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Abstract : The water-swollen poly(3-thiopheneacetic acid) (P3TAA) gels with various degree of cross-
linkage (DCL} were synthesized. The swelling properties, dissociation behaviors, and spectral properties of
P3TAA gels were studied. We have found that A... of UV-visible absorption spectrum of P3TAA gels
increased largely around pH=5-~6, which was similar to the linear polymer. However, a P3TAA gel
showed no change in Awe with the increase of temperature, unfike the linear P3TAA. These results sug-
gested that conformational transition of the polythiophene main chain from nonplanar state to planar state
was restricted due to the chemical cross-linkage of water-soluble polythiophene.

Introduction

Polymers containing thiophene systems have
been a subject of research for more than two
decades.™® However, characterization and process-
ing of this material has been limited by its inherent
insolubility. Recent progress in the synthesis of
new polythiophene derivatives has led to the prep-
aration of processable electroactive polymers
which have promising properties for industrial
applications.”® The incorporation of relatively long
and flexible side chains leads to soluble polymers
with a stiff backbone, and this has also been
extended to the synthesis of water-soluble poly-
thiophenes by substitution of aromatic hydrogen
with hydrophilic groups such as carboxylic acids.

These neutral polythiophenes, bearing properly
designed side chains, can undergo striking confor-
mational changes when they are exposed to heat,
light, electric fields or various chemicals giving rise
to reversible thermochromism, photochromism,
electrochromism, or ionochromism.**® These opti-
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cal changes are mainly attributed to a reversible
planar-to-nonplanar conformational transition of
the conjugated main chain. The finding of these
spectral properties of polythiophene have attracted
much attention from a fundamental and practical
point of view.

In the previous report,” the water-soluble poly-
thiophenes were synthesized by introducing pH-
responsive carboxylic acid groups at the 3-position
of thiophene ring, and the unique solution proper-
ties and spectral properties of poly(3-thiophene-
acetic acid) (P3TAA) as a rigid-type polyelectrolyte
were studied by potentiometric titration, viscosity,
and UV-visible spectroscopy. When pH of solution
was increased, the reduced viscosity of P3TAA
aqueous solution showed an abrupt increase at
pH=5, accompanying with an abrupt increase in
the maximum wavelength of absorbance from 407
to 446 nm. The Henderson-Hasselbach plot of the
titration curve showed an inflection of slope
around pH=>5-6, indicating that the pH-induced
conformational transition occurred from the aggre-
gated nonplanar state to the extended planar state
of the polymer main chain. These results were
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quite different from those of common flexible
polyelectrolytes, such as poly(acrylic acid) and
were explained in terms of the rigid and hydro-
phobic natures of main chain of the conjugated
polymer,

In this paper, the synthesis of P3TAA gel is
reported, and then their interesting characteristics
such as swelling properties, dissociation behav-
iors, and spectral properties of the water-swollen
P3TAA gel have been discussed and also com-
pared with those of linear P3TAA.

Experimental

Materials. 3-Thiopheneacetic acid (3TAA)
{Tokyo Kasei Kogyo Co., Ltd.) and anhydrous fer-
tic chloride (FeCl) (Wako Pure Chemical Indus-
tries, Ltd.) were used without further purification,
Adipovl dihydrazide (ADH} (Wako Pure Chemical
Industries, Ltd.) as a cross-linking agent and N,
N'-dicyclohexylcarbodiimide (DCC) {Tokyo Kasei
Kogyo Co., Ltd.) as a condensation agent were
used without further purification. Dimethylsulfox-
ide {DMSQ) (Wako Pure Chemical Industries
Ltd.) was dried over CaH; for 24 hr under nitro-
gen atmosphere and distilled under vacuum
before use. Chloroform {CHCL) and methanol
{CHsOH) were also dried over CaH, for 24 hr
under nitrogen atmosphere and distilled.

Preparation of Water-Soluble P3TAA
Gels. Poly(3-thiopheneacetic acid) (P3TAA) was
synthesized as shown in Scheme I by chemical
oxidative coupling in dry CHCL, using anhydrous
FeCl; as a catalyst according to the previously
reported method."! P3TAA gels with different
degree of cross-linkage (DCL) were prepared by
cross-linking via a condensation reaction between
P3TAA and ADH in DMSO at room temperature
for 2 days. ADH and DCC were used as a cross-
linking agent and a condensation agent, respec-
tively. The obtained P3TAA gel was washed with
fresh DMSO and deionized water repeatedly to
remove impurities. DCL was defined as a molar
ratio of cross-linking agent to the repeating unit of
polymer. The degree of swelling (q) of a gel was
calculated as a weight ratio of the water-swollen
gel to its dry state,

Characterization. The structure of polymer
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Scheme I. Synthesis of poly(3-thiopheneacetic acid)
(P3TAA) gel.

was confirmed by FT-IR (Japan Speciroscopic
Co., MFT-2000) and 'H NMR (JEOL JNM-400,
400 MHz)." The weight-average molecular weight
{M,} was estimated by gel-permeation chroma-
tography (column: TOSOH TSK-gel, G3000Hy,,
G4000Hx,, G5000Hy, 7.5x 600 mm® x 3} with
standard polystyrene (Shodex Standard SM-105)
as a reference in THF at 40 °C.

Measurement of UV-visible absorption spectra
for P3TAA gel was carried out using a gel mem-
brane (about 2 mm thick) which was prepared by
a spin coater (MIKASA Spincoater; 1H-D3, Japan).
DCL of gel used was 5, 7, 10 mol%, respectively.
The pH was varied from 2 to 12, and temperature
was varied from 0 to 80°C. In ali cases, the ionic
strength maintained constantly in 1.0 M NaCl
solution. UV-visible absorption spectra were
obtained with a Hitachi UV-visible spectropho-
tometer (Model U-3000) at various conditions.

The potentiometric titration of P3TAA gel was
catried out by measuring a change in pH of exter-
nal aqueous solution. P3TAA gel was immersed
in 0.02 mol/L standard NaOH solution (20 mL) in
the presence of 1.0 mol/L NaCl for 3 days, and
then a certain amount of 0.02 mol/L. standard
HCl solution was added into the sample solution
and left to stand at least for 1 week in order to
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establish an equilibrium ionization because the
titration of a gel is time-consuming.

Results and Discussion

Swelling Properties and Dissociation
Behaviors. M, and polydispersity of P3TAA were
found to be as 1.6x 10" (repeating unit = 35)
and 2.81, respectively. The synthesized P3TAA is
soluble in DMSQO, dimethylformamide (DMF),
and weak alkaline solution. P3TAA gels showed a
viscoelastic property like common water-swollen
hydrogels,. and were a deep brown-red color.
Degree of swelling (g} of P3TAA gels depended
on degree of cross-linkage {DCL). As shown in
Figure 1, g of P3TAA gels with DCL of 5, 7,
10 mol% in water were 8.4, 5.7 and 4.3, respec-
tively, We can expect that g would increase with
an increase of pH because P3TAA gel has carbox-
vlic acid groups which are sensitive to pH. Figure
2 shows g of gels as a function of pH. It can be
seen that g of all gels increases abruptly at
pH=5~6 and becomes constant above pH=7.
That is, when P3TAA gel is neutralized with
sodium hydroxide, either partially or totally, the
negatively charged carboxyl groups attached to
the polymer chains set up an electrostatic repul-
sion, tends to expand the network. The change in
g occurred more sharply at a lower DCL.
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Figure 1. Relationship between degree of cross-linkage
(DCL) and degree of swelling {q}.
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Since the change of g should be associated with
the dissociation of carboxylic acid groups of
P3TAA, the potentiometric titration of P3TAA gels
were carried out to investigate detailly the ioniza-
tion behavior.*** The result is shown in Figure 3.
The dissociation of carboxylic acid group of sol-
vated P3TAA starts at pH=3.5, while that of
P3TAA gel starts at a higher pH than 5. In addi-
tion, the dissociation of carboxylic acid group of
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Figure 2. pH dependence of degree of swelling (g) of
P3TAA gels (@ :DCL = 5mol%, B : DCL = 7 mol%,
4 : DCL = 10 mol%). [NaCl]=1.0 M,
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Figure 3. Potentiometric titrations of P3TAA ( O J,
poly(acrylic acid) {PAA) { (1 ), and P3TAA gels ( @ -
DCL = 5mol%, B : DCL = 7 moil%, ¢ : DCL = 10
mol%) at 25 °C. [polyanion]=10* M, [NaCl]=1.0 M.
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Figure 4. Extended Henderson-Hasselbach plots of Fig-
ure 3,

P3TAA gel increases sharply with the increaseo
pH, and 80 % of the carboxylic acid groups com-
pletely dissociated at pH=7 regardless of change
of DCL in the gel. This indicates that the dissocia-
tion in low pH region may be strongly suppressed
by the chemical cross-linkage which is enhanced
significantly with the increase of pH. The dramatic
increase in dissociation at pH=5~7 is also well
cotresponding to the swelling behavior of gel and
indicates that the increase of swelling is due to the
electrostatic repulsion among the ionized carbox-
ylate groups.

Figure 4 shows the extended Henderson-Has-
selbach plot for the solvated P3TAA and its gel.
As reported in the previous paper, the solvated
P3TAA sample has two slopes with a transition at
around pH=5~6 with the slopes of n;=1.7 and
n:=3.8. We suggested that the higher value of n,
indicated an increased difficulty of further dissoci-
ation, probably due to the rigid main chain of
thiophene ring. Although this fact has not been
fully understood, this might be associated with the
presence of a rigid thiophene ring which may
strongly suppress further ionization at a pH range
higher than 6. On the other hand, the slope of gel
is 2.0 {m) in range of pH=5~6 and 1.1 {n,) in
range of pH=6~7. The lower n. value indicates
that there is no large electrostatic hindrance for
further ionization with the increase of pH, sug-
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Figure 5. pH dependence of ... in UV-visible absorp-
tion spectra at [NaCl]=1.0 M {25 °C). Linear polymer
( @ :P3TAA), polymer gels {4 :DCL = 5mol%, I :
DCL = 7 mol%, 4 : DCL = 10 mol%).

gesting that the presence of crosslinkage may
effectively interfere the rotation of main chain,
and cause to reduce a rigidity of the main chain at
the higher pH region.

Electronic Spectral Properties. The water-
swollen P3TAA gel was successfully synthesized,
and Ar. of a P3TAA gel membrane depending on
pH was investigated by UV-visible spectroscopy.
As shown in Figure 5, when pH varied from 5 to
6, a dramatic increase in A.. was observed,
which became almost constant above pH=6. On
the other hand, An. of all kinds of gels increased
greatly around pH=6~7. As mentioned in the
previous report,” ™ these results can be related to
the conformational transition from the aggregated
state to the extended state of backbone. This tran-
sition is due to the electrostatic repulsion between
ionized groups, accompanying the dissociation of
the carboxylic acid of polymer side-chain as pH
increases. As a result, the polymer backbone had
a more extended state, giving rise to an increased
effective conjugation length. Here, we should
note that transition of An. for P3TAA gels
occurred at higher pH unlike the linear polymer
because the polymer chain is stabilized by cross-
linkage. This fact coincides well with the resuits of
the ionization behaviors of P3TAA gels. The dif-
ference of A (A} depended on DCL. As DCL
decreased, AA... became larger and then A,
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Figure 6. Temperature dependence of A.... in UV-visible
absorption spectra of linear polymer (& :pH = 6.3, @ :
pH = 11.1} and polymer gel {#: pH = 8) at various pH.
[NaCli=1.0 M.

increased gradually to approach to that of the lin-
ear polymer. It has also been found that values of
pH at which A.... increases abruptly were around
pH=5.2 for a linear polymer and around pH=6.5
for a gel, respectively. These results suggest that
the conformational change of a gel is restricted
due to the chemically cross-linkage of a linear
polymer.

Figure 6 shows the temperature dependence of
Amax of @ water-soluble P3TAA and its gel. A, of
the polymer solution {pH=11.1 and 6.3} de-
creased with the increase of temperature, while
Amz: Of & gel (DCL=7 mol%, pH=8.0} had no
change in a broad range of temperature. As tem-
perature increases, the side chain disordering via
a twisting of ring-to-ring bonds, due io the ther-
mal agitation, caused structural distortion of the
coplanar main-chain, resulting in a blue-shift in
Amax. On the other hand, in the case of a gel, the
twisting of the ring-to-ring bonds is restricted
greatly due to a chemical cross-linkage of the lin-
ear polymer. Therefore, it is difficult to induce the
conformational change of the fixed polymer
main-chain as temperature increases resulting in
no change in A.... These results also suggest that
the effective conjugation length of polythiophene
is stabilized and fixed” (or memorized) by the
chernical cross-linkage of a linear polymer. There-
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fore, one can obtain a water-swollen electro-con-
ductive hydrogel capable of changing its size and
spectral properties simultaneously by giving the
external stimuli such as pH and temperature.

Conclusion

Water-swollen P3TAA gels' were synthesized,
and the swelling properties, dissociation behav-
jors, and spectral properties of P3TAA gels with
various DCL were studied. It was found that Ame.
of UV-visible absorption spectrum of P3TAA gels
increased largely at around pH=5~6 as pH
changed, which was similar but less distinctive
than that of the linear polymer. These results sug-
gested that a conformational transition from the
aggregated nonplanar state to the extended pla-
nar state was somewhat restricted due to the
chemical cross-linkage of water-soluble linear
polymer. In addition, it was also found that a
P3TAA gel showed no change it A with the
increase of temperature, unlike the linear poly-
mer.
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