2), an additional endotherm is 
observed at a much higher temperature (113°C), which is the signature of the 
sPMMA/iPMMA stereocomplexation. When the s/i mixing ratio is decreased from 
10/1 to 2/1, which is actually the optimum mixing ratio for the PMMA 
stereocomplexation (40), the melting endotherm for the self-aggregation of the 
sPMMA blocks completely disappears, in contrast to the melting of the 
stereocomplex which is much better defined (curve 3). Therefore, when MBM 
triblock copolymers are blended with iPMMA in o-xylene, two types of 
intermolecular association could occur, i.e. self-association of the sPMMA outer 
blocks and stereocomplexation of the sPMMA blocks with iPMMA. 

Time dependent gelation 

Figure 4 illustrates how the shear storage (G*) and loss (GH) moduli depend on time at 
a constant frequency of 1Hz at 10, 20 and 25°C, respectively, for a 8wt% MBM1 
(Table II) solution in o-xylene. Originally, the loss modulus G" is higher than G', 
which is characteristic of liquids. Both the moduli increase with time as result of an 
increasing aggregation of the sPMMA blocks. G' however rises faster than G", so 
that the two curves intersect at G' = G" (crossing point) for a time known as the 
crossing time. When the temperature is changed, the general behavior remains 
unchanged excepted for the magnitude of the moduli which decreases with 
temperature and the crossing time increases. This observation is in agreement with the 
thermal dissociation of the sPMMA aggregates that stabilize the chain network. 

It has been reported that the crossing point is independent of frequency at least 
for some chemical gels (9). This behavior has been checked for the physical gels under 
consideration. Figure 5a shows the time-dependence of G' and G" at three 
frequencies: 0.05, 0.2, and 1Hz for a 7wt% MBM1 gel at 24°C (sample Gl , Table 
III). At each constant frequency, a crossing point is observed at different crossing 
times. Clearly, the crossing time is frequency-dependent for the MBM1 solution in o-
xylene at 24°C. Actually, it increases with the frequency and thus with the apparent 
moduli. Figure 5b illustrates the time-dependence of G' and G N at three frequencies, 
0.08, 0.4 and 1Hz for the MBM1 copolymer added with a small amount of iPMMA 
(s/i=20/l) (sample B2, Table IV). Although the general behavior of the original 
MBM1 copolymer (sample Gl) is kept unchanged, the crossing times are shorter, all 
the other conditions being the same. For instance, the crossing time at 1Hz (1200 s) is 
more than six times smaller compared to the neat copolymer (7800 s), which 
indicates that a small amount of iPMMA makes the gelation much faster as result of 
stereocomplexation in addition to the self-association of the sPMMA blocks. The 
modulus at the crossing point at 1Hz (5.1 Pa) is higher compared to the Gl sample 
(3.2 Pa). The gelation rate is increased as the relative amount of iPMMA is larger. A 
decrease in the mixing ratio by a factor of two (s/i=10/l, B4, Table IV) results in a 
quasi instantaneous gelation, since as soon as the first measurement is carried out, G' 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

01
9

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



287 

Figure 4. Shear storage (G') and loss (G") moduli vs. time at 1Hz for a 8wt% 
solution at various temperatures (Reproduced with permission from Ref.25, 
Copyright 1996 Elsevier Science) 
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Time (s) 

Figure 5. Shear storage (G') and loss (G") moduli vs. time at 24°C and various 
frequencies for 7wt% solutions in o-xylene: (a) MBM1 triblock; (b) 
MBMl/iPMMA (20/1, wt/wt) mixture. (Reproduced from Ref.27, Copyright 
1996 American Chemical Society) 
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is higher than G" and the crossing point goes unobserved. G" is time-independent, 
whereas G1 increases with time in a way which does not strongly depend on 
frequency. At mixing ratios smaller than 10/1, gelation is so fast that the time-
dependence of G* and G" is no longer observed. Actually, the gel is formed before 
filling the measurement cell. In order to collect information for the 2/1 mixing ratio, 
which is the optimum ratio for stereocomplexation (40), solution of a lower 
concentration (lwt%) has been investigated at 10°C (B5, Table IV). Figure 6 shows 
that G" is close to zero, whereas a rapid initial increase in G' is observed, which 
corresponds to the rapid stereocomplexation of the sPMMA blocks of MBM1 and 
iPMMA. Such a fast gelation is quite surprising for a polymer concentration as low 
as lwt%. It is worth noting that G1 is independent of frequency in the 0.1 to 1 Hz 
range. 

Table III. Gelation time (tg) and scaling exponents for solutions of sPMMA and 
MXM block copolymers in o-xylene 

sample polymer wt% T(°C) tg(s)a Ab t s 
Gl MBM1 7 24 4200 0.72 1.95 0.69 
G2 MBM1 7 22 2300 0.70 1.84 0.67 
G3 MBM1 7 20 1100 0.69 
G4 MBM1 7 17 350 0.67 
G5 MBM1 5 15 1360 0.69 
G6 MBM1 2 8 10800 0.70 

G7 MBM2 7 15 2930 0.70 
G8 MBM3 7 15 400 0.69 
G9 MBM4 2 8 820 0.70 
G10 MBM5 2 8 700 0.72 

G i l MBM6 12 10 300 0.70 
G12 MBM7 10 10 3660 0.70 1.96 0.67 

G13 MEBM1 7 17 800 0.70 
G14 MSBSM 7 15 2000 0.72 1.84 0.67 
G15 MSEBSM 7 15 28000 0.75 2.05 0.69 

G16 M2 17 8 1180 0.67 
a time required for tan 8 to be independent of frequency, b scaling exponent defined 
by eqs. 2 and 3 
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Table IV. Gelation time (tg) and scaling exponent (A) for solutions of 
copolymers in o-xylene added with homo PMMA 

Sample Block Homopolymer cone. b/ha T tgb Ac 
copolymer (wt%) (°C) W 

Bl MBM1 iPMMA 7 30/1 24 1330 0.72 
B2 MBM1 iPMMA 7 20/1 24 650 0.74 
B3 MBM1 iPMMA 7 15/1 24 180 0.75 
B4 MBM1 iPMMA 7 10/1 24 / / 
B5 MBM1 iPMMA 1 2/1 10 / / 
B6 MBM1 sPMMA(Ml) 7 2/1 24 6440 0.73 
a weight ratio of the sPMMA outer blocks with respect to homopolymer, b time 
characteristic of the point where tan d is independent of frequency, c scaling exponent 
defined by eqs. 2 and 3 

Scaling properties 

Although the crossing point of G' and GM(G-GM) is designated as the gel point by 
some authors (41), a more rigorous definition of the gel point has been given by 
Winter et al. (8) as the point where tan 8 (=G7G') is independent of frequency (eq. 3). 
This point should be referred to as the gel point (GP) and the related curing time as 
the gel time (tg). It is known that the statistic structure and the relaxation modes of 
the polymer at the gel point are self-similar and that the dynamic mechanical behavior 
at the gel point fits a power law for the frequency dependence of the moduli (eqs. 2 
and 3) (8, 9). Although these dynamic mechanical properties are characteristic of 
polymers at the gel point of chemically cross-linked systems, there is now evidence 
for their validity in some physically cross-linked systems (10, 22). The percolation 
theory predicts slightly different A values, i.e. 0.67 when a percolation-like cluster 
structure and screened hydrodynamic interaction are assumed to prevail, and 0.72 on 
the basis of an analogy between gelation dynamics and electrical quantities in random 
resistor networks (for review, see ref. 16). These predictions have been experimentally 
confirmed in case of chemical gelation, e.g. A=0.70 for gelation of epoxy resins (19) 
and A=0.69 for gelation of polyurethanes (20, 44). When physical gelation is 
concerned, Winter et al. have observed the same behavior at the gel point with 
A=0.125 (10) and 0.11 (22) for the crystallization-induced gelation of poly(propylene) 
and poly(P-hydroxyoctanoate), respectively; while A values of 0.62 (23) and 0.71 
(24) have been observed for gelatin and pectin, respectively. 

The scaling properties have been studied for mixtures of triblock copolymers 
and o-xylene. In order to determine the gel point, tan 8 has been plotted against the 
curing time at different frequencies, as shown in Figure 7 for sample Gl (Table III). 
The log(tan 8) vs. time dependencies at different frequencies (from 0.05Hz to 1Hz) 
intersect at the same time which is the gel time (tg) as stated in the introduction. For 
times shorter than tg, tan 8 decreases as the frequency is increased, which is typical of 
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Figure 6. Shear storage (G') and loss (G") moduli vs. time at 10°C and various 
frequencies for lwt% solution of the MBMl/iPMMA(2/l, wt/wt) mixture in o-
xylene (Reproduced from Ref.27, Copyright 1996 American Chemical Society) 
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Figure 7. Loss tangent vs. time at 24°C and various frequencies for 7wt% 
MBM1 solution in o-xylene (Reproduced from Ref.27, Copyright 1996 
American Chemical Society) 
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a viscoelastic liquid. At the gel point, the sample changes from a viscoelastic liquid to 
a viscoelastic solid, since beyond that point, tan 8 increases with frequency. This 
observation indicates that the scaling law holds for the MBM1 triblock copolymer in 
o-xylene. The relaxation exponent A at the gel point can be extracted from eq.3, 
where 8C is 8 at the intersection of all the tan 8 vs. time curves. The value of A (0.72, 
Table HI) is found in the same range as for chemical gels (Table I). 

Although Winter et al. expected a universal value for the scaling exponent (8, 
9, 42), they found that A was changing with the structure and chemical composition 
of PDMS chemical gels (43). In case of polycaprolactone critical gels (14), A was 
found to decrease with increasing concentration and increasing molecular weight. 
Physical gelation of bacterial elastomers resulted in a strong dependence of 
viscoelasticity on temperature (22). In order to know whether A has a unique value 
or not for MBM gels in o-xylene, a series of experiments have been carried out at 
different temperatures and polymer concentrations for copolymers of various 
structures. The experimental gelation time, tg, and the calculated scaling exponent, A, 
are listed in Table III. 

Effect of temperature and copolymer concentration. The effect of temperature has 
been studied in case of the 7wt% MBM1 solution (samples Gl to G4, Table III), tg 
decreases with decreasing temperatures from 4200s at 24°C to 350 s at 17°C, 
whereas the scaling exponent A is kept unchanged. The same conclusion holds for 
lower concentrations at lower temperature, as shown in Table III for samples G5 
(5wt%) and G6 (2wt%) (Table III) at 15° and 8°C, respectively. It seems thus that 
temperature and polymer concentration have no significant effect on A at least in the 
studied ranges. 

Effect of the copolymer composition and molecular weight. Gelation of MBM 
copolymers (MBM2 to MBM5, Table II) of various sPMMA contents (38% to 72%) 
and block molecular weights: 36 000<Mn(PBD)<100 000, 25 00(KMn(sPMMA)<51 
000, has been studied at different concentrations (2 wt% to 7wt%). Critical gelation is 
observed in all cases (samples G7 to G10, Table III), and the tg and A values are 
listed in Table III. In spite of large differences in Mn(PBD) and Mn(PMMA) and in 
copolymer concentration, the scaling exponent does not change significantly, 
0.69<A<0.72 (Table III), although tg decreases with increasing Mn(sPMMA). 
Mn(PBD) has no significant effect on tg (G9 and G10, Table III). 

Effect of the midblock. In order to check whether the A value found for MXM 
triblock copolymer gels is dependent on the chemical nature of the midblock, 
additional experiments have been carried out for a series of block copolymers of the 
MXM type, where X is polybutadiene (PBD) of different microstructures (MBM6, 
MBM7), hydrogenated polybutadiene (PEB), poly(styrene-b-butadiene-b-styrene) 
(SBS) and hydrogenated poly(styrene-b-butadiene-b-styrene) (SEBS), respectively 
(Table II). Solutions in o-xylene of all these copolymers have been observed to gelify 
at suitable concentration and temperature, and the gelation process fits the scaling law 
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at the gel point (samples G i l to G15, Table III). The experimental gelation time, tg, 
and the calculated scaling exponent, A, are reported in Table III. In spite of 
differences in the nature of the midblock, the copolymer molecular weight and the 
experimental conditions, the value of A is quite similar for all the gel samples in Table 
III. In contrast, the gelation time is quite different, which proves it to be dependent on 
the copolymer concentration, molecular weight and curing temperature. 

Comparison of the G4/G13 and G14/G15 copolymer pairs shows that the 
gelation time of a hydrogenated block copolymer is much longer compared to the 
original copolymer under the same experimental conditions. Indeed the gelation time 
for the hydrogenated sample G13 is more than two times higher than the parent 
triblock copolymer G4, whereas a ten fold increase is observed as result of 
hydrogenation of the pentablock copolymer G14. Nevertheless, the scaling exponent 
A for all these samples remains in the 0.65-0.75 range, as it was previously observed 
for the M B M triblock copolymers in o-xylene. So, the scaling exponent A for M X M 
triblock copolymer gels appears to be essentially independent of the chemical nature 
of the midblock. 

It is worth noting that the scaling law holds also for homo sPMMA polymer 
gelation in o-xylene (sample G16, Table III), the scaling exponent A is quite the same 
as for block copolymer, although a higher concentration is needed due to the weaker 
association of homo sPMMA. 

Effect of addition of homo PMMA. In order to ascertain that the scaling behavior is 
maintained in the presence of i P M M A which decreases the crossing time and 
increases the thermal stability of the aged gels, gelation of M B M l / i P M M A mixtures 
of different s/i ratios ( B l , B2 and B3 in Table IV) has been investigated. A typical 
example is shown in Figure 8, which indicates that the scaling law still holds for the 
M B M l / i P M M A blends in o-xylene. The experimental gelation time, tg, and the 
calculated relaxation exponent, A, are listed in Table IV. 

As shown in Table IV, the gel point of the MBM1 gel ( G l , Table III) is 
reached after 4200 s and as earlier as increasing amounts of i P M M A are added to the 
triblock. tg is 1330 s for sample B l and 650 s for sample B2. Although 
stereocomplexation accelerates the gelation process, the scaling exponent A, which is 
characteristic for the critical conditions of gelation, is not significantly affected by the 
addition of iPMMA, since A is in the range of 0.70 to 0.75 while the s/i mixing ratio is 
changed from 30/1 to 15/1. This observation may be surprising, since two different 
mechanisms, self-aggregation of sPMMA and stereocomplexation of 
iPMMA/sPMMA, contribute to the gelation with quite different kinetics. 

It is worth noting that addition of homo sPMMA does not accelerate the 
gelation (sample B6, Table IV); tg is actually and A remains unchanged. 

Characterization of the sol-gel transition 

Although the main percolation theories (Rouse approximation and electrical analogy) 
predict a similar A value for the power law (eq.2) at the gel point, they predict 
completely different exponents for the modulus or viscosity increase with reaction 
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Figure 8. Loss tangent vs. time at 24°C and various frequencies for 7wt% 
solution MBMl/iPMMA (20/1, wt/wt) mixture in o-xylene (Reproduced from 
Ref.27, Copyright 1996 American Chemical Society)  O
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extent. Static exponents have been accurately calculated by numerical methods for the 
two models: t=1.94, s=0.75 and A=0.72 for the electrical analogy and t=2.67 , s=1.32 
and A=0.72 for the Rouse model. 

The experimental determination of the exponents s and t from the divergence 
of the static viscosity, r)0, and the static elastic modulus, Go, near the gel point is not 
very accurate since the measurements are carried out at low (but not zero) shear 
rates. Furthermore, in case of physical gelation, the non-covalent nature of the cross
links prevents the gelation reaction from being stopped in order to characterize the 
static properties at various gelation times. Static exponents can also be determined 
from eqs.4 and 5. In this case, x z and can be determined experimentally (23) or 
numerically by building up a master curve as result of the vertical and horizontal shifts 
of the individual frequency-dependent data (18). This second approach has been used 
in this work. Figure 9 shows the collapsed curves for the copolymer Gl (Table IH) at 
tg= 4200 s and for the copolymer G15 (Table UJ) at tg=28,000 s, where the empirical 
horizontal and vertical shift factors are abbreviated as ah and av, respectively. Figure 
9 shows that the renormalized G f and G" moduli scale with the renormalized 
frequencies when A is ca. 0.72, in good agreement with the value obtained from eq.3. 
This value for the exponent A is consistent with the theoretical predictions by both the 
electrical and the Rouse models. 

The renormalized horizontal and vertical factors used to build up the master 
curve follows the longest relaxation time, Xz, and the steady-state creep compliance 
Je°, respectively (6, 19, 45). Therefore, the scaling relationships expressed by eqs.4 
and 5 can be used to calculate the static exponents s and t. Figure 10 shows the log-
log plot of ah and a v versus log e, in case of sample Gl (Table III), for which t=1.95 
and s=0.69. The values of s, t and A are listed in Table III not for all the samples, but 
only when enough experimental data were available in the sol-gel transition so as to 
construct accurately the master curves. 

Comparison of the critical exponents reported in Table III shows a good 
agreement with the predictions by the electrical analogy model. The observations of 
static and dynamic exponents quite comparable for all the samples suggest that an 
unique gelation mechanism is operative, i.e., that the midblok of the MXM triblock 
does not interfere in the percolation process. According to the electrical analogy near 
the percolation threshold, gels formed by the triblock copolymers would consist of 
sPMMA outer blocks, randomly connected and weakly entangled, with an elasticity of 
a scalar nature. It is worth noting that similar conclusions have been drawn for 
physical gels based on pectin biopolymers (s=0.82, t=1.93, A=0.70) (24), for semi-
dilute solutions of polydiacetylene in the red phase (s=1.0, t=1.9) (46), and for semi-
dilute solutions of polyacrylamide cross-linked by complexation with Cr(III) (s=0.9, 
t=1.9) (47). 

Conclusion 

Thermoreversible gelation has been studied in o-xylene for block copolymers of the 
MXM type, where M is sPMMA and X is either polybutadiene (PBD), hydrogenated 
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Figure 9. Log G' ( •) and log G" ( A ) versus log reduced frequency constructed 
from data available near the gel threshold for the G l (a) and G14 (b) samples 
(Table III) (Reproduced from Ref.28, Copyright 1996 American Chemical 
Society) 
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Figure 10. Log-log scaling plot of the horizontal shift ah (•) and vertical shift av 
(A) in fig.9 versus the reduced extent of reaction, 6, in the region near the gel 
point for the Gl sample (Reproduced from Ref.28, Copyright 1996 American 
Chemical Society) 
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PBD (PEB), poly(styrene-b-butadiene-b-styrene) (SBS) triblock or the hydrogenated 
version of this triblock (SEBS). Aggregation of the sPMMA block of the copolymers 
dissolved in o-xylene is responsible for the formation of a three-dimensional structure, 
in such a way that a scaling law behavior is observed at the gel point. The scaling 
exponent A in the 0.65-0.75 range is in good agreement with the predictions of the 
scalar percolation theory and with experimental measurements for chemical gelation, 
although functionality and size of the cross-linking entities are quite different in 
chemical and physical gels. It is remarkable that the exponent A has been found to be 
independent of molecular weight, chemical composition and midblock X of the MXM 
copolymers, and experimental conditions such as concentration and temperature. 
Addition of homo syndio or iso PMMA does not change the A value, although the 
gelation time is greatly affected. 

Modulus-frequency master curves have been constructed by applying 
appropriate time dependent renormalisation factors to the frequency and modulus 
individual data. From the scaling of these factors with reaction time, the static scaling 
exponents t and s have been calculated and observed to be independent of the 
chemical nature of the midblock, suggesting a unique gelation mechanism. For all the 
samples, 1.84<t<2.01 and 0.65<s<0.70 have been observed in a good agreement with 
the scalar elasticity percolation model. 
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Chapter 20 

Synthetic Design of "Responsive" Surfaces 
David E. Bergbreiter 

Department of Chemistry, Texas A&M University, College Station, TX 77843 

Responsive polymer-modified surfaces whose properties and 
character changes in response to external stimuli such as 
temperature, pH or solvent can be prepared by a number of 
procedures. Such surfaces can be monolayers of functional groups 
or multilayers of groups. Using synthetic organic polymer 
chemistry, it is possible to design such interfaces such that 
predictable changes in reactivity, wettability or permeability can 
be effected. Examples of such chemistry using surface oxidation 
or surface graft polymerization are described. 

Chemistry to modify surfaces to change the properties of a material or to en
gender new properties for a material is of interest in many disciplines.1"3 In this 
paper, I describe and review some of the work our group has done to modify 
surfaces that can then respond to their environment. This work has implications 
in polymer chemistry, in the design of biocompatible surfaces, in catalysis 
chemistry, corrosion passivation and sensor chemistry. This review highlights 
the general ideas underlying this work. Readers interested in specific 
applications and in specific materials should consult the original papers cited 
where we and our collaborators detail our original ideas. 

To begin with, it is important to define what exactly is meant by the term 
'responsive surface'. There are two parts to this term, both of which require some 
clarification. In general, 'responsive' surfaces are surfaces of organic polymers or 
inorganic materials that have been modified in some way so that their properties 
change in response to an external stimulus like pH or temperature. In this 
context, responsive surfaces are much like other so-called intelligent materials.4,5 

The second part of this term refers to a substance's 'surface'. This term too needs 
to be clarified. In the context of our work, we have construed the term 'surface' 
to include more than the top few A of material in contact with a gas. We 
generally use the term surface to loosely define the interfacial portion of a 
surface functionalized polymer or solid in which functional groups readily react 

© 1999 American Chemical Society 301 
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with soluble reagents that would not normally penetrate the underlying polymer 
or solid. Thus, functional groups in a self-assembled monolayer, functional 
groups in a spun-cast polymer or functional groups at polymer-solution interfaces 
all would be construed as functional groups at a 'surface1. 

Modification of existing polymers surfaces to make so-called 'smart' 
surfaces has precedent both in our work and in that of others.6"9 One example of 
this effect would be changes in wettability in surface functionalized polymers on 
thermal treatment in vacuum or water. 6 1 0 For example, in our studies on 
sulfonated polyethylene surfaces,6 we were able to show that reversible changes 
in hydrophobicity could be seen both for PE-[C02H] and PE-[SC>3H] (surfaces 
prepared by C1O3/H2SO4 etching and SO3/H2SO4 etching, respectively). As 
shown in Figure 1, the P E 4 C O 2 H ] surface becomes more hydrophobic on 
heating in vacuum and more hydrophilic on heating in water. In contrast, the PE-
[SO3H] surface becomes more hydrophilic on heating in vacuum and more 
hydrophobic on heating in water. However, these changes in hydrophobicity are 
modest and the changes are relatively slow (vacuum heating requires ca. 1 h). 
Moreover, prolonged treatment leads to an irreversible change to a more 
hydrophobic surface in all cases - the normal reconstruction seen with many 
functionalized polymer surfaces. Similar work has also been described by 
Ferguson.9 In this latter work, the changes were more reversible, more rapid and 
more substantial. 

Initial Vacuum 1 Water 1 Vacuum 2 Water 2 

Figure 1. Changes in wettability of PE-[C0 2H] (O) or PE-[S0 3H] («)on heating 
in vacuum or water in comparison to initial oxidized surface wettability (Initial). 

Reversibly responsive polymer surfaces can also be prepared by other 
strategies. One strategy our group has favored is a process we call entrapment 
functionalization. This process has the advantage of allowing us to prepare 
sophisticated, labeled polyethylene oligomers that we have characterized by 
solution state analyses (principally N M R spectroscopy).11 The resulting 
oligomers can then be mixed with virgin high density polyethylene -
polyethylene that is free of additives. Such mixtures typically have 1% or less of 
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the oligomer by weight. Codissolution of the virgin polymer and the 
functionalized oligomer then produces a homogeneous solution that can be used 
to solvent cast a functionalized polyethylene film. 1 2 Our experience shows that 
the oligomer's functional groups are located at the "surface" of the film derived 
from this casting process. Two different examples illustrate how we can use this 
process to prepare a responsive surface. 

In the first example, we used the chemistry shown in equation 1 to 
prepare a pyrenylphenylmethyl-terminated polyethylene oligomer.13 This 
oligomer in turn was 

H2C CH 2 B u L J 

(D 

mixed with virgin polyethylene (1:100, w:w) and dissolved in o-dichlorobenzene 
at 120 °C. The resulting solution was then poured into a flat dish and the solvent 
was evaporated in an explosion-proof oven to form the film 1 shown in equation 
2. 

1, PE/PE0 1 i g-CH(Ph)(pyrene) (2) 

^ [CH2C(C02C(CH3)3)]NH 

R = -C(CH0, 

2, PE-g-poly(terf-butylacrylate) 3, PE-g-poly(acrylic acid) 

The pyrene-labeled polyethylene film 1 contains a weakly acidic C-H bond 
(highlighted H) that can be converted into a lithiated initiator on treatment with a 
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strong base. Thus, this film was then deprotonated with w-BuLi and allowed to 
react with terf-butyl acrylate to form a poly(ter/-butyl acrylate graft) that was in 
turn hydrolyzed with acid to form a poly(acrylic acid) graft.8 The surface-
functionalized polyethylene so-formed contains a pyrene fluorescent label at the 
base of an amphoteric poly(acrylic acid) graft. Exposure of this grafted surface 
to a series of buffers shows that the buffer has no effect on the fluorescence 
intensity of the pyrene in this film. However, if 1 M Nal were present in the 
buffer solution, the amount of pyrenes quenched by the iodide significantly 
increased in the pH region of 6.2-6.5. This pH-induced change in the amount of 
surface-bound pyrene quenched by the soluble iodide quencher is reversible. We 
have interpreted this change to suggest that the surface structure changes with the 
polyelectrolyte graft becoming completely deprotonated and solvent swollen in 
the indicated pH range, thus exposing the underlying pyrene groups. When 
similar studies were carried out with an amine quencher (Et3N, Figure 2), the 
amount of pyrene quenched was again sensitive to pH. However, in this instance 
the significant quenching was only seen above the pKa of EtaNrT (i.e., above a 
pH of 9 where the Et3N concentration becomes significant). 

Figure 2. Effect of pH on PE/PEoiig-C(Ph)(pyrene)-g-(CH2CH(C02H))n 

quenching based on changes in the intensity of the I3 peak in 
fluores-cence spectra of; • , 1 M Nal in buffered aqueous 
solutions; • , buffer solutions without added quencher; A, 1 M 
Et3N in a buffer solution. 
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Responsive surfaces like the modified polyethylene film 3 suggest that it 
may be possible to change the character of a surface significantly by changing 
pH. Two recent papers further illustrate this idea. The first of these papers is 
work by Ikada's group in which poly(acrylic acid) grafted surfaces are used as 
responsive membranes. In this work, the porosity of a poly(acrylic acid)-grafted 
membrane is significantly changed by virtue of changes in the size of the 
poly(acrylic acid) graft as a function of pH. 1 4 In this example, the presumption 
of changes in size of the pores as a function of ionization of the graft was 
supported by AFM studies. 

The second example of a responsive surface with a poly(acrylic acid) 
graft is work from the Crooks/Bergbreiter groups. In this instance, we prepared 
hyperbranched graft surfaces using a forgiving synthetic approach to design a 
highly functionalized reactive surface.15, 6 This approach to synthesis of a 
functionalized responsive does not rely on a grafting from the surface strategy. 
Instead, we use soluble polymers (NH2-teiminated poly(terf-butyl acrylate)) to 
graft a poly(acrylic acid) precursor onto the surface. In order to compensate for 
synthetic vagaries associated with even simple reactions at surfaces, our two 
groups designed a new strategy for grafting that used repetitions of this simple 
step to create dendritic, hyperbranched poly(acrylic acid grafts). Unlike our 
earlier polyethylene work, this chemistry is considerably simpler and much more 
versatile. The grafts prepared in this chemistry can be as thick as desired with 
thicknesses of up to 1000 A being accessible in six or seven synthetic stages. 

The resulting grafted surfaces illustrate responsiveness much like that 
seen by Ikada. In this case, we find that a so-called 3 PAA surface (a surface 
grafted through three stages of activation (C1C02R), coupling (H2N-PTBA-NH2) 
and hydrolysis) has a thickness of 300-400 A depending on the molecular weight 
of the diamino poly(terf-butylacrylate) (H2N-PTBA-NH2) polymer used in the 
functionalization step. This thickness, which was measured after immersion of 

2 3 4 5 6 
Cycle Number 

Changes in hydrophilicity of a hyperbranched 3-PAA graft with acid 
) treatment. 

Figure 3 
(0.1 N HC1, O) or base (0.1 N NaOH, 
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the surface in dilute acid and drying with an ethanol rinse and N 2 stream, 
reversibly expands to 40-50% after immersion in aqueous base. The reversibility 
of these thickness changes is correlated with a similar reversible change in 
surface hydrophilicity as is illustrated by the data shown in Figure 3.16 While 
polymer surfaces sometimes experience some hysteresis with surface changes 
attenuating as the number of cycles increases or with temporary changes 
becoming permanent after long term treatment, these surfaces seem more robust. 
It is also worth noting that both the dry thickness of the acid form and the dry 
thickness of the basic form of these 3-PAA surfaces are likely different from the 
thickness of these same surfaces in situ. Indeed, recent work by our joint groups 
has indicated that these surfaces thicknesses expand to over 1000 A in their basic 
form when then are completely solvated by an aqueous basic buffer.17 

Recent work by the Crooks group has shown the potential for surface 
modification with dendrimers alone. Our group in conjunction with the Crooks 
group has recently extended this chemistry by coupling the chemistry of 
dendrimers to the chemistry of surface chemisorbed reactive polymer 
brushes.19'20 The result has been that we are able to prepare surfaces with 
thicknesses between 100 - 500 A whose permeability changes significantly and 
reversibly with pH. In this instance, we significantly extend the idea of using a 
single polyelectrolyte bonded to a surface by covalently assembling a matrix of a 
polybase in a polyacid. The polyacid in this case is a poly(maleic anhydride)-c-
poly(methyl vinyl ether) copolymer commercially available as Gantrez. After 
reaction with amines or after reaction with an alcohol, this polymer forms half 
acid-half amide (amic acid) groups or half acid-half ester groups and is thus a 
polyacid. The polybase in our procedure is a fourth generation PAMAM den-
drimer assembled by sequential reactions of ethylene diamine with an acrylate 
moiety. This dendrimer contains tertiary amine groups in its interior and 64 -
NH 2 groups on its periphery. When an appropriately functionalized surface (an 
amine-functionalized SAM on a gold-coated Si wafer) is modified by covalent 
deposition of Gantrez, the resultant surface contains a reactive anhydride brush 
that can react with a methanolic solution of this PAMAM dendrimer. The result 
is a covalent multilayer assembly of partially functionalized dendrimers in a 
random coil carboxylic acid-containing polymer matrix. This mixture of groups 
is precluded from phase separating by the amic acid crosslinks. Moreover, the 
initial Gantrez layer (Gzl) which is then modified by a dendrimer (Dl) can be 
further modified because the dendrimer treatment leaves the surface as an amine-
rich surface - a surface that resembles functionally the starting surface. Thus, 
repetition of the Gantrez and dendrimer treatments leads to increasingly thicker 
films. 

The supported nanocomposite membrane formed by two such Gan-
trez/dendrimer treatment cycles is termed a D2 surface.19'20 When this surface is 
examined electrochemically in the presence of anionic or cationic electroactive 
species, interesting pH-dependent permselective behavior is seen because of how 
the surface structure changes with pH. These changes in surface structure are 
illustrated by the schematic structures shown in Figure 4 below. At pH 3, the 
amine groups of the dendrimer are protonated and the carboxylic acid groups are 
neutral. The result is a cationic surface-supported membrane as illustrated in 
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Figure 4. Such a membrane is permeable to Fe(CN>6 . However, a cationic 
redox species, Ru(NH3>63+, cannot permeate through this cationic supported 
membrane and this species is electrochemically silent. In contrast at pH 11, the 
carboxylic acid groups are carboxylate groups and anionic and the amine groups 
are neutral. The result is reversed activity toward the charged redox species with 
oxidation/reduction being facile for Ru(NH3)63+ and Fe(CN)63" being 
electrochemically silent. At intermediate pH values, oxidation/reduction occurs 
for both species. These electrochemical experiments carried out in 3 M NaCl 
show that responsive surfaces can affect the reactivity of their underlying support 
toward soluble reagents. 

p H 3 pH11 
Figure 4. Reversible changes in a D2 Gantrez/PAMAM nanocomposite 

membrane with changes in pH. 

One example of how we have prepared materials that usefully change 
their reactivity in response to temperature changes is our use of poly(N-
isopropylacrylamide) as a support for reactants in catalysis and as a support for 
catalysts.21"2 The changes in reactivity of a nitroarene bound to po ly^-
isopropylacrylamide) via an amide bond toward a heterogeneous hydrogenation 
catalyst (Pt/C) exemplify the concept of using a soluble polymer to imbue into a 
reaction an anti-Arrhenius response to temperature.24 While reactions normally 
run increasingly faster with temperature, this substrate on this polymer in water 
has reactivity that changes little with temperature in the 0 - 33 °C range. More 
notably, above 39 °C, this nitroarene is unreactive because above this 
temperature the polymer (and thus the substrate) is insoluble. 

Temperature-responsive surface chemistry like that seen for 'smart' 
substrates can also be seen for appropriate surface-functionalized polyethylene 
samples.7 In other work, we had noted that polyethylene surfaces can be 
functionalized with PEG oligomers or with PEG oligomers that are tagged with 
a pyrene fluorophore.25"26 When a pyrene fluorophore was used, we successfully 
showed that the resulting polymer/water interface's environment changed in 
response to changes in temperature. These studies specifically showed that 
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normal and inverse solvation of these interfaces occur with increasing 
temperature. 

Our studies also showed that functional groups at thermally responsive 
interfaces could have reactivity that has an unusual temperature dependence like 
that of the 'smart' substrates described above.7 Since the pyrene ester groups 
and PEG chains collapse at higher temperature in water suspension in a manner 
qualitatively illustrated in eq. 3, the reactivity of the end groups should be 
affected. Kinetic studies of ester hydrolysis at these surfaces show that 
hydrolysis rate of the surface bound pyrene esters decreases slightly at higher 
temperatures.7,26 However, the reaction does not stop as it did in the case of 
soluble polymer-supported substrates. We speculate that the polyethylene 
film/solvent interface in this instance changes enough to suppress the hydrolysis 
reaction rate but that the less hydrophilic interface is still 

reactive at higher temperature. It is possible that other thicker functional 
surfaces could exhibit a more pronounced change in solvation and reactivity. 
Regardless, the changes in reactivity are notable in that they imply that there 
could be "surface" reactions that would best be run at low temperature because 
they could be kinetically slow at high temperature. 

Conclusion 

Surfaces that respond to temperature can be designed to serve several roles. 
Recent work both from our group and others shows that surface hydrophilicity 
and surface hydration can change with temperature in a manner that resembles 
the better known changes of soluble polymer solvation with temperature. 
Moreover, such changes in surface solvation can have an effect on surface 
reactivity - an effect that can be used to molecularly engineer useful responsive 
reactivity into a substrate. Likewise pH can significantly affect surface solvation 
and reactivity. In the case of a simple polyelectrolyte, reversible changes in 
hydrophilicity and reactivity of the surface induced by pH can be seen. In the 
case of membranes, changes in permeability as a result of either surface size 
changes or as a result of surface charge changes can be seen. 

Since the range of what can be done synthetically at surfaces is now 
developing rapidly, it seems likely even more sorts of responsive surfaces will 
be developed. Such materials should find useful roles in areas like adhesion, 
permeability, biocompatibility, sensor chemistry and corrosion passivation. 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

02
0

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



309 

Acknowledgment 

Generous support of our work in surface chemistry and catalysis from the 
National Science Foundation and the Robert A. Welch Foundation is gratefully 
acknowledged. 

References 

1. Feast, W. J.; Munro, H. S. (Eds.), Polymer Surfaces and Interfaces II, Wiley, 
Chichester, 1993. 

2. Ferguson, G. S.; Whitesides, G. M. in Modern Approaches to Wettability: 
Theory and Applications, Schrader, M. E.; Loeb, G. I., Eds., Plenum, New 
York, 1992. 

3. David E. Bergbreiter, Prog. Polym. Sci., 1994, 19, 529-60. 
4. Gray, H. N.; Bergbreiter, D. E. Environmental Health Perspectives, 1997, 

105 (Supplement 1), 55-63. 
5. Yanagida, H. Angew. Chem. Int. Ed. Engl., 1988, 27, 1389-92. 
6. Bergbreiter, D. E.; Kabza, K. Industrial Eng. Chem. Res., 1995, 2733-2739. 

Bergbreiter, D. E.; Kabza, K. J. Am. Chem. Soc., 1991, 113, 1447-8. 
7. Bergbreiter, D. E.; Ponder, B. C.; Aguilar, G.; Srinivas, B. Chem. Mater., 

1997, 9, 472-477. 
8. Bergbreiter, D. E.; Bandella, A. J. Am. Chem. Soc., 1995, 10589-90. 
9. Carey, D. H.; Ferguson, G. S. J. Am. Chem. Soc., 1996, 118, 9780-1. 

10. Holmes-Farley, S. R.; Reamey, R. H.; Nuzzo, R.; McCarthy, T. J.; 
Whitesides, G. M. Langmuir, 1987, 3, 799-815. 

11. Bergbreiter, D. E.; Blanton, J. R.; Chandran, R.; Hein, M. D.; Huang, K. J.; 
Treadwell, D. R.; Walker, S. A. J. Polym. Sci., Part A: Polym. Chem., 1989, 
27, 4205-26. 

12. Bergbreiter, D. E.; Hu, H. P.; Hein, M. D. Macromolecules, 1989, 22, 654-
62. 

13. Bergbreiter, D. E.; Srinivas, B.; Gray, H. N. Macromolecules, 1993, 26, 
3245. 

14. Ito, Y.; Park, Y. S.; Imanishi, Y. J. Am. Chem. Soc., 1997, 119, 2739-40. Ito, 
Y.; Ochiai, Y.; Park, Y. S.; Imanishi, Y. J. Am. Chem. Soc., 1997, 119, 1619-
23. 

15. Zhou, Y.; Bruening, M. L.; Bergbreiter, D. E.; Crooks, R. M.; Wells, M. J. 
Am. Chem. Soc., 1996, 118, 3773-4. 

16. Bruening, M. L.; Zhou, Y.; Aguilar, G.; Agee, R.; Bergbreiter, D. E.; Crooks, 
R. M. Langmuir, 1997, 13, 770-8. 

17. Peez, R. F.; Dermody, D. L.; Franchina, J. G.; Jones, S. J.; Bruening, M. L.; 
Bergbreiter, D. E.; Crooks, R. M. J. Am. Chem. Soc., submitted for 
publication 

18. Wells, M.; Crooks, R. M. J. Am. Chem. Soc., 1996, 118, 3988-9. 
19. Liu, Y.; Zhao, M.; Bergbreiter, D. E.; Crooks, R. M. J. Am. Chem. Soc., 1997 

119, 8720-8721. 
20. Liu, Y.; Bruening, M. L.; Bergbreiter, D. E.; Crooks, R. M. Angew. Chem. 

Int. Ed. Engl., 1997, 36, 2114-2116. 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

02
0

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



310 

21. Bergbreiter, D. E.; Zhang, L.; Mariagnanam, V. M. J. Am. Chem. Soc., 1993, 
115, 9295-6. Bergbreiter, D. E.; Mariagnanam, V. M.; Zhang, L. Advanced 
Materials, 1995, 7, 69-71 

22. Bergbreiter, D. E.; Liu, Y.-S. Tetrahedron Lett., 1997, 38, 7843-6. 
23. Bergbreiter, D. E.; Case, B. Tetrahedron Lett., submitted for publication. 
24. Bergbreiter, D. E.; Caraway, J. W. J. Am. Chem. Soc., 1996, 118, 6092-3. 
25. Bergbreiter, D. E.; Srinivas, B. Macromolecules, 1992, 25, 6360-5. 
26. Bergbreiter, D. E.; Aguilar, G. J. Polym. Sci., Polym. Chem. Ed., 1995, 33, 

1209-1217. 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

02
0

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



Chapter 21 

Thermosensitive Properties of Flat 
Poly(tetrafluoroethylene) Plates Surface-Grafted 

with N-Isopropylacrylamide 
and 2-(Dimethylamino)Ethyl Methacrylate 

Kiyomi Matsuda, Naoki Shibata, Kazunori Yamada, and Mitsuo Hirata 

Department of Industrial Chemistry, College of Industrial Technology, Nihon 
University, Izumi-cho, Narashino-shi, Chiba 275, Japan 

Thermosensitive properties of the surfaces of flat poly(tetra-
fluoroethylene) (fPTFE) plates photografted with N
-isopropylacrylamide (NIPAAm) and 2-(dimethylamino)ethyl 
methacrylate (DMA) were examined by the measurement of contact 
angles. The surfaces of the fPTFE plates became hydrophilic with 
an increase in the N1s/C1s value, representing the degree of the 
coverage of fPTFE plate surface with grafted polymer chains. The 
wettabilities of NIPAAm-grafted fPTFE plate surfaces toward water 
and DMA-grafted fPTFE plate surfaces toward a buffer solution of pH 
10 were clearly decreased between 30 and 35°C, and between 25 and 
30°C, respectively. These results show that the surfaces of grafted 
fPTFE plates change from hydrophilic to hydrophobic around the 
LCSTs (lower critical solution temperatures) of these polymer 
solutions. 

It has been examined to introduce hydrophilic groups to surfaces of some 
hydrophobic polymers such as polyethylene (PE) and polytetrafluoroethylene (PTFE) 
while leaving their bulk properties unchanged (1,2). For example, PE surfaces 
treated with oxidative agents or grafted with hydrophilic monomers showed an 
increase in wettabilities with treatment time or in adhesivities with the grafted amount 
(3-10). The hydrophilic PTFE surfaces prepared by the combined use of the 
oxygen-plasma treatment and the photografting of hydrophilic monomers also showed 
markedly enhanced wettabilities and adhesivities with the grafted amount (2). 

It would be of interest to add some functionalities such as properties in response to 
changes in pH, temperature, electrical potential and so on as well as hydrophilic 
properties to PTFE surfaces by the combined technique just described. Poly(#-
isopropylacrylamide) (PNIPAAm) is a well-known thermo-responsive polymer 
whose hydrogel undergoes a volume change around 31 °C in an aqueous solution. 
And further, poly 2-(dimethylamino)ethyl methacrylate (PDMA) in a pH 10 buffer 
solution exhibits a drastic decrease in the transmittance around 28 °C, which is 
considered to come from a phase transition of PDMA chains (11). Therefore, we 
have tried to prepare JV-isopropylacrylamide (NIPAAm) or 2-(dimethylamino)ethyl 

© 1999 American Chemical Society 311 
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methacrylate (DMA) grafted flat PTFE (NIPAAm- or DMA-g-fPTFE) surfaces by the 
above combined technique and then to follow up their thermosensitive properties. 

The surface compositions and wettabilities of monomer-g-fPTFE were analyzed 
by means of ESCA and estimated on the basis of the contact angles toward water or an 
aqueous solution, respectively. 

Experimental 

Materials. The polymer substrates used for grafting were fPTFE plates (thickness 
= 1.0mm) obtained from Furon Kogyo Co. lid. (Japan). The fPTFE plates were 
cut into 2 X 6 cm 2 and washed in water, methanol and acetone for 3 hours in an 
ultrasonic washing machine, respectively, and then dried under reduced pressure. 
NIPAAm was purified by recrystallization and DMA was purified by distillation under 
reduced pressure. A^'-methylenebisaayiamide (Bis; Kanto Kagaku Co. Ltd.), 
N,N,N\N'4dnwdfoyl ethylcnediamine (TEMED, MERCK Co. Ltd.), N,N'-
azobisisobutylonitrile(AIBN; Wako Chemical Co. Ltd.) and benzophenone(Wako 
Chemical Co.Ltd.) were used without purification. 

Preparation of Grafted fPTFE Plates. The fPTFE plates were first treated 
with oxygen plasmas for 120 s at an output of 200 W and frequency of 15 kHz using 
a Shimadzu LCVD 20-type plasma polymerization apparatus. The plasma-treated 
fPTFE plates were coated with benzophenone as a sensitizer. Then, NIPAAm or 
DMA monomers were photografted onto the plasma-treated fPTFE plates at 60 °C by 
applying U V rays emitted from a 400 W high pressure mercury lamp in the individual 
aqueous monomer solutions at a monomer concentration of 1.0 mol/L (2). 

NIPAAm-g-fPTFE plates or DMA-g-fPTFE plates were washed with cool water 
or with water and 50%(v/v) methanol to remove monomers and homopolymers. 
DMA-g-fPTFE plates were soaked in a NaOH solution of pH12 for deprotonating 
grafted dimethylamino groups of PDMA chains. 

Surface Analysis of Grafted fPTFE Plates by means of ESCA. The 
photoelectron spectra on Cls, Ols, Nls and Fls for grafted fPTFE plates were 
recorded on a Shimadzu ESCA 750-type spectroscope with MgKa (1253.6 eV) 
operating at 8 kV and 30 mA. A vacuum of at least 5 X 10~5 Pa in the chamber was 
maintained for all measurements. Samples were mounted onto the probe tips with 
double-sided Scotch tape. Binding energies were adjusted to Au4f7/2 = 84.0 eV (12). 
The intensity ratios, Ols/Cls and Nls/Cls, were calculated using the equation 
described in previous papers (2,11) to evaluate the coverage of g-fPTFE surface with 
grafted polymers. 

Contact Angle Measurements. Contact angles were measured with a TYP-QI-
type goniometer (Kyowa Interface Science Co. Ltd. ) with an environmental chamber 
under an atmosphere of saturated water vapor in the range between 15 and 45 °C. 
The volume of the aqueous solution drops used was always 0.5|dL The aqueous 
solutions used were water for NIPAAm-g-fPTFE and buffer solutions of pH4 and 10 
for DMA-g-fPTFE. All reported values are the average of at least 20 measurements 
taken at different locations on the surfaces and have a maximum error of ±1°. 

Results and Discussion 

Surface Analysis of NIPAAm Grafted fPTFE Plates. Figure 1 shows the 
results of surface analysis of untreated fPTFE, plasma-treated fPTFE, NIPAAm-g-
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fPTFE and PNIPAAm plates by means of ESCA For untreated fPTFE plate, the 
Cls peak at 292 eV assigned to -CF2-CF2- and the Fls peak at 692 eV to -CE2 of 
PTFE plates were investigated (13,14). After the oxygen-plasma treatment for 
fPTFE, the broad Ols peak around 533 eV assigned to oxygen-containing groups such 
as peroxides was observed and the Cls peak at 292 eV assigned to -CF2-CF2- and 
the Fls peak at 692 eV to -CE2 of PTFE plates decreased together. These results 
show that fluorine atoms at the surface of fPTFE were partly removed and oxygen-
containing groups such as peroxides were newly formed on the fPTFE surface. For 
NIPAAm-g-fPTFE plates, the Cls peak at 292 eV assigned to -CF2-CF2- and the 
Fls peak at 692 eV to -CE2 of PTFE plates decreased significantiy and the new peaks 
of Cls at 285 eV assigned to - C - C - and - C H (13), and 288 eV assigned to -
C(=0)N- (IS) were observed. The Ols peak around 533 eV assigned to oxygen-
containing groups such as peroxides became sharp one according to the peak assigned 
to -C(=Q)N- (IS). Furthermore, the Nls peak around 400 eV corresponding to the 
amine signal (-C(=0)NH) (16) was observed on the surface of NIPAAm-g-fPTFE. 
The Nls peak around 400 eV corresponding to the amine signal and the sharp Ols 
peak at 533 eV assigned to -C(=Q)N- were also observed on the surface of 
PNIPAAm plates. Therefore, the results from ESCA show that PNIPAAm chains 
are recognized on the grafted PTFE surfaces. 

Figure 1. ESCA spectra on C1s, 01s, N1s and F1s of fPTFE plate, 
plasma-treated fPTFE for 120s, NIPAAm-g-fPTFE plate (N1s/C1s=0.111) 
and PNIPAAm plate 
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Figure 2 shows the intensity ratios Fls/Cls and Nls/Cls of plasma-treated fPTFE 
and various NIPAAm-g-fPTFE plates as a function of UV irradiation time. The 
intensity ratio of Fls/Cls decreased rapidly with irradiation time but never disappeared 
within the UV irradiation time. On the other hand, the intensity ratios of Nls/Cls 
increased gradually with UV irradiation time. The decrease of Fls/Cls and the 
gradual increase of Nls/Cls are regarded as the formation of PNIPAAm chains on the 
surface of fPTFE. The intensity ratio of Nls/Cls is here estimated as the degree of 
grafting of PNIPAAm since no gravimetric change in the grafted amount was 
observed. 

o 

55 
§ 
c 

100 200 300 400 500 

Irradiation time (min) 

Figure 2. Changes in intensity ratio at take off angle of 90° by ESCA 
for grafted fPTFE plates with irradiation time 
fPTFE plate plasma-treated for 120s-
• : F1s/C1s, A : 01s/C1s, • : N1s/C1s 
NIPAAm grafted fPTFE plates-
O : F1s/C1s, A : 01s/C1s, Q N1s/C1s 

Wettabilities of NIPAAm Grafted fPTFE Plates. Figure 3 represents the 
wettabilities (cos 6) of fPTFE, plasma-treated fPTFE, various degrees of grafting of 
NIPAAm-g-fPTFE and PNIPAAm plates as a function of temperature. The 
hydrophobic surface of PTFE plate (cos 6 = -0.42) was turned to slightly hydrophilic 
properties after the plasma treatment (cos 0 = -0.30). The increase in the 
wettabilities of plasma treated fPTFE plate can be considered due to the introduced 
oxygen-containing groups into the surface of PTFE. NIPAAm-g-fPTFE surfaces 
showed enhanced wettabilities with the degree of grafting (cos 6 = 0.15-0.35). 
Especially, it is to be noted that abrupt drops in wettabilities of NIPAAm-g-fPTFE 
surfaces were observed between 30 and 35 °C (cos 0=0.10-0.20). The PNIPAAm 
plate exhibited the most wettable properties (cos 6 = 0.80 below 30 °C) and the most 
clear drop in wettabilities between 30 and 35 °C of all. Clearly the thermosensitive 
behavior of PNIPAAm plates comes from the well-known hydrophobic interaction 
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among isopropyl groups of PNIPAAm chains. Therefore, PNIPAAm chains grafted 
on PTTFE surfaces can show more thermosensitive properties with an increase in the 
degree of grafting. 

1.0 

0.5 

to 

8 
o 

-0.5 
10 20 30 40 50 

Temperature (°C) 

Figure 3. Contact angles (cos 6) of untreated (A) , plasma-treated for 
120s (•) , NIPAAm grafted (N1s/C1s = 0.029, 0.059, 0.111) ( • , A , O) 
fPTFE plates, PNIPAAm plate (•) toward water plotted against 
temperature 

Figure 4 represents cos 0 toward water as a function of the degree of grafting of 
NIPAAm at 25 and 40° C. The wettabilities of NIPAAm-g-fPTFE surfaces at 25 °C 
increased with a rise in the degree of grafting of NIPAAm and were larger than those at 
40 °C. The reason that the wettabilities of NIPAAm-g-fPTFE surfaces at 40 °C did 
not show a considerable increase with a rise in the degree of grafting of NIPAAm is 
attributed to the formation of dense layers resulting from the hydrophobic interaction 
among isopropyl groups of grafted PNIPAAm chains in the most upper region. The 
dense layers resulting from the hydrophobic interaction among isopropyl groups were 
examined with NIPAAm hydrogels containing much water. The changes in 
equilibrium water contents and cos 0 of NIPAAm hydrogel crosslinked with Bis (Bis-
NIPAAm gel) plates are shown in Figure 5 as a function of temperature. Both 
equilibrium water contents and cos 0 of NIPAAm gels decreased remarkably between 
30 and 35° C. Therefore, the changes in the wettabilities of NIPAAm gel plates 
correspond to those in the equilibrium water contents. Nevertheless, the equilibrium 
water contents of NIPAAm gels were still kept 30%(w/w) even above 35 °C (17), 
while cos 0 of NIPAAm gel above 35 °C was nearly equal to PNIPAAm plates. 
Therefore, this indicates that the surface of NIPAAm gel plates is covered with the 
dense layers resulting from the hydrophobic interaction among PNIPAAm chains and 
the wettabilities of the surfaces of NIPAAm gel plates are not affected by polar water in 
the inner layer. From the results of contact angle measurements and Fls/Cls values 
of NIPAAm-g-fPTFE plates in Figure 2, it is apparent that the chains of PNIPAAm 
and PTFE are mixed at NIPAAm-g-fPTFE plate surfaces. 
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Figure 4. Contact angles (cos 6) of untreated (• , • ) , NIPAAm-grafted 
fPTFE {OM) and PNIPAAm ( A , A ) plates plotted against N1s/C1s 
opened: 25C, shaded: 40'C 

" 100 

- 80 

" 60 ite
nt

 

• 8 
" 40 1 
- 20 

J 0 
20 30 40 

Temperature / °C 

50 

Figure 5. Changes in contact angles (A) and equilibrium water 
contents (O) of Bis-NIPAAm gel as a function of temperature (Equilibrium 
water contents reproduced from our previous paper8)). 
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Surface Analysis of DMA Grafted fPTFE Plates. Figure 6 shows ESCA 
spectra of the surfaces of untreated fPTFE, plasma treated fPTFE, DMA-g-fPTFE and 
PDMA plates. The Nls peaks around 400 eV corresponding to the amine signal were 
observed on the surfaces of DMA-g-fPTFE and PDMA plates as well as the surfaces 
of NIPAAm-g-fPTFE and PNIPAAm plates. Figure 7 shows the intensity ratios of 
Fls/Cls and Nls/Cls of DMA series as a function of irradiation time. The decrease 
in Fls/Cls and the increase in Nls/Cls are analogous to those of NIPAAm series. 

Wettabilities of DMA Grafted fPTFE Plates. Figures 8 (a) and (b) represent 
the cos 0 of DMA-g-fPTFE surfaces toward pH 4 and 10 buffer solutions as a function 
of temperature, respectively. The cos 6 of DMA-g-fPTFE surfaces toward the pH 4 
buffer solution increased in a rise of Nls/Cls but showed no change with temperature. 
However, the cos 0 of DMA-g-fPTFE surfaces toward the pH 10 buffer solution 
dropped between 25 and 30 °C in similar to that of NIPAAm-g-fPTFE plates between 
30 and 35 °C. The hydrophobic interaction among dimethylamino groups 
deprotonized at pH 10 is considered to be responsible for the decrease in wettabilities 
of DMA-g-fPTFE surfaces. 

The wettabilities of DMA-g-fPTFE surfaces toward pH 4 and 10 buffer solutions 
are shown in Figures 9 (a) and (b). The thermosensitive properties of DMA-g-fPTFE 
surfaces were depicted in Figures 8 (b) and 9 (b) by curves similar to those of 
NIPAAm-g-fPTFE plates in Figure 4. Therefore, we can make the same point as 
above, that is, the DMA-g-fPTFE surfaces consist of a mixture of chains of grafted 
PDMA and bulk PTFE and those toward pH 10 aqueous solutions exhibit the 
thermosensitive properties. 

Evaluation of Wettabilities of NIPAAm-g-fPTFE Plates Based on Surface 
Free Energies. In order to make the hydrophobic surface properties at high 
temperature shown in Figure 4 clearer, we followed up the changes in the component 
of hydrogen bonding of surface free energies. The values of the dispersion, polar 
and hydrogen bonding components of free energies of water, 1 -bromonaphthalene and 
diiodomethane calculated from the surface tensions based on Fowkes equation (18) at 
25 and 40°C are listed in Table I for calculation of these surface free energies. The 
values of three components (yL

d, yL

p and YL

h) of free energies were calculated from the 
contact angles measured on PE and PTFE plates with these liquids. It is here 
assumed that the surface free energy of PE plate consists of only Y s

d and that of PTFE 
plate consists of y s

d and y s

p. These values were calculated with Kitazaki-Hata's 
method (19). 

Table II shows the list of the surface free energies ys of untreated fPTFE, plasma-
treated fPTFE, NIPAAm-g-fPTFE, PNIPAAm and NIPAAm gel plates at 25 and 
40°C calculated on the basis of the modified Fowkes equation (Kitazaki-Hata's 
method) (19). 

Y S L = Ys + Y L - ( 2Vyg • it + 2Vyg • fL + 2Vy§ • it) 

The surface free energies ys and the components of the dispersion Ys

d> polar y s
p and 

hydrogen bonding y s

b of untreated fPTFE and plasma-treated fPTFE plates showed 
little change at 25 and 40°C. However, ys of NIPAAm-g-fPTFE (Nls/Cls=0.Ill), 
PNIPAAm and NIPAAm gel plates dropped from 40.6, 61.6 and 60.5 mJ/m2 (at 
25 0Q to 37.7, 48.4 and 40.8 mJ/m2 (at 40°Q, respectively. It is considered that the 
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I* 000 cps 

fPTFE plate 

Plasma-treated 
fPTFE plate 

DMA-g-fPTFE 
plate 

PDMA plate 

xo.1 

295 290 285 

C1S 
535 530 

01s 

405 400 395 

N1S 

695 690 (eV) 
F1s 

Figure 6. ESCA spectra on C1s, Ols, N1s and F1s of fPTFE plate, 
plasma-treated fPTFE plate for 120s, DMA-grafted fPTFE plate and 
PDMA plate 

o 

CO 

c 

I 

100 200 300 400 

Irradiation time (min) 

500 

Figure 7. Changes in intensity ratio at take off angles of 90* by ESCA 
for grafted fPTFE plates with irradiation time 
fPTFE plate plasma-treated for 120s-
• : F1s/C1s,B: N1s/C1s 

DMA grafted fPTFE plates 
0 : F 1 s / C 1 s O N1s/C1s 
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pH4 pH 10 

20 30 40 
Temperature (°C) 

(a) 

20 30 40 
Temperature (°C) 

(b) 

50 

Figure 8. Contact angles (cos d) of DMA-grafted fPTFE(O.AO and 
PDMA (•) plates for (a) pH 4 (CH3COOH/CH3COONa, 1=0.01) and (b) 
pH 10 (NaOH/NaHC03, 1=0.01) buffer solutions plotted against 
temperature 
N1s/C1s-Q: 0.037,A: 0.010,0 0.006 

pH4 pH10 

0.02 0.04 0.06 0.08 0.10 0.12 
N1S/C1S 

0.02 0.04 0.06 0.08 0.10 0.12 
N1S/C1S 

Figure 9. Contact angles (cos e) of untreated (• ,•) , DMA-grafted 
fPTFE ( 0 , « ) and PDMA (A,A) plates for (a) pH 4 (CH3COOH/CH3 
COONa, 1=0.01) and (b) pH 10 (NaOH/NaHCOs, 1=0.01) buffer solutions 
plotted against N1s/C1s 
opened: 20°C, shaded: 35°C 
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decrease in ys at 40 °C, which comes from a decrease in y s

b (see Table II), contributes 
to these decreases in wettabilities (12). Therefore, the decrease in wettabilities for the 
surface of NIPAAm-g-fPTFE plate may be ascribed to the loss of hydrogen bonding 
between grafted PNIPAAm chains and water molecules of the liquid drop. 

Table L The dispersion, polar and hydrogen bonding components of 
free energies for pure liquids2) 

Used liquids Y L D Y L P Y L H Y L 

Water (25 X ) 28.1 3.0 41.4 72.5 
(40 *C) 26.8 2.3 41.2 70.3 

1-Bromonaphthalene (25 *C) 43.9 0.0 0.0 43.9 
(40'C) 42.7 0.0 0.0 42.7 

Diiodomethanc (25 *C) 45.6 4.2 0.0 49.9 
(40 T ) 44.0 4.2 0.0 48.2 

a) All surface free energies are recorded in mJ/m2. 

Table II. The surface free energies of the used plates calculated from Kitazaki-
Hata's method *> 

Plate 
25 °C 40 °C 

Plate 

YSd YSP Ys Ysd Ysp Ysh Ys 

Untreated PTFE 19.6 1.1 0.0 20.7 19.6 1.4 0.0 21.0 

Plasma-treated 128 9.2 0.0 22.0 12.6 9.4 0.0 22.0 
PTFEb) 

NIPAAm-g-PTFEc) 32.9 0.0 9.4 42.3 34.4 0.0 25 37.4 

PNIPAAm 39.0 0.0 22.4 60.9 40.5 0.0 6.4 46.9 

NIPAAm gel 27.5 0.0 36.6 63.6 32.2 0.9 6.4 39.5 

a) All surface free energies are recorded in mJ/m2. 
b) Plasma-treated for 120 s. 
c) Nls/Cls=0.111. 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

02
1

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



321 

Conclusions 
1. Inert PTFE surfaces have been made more wettable by the combine use of oxygen-

plasma treatment and photografting of NIPAAm or DMA. 
2. Both NIPAAm- and DMA-g-fPTFE surfaces exhibit unique thermosensitive 

properties due to the hydrophobic interaction among grafted polymer chains. 
3. The decrease in wettabilities for NIPAAm-g-fPTFE surfaces is ascribed to the loss 

of hydrogen bonding between grafted PNIPAAm chains and water molecules from 
die results obtained on the basis of the surface free energies. 
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Chapter 22 

Temperature- and pH-Responsive Polymers 
for Controlled Polypeptide Drug Delivery 
C. Ramkissoon-Ganorkar, F. Liu, M. Baudyš, and S. W. Kim 

Department of Pharmaceutics and Pharmaceutical Chemistry (CCCD), 
University of Utah, Salt Lake City, UT 84112 

pH- and temperature-sensitive terpolymers of N-isopropylacrylamide 
(NIPAAm), butylmethacrylate (BMA), and acrylic acid (AA) were 
used to prepare polypeptide releasing beads via loading in aqueous 
solution. Insulin was protected and not released from the beads at low 
pH, such as that in the stomach. Linear polymers with 
NIPAAm/BMA/AA mol feed ratio of 85/5/10 were prepared by free 
radical polymerization. Molecular weight (M.Wt.) of the polymers 
was varied using different volume percentages of 
benzene/tetrahydrofuran (THF) as solvent. The weight average M.Wt. 
of the polymer synthesized in THF was 33,000 and 990,000 for the 
polymer synthesized in benzene. The lower critical solution 
temperature (LCST) was determined by cloud point measurement and 
was 22 °C at pH 2.0 and 85 °C at pH 7.4 for the polymers. Beads 
were loaded with the polypeptide by preparing a 10% polymer, 0.2% 
polypeptide solution in 20 mM glycine/HCl buffer, pH 2.0, 0.15 M 
NaCl at 4 °C and adding the solution dropwise into an oil bath at 
35 °C. Loading efficiency was between 20 to 100% depending on the 
M. Wt. of the polymer and M. Wt. of the polypeptide. Release studies 
were performed at pH 2.0 and pH 7.4, and 37 °C, simulating in vivo 
conditions. Low M.Wt. polymer beads displayed a dump-like release 
profile and high M. Wt. polymer beads released drug slowly over a 
period of eight hours. The loaded and released polypeptide drugs were 
bioactive as shown by in vivo studies. These polymers allow aqueous 
phase loading of proteins in beads, protect polypeptides from the harsh 
acidic environment in the stomach, and can provide oral controlled 
release of polypeptide drugs. The low M.Wt. polymer beads can be 
used for immediate release of polypeptide in the duodenum while the 
high M. Wt. polymer beads can be used for slow release of 
polypeptide in the colon. 

322 © 1999 American Chemical Society 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

02
2

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



323 

Stimuli-sensitive polymers which change their structure and physical properties in 
response to external stimuli have an incredible potential for applications in 
pharmaceutical technology, biotechnology industry and other industrial applications 
(1-14). In spite of the recent tremendous progress in recombinant DNA technology 
and conventional chemical synthesis that have contributed many polypeptides and 
proteins for the treatment of diseases, administration and delivery of protein drugs 
remain a major problem. Presently, most protein formulations are reconstituted at the 
time of administration and are given parenterally by injections or infusions. Thus, 
chronic treatment is usually painful and unpleasant. Naturally, alternative 
administration routes have been sought in the last decade, among them the oral route 
would be preferable for treatment of chronic diseases. Problems associated with oral 
polypeptide drug delivery include degradation in the acidic environment of the 
stomach, enzymatic degradation in the intestine and poor absorption across the 
gastrointestinal (Gl) mucosa. A drug delivery system, using temperature-sensitive 
and pH-sensitive polymers may be applied to enable aqueous protein drug loading, 
provide protection and enhance Gl absorption to make oral polypeptide delivery 
feasible. 

We propose the use of "smart" polymers that are pH/temperature-sensitive, 
specifically statistical terpolymers of N-isopropylacrylamide (NIPAAm), 
butylmethacrylate (BMA) and acrylic acid (AA) in the form of pH/temperature-
sensitive polymer beads as a drug delivery system for the oral delivery of polypeptide 
drugs. NIPAAm-based polymers are not yet approved for human use, but they show 
promising results based on in vitro studies done on various types of cells, which 
remained viable in the presence of NIPAAm polymers (6,7,14). NIPAAm confers the 
polymer temperature sensitivity, which is characterized by a lower critical solution 
temperature (LCST). The polymer is soluble below the LCST and precipitates above 
the LCST. Consequently, hydrogels made of temperature-sensitive polymers show 
reversible high/low swelling based on temperature change (15). pH-sensitivity is 
obtained by the use of AA in the polymer. At low pH, almost no carboxylic group 
will be ionized, permitting greater interaction between the polymer chains through 
hydrogen bonding, leading to shifting of the LCST to a lower temperature, and hence 
the polymer will be in the unswollen (insoluble) state (16). Whereas, at high pH, due 
to ionization of the carboxylic groups, the polymer will take up water, thereby 
swelling (dissolving parallely). The incorporation of acrylic acid increases the LCST 
at neutral pH due to the hydrophilicity of the charged AA group (17,18). BMA was 
also incorporated in the polymer, it improves the mechanical strength of the beads 
and also affects the polymer LCST due to its hydrophobicity. Thus, these polymer 
beads based on their pH- and temperature-sensitive properties are insoluble in acidic 
pH and 37 °C and protect the drug from gastric degradation. The polymer becomes 
soluble at neutral pH and can release the drug in the intestinal tract where most of the 
absorption takes place. 

In this study, pH/thermo-sensitive polymer beads were prepared using statistical 
terpolymers of NIPAAm, BMA and AA and investigated for oral delivery of 
polypeptide drugs. Loading efficiency into the beads was studied as a function of M. 
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Wt of polypeptide drug, using insulin, calcitonin, trypsin inhibitor and angiotensin II 
as model polypeptides. Release rates from these systems were controlled by varying 
the molecular weight (M. Wt.) of the polymers (19), and insulin was used as a model 
polypeptide drug. 

Materials And Methods 

Materials. NIPAAm obtained from Fisher Scientific Inc. (Fair Lawn, NJ), was 
recrystallized from hexane. BMA and AA were purchased from Aldrich Chemical 
Company (Milwaukee, WI). BMA and AA were purified by vacuum distillation at 
57 °C / 17 mm Hg and 39 °C / 10 mm Hg respectively. 2,2'-azobis-isobutyronitrile 
(AIBN), purchased from Eastman Kodak Company (Rochester, NY), was 
recrystallized from methanol. Bovine insulin, trypsin inhibitor and angiotensin II 
were purchased from Sigma Chemical Company (St. Louis, MO). Human calcitonin 
was a gift from Suntory Ltd. (Tokyo, Japan). Heavy white mineral oil and decane 
were purchased from Aldrich Chemical Company (Milwaukee, WI). Acetonitrile, 
HPLC grade, was purchased from Fisher Scientific Inc. (Fair Lawn, NJ). All other 
chemicals were reagent grade. 

Polymer synthesis. The synthesis of linear terpolymers of NIPAAm, BMA and AA, 
with feed ratio of NIPAAm/BMA/AA = 85/5/10 or 80/10/10, was carried out in 
varying volume percent of benzene and tetrahydrofuran (THF) as solvent. AIBN was 
used as free radical initiator (7.41 mmol AIBN per mol monomer). Dried N 2 gas was 
bubbled through the solution for 20 min to remove dissolved oxygen. The solution 
was polymerized for 24 hours at 60 °C under N 2 atmosphere. The synthesized 
terpolymers were recovered by precipitation in diethylether. The polymers were 
filtered and dried under vacuum overnight. 

Polymer characterization. The polymers were characterized by M. Wt. and LCST. 
M. Wt. was estimated by Size Exclusion Chromatography. N-(2-
hychoxypropyl)methacrylamide (HPMA) polymers or Poly(ethyleneoxide) (PEO) 
(Waters Corporation, MA) were used as standards. An FPLC system (Pharmacia) 
connected to a refractometer was used. A Superose 6 HR 10/30 column (Pharmacia) 
and 0.05 M Tris buffer, pH 8.0, 0.5 M NaCl as eluent or an ultrahydrogel 2000 
column (Waters Corporation, MA) and 10 mM phosphate buffer, pH 7.4, 0.15 M 
NaCl as eluent, were used. A flow rate of 0.4 ml/min was used. The M. Wts. and M. 
Wt. distributions were obtained relative to standard M. Wt. HPMA or PEO. The 
LCST of the polymers was determined by cloud point measurement. The polymer 
solutions (1% w/v) were prepared in 20 mM glycine/HCl buffer, pH 2.0, 0.15 M 
NaCl and 10 mM phosphate buffer, pH 7.4, 0.15 M NaCl. The temperature of the 
solutions was raised from 10 °C to 80 °C in 2 °C increments every 5 min and the 
absorbance at 450 nm was measured using a Perkin-Elmer Lambda 7 UV/Vis 
spectrophotometer. The LCST was defined as the temperature at the inflection point 
in the absorbance versus temperature curve. 
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Bead preparation. Drug-loaded beads were prepared from an aqueous solution (20 
mM glycine buffer, pH 2.0, 0.15 M NaCl) containing pH/temperature-sensitive 
polymer ( 7 or 10% w/v) and polypeptide drug (0.2% w/v) as described previously 
(20,21). The solution was kept at 4 °C overnight to allow solubilization of the 
polymer. The drug/polymer solution at 4 °C was added dropwise using a syringe and 
25G needle into 50 ml of mineral oil kept at a temperature of 35 °C which is above 
the LCST of the polymers. The mineral oil was covered with 5 ml decane to reduce 
surface tension and to aid in the penetration of the solution drop at the air/oil 
interface. The formed beads were washed with hexane, dried at 35 °C for one hour in 
the open air and then dried in a rotary evaporator with aspiration for half hour. 

Scanning Electron Microscopy. The structural morphology of beads was evaluated 
using scanning electron microscopy (SEM). Cross-sections of the beads were coated 
with gold and were examined with a scanning electron microscope (Cambridge, S240 
SEM), using a LaB 6 filament and a secondary electron (SE) detector at 15-25 kV 
acceleration voltage. Cross-sections were obtained by breaking the beads in liquid 
nitrogen. 

Dissolution/Swelling Studies. Beads were placed in 20 mM glycine/HCl buffer, pH 
2.0, 0.15 M NaCl at 37 °C or in 10 mM phosphate buffer, pH 7.4, 0.15 M NaCl at 37 
°C so as to study the dissolution and swelling behavior of the beads under different 
pH conditions. At different time intervals, pictures of the beads were taken using a 
Nikon Eclipse E800 microscope connected to a Pentium Probe 200 MHz computer 
using Image ProPlus software for image processing. 

Loading efficiency. The content of polypeptide in the beads was determined after 
complete dissolution of the beads at 4 °C. The dried beads containing protein drug 
were dissolved in 2 ml of 20 mM glycine/HCl buffer, pH 2, 0.15 M NaCl at 4 °C 
overnight. The resulting solution was heated up to 50 °C for 10 min. After the 
polymer solution precipitated, the supernatant was collected and assayed for 
polypeptide by reversed phase high performance liquid chromatography (HPLC). 
This procedure was repeated three times until a negligible amount of polypeptide 
could be detected. The HPLC apparatus consisted of a Waters gradient system 
(automated gradient controller, model 680 and HPLC pump, model 501, Waters 
Corporation, MA). The samples were injected via an intelligent sample processor 
(WISP, model 712, Waters) connected to a UV detector (model 484, Waters) and an 
integrator (model 745, Waters). The C 4 column (5 pm, 4.6 x 250 mm, Vydac, 
Hesperia, CA) was equlibrated with eluent A (water, 0.1% trifluoroacetic acid) and 
eluent B (acetonitrile, 0.1% trifluoroacetic acid), the percentages of which depended 
on the polypeptide assayed. A flow rate of 1 ml/min was used and a gradient of 2% 
B/min was used in all cases. The absorbance of the eluent was recorded at 276 nm. 
The column was calibrated with polypeptide solutions of known concentration. 
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Release studies. Drug-loaded beads were placed in 10 ml glycine/HCl buffer, pH 
2.0, 0.15 M NaCl at 37 °C for two hours and then in 10 ml isotonic PBS, pH 7.4 at 37 
°C so as to mimic in vivo conditions in the Gl tract. At different time points, one ml 
of the release medium was collected and replaced by the same volume of buffer. 
Drug released was assayed by reversed phase HPLC as described above. 

Bioactivity of insulin. The bioactivity of insulin released from the polymeric beads 
in vitro was studied by measuring blood glucose level depression in male Sprague-
Dawley rats (200-350 g, Sasco, Omaha, NEB). As a reference, a fresh insulin 
solution was prepared in 10 mM PBS, pH 7.4. Insulin solutions (0.5 IU/ml/kg) were 
injected intravenously through the tail vein. Blood samples were taken from the 
jugular vein before injection and 15, 30,60, 90, 120, 180 and 240 min after injection. 
Glucose levels were measured with an Accu-Check III blood glucose monitor 
(Boehringer Mannheim, Indianapolis, IN). In order to remove soluble polymer, the 
release medium was adjusted to pH 2.0 at room temperature so that the polymer 
precipitated out. The supernatant containing insulin was appropriately diluted and the 
pH was adjusted to neutrality before injection. 

Results And Discussion 

The M. Wt., polydispersity and LCST of the polymers are shown in Table I. The 
lowest M. Wt. obtained was 33,000 and the highest M. Wt. was 990,000. As the 
volume percent of THF in the solvent mixture increases, the M. Wt. decreases. THF 
acts as a chain transfer agent, thus decreasing the size of the polymer chains (19,22). 
The polydispersity increases as the M. Wt. of the polymer increases. 

Table I. Molecular Weight, Polydispersity and LCST of Different 
NIPAAm/BMA/AA Polymers 

Polymer Composition Weight Averaged Polydispersity LCST (°C) 

NIPAAm/BMA/AAa M.Wt. pH2.0 pH 7.4 

80/10/10b 37,000 2.2 14 77 
85/5/10" 33,000 1.8 23 84 
85/5/10° 450,000 5.6 24 85 

85/5/10d 990,000 >7.0 24 >88 

a-Feed ratio (mol%); 
b,c,d _ prepaid foy free radical polymerization in a mixture of benzene and THF 
(b 0:100;c 90:10; d 100:0; benzene:THF volume ratio). 

At acidic pH, the LCST is low as compared to neutral pH. Lower BMA content 
for the last three polymers causes LCST to increase slightly. At neutral pH, LCST 
rises sharply. This observation can be explained by the effect of ionizable groups on 
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thermosensitive polymers (16,17,18). At low pH, the acrylic acid is uncharged and 
hence, the polymers have a low LCST. At high pH, the acrylic acid is charged, and 
thus, the polymers exhibit a high LCST. The effect of M. Wt. on LCST was only 
marginal. 

The formation of beads is explained by the formation of a thin skin layer due to 
instant polymer precipitation at the oil-water interface (20). The beads have diameter 
ranging from 0.9 to 1.8 mm, with the low M. Wt. beads having the least diameter and 
the high M. Wt. beads having the maximum diameter. The diameter of the beads was 
determined by optical microscopy. The polypeptide drug gets entrapped inside the 
polymer which collapses once the temperature is above the LCST. 

The SEM pictures of the interior of the low and high M. Wt. polymer beads 
(85/5/10 polymer) are shown in Figure 1. The interior of the low M. Wt. polymer 
beads is more porous than the high M. Wt. polymer beads. It was observed that as M. 
Wt. increases, porosity decreases, whereas, compactness and density of the beads 
increase. It is proposed that the extent of polymer chains entanglement is the physical 
basis for these differences. Entanglement depends on the concentration and M. Wt. 
of polymer (23). Thus, the low M. Wt. polymer has short chains that provide a low 
degree of entanglement, so that the beads are porous and less compact. Whereas, the 
long polymer chains of the high M. Wt. polymer have a high degree of entanglement, 
thus, producing beads with higher mechanical strength and lower porosity. 

At pH 2.0 and 37 °C, beads do not swell or dissolve. They stay intact 
indefinitely. However, at pH 7.4 and 37 °C, beads behave differently depending on 
M. Wt. of the polymer. Low M. Wt. beads show no swelling, but disintegrate within 
one hour (Figure 2). High M. Wt beads swell gradually and even after a period of 
eight hours are still undergoing rate-limiting swelling and have not disintegrated yet 
(Figure 3). This difference in swelling/dissolution behavior is believed to be 
intimately linked with M. Wt. and the degree of entanglement as discussed above. 
The high M. Wt. polymer chains form physical crosslinks that produces a network 
showing swelling properties similar to chemically crosslinked hydrogels. 

Loading efficiency decreases as the M. Wt. of the polypeptide drug decreases 
(Table II). This is due to the porosity of the beads which allows drug loss in the 
aqueous phase as the polymer collapses. Insulin, with a M. Wt. of 5800 Da, has a 
very high loading efficiency. At the loading concentration used, insulin exists mostly 
in hexameric form (24) with an apparent M. Wt. of 36,000 Da which most probably 
explains such a high loading efficiency. 

The dependence of release kinetics on polymer M. Wt. was investigated with the 
85/5/10 polymer beads loaded with insulin (Figure 4). At pH 2 and 37 °C, only up to 
10% of loaded insulin was lost after two hours. At pH 7.4 and 37 °C, the low M. Wt. 
polymer beads displayed a dump-like profile. In contrast, the high M. Wt. polymer 
beads released insulin slowly over a period of more than 8 hours. The release of 
insulin under these different conditions of pH and at 37 °C correlates with the 
dissolution/swelling behaVior of the beads described above and depicted in Figures 2 
and 3. At pH 2 and 37 °C, the beads are above LCST, and hence, no swelling or 
disintegration is seen, and consequently, there is negligible drug release. The 10% 
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Figure 1. Scanning electron microscope cross-sectional views at 1,580 and 
1,530 magnification of low M, Wt. polymer bead (left) and high M. Wt. 
polymer bead (rigjit). Beads were prepared from polymers with 
NIPAAm/BMA/AA mol ratio of 85/5/10. 
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Figure 2. Time dependence of low M. Wt. polymer bead dissolution 
(NiPAAm/BMA/AA = 85/5/10) at pH 7.4 and 37 °C studied by optical 
microscopy. 
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Figure 3. Time dependence of high M. Wt. polymer bead swelling and 
disintegration (NIPAAm/BMA/AA = 85/5/10) at pH 7.4 and 37 °C studied 
by optical microscopy. 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ch

02
2

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



331 

Figure 4. Modulating insulin release profile from pH-/temperature-sensitive 
beads made of terpolymers of constant NIPAAm/BMA/AA composition 
85/5/10 and increasing molecular weight. 
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Table II. Loading efficiencies of polymer beads 

Polypeptide Polypeptide Loading efficiency* (%) 

M. Wt. 80/10/10bc 85/5/10M 85/5/10be 85/5/10w 

Angiotensin II 1,046 ND 3 0 ± 9 ND 4 0 ± 7 

Calcitonin 3,400 ND 2 0 ± 3 3 3 ± 4 48 ± 5 

Insulin 5,800 9 2 ± 6 9 0 ± 2 92 ± 3 95 ± 2 

Trypsin Inhibitor 9,000 33 ± 3 4 9 ± 3 43 ± 4 5 5 ± 4 

ND - Not determined; 
a - Determined after beads dissolution at 4 °C in the loading buffer; 
b - NIPAAm/BMA/AA feed ratio (mol%); 
c - M. Wt. - 37,000; 
* c ' f - Statistical polymers of the same composition but increasing M. Wt. - 33,000; 
450,000; 990,000. 

loss must be due to surface-located drug. In contrast, at pH 7.4 and 37 °C, the beads 
are below LCST, and thereby, disintegrate or swell based on the polymer M. Wt. It is 
again observed that the release profile follows the dissolution or swelling behavior 
illustrated in Figures 2 and 3. The low M. Wt. beads show a fast release rate, the high 
M. Wt. polymer shows a slow release profile and the intermediate M. Wt. polymer 
shows a release profile in between these two. Scheme 1 illustrates the relationship 
between the release profile and dissolution/swelling characteristics observed for the 
different M. Wts. polymer beads. The effect of M. Wt. of polypeptide drug on the 
release profile is being investigated. 

The bioactivity of the released insulin is shown in Figure 5. These results 
demonstrate that the beads protect insulin from the harsh acidic conditions and that 
the activity of insulin is retained after the loading procedure and on contact of the 
insulin with the polymer. 

Conclusion 

pH/Temperature-sensitive polymers poly(NIPAAm-co-BMA-co-AA) were used to 
prepare polypeptide (insulin) releasing beads via loading in aqueous solution. After 
prolonged contact with the hydrophilic polymers, insulin was bioactive. At the low 
pH of the stomach, insulin was protected and not released from the beads. At pH 7.4, 
the low M. Wt. hydrophilic polymer beads displayed a dump-like profile and 
dissolved within 1 hour, (bead dissolution controlled release mechanism), while the 
high M. Wt. hydrophilic polymer swelled only and released insulin slowly over a 
period of 8 hours, (swelling and diffusion controlled release mechanism). Thus, the 
unique properties of the pH/temperature-sensitive polymer beads make it a viable 
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High M. Wt. polymer bead 

pH 2.0 - stomach pH 7.0 - intestine 

Scheme 1. Mechanism of protein drug release from pH/thermo-sensitive 
beads made of polymers with increasing molecular weight. Top - swelling 
and drug diffusion mechanism results in slow release suited for colon 
targeting. Bottom - bead dissolution results in fast release suited for 
duodenal delivery. Center - combination of both mechanisms results in 
intermediate release suited for lower small intestine targeting. 
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Figure 5. Blood glucose depression activity of released insulin from 
polymer beads determined by IV injection in rats (n=4). 
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system for oral drug delivery of peptide and protein drugs at a specific site in the 
gastrointestinal tract. The low M . Wt. hydrophilic polymer beads can serve as an oral 
delivery system for duodenal targeting, the intermediate M . Wt. hydrophilic polymer 
beads can serve as an oral delivery system for the lower small intestine targeting, 
while the high M . Wt. hydrophilic polymer beads can be used to target polypeptide 
drugs predominantly to the colon. 
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constant polymer composites 

Dielectric properties 
predictors of piezoelectric behavior, 

96-97 
See also Ferroelectric side-chain liquid 

crystalline polysiloxane 
Dielectric relaxation 

studying dynamic behavior of poly
mers, 190 

See also Copolymethacrylates with to
lane-based mesogenic groups 

Dimethylformamide (DMF) 
DMF-based electrolytes, 60-62 
See also Nonaqueous polymer electro

lytes 
Dimethyl(N,N-)arninoethyl methacrylate 

polymers and hydrogels. See pH-respon-
sive behavior; Thermo-responsive be
havior 
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Dodecylbenzene sulfonic acid (DBSA) 
dopant for polyaniline synthesis, 3 
See also Polyaniline 

Drug delivery. See pH- and thermo-re
sponsive polymers 

Electric field-induced alignment 
development of axial order, 182-185 
theoretical background, 180-182 
See also Side chain liquid crystalline 

polymers (SCLCP) 
Electric field strength. See Chitosan sul

fate suspensions 
Electroactive ceramics (EAC) 

comparing properties with ion-ex
change polymer-metal composite 
(IPMC) and shape memory alloys 
(SMA), 33r 

See also Ion-exchange polymer-metal 
composites (IPMC) 

Electrochemical detection 
cyclic voltammetry of poly(3-(2-methyl-

1 -butoxy)-4-methylthiophene) 
(PMBMT) in planar and nonplanar 
form, 124/ 

polythiophene derivatives, 123-124 
See also Polythiophene derivatives 

Electrochromic devices 
definition of electrochromism, 51 
schematic of device, 52/ 
See also Nonaqueous polymer electro

lytes 
Electroluminescence (EL) properties. See 

Poly(p-phenylene vinylene) and po-
ly(N-vinylpyrrolidone) PPV/PVP poly
blends 

Electromagnetic interference (EMI) 
shielding 
increasing role of polymeric materials, 

145 
properties of poly(/?-phenylene-

benzobis-thiazole) (PBT) films 
doped with iodine at microwave fre
quencies, 146 

Electro-optically active materials 
avoiding losses associated with phase 

separation during thermosetting lat
tice hardening, 169 

chromophore acentric order parameter 
arising from electric field poling, 
<cos30>, 163 

chromophore dipole moment, /x,, 163 
comparable results for chromophores 

in thermoset and thermoplastic poly
mer lattices, 168-169 

correlated variation of waveguide loss 
and electro-optic coefficient versus 
chromophore loading reflecting for
mation of non-transient aggregates, 
166/ 

dipole moments, polarizabilities, ioniza
tion potential, and hyperpolarizabili-
ties for representative chromophores, 
164f 

effective electro-optic coefficient, r, 163 
electro-optic coefficients increasing lin

early with chromophore number den
sity at low loading, 163,164/ 

electro-optic coefficient versus chromo
phore loading data obtained for first 
derivatized chromophore, 168/ 

exploring simple prediction from rigor
ous theoretical analysis, 166 

hyperpolarizability, )3,163 
illustration of derivatization of chromo

phores with bulky substituents, 167/ 
introduction to high fifi chromophores, 

161-162 
isophorone group eliminating problem 

of attenuation of electro-optic activ
ity, 168 

London electrostatic interaction en
ergy, W, 165 

minimizing poling induced losses, 169 
minor chromophore modifications, 

167-168 
more sophisticated analysis for quanti

tative simulation of experimental 
data, 165-166 

new generation of electro-optic modula
tors capable of broadband operation, 
162 

normalized electro-optic coefficients 
versus chromophore number density 
for disperse red (DR) and isoxazo-
lone acceptor (ISX) chromophores, 
164/ 

processing issues for integration of 
polymeric modulators with silica fi
bers and VLSI electronic circuitry, 
169 

quality of agreement between theory 
and experiment for DR and ISX 
chromophores, 164/, 166 

reduction in chromophore-
chromophore electrostatic interac
tions by derivation with bulky substit
uents, 167-169 
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re-examination and extending Debye-
London theory, 163, 165 

representative fifi chromophores, 162r 
translating optical nonlinearity from mi

croscopic to macroscopic, 163-166 
variation of acentric order parameter 

with average separation distance be
tween chromophores, 165/ 

See also Nonlinear optical materials 
Electro-optical properties. See Ferroelec

tric side-chain liquid crystalline poly
siloxane 

Electro-optic modulator applications. See 
Electro-optically active materials 

Electrorheology 
activator-free chitosan sulfate-silicone 

oil suspensions, 105 
electrorheological (ER) active wet par

ticulates, 104-105 
natural polymers in ER fluid prepara

tion, 105 
suspension fluidity modification by elec

tric fields, 104 
See also Chitosan sulfate suspensions 

Electrotransport. See Grafted polyethyl
ene (PE) films 

Entrapment functionalization 
strategy for reversible responsive poly

mer surfaces, 302-305 
See also Responsive surfaces 

ESCA (electron spectroscopy for chemi
cal analysis). See Thermosensitive 
poly(tetrafluoroethylene) (PTFE) 
grafted surfaces 

Ferroelectric side-chain liquid crystalline 
polysiloxane 
activation energies of the y, /3, a, v, 

and Goldstone mode relaxations for 
samples, 141r 

chemical structures of FLC polysilox
ane (PS121A), disperse orange 3 
(D03), and 4'-(5-hexenyloxy)-4-
methoxyazobenzene (HMAB), 131/ 

dielectric constant versus temperature 
and frequency for samples, 132,134/ 
135/ 136 

dielectric loss tangent as function of 
temperature and frequency for sam
ples, 136, 137/, 138/ 139 

electro-optical measurement methods, 
132 

electro-optical properties of PS121A 
and guest-host F L C polymeric mate
rials, 139,142 

electro-optical response time related to 
dielectric parameter of Goldstone 
mode, 136 

experimental methods and measure
ments, 130-132 

high speed response and memory ef
fect of ferroelectric liquid crystals 
(FLC), 129-130 

FLC polymers exhibiting chiral smectic 
C (Sc) phase over broad temperature 
range, 130 

phase transitions and phase transition 
enthalpies for samples, 133f 

presence of Goldstone and Soft modes, 
132,136 

temperature dependence of relaxation 
frequency of molecular and collec
tive relaxations for PS121A and 
guest-host FLC polymeric materials, 
139,140/ 

temperature dependence of response 
time, t, for samples DO305, 
H M A B 10, and HMAB15, 142, 143/ 

temperature dependence of spontane
ous polarization, P s, for samples 
DO305, H M A B 10, and HMAB15, 
142,143/ 

thermal transition temperatures and en
thalpy changes of PS121A, azoben
zene dyes, and guest-host F L C poly
meric materials, 132 

Field-induced chromism. See Polythio
phene derivatives 

Field-induced refractive index changes 
guest-host photorefractive polymers, 

209-211 
See also Photorefractive (PR) polymers 

Field-responsive materials 
chromic effects triggered by variety of 

external stimuli, 125 
conjugated polymers, 114-116 
fast developing area, 113-114 
functionalized regioregular conjugated 

polythiophene derivatives, 114 
photorefractive (PR) polymers, 

204-206 
polydiacetylenes, 125 
polysilanes, 125 
structure of different conjugated poly

mers, 114/ 
See also Photorefractive (PR) poly

mers; Polythiophene derivatives 
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Figure of merit (FOM) 
design of chromophores for photore

fractive applications, 211 
See also Photorefractive (PR) polymers 
Force characterization of ion-exchange 

polymer-metal composites (IPMC), 
40-41 

Gelation, thermoreversible 
mechanism of gelation, 281-286 
sol-gel transition of MXM-type block 

copolymer solutions, 281 
time dependent, 286, 289-290 
See also Syndiotactic poly(methyl meth

acrylate) (PMMA) based block co
polymers 

Gel point 
more rigorous definition of, and re

lated curing time, 290 
See also Syndiotactic poly(methyl meth

acrylate) (PMMA) based block co
polymers 

Glycidal methacrylate (GMA) 
difunctional monomer for electrolyte 

gel, 53, 60-62 
See also Nonaqueous polymer electro

lytes 
Goldstone mode 

activation energies of dielectric relax
ations, 139,141/ 

influence on electro-optical response 
time, 136 

See also Ferroelectric side-chain liquid 
crystalline polysiloxane 

Grafted polyethylene (PE) films 
changes in concentration of benzoic 

acid (BA) and benzenesulfonic acid 
(BSA) and pH values in feed and 
permeate solution with time, 22, 23/, 
24 

determination of amount of permeated 
phenyl compounds for binary mix
ture systems, 18/ 

2-(dimethylarnino)ethyl methacrylate 
(DMAEMA) grafted polyethylene 
(PE) films, 16-17 

effect of feed composition on separa
tion factor and selective permeation 
of BA from BA/PhED (phenyl-1,2-
ethanediol, PhED) and BSA from 
BSA/PhED mixtures, 22, 23/ 

electrotransport of BA, BSA, and 
PhED, 17-18 

experimental methods, 17-18 
permeation behavior of BA through 

PE-g-PMAAm (methacrylamide, 
MAAm) film and PE-g-PMAA 
(methacrylic acid, MAA), 19, 21/ 

permeation control in response to di
rect current, 17 

permselectivities of BA from BA/ 
PhED mixture and BSA from BSA/ 
PhED mixture through PE-g-
PDMAEMA film, 21/ 22 

photografting method, 17 
potential of adding new properties, 

16-17 
reversible permeation of BA and BSA 

through PE-g-PDMAEMA film, 19, 
20/ 

reversible permeation of PhED 
through PE-g-PDMAEMA film, 19, 
21/ 

selective permeation by electrotrans
port, 17-18 

separation factor, 18 
studying functional membrane applica

tion, 17 
transport fraction, 18 
variation in BA and BSA permeabilit

ies of PE-g-PDMAEMA films with 
grafted amount, 18-19, 20/ 

variation in BA and BSA permeabilit
ies of PE-g-PDMAEMA with pH, 
19, 20/ 

Grafted surfaces. See Responsive sur
faces; Thermosensitive poly(tetrafluo-
roethylene) (PTFE) grafted surfaces 

Guest-host polymers 
phase stability, 211, 213 
See also Ferroelectric side-chain liquid 

crystalline polysiloxane; Photorefrac
tive (PR) polymers 

High dielectric constant polymer com
posites 
blends of poly(ethylene oxide)/poly(2-

vinylpyridine)/LiC104 (PEO/P2VP/ 
LiC104) prepared by solution blend
ing, 148,149/ 

composites of PEO/TEG/P2VP/LiC104 

(tetraethyleneglycol, TEG), 150, 
152/ 153/ 

desirable features of intrinsically con
ducting polymers, 146 
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DSC thermograms of MPEG/P2VP/ 
LiC104 blends (methoxypolyethyl-
eneglycol, MPEG), 151/ 

DSC thermograms of PEO/MPEG/ 
P2VP/LiC104 blends, 151/ 

experimental materials, 147 
experimental measurements, 147 
glass transition temperatures and rela

tive dielectric constants as functions 
of voltage for blends of MPEG/ 
P2VP/LiC104, 149/ 

glass transition temperatures and rela
tive dielectric constants as functions 
of voltage for blends of PEO/TEG/ 
P2VP/LiC104,153/ 

glass transition temperatures and rela
tive dielectric constants as functions 
of voltage of blends of PEO/MPEG/ 
P2VP/LiC104, 150/ 

higher concentration of hydroxyl 
groups solubilizing higher concentra
tions of LiC104, 153-154 

increasing amount of tetraethylenegly-
col (TEG) in PEO/TEG/P2VP/ 
LiC104 blends, 152/ 153 

interest in systems with tunable micro
wave properties, 147 

little work in microwave region, 145 
low T g blends with high dielectric con

stants and reversible modulation by 
voltage variation, 154, 156 

microwave active smart materials, 146 
modeling studies, 154 
molecular composites of P2VP and 

LiC104 with high dielectric constants, 
147-148 

MPEG substitution for PEO, 149 
polymers with inclusions and intrinsi

cally conducting polymers, 145 
poly(/?-phenylene-benzobis-thiazole) 

(PBT) films doped with iodine, 146 
reflection and transmission properties 

of PEO/TEG/P2VP/LiC104,155/ 
relative dielectric constant, loss tan

gent, intrinsic attenuation constant, 
and intrinsic phase constant of PEO/ 
TEG/P2VP/LiC104, 155/ 

relative dielectric constants, tan S, and 
glass transition temperatures of poly
mer salt complexes, 148/ 

relative dielectric constants of PEO/ 
TEG/P2VP/LiC104, 154/ 

sample preparations and name abbrevi
ations, 147 

studying change in dielectric constants 

with voltage variations with MPEG/ 
P2VP/LiC104 blends, 150 

High fifi chromophores 
introduction, 161-162 
representative chromophores, 162/ 
See also Electro-optically active mate

rials 
Hydrogels. See pH-responsive behavior; 

Thermo-responsive behavior 

Insulin delivery. See pH- and thermo-
responsive polymers 

Internal electric field formation 
build-up and storage mechanism of in

ternal space-charge field, 206, 208 
See also Photorefractive (PR) polymers 

Ion-exchange polymer-metal composites 
(IPMC) 
active actuators behaving like biologi

cal muscles, 26, 44-45 
amplitude of displacement versus im

posed frequency at 2 volts, 39/ 
bending displacement versus voltage 

for typical IPMC strip, 36/ 
biomimetic actuation properties, 33-37 
biomimetic sensing capability, 30-32 
cilia-type assembly of IPMC-Pt mus

cles, 40/ 
comparison of properties of IPMC, 

SMA (shape memory alloys), and 
EAC (electroactive ceramics), 33/ 

cryogenic properties of IPMC artificial 
muscles, 41-44 

deflection characteristics as function of 
time and temperature, 42/ 

deflection of bending IPMC strip as 
function of voltage, 42/ 

deflection of IPMC strip as function of 
frequency and applied voltage, 35/ 

deflection versus power and current for 
two different pressures, 43/ 

dynamic sensing, 32 
dynamic sensing response in form of 

output voltage of stripes of IPMC 
subject to dynamic impact loading as 
cantilever, 32/ 

effect of temperature on electrical resis
tance, 43/ 

end-effector gripper lifting rock, 35/ 
experimental observations of IPMC ar

tificial muscle strips, 38-40 
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frequency dependence of bending de
formation of IPMC composite mus
cles, 37/ 

general redistribution of charges in 
ionic polymer due to imposed elec
tric field, 29/ 

inverted IPMC film sensor response for 
positive displacement input, 32/ 

ionic chemomechanical deformation of 
polyelectrolytes, 26 

ion transport mechanisms, 30 
IPMC actuator response for square 

and saw tooth wave input, 41/ 
IPMC film-pair in expanded mode, 35/ 
IPMC muscle of perfluorinated ion ex

change membrane (IEM), 27 
large amplitude vibrational response, 

37-40 
linear and platform type actuators, 

36-37 
load and force characterization, 40-41 
metallization of ion-exchange mem

branes, 27-28 
muscle actuators for soft robotic appli

cations, 35-36 
muscle edge thickness and metal parti

cle deposition on network inside mus
cle, 35/ 

one-dimensional model of electrically 
induced deformation of ionic poly
meric gels, 28 

one-dimensional model of electrically 
induced dynamic deformation or vi
bration of cantilever beam, 28-29 

polyelectrolytes with ionizable groups 
on backbone, 26-27 

power consumption of IPMC strip 
bending actuator as a function of ac
tivation voltage, 42/ 

quasi-static sensing, 31-32 
relationship between temperature, volt

age, current, power, and displace
ment in typical IPMC strips, 43-44 

scanning electron micrographs of 
IPMC structure, 35/ 

schematic of wing-flapping flying ma
chines, 40/ 

simple IPMC sensor between two elec
trodes, 31/ 

swimming robotic structures, 39/ 
theoretical considerations, 28-29 
typical linear-type robotic actuators 

with IPMC legs, 38/ 
Ionic conductivity 

crucial parameter in classification of 

polyether/PMMA/LiCF3S03 systems, 
55 

See also Nonaqueous polymer electro
lytes 

Ionochromism 
polythiophene derivatives, 120-122 
UV-visible spectra of poly(3-oligo(oxy-

ethylene)-4-methylthiophene) in 
methanol with different KSCN con
centrations, 121/ 

variation of absorbance of 426 nm 
band of poly(3-oligo(oxyethylene)-4-
methylthiophene) in methanol as 
function of various salts, 122/ 

See also Polythiophene derivatives 
Ion transport mechanisms, 30 
IPMC. See Ion-exchange polymer-metal 

composites (IPMC) 
N-Isopropylacrylamide (NIPAAm) 

polymers 
lower critical solution temperature 

(LCST), 323 
See also pH- and thermo-responsive 

polymers 

K 

Kerr effect, orientational, 209 
Kitazaki-Hata method, surface free en

ergy value calculations, 317, 320/ 

L 

Langevin equation, degree of polarization 
with electric field application, 96 

Light emitting diode (LED) devices. See 
Poly(p-phenylene vinylene) and po
lyvinylpyrrolidone) PPV/PVP poly
blends 

Liquid crystalline polymers. See Copoly
methacrylates with tolane-based meso
genic groups; Ferroelectric side-chain 
liquid crystalline polysiloxane; Side 
chain liquid crystalline polymers 

Liquid crystals. See Photorefractive poly
mer-dispersed liquid crystals 

Lithium salts. See High dielectric con
stant polymer composites 

Load, characterization of ion-exchange 
polymer-metal composites (IPMC), 
40-41 

Loss moduli (G"). See Syndiotactic 
poly(methyl methacrylate) (PMMA) 
based block copolymers 
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Luminescence properties. See Poly(p-phe-
nylene vinylene) and polyvinylpyr
rolidone) PPV/PVP polyblends 

M 

Mason number 
characteristic parameter describing in

terplay between dipole forces and 
flow, 109-110 

relative viscosity as function of Mason 
number, 110/ 

See also Chitosan sulfate suspensions 
Mechanisms, ion transport, 30 
Mesogenic groups, tolane-based. See Co

polymethacrylates with tolane-based 
mesogenic groups 

Metallization 
ion-exchange membranes, 27-28 
See also Ion-exchange polymer-metal 

composites (IPMC) 
Methoxypolyethyleneglycol (MPEG). 

See High dielectric constant polymer 
composites 

Micro-electro-mechanical systems 
(MEMS) 
dynamic sensing of IPMC strips, 32 
See also Ion-exchange polymer-metal 

composites (IPMC) 
Microwave absorbing materials, soluble 

conductive polymers, 2-3,14-15 
Microwave frequencies 

poly(p-phenylene-benzobis-thiazole) 
(PBT) films doped with iodine, 
146 

smart materials for sophisticated tech
nologies, 146 

Morphology studies. See Poly(p-phenyl-
ene vinylene) and polyvinylpyrroli
done) PPV/PVP polyblends 

Multifunctional organic glasses. See Pho
torefractive materials based on multi
functional organic glasses 

Muscles, artificial 
cryogenic properties, 41-44 
muscle actuators for soft robotic appli

cations, 35-36 
muscle edge thickness and metal parti

cle deposition on network inside mus
cle, 35/ 

scanning electron micrographs of ionic 
polymer-metal composite structure, 
35/ 

See also Ion-exchange polymer-metal 
composites (IPMC) 

N 

Nernst-Einstein equation, 64, 66 
NIPAAm. See AMsopropylacrylamide 

(NIPAAm) polymers 
Nonaqueous polymer electrolytes 

applications, 68 
comparison of conductivities measured 

for poly(ethylene glycol)-
poly(methyl methacrylate)-
LiCF3S03 (PEG-PMMA-
LiCF3S03) electrolytes, 57/ 

comparison of conductivities measured 
for PEG-PMMA-LiCF 3S0 3-PC 
electrolytes, 57/ 

conductivities of lithium salt doped 
plasticized systems, 53-54 

conductivity isotherms as function of 
H 3P0 4 concentration for gels con
taining dimethylformamide (DMF) 
and propylene carbonate (PC), 63/ 

copolymers of poly(ethylene oxide-co-
propylene oxide) (EO/PO), 55, 56f 

crystallization (PEG) suppression with 
plasticizer PC, 55 

diffusion coefficient versus inverse tem
perature for PC-D3P04 gel electro
lyte, 64, 65/ 

DMF-based electrolytes, 60-62 
effect of crosslink density changes on 

ionic conductivity of gel protonic 
electrolytes, 66 

EO/PO based electolytes, 58 
general types, 53 
ionic conductivity of DMF-H3P04 en

trapped gel electrolytes as function 
of inverse temperature, 61/ 

ionic conductivity of PC-H3P04 en
trapped gel electrolytes as function 
of inverse temperature, 61/ 

limitations of aqueous or polyelectro
lyte systems, 53 

main electrolyte groups, 53 
method of increasing polarity and ionic 

conductivity, 55, 58 
methyl-capped PEG-based electrolytes, 

55-58 
Nernst-Einstein equation, 64, 66 
optimizing conductivity for electroch

romic devices, 54 
PC based electrolytes, 62, 64-66 
PMMA in range of polyethers with 

LiCF3S03 dopant, 68 
product of ionic conductivity and tem

perature versus diffusion coefficient 
for PC-D3P04 gel, 66, 67/ 
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proton conducting gels, 58, 60 
role in electrochromic devices, 51, 53 
sample characterization for EO/PO/ 

PMMA/LiCF3S03 electrolytes, 59t 
scanning electron microscope studies of 

polyether/PMMA/Li salt blends, 54 
self-dissociation of H 3P0 4 for charge 

carrier formation, 64 
swelling with solvents DMF and PC as 

prospective materials, 68 
See also Electrochromic devices 

Nonlinear optical (NLO) chromophore. 
See 01igo(3-alkylthiophene) with non
linear optical (NLO) chromophore 

Nonlinear optical (NLO) materials 
critical requirements of chromophores, 

161 
introduction to high fifi chromophores, 

161-162 
necessary electro-optical coefficient val

ues, 160-161 
See also Electro-optically active materi

als; Photorefractive multifunctional 
polymers 

01igo(3-alkylthiophene) with nonlinear 
optical (NLO) chromophore 
characterization methods, 240 
dependence of diffraction efficiency on 

applied external electric field, 245/ 
dependence of two-beam coupling gain 

coefficient on applied external elec
tric field, 245/ 

design concept, 238 
dipole of NLO chromophore aligning 

with electric field applied, 241 
holographic image formation at differ

ent applied field, 247/ 248/ 
index grating by four-wave mixing 

(FWM) experiment, 244 
photocurrent and dark current re

sponse of NLO compound as func
tion of external electric field, 242/ 

photocurrent dependence on electric 
field, 241 

photorefractive effect, 237 
photorefractive hologram by incorporat

ing mask into wring beam of FWM 
experiment, 246 

photorefractive properties by two-
beam coupling, 241, 244 

physical property measurement results, 
241, 244, 246 

quantum yield of photocharge genera
tion, 241 

refractive index modulation calcula
tion, 244 

sample preparation for physical prop
erty measurements, 240 

second harmonic generation (SHG) co
efficient d33 as function of external 
electric field, 243/ 

structural characterization, 240-241 
synthesis methods, 238-240 
synthetic results, 240 
synthetic scheme for oligothiophene 

containing photorefractive material, 
239 

time constant for grating formation by 
FWM experiment, 244, 246 

UV/vis spectra of NLO compounds in 
chloroform and solid state, 242f 

Optical materials. See Nonlinear optical 
materials 

Orientation development. See Side chain 
liquid crystalline polymers 

Percolation theories 
predictions in characterizing sol-gel 

transition, 293, 295 
See also Syndiotactic poly(methyl meth

acrylate) (PMMA) based block co
polymers 

pH- and thermo-responsive polymers 
bioactivity determination method of in

sulin released from polymeric beads 
in vitro, 326 

blood glucose depression activity of re
leased insulin from polymer beads 
by IV injection in rats, 331, 333/ 

contributions of monomers N-isopropy-
lacrylamide (NIPAAm), butyl meth
acrylate (BMA), and acrylic acid 
(AA), 323 

dependence of release kinetics on poly
mer molecular weight, 327, 330/ 331 

difference in swelling/dissolution behav
ior, 327 

dissolution/swelling study method, 325 
drug-loaded bead preparation method, 

325 
experimental materials, 324 
loading efficiencies of polymer beads, 

331f 
loading efficiency decreasing as molecu

lar weight of polypeptide drug de
creases, 327 
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loading efficiency determination, 325 
mechanism for protein drug release 

from pH/thermo-sensitive beads, 332 
molecular weight, polydispersity, and 

lower critical solution temperature 
(LCST) of different NIPAAm/ 
B M A / A A polymers, 326f 

polymer characterization methods, 324 
polymer synthesis method, 324 
relationship between release profile 

and dissolution/swelling characteris
tics for different beads, 331-332 

release study method from drug-loaded 
beads, 326 

scanning electron microscopy (SEM), 
325 

SEM pictures of interior of low and 
high molecular weight polymer 
beads, 328/, 328f 

terpolymers of NIPAAm, B M A , and 
A A , 323-324 

time dependence of high molecular 
weight polymer bead swelling and 
disintegration at pH 7.4 and 37°C by 
optical microscopy, 329/ 

time dependence of low molecular 
weight polymer bead dissolution at 
pH 7.4 and 37°C by optical micros
copy, 329/ 

unique properties making viable for 
oral drug delivery, 331, 334 

Phenyl-l,2-ethanediol (PhED) 
selective permeation by electrotrans

port, 17-18 
See also Grafted polyethylene (PE) 

films 
Photochromism 

polythiophene derivatives, 119-120 
UV-visible spectra of poly(3-(2-(4-(4'-

ethoxyphenyazo)phenoxy)ethoxy)-4-
methylthiophene) as function of irra
diation time in 1:1 chloroform-
methanol, 120/ 

See also Polythiophene derivatives 
Photoluminescence (PL) properties. See 

Poly(p-phenylene vinylene) and po
lyvinylpyrrolidone) PPV/PVP poly
blends 

Photorefractive materials 
numerous prototype devices, 237-238 
originally found in ferroelectric single 

crystals of L iNb0 3 and LiTa0 3 , 237 
photorefractive effect, 237 
See also OHgo(3-alkylthiophene) with 

nonlinear optical (NLO) chromo

phore; Photorefractive multifunc
tional polymers 

Photorefractive materials based on multi
functional organic glasses 
carbazole-based multifunctional glassy 

molecule exhibiting large photore
fractive effect, 235 

chemical structures and thermal proper
ties of carbazole-based molecules, 229f 

dependence of diffraction efficiency on 
applied filed for 71-/im-thick film, 
232, 233/ 

dependence of gain coefficient (r) and 
absorption coefficient (a) on applied 
field for 60-/im-thick film, 232, 233/ 

design of carbazole with nonlinear opti
cal (NLO) chromophore, 226 

electric field dependence of photocur
rent, 230/ 

electric field dependence of time con
stants of grating formation, 236/ 

kinetics of photorefractive grating, 232, 
235 

photoconductivity and electro-optic ac
tivity, 228 

schematic for synthesis of compounds 5 
and 7, 227 

second harmonic generation coefficient 
(d33) increasing as external electric 
field increases, 231/ 

steady state properties of photorefrac
tive grating, 228, 232 

synthesis and structural characteriza
tion, 226-228 

typical write-erase cycle for film, 234/ 
UV/vis spectrum of thin film of com

pound 5 with sensitizer TNF (2,4,7-
trinitro-9-fluorenone), 230/ 

Photorefractive multifunctional polymers 
addressing stability and synthetic effi

cacy challenges for well-defined, sin
gle component PR polymers, 252 

charge transporting (CT) and nonlinear 
optical (NLO) functionality, 251-252 

CT and NLO-containing polyimides, 
262 

efficient palladium-catalyzed Heck reac
tion, 262 

electro-optic characterization of 4-
amino-4'-phosphorylated stilbene de
rivative, 252 

experimental synthetic procedures, 
253-256 

organic crystals and polymeric photore
fractive materials, 251 
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paradigms for well-defined CT and 
NLO-containing single component 
PR polymers, 252/ 

photorefractive polymer composites, 
251 

photorefractive (PR) effect definition, 
250 

polyimides, 259-262 
polysiloxanes, 257 
polyurethanes, 257-259 
preparation of N,N-bis(4-aminophe-

nyl)-4-stilbenephosphonic acid di
ethyl ester, 261/ 

preparation of phosphorylated polyim
ide via polycondensation, 262/ 

promising for hologram applications, 
250 

single component PR polymers, 
251-253 

synthesis of brominated polyimide, 
260/ 

synthesis of carbazole-based PR polysi
loxanes, 253/ 

synthesis of diphenylamine-based PR 
polysiloxanes, 253/ 

synthesis of NLO-containing diols, 258/ 
synthesis of phosphorylated polyimide 

via Heck reaction, 261/ 
synthesis of polyurethanes with alter

nating CT and NLO units, 259/ 
synthesis of triphenylamine-based PR 

polysiloxane, 257/ 
well-defined polyurethanes with alter

nating CT and NLO units, 262 
See also Polyimides; Polysiloxanes; 

Polyurethanes 
Photorefractive polymer-dispersed liquid 

crystals 
combining high resolution of photore

fractive polymers and high refractive 
index changes of nematic liquid crys
tals, 219-220 

design principle, 221/ 
See also Photorefractive (PR) polymers 

Photorefractive (PR) polymers 
active field of research studying trans

port properties of amorphous or
ganic materials, 208 

all-optical, all polymeric optical correla
tor for security applications, 220, 222 

basis of PR effect, 204 
birefringence dependence identical to 

orientational Kerr effect, 209, 211 
build-up and storage mechanism of in

ternal space-charge field, 206, 208 

change in refractive index along poling 
field direction, 209 

chemical structure, name, melting 
point, and reference time of several 
chromophores doped in matrix, 215r 

chromophore design, 211 
chromophore NPADVBB (4-(4'-nitro-

phenylazo)l,3-di[3" or 4"-vinyl)benzy-
loxy]-benzene)-based polymers, 213, 
216 

design principle of PR polymer-dis
persed liquid crystals, 221/ 

diffraction efficiency as function of ap
plied field for samples, 217/ 

dipole moment, polarizability anisot-
ropy, first hyperpolarizability, and 
figure of merit (FOM) as function of 
bond order alternation for molecule 
(CH3)2N(CH = CH)4CHO, 212/ 

efficient infrared PR polymers, 216, 
219 

electro-optic properties by second-or
der susceptibility tensor y 2 ), 209 

features of security verification system, 
222 

field-induced refractive index changes, 
209-211 

Fourier analysis basis of many optical 
systems, 206 

high demand of optical media for re
cording elementary gratings, 206 

illustration of decomposition of image 
into Fourier components or elemen
tary gratings, 207/ 

illustration of PR effect, 205/ 
intensity of scattered light as function 

of time for PR polymer composite, 
214/ 

internal electric field formation, 206,208 
light scattering system for characteriza

tion of shelf lifetime of guest-host 
PR polymers, 214/ 

molecular polarization of chromophore 
molecules, 209 

normalized diffraction efficiency versus 
field at 633 nm and 830 nm, 218/ 

optical encoding of grating based on 
second-order nonlinear optical pro
cess, 206 

phase stability characterization by 
light-scattering technique, 213, 214/ 

phase stability of guest-host PR poly
mers, 211, 213 

photograph of optical correlator for se
curity verification, 223/ 
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principle of correlator, 220, 222 
PR polymer-dispersed liquid crystals, 

219-220 
recording medium a key element, 222 
results of Monte-Carlo simulations for 

universal law for mobility, 208 
spectral response of sensitizer (2,4,7-

trinitro-9-fluorenylidene)malonitrile 
(TNFDM), 216, 217/ 

TNFDM sensitizer for spectral sensitiv
ity extending into near infrared, 219 

transport by intermolecular hopping of 
carriers between neighboring mole
cules, 208 

two limiting charge transfer resonance 
forms of donor-acceptor polyene 
molecule, neutral and charge sepa
rated forms, 210/ 

See also Photorefractive materials 
based on multifunctional organic 
glasses; Photorefractive multifunc
tional polymers 

pH-responsive behavior 
advantage of benzophenone-

triethylamine (Bp-TEA) photoredox 
initiation system, 272 

bilayer sheet of butyl methacrylate 
(BMA) homopolymer layer and 
N,N-dimethylaminoethyl methacry-
late-butyl methacrylate 
( D M A E M A - B M A ) copolymer 
layer, 272, 274 

bilayer sheets of B M A and D M A E M A 
by changing layer compositions, 274, 
276 

changes in hydrophilicity of hyper
branched poly(acrylic acid) graft 
with acid or base treatment, 305/ 

curling time of bilayer sheets from 
D M A E M A - B M A copolymer hy
drogels of different composition at 
different pH values, 274f, 276 

hydrogels from D M A E M A - B M A co
polymers, 271-272 

mechanism of B p - T E A photoredox 
system, 272, 274 

permselective behavior with nanocom-
posite, 306-307 

poly(acrylic acid) hyperbranched graft 
surfaces using soluble polymers, 
305-306 

poly(DMAEMA) in aqueous medium 
and poly(DMAEMA) hydrogel, 269 

polymers and hydrogels responsive to 
environmental stimuli, 266-267 

reversible changes in dendrimer based 
nanocomposite membrane with 
changes in pH, 307/ 

schematic illustration of thermo- and 
pH-responsive change of asymmetric 
bilayer sheet made from 
D M A E M A - B M A copolymer, 275/ 

schematic preparation of asymmetri
cally stimuli-responsive sheet, 273/ 

time-dependent change of asymmetric 
bilayer sheet from D M A E M A -
B M A copolymer in deionized water 
at pH 5.0, 275/ 

See also pH- and thermo-responsive 
polymers; Responsive surfaces; 
Thermo-responsive behavior 

Physical gelation 
not well understood, 278-279 
See also Syndiotactic poly(methyl meth

acrylate) (PMMA) based block co
polymers 

Piezochromism, polythiophene deriva
tives, 123 

Piezoelectric polymers 
ability of polymer to strain with ap

plied stress, 94, 96 
amorphous polymers versus semi-crys

talline polymers and inorganic crys
tals, 89 

average angle between vertical axis 
and average dipole before and after 
poling, 93/ 

background, 89-96 
development of poly(vinylidene fluo

ride) (PVDF) and copolymers, 88 
dielectric properties as predictors of pi

ezoelectric behavior, 96-97 
dielectric relaxation strength Ae, 96 
effect of local ordering or paracrystal-

linity on polarization, 91, 94 
hydrostatic coefficient d h as function of 

temperature for (0-CN) APB/ODPA 
polyimide, 99, 101/ 

importance of dipole concentration on 
ultimate polarization, 91 

Langevin equation describing degree of 
polarization with electric field appli
cation, 96 

literature on amorphous, 89 
locking-in dipole alignment and stabil

ity, 94 
mechanical and electrical properties as 

function of temperature for (P-CN) 
APB/ODPA polyimide, 99, 101/ 
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mechanical and electromechanical prop
erties, 97, 99 

model of polymer with real charges 
and oriented dipolar charges after 
poling, 92/ 

orientation polarization of molecular di
poles, 91 

piezoelectric and mechanical properties 
at 25°C, 95t 

piezoelectric coefficient, d, 97 
piezoelectric coefficient d31 for various 

amorphous polymers and PVDF, 99, 
100/ 

pioneering work, 88-89 
polarization data for some amorphous 

piezoelectric polymers and PVDF, 
90* 

poling of amorphous polymer, 92/ 
relationship between relaxation times, 

poling temperatures, and poling 
fields, 91 

remanent polarization with Clausius 
Mossotti equation, 96 

structure, morphology, and T g for amor
phous, 90r 

ultimate polarization, Pu, of polymer, 
89 

Young's modulus as a function of tem
perature, 98f 

Poling apparatus, corona discharge, 177/ 
Poly 2-(dimethylamino)ethyl methacry

late (PDMA) 
preparation of grafted flat poly(tetra-

fluoroethylene) (fPTFE) plates, 312 
transmittance decrease at 28°C, 311 
See also Thermosensitive poly(tetra-

fluoroethylene) (PTFE) grafted sur
faces 

Poly(2-vinylpyridine) (P2VP). See High 
dielectric constant polymer composites 

Poly(3-alkylthiophene)s 
conformation and reflectivity in infra

red domain, 12-13 
effect of monobromo butyl-3 thiophene 

concentration on molecular weight 
(Mn) of polymer, 5/ 

evolution of (nm) with defects con
tent (%) for various, 6/ 

evolution of reflectivity with wave
length for various polymers, 11/ 

solvent dielectric constant differences, 
8-9 

synthesis and characterization, 4-5 
synthetic routes, 4/ 
wavelength of bipolaronic transitions 

as function of dielectric constant of 
solvent, 9/ 

Polyacetylene 
conjugated polymer, 114-116 
See also Field-responsive materials 

Poly(acrylic acid) 
adding pH-sensitivity to polymer, 323 
See also pH- and thermo-responsive 

polymers; Responsive surfaces 
Poly(acrylonitrile) (PAN) 

piezoelectric and mechanical proper
ties, 95f 

polarization data, 90/ 
structure, morphology, and Tg, 90r 
See also Piezoelectric polymers 

Polyaniline 
camphor sulfonic acid (CSA)-doped 

versus DBSA-doped samples, 14 
evolution of conductivity with inherent 

viscosity, 11/ 
evolution of inverse of surface resis

tance with thickness of polyaniline 
deposits, 10/ 

evolution of reflectivity with wave
length, 11/ 

evolution of UV-vis spectra with time 
for PANI/DBSA (polyaniline/dode-
cylbenzene sulfonic acid) solutions in 
m-xylene, 8/ 

evolution of UV-vis spectra with time 
for PANI/DBSA solutions in o-xy
lene, If 

high shielding efficiency in microwave 
frequency range, 146 

modification of structural properties at 
supramolecular level, 5, 7-9 

solvent dielectric constant differences, 
7-8 

stability of properties, 13-14 
synthesis and characterization, 3 
UV-vis spectra evolution of DBSA-

doped PANI and conductivity modi
fication, 12-13 

UV-vis spectra of DBSA doped polya
niline solutions in m-xylene before 
and after heat treatment, If 

Polydiacetylenes, chromic polymers, 125 
Poly(N, N-dimethylaminoethyl methacry

late) (poly(DMAEMA)). See pH-re-
sponsive behavior; Thermo-responsive 
behavior 

Polyelectrolytes. See Ion-exchange poly
mer-metal composites (IPMC); Non
aqueous polymer electrolytes 

Polyethylene glycol) (PEG) 
blend with PMMA and LiCF3S03 dop

ant, 55, 56f 
copolymers of poly(ethylene oxide-co-

propylene oxide) (EO/PO) with 
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PMMA and LiCF3S03 dopant, 55, 
56* 

methyl capped PEG based electrolytes, 
55-58 

sample characterization for samples 
based on PEG and EO/PO copoly
mers, 56* 

See also Nonaqueous polymer electro
lytes 

Poly(ethylene oxide-co-propylene oxide) 
(EO/PO) copolymers 
EO/PO based electrolytes, 58, 59* 
random copolymer blend with PMMA 

and LiCF3S03 dopant, 55, 56* 
See also Nonaqueous polymer electro

lytes 
Poly(ethylene oxide) (PEO). See High di

electric constant polymer composites 
Polyethylene (PE) 

changes in wettability in surface func
tionalized PE with thermal treat
ment, 302 

pH-induced changes in amount of 
quenched surface-bound pyrene, 304 

preparation of pyrenylphenylmethyl-ter-
minated PE oligomer, 303 

pyrene-labeled PE film formation, 303 
temperature-responsive polyethylene 

functionalized with poly(ethylene gly
col) (PEG) oligomers, 307-308 

See also Grafted polyethylene (PE) 
films; Responsive surfaces 

Polyimide (/3-CN) APB/ODPA 
hydrostatic coefficient dh as function of 

temperature, 99, 101/ 
mechanical and electrical properties as 

function of temperature, 99,101/ 
piezoelectric and mechanical proper

ties, 95* 
polarization data, 90* 
structure, morphology, and Tg, 90* 
See also Piezoelectric polymers 

Polyimides 
arylhalide-containing polyimide fol

lowed by Heck reaction with deriva
tized styrene, 259-260 

charge transporting (CT) and nonlinear 
optical (NLO) functionality, 251-252 

multifunctional diamine bearing CT 
and NLO functionality and condensa
tion between diamine and fluori-
nated dianhydride, 259-260 

multifunctional photorefractive (PR) 
polymers, 259-262 

palladium-catalyzed Heck reaction effi
cient for stilbene derivatives on poly
imides, 262 

paradigms for well-defined CT and 
NLO-containing single component 
PR polymers, 252/ 

preparation of N,N-bis(4-aminophe-
nyl)-4-stilbenephosphonic acid di
ethyl ester, 261/ 

preparation of phosphorylated polyim
ide via polycondensation, 262/ 

single component PR polymers, 
251-253 

synthesis of brominated polyimide, 
255-256, 260/ 

synthesis of N,JV-bis(4-aminophenyl)-4-
stilbenephosphonic acid diethyl es
ter, 256 

synthesis of phosphorylated polyimide 
via Heck reaction, 261/ 

synthesis of phosphorylated polyimide, 
256 

synthesis of phosphorylated polyimide 
via Heck reaction, 256 

See also Photorefractive multifunc
tional polymers 

Poly(AMsopropylacrylamide) 
(PNIPAAm) 
preparation of grafted flat poly(tetra-

fluoroethylene) (fPTFE) plates, 312 
thermo-responsive polymer, 311 
See also iV-Isopropylacrylamide (NI

PAAm) polymers; Thermosensitive 
poly(tetrafluoroethylene) (PTFE) 
grafted surfaces 

Polymer composites. See High dielectric 
constant polymer composites 

Polymer electrolytes. See Nonaqueous 
polymer electrolytes 

Polymer-metal composites. See Ion-ex
change polymer-metal composites 
(IPMC) 

Poly(methyl methacrylate) (PMMA). See 
Copolymethacrylates with tolane-based 
mesogenic groups; Nonaqueous poly
mer electrolytes; Syndiotactic 
poly(methyl methacrylate) based block 
copolymers 

Poly(p-phenylene) 
conjugated polymers, 114-116 
See also Field-responsive materials 

Poly(p-phenylene-benzobis-thiazole) 
(PBT), films doped with iodine for 
good shielding properties in microwave 
region, 146 

Poly(p-phenylene vinylene) and polyv
inylpyrrolidone) PPV/PVP polyblends 
current-voltage characteristic of LED 

devices incorporating PPV and 
blends with PVP, 80, 83/ 
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current-voltage characteristic of PPV/ 
PVP LED with low PVP content, 84, 
85/ 

electroluminescence (EL) spectra of 
ITO/polymer/Al LED devices incor
porating PPV and its blends with 
PVP, 80, 82/ 

EL intensities per mole of PPV conju
gated units as a function of current 
in LED devices, 84, 85/ 

EL intensity per mole of PPV units as 
a function of current in LED devices 
incorporating PPV and low PVP con
tent polyblends, 84, 86/ 

EL intensity-voltage curves of LED de
vices incorporating PPV and its poly
blends, 80, 83/ 84 

FTIR spectra of PPV, PVP, and PPV/ 
PVP polyblends, 75/ 

luminescence properties, 80, 84 
morphology of PPV/PVP polyblends, 

74-80 
photoluminescence (PL) spectra of 

PPV and its blends with PVP, 81/ 
polyblend characterization methods, 74 
preparation procedure for PPV/PVP 

polyblends, 73/ 
Raman spectra of PPV and PPV-

50PVP, 76, 77/ 
relative intensities of emission peaks at 

520 and 550 nm wavelength per 
mole PPV units as a function of PVP 
content in polyblends, 80, 82/ 

sample preparation, 72-74 
transmission electron microscopy 

(TEM) micrographs of PPV-40PVP, 
PPV-60PVP, and PPV-80PVP 
stained with Os04, 76, 78/ 79/ 

UV/vis spectra of PPV and its blends 
with PVP, 81/ 

WAXS pattern of PPV, PPV-50PVP, 
and PVP, 76, 77/ 

Poly(p-phenylene vinylene) (PPV) 
first polymer having electrolumines

cence (EL) properties, 71 
polyblends with polyvinylpyrroli

done) (PVP), 72 
poor EL efficiency of PPV, 71-72 
See also Poly(p-phenylene vinylene) 

and polyvinylpyrrolidone) PPV/ 
PVP polyblends 

Poly(phenylethernitrile) (PPEN) 
polarization data, 90f 
structure, morphology, and Tg, 90f 
See also Piezoelectric polymers 

Polypyrrole 
conjugated polymers, 114-116 
See also Field-responsive materials 

Polysilanes, chromic polymers, 125 
Polysiloxanes 

Heck reaction for synthesizing stilbene 
derivatives on polysiloxanes, 262 

multifunctional photorefractive poly
mers, 257 

paradigms for well-defined CT and 
NLO-containing single component 
PR polymers, 252/ 

single component photorefractive (PR) 
polymers, 251-253 

synthesis of carbazole-based PR polysi
loxanes, 253/ 

synthesis of diphenylamine-based PR 
polysiloxanes, 253/ 

synthesis of poly[4-V,N-bis(4-bromo-
phenyl)amino)-l-(3-
propoxymethylbenzene)methylsilox-
ane], 254 

synthesis of poly[4-V,Af-diphenylam-
ino)-l-(3-propoxymethylben-
zene)methylsiloxane], 253-254 

synthesis of triarylaminonitrostilbene-
siloxane polymer, 254 

See also Ferroelectric side-chain liquid 
crystalline polysiloxane; Photorefrac
tive multifunctional polymers 

Poly(tetrafluoroethylene) (PTFE) grafted 
surfaces. See Thermosensitive poly(tet-
rafluoroethylene) (PTFE) grafted sur
faces 

Polythiophene 
conjugated polymers, 114-116 
See also Field-responsive materials; Po

lythiophene derivatives 
Polythiophene derivatives 

biochromism, 122-123 
cyclic voltammetry of poly(3-(2-methyl-

l-butoxy)-4-methylthiophene) 
(PMBMT) in planar and nonplanar 
form, 124/ 

different regiochemical structure in 
poly(3-alkylthiophene)s, 115/ 

effect of side chain on spin density dis
tribution of oxidized thiophene mo
nomers and regioregularity of re
sulting polymers, 115/ 
electrochemical detection, 123-124 

field-induced chromism, 116-124 
ionochromism, 120-122 
optical determination of alkali ion con

centration in solution, 121 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ix

00
2

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



355 

photochromism, 119-120 
piezochromism, 123 
temperature-dependent UV-vis absorp

tion spectra of highly regioregular 
poly(3-(oligo(oxyethylene)-4-
methylthiophene)) in poor solvent 
(methanol), 118/ 

temperature-dependent UV-vis absorp
tion spectra of highly regioregular 
poly(3-(oligo(oxyethylene)-4-
methylthiophene)) in solid state, 117/ 

temperature-dependent UV-vis absorp
tion spectra of regiorandom poly(3-
hexylthiophene) in solid state, 119/ 

thermochrornism, 116-119 
UV-vis spectra of biotinylated polythi

ophene derivative without avidin and 
after avidin addition in water, 123/ 

UV-vis spectra of poly(3-(2-(4-(4'-
ethoxyphenylazo)phenoxy)ethoxy)-4-
methylthiophene) as a function of ir
radiation time in 1:1 chloroform-
methanol, 120/ 

UV-vis spectra of pory(3-oligo(oxyethy-
lene)-4-methylthiophene) in metha
nol with different KSCN concentra
tions, 121/ 

variation of absorbance of 426 nm 
band of poly(3-oligo(oxyethylene)-4-
methylthiophene) in methanol as a 
function of various salts, 122/ 

See also 01igo(3-alkylthiophene) with 
nonlinear optical (NLO) chromo
phore 

Polyurethanes 
charge transporting (CT) and nonlinear 

optical (NLO) functionality, 251-252 
multifunctional photorefractive (PR) 

polymers, 257-259 
paradigms for well-defined CT and 

NLO-containing single component 
PR polymers, 252/ 

single component PR polymers, 
251-253 

synthesis of N, Af-bis(4-isocyanatopheny-
l)aniline, 255 

synthesis of Af,N-diethanol-4'-amino-4-
stilbene, 254-255 

synthesis of N,7V-diethanol-4'-amino-4-
stilbenephosphonic acid diethyl ester, 
254 

synthesis of nitrostilbene polyurethane, 
255 

synthesis of NLO-containing diols, 258/ 
synthesis of phosphorylated polyure

thane, 255 

synthesis of polyurethanes with alter
nating CT and NLO units, 259/ 

See also Photorefractive multifunc
tional polymers 

P o l y v i n y l acetate) (PVAc) 
morphology, structure, and Tg, 90f 
polarization data, 90r 
See also Piezoelectric polymers 

Polyvinyl chloride) (PVC) 
piezoelectric and mechanical proper

ties, 95f 
polarization data, 90f 
structure, morphology, and Tg, 90f 
See also Piezoelectric polymers 

Poly(vinylidenecyanide vinylacetate) 
(PVDCN/VAc) 
piezoelectric and mechanical proper

ties, 95f 
polarization data, 90r 
structure, morphology, and Tg, 90f 
See also Piezoelectric polymers 

Poly(vinylidene fluoride) (PVDF) 
copolymers with trifluoroethylene and 

tetrafluoroethylene, 88 
polarization data, 90f 
structure, morphology, and Tg, 90f 
See also Piezoelectric polymers 

Polyvinylpyrrolidone) (PVP). See 
Poly(p-phenylene vinylene) and po
lyvinylpyrrolidone) PPV/PVP poly
blends 

PPV (poly(p-phenylene vinylene)) 
first polymer having electrolumines

cence (EL) properties, 71 
polyblends with polyvinylpyrroli

done) (PVP), 72 
poor EL efficiency of PPV, 71-72 
See also Poly(p-phenylene vinylene) 

and polyvinylpyrrolidone) PPV/ 
PVP polyblends 

Propylene carbonate (PC) 
low molecular weight plasticizer sup

pressing crystallization, 55 
PC-based electrolytes, 62, 64-66 
See also Nonaqueous polymer electro

lytes 
Proton conducting gels 

solvent as main conduction medium in 
solvent/gel system, 58, 60 

See also Nonaqueous polymer electro
lytes 

PVP (polyvinylpyrrolidone)). See 
Poly(p-phenylene vinylene) and 
polyvinylpyrrolidone) PPV/PVP po
lyblends 

 O
ct

ob
er

 3
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

9,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

19
99

-0
72

6.
ix

00
2

In Field Responsive Polymers; Khan, I., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



356 

Pyrene-functionalized polyethylene. See 
Polyethylene (PE); Responsive surfaces 

Q 

Quadratic nonlinear optics. See Side 
chain liquid crystalline polymers 

Radar absorbing materials, conducting 
polymers, 14 

Reflectivity, defect rates and molecular 
weight, 11-12 

Remanent polarization, Pr 

Clausius Mossotti equation relating di
electric constant to dipole moment, 
% 

See also Piezoelectric polymers 
Resistance 

conductivity surface resistance as func
tion of film thickness, 9-10 

effect of temperature on electrical resis
tance, 43/ 

Resonance. See Ion-exchange polymer-
metal composites (IPMC) 

Response time, T. See Ferroelectric side-
chain liquid crystalline polysiloxane 

Responsive surfaces 
changes in hydrophilicity of hyper

branched poly(acrylic acid) graft 
with acid or base treatment, 305/ 

changes in wettability in surface func
tionalized polyethylene (PE) on ther
mal treatment in vacuum or water, 
302 

chemistry for pyrenylphenylmethyl-
terminated PE oligomer preparation, 
303 

coupling chemistry of dendrimers to 
surface chemisorbed reactive poly
mer brushes, 306-307 

effect of pH on PE/PE0lig-C(Ph)(pyr-
ene)-g-(CH2CH(C02H))n quenching, 
304/ 

entrapment functionalization strategy, 
302-305 

pH-dependent permselective behavior 
of supported nanocomposite mem
brane, 306-307 

pH-induced change in pyrene 
quenched for film with poly(acrylic 
acid) graft and surface-bound 
pyrene, 304 

poly(acrylic acid) hyperbranched graft 
surfaces using soluble polymers, 
305-306 

pyrene-labeled PE film formation, 303 
reversible changes in dendrimer based 

nanocomposite membrane with 
changes in pH, 307/ 

temperature-responsive PE function
alized with poly(ethylene glycol) 
(PEG) oligomers, 307-308 

term definition, 301-302 
See also pH-responsive behavior; 

Thermo-responsive behavior 
Rheological properties. See Chitosan sul

fate suspensions; Electrorheology 
Robotic applications 

muscle actuators for soft, 35-36 
See also Ion-exchange polymer-metal 

composites (IPMC) 

Scaling properties. See Syndiotactic 
poly(methyl methacrylate) (PMMA) 
based block copolymers 

Second-order nonlinear optics (NLO) 
second-order NLO susceptibility, y 2 ), 

172-173 
See also Nonlinear optical materials; 

Side-chain liquid crystalline polymers 
Security verification 

all-optical, all polymeric optical correla
tor, 220, 222 

photograph of optical correlator using 
photorefractive polymer as active me
dium, 223/ 

See also Photorefractive (PR) polymers 
Sensing 

biomimetic capability of IPMC, 30-32 
dynamic capability of IPMC, 32 
quasi-static of IPMC, 31-32 
See also Ion-exchange polymer-metal 

composites (IPMC) 
Sensors and actuators, biomimetic. See 

Ion-exchange polymer-metal compos
ites (IPMC) 

Separation of ionic compounds. See 
Grafted polyethylene (PE) films 

Shape memory alloys (SMA) 
comparing properties with ion-

exchange polymer-metal composite 
(IPMC), and electroactive ceramics 
(EAC), 33f 

See also Ion-exchange polymer-metal 
composites (IPMC) 

Shear rates. See Chitosan sulfate suspen
sions 

Shear storage (G'). See Syndiotactic poly-
(methyl methacrylate) (PMMA) based 
block copolymers 
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Shear stress. See Chitosan sulfate suspen
sions 

Side-chain liquid crystalline polymers 
(SCLCP) 
anisotropy for second-order susceptibil

ity tensor with liquid crystallinity, 
187 

applications in second-order nonlinear 
optics (NLO), 171-172 

combining optical quality with high 
first hyperpolarizability, 172 

dependence of transition temperature 
on spacer length for polymaleimide, 
PMn, 179* 

development of axial order, 182-185 
development of NLO side-chain poly

mers with maleimide backbone units 
exhibiting LC behavior and high Tg, 
174-175 

development of orientation with time 
in P(S-fl/r-M3), 183/ 

electric field-induced alignment, 
180-185 

experimental materials, 175 
factors enhancing second-order NLO 

activity in efficient chromophores, 
181 

inherent tailorability of LC polymers, 
174 

lacking evidence of LC properties in 
PCBMS (poly[p-(4'-cyanobiphenyl-
4-yloxy)methylstyrene]), 177,178/ 

level of orientation by order parame
ters <P!>, 180 

local field factors, / using Lorentz-
Lorenz formula, 172 

macroscopic second order NLO suscep
tibility, tf2\ quantity of interest, 172 

Maier-Saupe theory for order parame
ter <P2> determination, 186-187 

measurement techniques, 176-177 
molar ratio of mesogenic to non-meso-

genic units in poly[styrene-fl/f-{N-[3-
(4' -cyanobiphenyl-4-
yloxy)propyl]maleimide}] (P(S-a/f-
M3)), 177, 178/ 

molecular statistical models, 181-182 
optical absorption spectra of bicyano-

phenyl-based SCLCP thin film be
fore and after poling, 173/ 

orientational averages in four statistical 
models, 182r 

orientation development with time in 
P(CBMS-co-M3), 183-184 

orientation development with time in 
polymaleimide PM3, 185 

orientation distribution function, 180 

P(CBMS-co-M3) [poly[p-(4'-cyanobi-
phenyl-4-yloxy)methylstyrene-co-{iV-
[3-(4'-cyano biphenyl-4-yloxy)propyl-
jmaleimide}]], 178-179 

phase, nematic, of P(CBMS-co-M3) at 
200°C, 178/ 

phase, nematic, of PM 3 at 260°C, 179/ 
poling conditions and NLO coefficients 

for number of samples, 186; 
poling efficiency relation to ease of reo

rientation of mesogenic groups, 190 
poling P(CBMS-co-M3) and PM3 above 

T g for orientation, 183 
poling process optimization for maxi

mum values for y 2 ) components, 
173-174 

rapid axial order development in 
PCBMS and P(S-a/f-M3), 182-183 

schematic representation of corona pol
ing apparatus, 177/ 

second-order NLO properties, 186-187 
second-order NLO properties by sec

ond harmonic generation (SHG), 174 
self-alignment nature of LC phase, 189 
synthesis of monomers, 175 
synthesis of polymers, 175-176 
systematic investigation of new SCLCP 

seeing structure-property relation
ships and understanding, 174 

theoretical background for electric 
field-induced alignment, 180-182 

thermodynamic average replacing mac
roscopic second-order NLO suscepti
bility in polymeric materials, 
172-173 

transient birefringence obtained under 
pressure at 145°C in PCBMS sample, 
178/ 

See also Copolymethacrylates with to
lane-based mesogenic groups; Ferro
electric side-chain liquid crystalline 
polysiloxane 

Siloxane polymers. See Ferroelectric side-
chain liquid crystalline polysiloxane; 
Polysiloxanes 

Smart materials 
exploding research field, 113 
See also Field-responsive materials 

Soft actuator. See Ion-exchange polymer-
metal composites (IPMC) 

Solar energy materials, growing interest, 
51 

Sol-gel transition 
characterization, 293, 295 
See also Syndiotactic poly(methyl meth

acrylate) (PMMA) based block co
polymers 
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Soluble conducting polymers 
microwave absorbing materials, 2-3, 

14-15 
See also Conducting polymers 

Spontaneous polarization, Ps. See Ferro
electric side-chain liquid crystalline pol
ysiloxane 

Stimuli-responsive behavior 
potential applications, 323 
proposing terpolymers of N-isopropyla-

crylamide (NIPAAm), butyl methac
rylate (BMA), and acrylic acid (AA) 
for drug delivery, 323 

See also pH- and thermo-responsive 
polymers; pH-responsive behavior; 
Responsive surfaces; Thermo-respon
sive behavior 

Surface modification. See Responsive sur
faces; Thermosensitive poly(tetrafluo-
roethylene) (PTFE) grafted surfaces 

Syndiotactic poly(methyl methacrylate) 
(PMMA) based block copolymers 
analysis of dynamics at gel point and 

theory of viscoelasticity, 278 
block copolymers of MXM type where 

M is syndiotactic PMMA (sPMMA) 
and X varies, 279 

characteristics of homo PMMA and 
MXM block copolymers (M=sP
MMA), 280/ 

characterization of sol-gel transition, 
293, 295 

chemical gelation, 277-278 
crossing point independent of fre

quency, 286, 289 
DSC thermograms typical of three 

gels, 285/ 
effect of addition of homo PMMA on 

scaling properties, 293, 294/ 
effect of copolymer composition and 

molecular weight on scaling proper
ties, 292 

effect of midblock on scaling proper
ties, 292-293 

effect of temperature and copolymer 
concentration on scaling properties, 
292 

FTIR spectrum of 10 wt.-% solution in 
o-xylene for homo sPMMA, diblock 
and triblock copolymers, 283, 284/ 

gelation of MBM triblock copolymer in 
o-xylene (B=polybutadiene), 282 

gelation time and scaling exponent for 
solutions of copolymers in o-xylene 
added with homo PMMA, 290f 

gelation time and scaling exponents for 
solutions of sPMMA and MXM 
block copolymers in o-xylene, 289/ 

gel point determination by plotting tan 
S versus curing time at different fre
quencies, 290, 291/ 292 

investigations of sPMMA homopoly
mer in o-xylene, 281 

IR absorption of 10 wt.-% MBM solu
tion in CHC13 and o-xylene, 284/ 

log G' and log G" versus log reduced 
frequency from data near gel thresh
old, 295, 296/ 

log-log scaling plot of horizontal and 
vertical shifts versus reduced extent 
of reaction in region near gel point, 
295, 297/ 

loss angle at gel point, 278 
materials and sample preparation, 

279- 280 
mechanism of gelation, 281-286 
mechanisms of thermoreversible gela

tion by IR analysis, 281, 283 
modifications in structure and viscoelas

tic properties of systems through sol-
gel transition, 277 

more rigorous definition of gel point 
and related curing time, 290 

physical gelation not well understood, 
278-279 

polymer investigation methods, 
280- 281 

predicted and experimental exponents 
for evolution of structure and visco
elasticity near gel point, 279/ 

predictions for frequency dependence 
of shear storage and loss moduli, 278 

predictions of Rouse approximation 
and electrical analogy percolation 
theories, 293, 295 

scaling properties, 290, 292-293 
scaling properties for mixtures of 

triblock copolymers and o-xylene, 
290, 291/ 292 

shear storage (G') and loss (G") mod
uli versus time at 10°C and various 
frequencies for 1 wt.-% solution of 
MBM/iPMMA mixture in o-xylene, 
289, 291/ 

shear storage (G') and loss (G") mod
uli versus time at 1 Hz for 8 wt.-% 
solution at various temperatures, 
287/ 

shear storage (G') and loss (G") mod
uli versus time at 24°C and various 
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frequencies for 7 wt.-% solutions in 
o-xylene, 288/ 

static scaling exponents independent of 
chemical nature of midblock, 298 

thermal transitions by calorimetric 
study with DSC, 283, 286 

thermoreversible gelation, 281 
thermoreversible gelation study of 

block copolymers (MXM) in o-
xylene, 295, 298 

time dependent gelation, 286, 289-290 

Tetraethyleneglycol (TEG). See High di
electric constant polymer composites 

Thermochrornism 
polythiophene derivatives, 116-119 
temperature-dependent UV-vis absorp

tion spectra of highly regioregular 
poly(3-(oligo(oxyethylene)-4-
methylthiophene)) in poor solvent 
(methanol), 118/ 

temperature-dependent UV-vis absorp
tion spectra of highly regioregular 
poly(3-(oligo(oxyethylene)-4-
methylthiophene)) in solid state, 117/ 

temperature-dependent UV-vis absorp
tion spectra of regiorandom poly(3-
hexylthiophene) in solid state, 119/ 

See also Polythiophene derivatives 
Thermo-responsive behavior 

changes in wettability in surface func
tionalized polyethylene (PE) on ther
mal treatment in vacuum or water, 
302 

DMAEMA hydrogels, 267, 269 
DSC thermograms of poly(D-

MAEMA) hydrogel in dry and swol
len states, 270/ 

influence of butyl methacrylate (BMA) 
on phase separation temperature, 
271, 272/ 

polymers and hydrogels responsive to 
environmental stimuli, 266-267 

poly(N, 7V-dimethylaminoethyl methac
rylate) (poly(DMAEMA)) in aque
ous solution, 267 

properties of copolymers of 
DMAEMA and other acrylate deriv
atives, 271-272 

properties of hydrogels prepared from 
copolymers of DMAEMA and co
monomers, 271/ 

schematic illustration of thermo- and 

pH-responsive change of asymmetric 
bilayer sheet made from 
DMAEMA-BMA copolymer, 275/ 

swelling ratio of poly(DMAEMA) hy
drogels in deionized water as func
tion of temperature, 268/ 

temperature-dependent transmittance 
changes of poly(DMAEMA) aque
ous solutions, 268/ 

temperature-responsive PE function
alized with poly(ethylene glycol) 
(PEG) oligomers, 307-308 

varying swelling ratio and phase separa
tion temperature of poly(D-
MAEMA), 271 

See also pH- and thermo-responsive 
polymers; pH-responsive behavior; 
Responsive surfaces; Thermosensi
tive poly(tetrafluoroethylene) 
(PTFE) grafted surfaces 

Thermoreversible gelation 
mechanism of gelation, 281-286 
sol-gel transition of MXM type block 

copolymer solutions, 281 
time dependent, 286, 289-290 
See also Syndiotactic poly(methyl meth

acrylate) (PMMA) based block co
polymers 

Thermosensitive poly(tetrafluoroethy-
lene) (PTFE) grafted surfaces 
changes in contact angles and equilib

rium water contents of Bis-NIPAAm 
gel (N-isopropylacrylamide, NI
PAAm) as a function of tempera
ture, 316/ 

changes in intensity ratio at take off 
angle of 90° by ESCA (electron spec
troscopy for chemical analysis) for 
grafted flat PTFE (fPTFE) plates 
with irradiation time, 314/ 

changes in intensity ratio at take off 
angles of 90( by ESCA for DMA-
grafted (DMA, 2-(dimethylamino)e-
thyl methacrylate) fPTFE plates with 
irradiation time, 318/ 

contact angle measurements, 312 
contact angle of DMA-g-fPTFE sur

faces toward pH 4 and 10 buffer solu
tions as a function of temperature, 
319/ 

contact angles of untreated, plasma-
treated, NIPAAm-grafted fPTFE 
plates, and PNIPAAm plate toward 
water plotted against temperature, 
315/ 
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contact angles toward water as a func
tion of degree of grafting of NI
PAAm at 25 and 40°C, 315, 316/ 

dispersion, polar and hydrogen bond
ing components of free energies for 
pure liquids, 320/ 

ESCA spectra of surfaces of untreated 
fPTFE, plasma-treated fPTFE, 
DMA-g-fPTFE and PDMA plates, 
318/ 

ESCA spectra of untreated fPTFE, 
plasma-treated fPTFE, NIPAAm-g-
fPTFE, and PNIPAAm plates, 313/ 

evaluation of wettabilities of NI-
PAAm-g-fPTFE plates based on sur
face free energies, 317, 320 

experimental materials, 312 
fPTFE grafted with NIPAAm or 

DMA, 311-312 
preparation of grafted fPTFE plates, 

312 
surface analysis of DMA grafted 

fPTFE plates, 317 
surface analysis of grafted fPTFE 

plates by ESCA, 312 
surface analysis of NIPAAm grafted 

fPTFE plates, 312-314 
surface free energies of used plates cal

culated from Kitazaki-Hata method, 
320/ 

unique properties of both NIP A Am-
and DMA-grafted fPTFE surfaces, 
321 

wettabilities of DMA-g-fPTFE surfaces 
toward pH 4 and 10 buffer solutions, 
319/ 

wettabilities of DMA-grafted fPTFE 
plates, 317 

wettabilities of NIPAAm-grafted 
fPTFE plates, 314-316 

Thiophene derivatives. See 01igo(3-alkyl-
thiophene) with nonlinear optical 
(NLO) chromophore; Polythiophene 
derivatives 

Tolane-based mesogenic groups. See Co
polymethacrylates with tolane-based 
mesogenic groups 

Transport, mechanisms for ion, 30 

Vibration 
large amplitude vibrational response of 

IPMCs, 37-40 
See also Ion-exchange polymer-metal 

composites (IPMC) 
Viscoelasticity. See Syndiotactic 

poly(methyl methacrylate) (PMMA) 
based block copolymers 

Viscosity. See Chitosan sulfate suspen
sions 

Williams-Landel-Ferry (WLF) equation, 
temperature dependence of relaxation 
times, 194,198 
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