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Abstract

The title polymer, PTAA, practically free of ester groups was obtained by oxidative polymerization of methyl thiophen-
3-ylacetate and subsequent basic hydrolysis of primary polymer. Poly(thiophen-3-ylacetic acid) has been thoroughly
characterized by NMR, IR, Raman, and UV/Vis spectroscopy. The polyacid behavior during neutralization titrations
with lithium and sodium hydroxides, carried out under nitrogen atmosphere, has been studied by conductometry and po-
tentiometry. Henderson-Hasselbach plots of potentiometric titration curves show a break point at pH around 6, where
the curve slope drops from 1.8 (at lower pH) to a value from 1.05 to 1.3 (at higher pH values). The UV/Vis spectra mo-
nitored during back titration show: (i) monotonous decrease of both A__and €, as pH decreases, (ii) the presence of
the isosbestic point at 401 nm that can be ascribed to conformational transition of PTAA chains, and (iii) absence of the
isosbestic point at 392 nm reported previously by other authors.

Keywords: Ionic polymers, polyelectrolyte, polythiophene, titration curves, Henderson-Hasselbach plot, conformatio-

nal transition

1. Introduction

Polyelectrolyte (PEL) is defined as a polymer com-
posed of macromolecules in which a substantial portion of
the monomeric units contain ionic or ionizable groups, or
both.' As to properties, PELs significantly differ from
non—ionic polymers, as well as from low—molecular—
weight electrolytes.>”' In particular, electrolytic dissocia-
tion of PELs may be accompanied by conformational
changes'? of their chains that are most apparent in solu-
tions of conjugated polyelectrolytes (CPEs), as they are
directly observable through color (absorption as well as
fluorescence) changes. PELs often exhibit ionic conducti-
vity in the solid state but conjugated PELs can in addition
exhibit electronic conductivity.'* Chains of CPEs possess
amphiphilic character giving them the capability of self-—
assembly, and the ability to interact specifically with other

polyionic species such as nucleic acids and proteins.'>>°

CPEs are currently being tested as promising new mate-
rials for reducing the electron—injection barrier from high
work—function metal electrodes into polymers in optoe-
lectronic devices,” > and as sensor materials for detec-
tion of ions,?3° biomolecules?'*? and various organic
molecules®'** operating on the basis of their UV/Vis (ul-
traviolet-visible), fluorescence, or redox responses. CPEs
enable the layer—by-layer construction of a new type of
polymer composite film consisting of alternating layers of
cationic and anionic CPEs.**>* They are also used as fa-
vorable matrix materials for preparation of organic—inor-
ganic composites with noble—metal plasmonic nanopar-
ticles that can comprise hot spots greatly enhancing the
local electrical field intensity.>**

Properties of aqueous solutions of strong PELs (inc-
luding CPEs) are dominated by repulsive Coulomb inte-
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ractions between like—charged units of macropolyions
(macromolecular polyions),®'? as well as by attractive
Coulomb interactions between macropolyions and their
counterions. The attractive interactions cause an accumu-
lation of counterions in the close vicinity of the macropol-
yions.41 On the other hand, small ions of the same charge
sign as the macropolyions, so-called coions, are repelled
by the macropolyions.

The overwhelming majority of studies on CPEs fo-
cus on the preparation, structure, and benchmark tests of
the functional properties of these systems.**”> This also
holds true for the poly(thiophen-3-ylacetic acid), PTAA,
which is a CPE with weak acidic groups, the behavior of
which is strongly influenced by the ionization equilibrium
involving these groups. Vallat et al.***' and Kim et al.>*~*
studied the acid-base titration behavior of aqueous solu-
tions of PTAA simultaneously monitoring the UV/Vis
spectra of the solutions. In addition to this, Vallat et al.***"!
investigated completely neutralized PTAA, i.e., poly[so-
dium (thiophen-3-yl)acetate] denoted here as PTANa, by
small angle neutron and X-ray scattering techniques.
They obtained evidence of conformational transitions of
PTAA chains during the acid-base titrations, and exami-
ned the effects of (i) the polymer concentration, (ii) poly-
mer molecular weight, and (iii) NaCl added to solution
(ionic strength effect) on the behavior of these solutions.
Both teams reported increase in the slope of Henderson-
Hasselbach plots in the presence of various concentrations
of NaCl from values between 1.4 and 1.9 to values bet-
ween 3 and 11.8, depending on salt concentration.’'~* In-
terestingly, one of these groups reported a drop of the slo-
pe value from 2.0 to 1.1 for a cross-linked P3TAA.>*

In this contribution we report results of extensive po-
tentiometric and conductometric titrations of PTAA with
NaOH, and LiOH, respectively. All the titrations were per-
formed under the nitrogen atmosphere. To our best know-
ledge, no conductometric study of PTAA solutions has
been published so far. The potentiometric titration results,
presented in the form of the Henderson-Hasselbach plots,
are analyzed and compared with the literature data. Diffe-
rences from the titration results obtained by other authors
are discussed in view of the differences in experimental de-
tails, such as sample preparation, dialysis, and others.

2. Experimental

2. 1. Polymer Synthesis and Characterization
The polymers studied were prepared in two batches
by hydrolytic modification of poly(methyl thiophen-3-
ylacetate), PTAMe that was synthesized by oxidative
polymerization of methyl thiophen-3-ylacetate with FeCl,
in chloroform using a procedure described elsewhere.*
Poly(thiophen-3-ylacetic acid), PTAA, was obtained by
the total alkaline hydrolysis of PTAMe. For details on
polymer synthesis see “Supporting Information”.

Basic characteristics of the first batch (batch 1) of
PTAMe (later on hydrolyzed to obtain PTANa) used in the
total hydrolysis of ester groups were as follows: number-
average molar mass M = 6.0 kDa, mass-average molar
mass M = 14.5 kDa, dispersity”® P = 2.4, number-average
degree of polymerization X, = 39. Since no degradation of
polymer main chains was observed during the alkaline hy-
drolysis of PTAMe under slightly milder conditions than*
we had applied, it is reasonable to assume that PTAA ob-
tained by hydrolysis of PTAMe has retained the same de-
gree of polymerization (i.e. X, = 39). At this point it should
be stressed that Vallat et al. compared® the relative mole-
cular weight of their sample of PTAMe obtained by size-
exclusion chromatography (SEC), based on polystyrene
calibration, with the absolute molecular weight obtained
from field-flow fractionation (FFF). According to their fin-
dings M (FFF) exceeded M (SEC) by a factor of approxi-
mately 1.7. Using this calibration (see “Supporting Infor-
mation”) for M and the dispersity value D = 2.4, our
sample should have M, = 10.3 kDa, M, =24.8 kDa and X
= 66. The data for the second batch (batch 2) of PTAMe
are: M =11.1kDa, M =33.3kDa, D=3.0,and X  =72.

Size-exclusion chromatography (SEC) analyses of
polymers were performed using the HP 1100 instrument
equipped with a diode array UV/Vis detector and a series
of three SEC columns (PL mixed-A, mixed-B and mixed-
C, Polymer Laboratories, Bristol) calibrated with polyst-
yrene (PS) standards (PL, Bristol, UK). Tetrahydrofuran
(flow rate 0.7 mL/min) was used as a mobile phase. Appa-
rent molecular weight averages relative to PS standards
were obtained.

'H and "*C NMR spectra were measured on a Varian
UNITYINOVA 400 instrument using polymer solutions in
CDCl, (PTAMe) or d-DMSO (PTAA). The spectra were
referenced to tetramethylsilane ('H) and the solvent sig-
nals (77.00 ppm for '*C spectra in CDCl,; 2.50 ppm for 'H
and 39.50 ppm for *C spectra in d-DMSO). Infrared
spectra were recorded on a Nicolet Magna 760 FTIR in-
strument equipped with an Inspector IR Microscope and
with an FT Raman module (Nd:YAG laser 1064 nm) us-
ing the diffuse reflectance technique (128 scans at a reso-
lution of 4 cm™) and undiluted as well as KBr—diluted
samples. Raman Spectra were measured in a PTAA solu-
tion in DMSO at room temperature using a Raman spec-
trometer equipped with a Jobin—Yvon—Spex 270M (1800
gr/mm grating) monochromator and CCD detector (Prin-
ceton Instruments). Excitation at 532.5 nm (average laser
power at the sample in a cuvette was about 100 mW) and
an accumulation time of 150 s were used.

2. 2. Preparation of Stock Solutions

PTAA/Na stock solution — mixed solution of PTAA
and its sodium salt: dried sample of PTAA from the first
batch was dispersed in triply distilled water under a nitro-
gen atmosphere and neutralized by titration with an aque-
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ous solution of NaOH (0.0996 M). The solution that was
turbid in the acidic pH range became completely clear at
pH value of about 8.5. In order to obtain the maximal so-
lubility of PTAA, the solution pH value was increased to
9.1 by adding an excess of the NaOH solution. To prevent
possible formation of carbonate and hydrogen carbonate
ions, the pH of the resulting polymer solution was decrea-
sed by titration with aqueous HCI (0.1 M) to pH = 5.1.
The solution obtained in this way was filtered through a
cellulose—nitrate 3.0 um filter (Sartorius), poured into
dialysis tubes (Spectra/Por 1; relative—molecular—-mass
cut-off: 6.0-8.0 kDa) and dialyzed against triply distilled
water for about one month. During the dialysis pH of the
solution decreased to a value around 3.75 due to the exc-
hange of Na* with H,O" ions from water. As a consequen-
ce partial precipitation of PTAA occurred in the dialysis
tubes.” The solution became clear again upon adjusting
its pH to 6.0 by adding an appropriate volume of the Na-
OH solution (via titration) under a nitrogen atmosphere.
We took strict precautions against contamination of the
solution with atmospheric CO, during the neutralization
of PTAA to pH 6.0. Finally, the solution was successively
filtered through cellulose—nitrate filters of porosity 3.0,
1.2, and 0.45 um, and the filtrate stored in the dark at
room temperature as the stock solution from which the so-
lutions used later were prepared by weighing.

PTAA/Li stock solution — mixed solution of PTAA
and its lithium salt — was prepared from the second batch
of PTAMe using the same procedure as described above
for preparation of PTAA/Na and LiOH instead of NaOH.
The difference that should be mentioned here is that the
molar—-mass cut-off of dialyzing tubes used in dialysis
against water was 3.5 kDa.

The composition of the stock solution (batch 1) was
analyzed using (i) the potentiometric titration with NaOH
solution (0.0996 M) to determine the concentration of free
carboxylic groups, ¢-qoy» and (ii) atomic absorption spec-
troscopy to determine the concentration of Na* counterions,
Cnay- Neglecting the concentrations of H;O™ and HO™ ions
(pH values were around 6), the electroneutrality condition
requires parity of concentrations COO™ and Na™ ions (¢
= cy,,) in the stock solution. As PTAA is a weak polyacid,
the degree of neutralization, ¢, of PTAA can be calculated
as 0, = Cy,./Cooox Where ¢y 18 the total concentration of
carboxy groups given as C.oox = Ccoon T Ccoo— Because
our PTAA samples were practically free of methyl-ester
groups (see NMR spectra in the “Supporting Information”),
Ceoox (Z Ceoo—!¢,) Was equal to the concentration of mono-
meric units of the polymer in solution, ¢ ol

The concentration of the stock solution of PTAA/Li
(sample from the second batch) was determined in the sa-
me way as that of the PTAA/Na solution (from the first
batch) using LiOH solution (0.0901 M) as the titrant du-
ring the potentiometric titration. The atomic absorption
spectroscopy was used to determine concentration of lit-
hium counterions.

Potentiometric Titrations were performed at 25 °C using
an MA 5740 pH meter (Iskra, Slovenia) and InLab®406
Mettler Toledo combined glass electrode with an incorpo-
rated gel-filled reference electrode. Before each measure-
ment, the pH meter was calibrated using buffer solutions
of pH 6.86, and 9.18; the electrode response slope was
found to be 94.8% of the theoretical one. The magneti-
cally stirred solution was kept under the nitrogen atmosp-
here during titration. The titrant (CO,—free solution of
0.0996 M NaOH or 0.0901 M LiOH) was measured out
using a 2 mL micro-burette (Gilmont) and the equivalen-
ce point (pH = 8.9) was determined from the second deri-
vative graph.

Conductometric Acid-Base Titrations were carried out
at 25 °C using a 712 Metrohm conductometer. The stirred
solution was titrated by Gilmont micro-burette under the
nitrogen atmosphere.*®

Atomic Absorption Spectrometry measurements were
performed using an AAnalyst 600 (Perkin Elmer) instru-
ment and standard solutions of sodium ions with ¢,
equal to 0.100, 0.200, 0.300, and 0.400 mg,, /L. To deter-
mine c,,, in the stock solution, the (stock) solution was
diluted to match the concentration range of the standard
solutions. Concentration of lithium ions in the stock solu-
tion of PTAA/Li was determined in a similar way.

UV/Vis Absorption Spectra were recorded on a Varian
Cary 100 UV/Vis spectrophotometer using quartz cuvet-
tes with optical paths of 1.0, 0.5, 0.2, 0.1, and 0.025 cm at
25 °C if not indicated otherwise.

3. Results and Discussion

Abbreviations for polymer systems studied in this
paper are as follows (note that ¢, stands for the degree of
neutralization of a polymeric acid):

PTAA - poly(thiophen-3-yl acetic acid)

PTANa — sodium salt of PTAA, i.e., completely
neutralized PTAA (o, = 1)

PTALI — lithium salt of PTAA, i.e., completely neu-
tralized PTAA (o, = 1)

PTAA/Na — PTAA partially neutralized with
NaOH(aq) (0, = 0.346 in the case of our samples)

PTAA/Li — PTAA partially neutralized with
LiOH,,, (of, = 0.346 in the case of our samples)

PTAMe — poly(methyl thiophen-3-ylacetate), the
precursor for preparation of PTAA.

3. 1. Spectroscopic Characteristics
of PTAA Samples

Comparison of "H NMR spectra of our PTAMe and
PTAA samples (see “Supporting Information”) showed
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Figure 1. '"H NMR spectrum of PTAA (second batch).

that the PTAA samples were almost free of -COOCH,
groups. The '"H NMR spectrum of PTAA showed two sig-
nals of -CH,- groups that could be assigned’”® to those
included in the HT (3.80 ppm) and TT (3.55 ppm) sequen-
ces (H stands for head and T for tail of a monomeric unit).
As the intensities of these signals were approximately
equal, the content of HT sequences (i.e., the degree of re-
gioregularity) of chains of the studied PTAA/Me and
PTAA samples and their salts could be, within experimen-
tal error, ascertained to be around 50%. In other words, all
samples studied can be regarded as regio-irregular poly-
mers. The absence of the signal at 170.40 ppm in the '*C
NMR spectrum of PTAA (see “Supporting Information”)
confirmed the practical (within the detection limits) ab-
sence of -COOCH, moieties in our PTAA samples. As
compared with the spectrum of our samples (Figure 1),
the '"H NMR spectra of PTAA and PTAMe published by
Kim et al.** showed much less resolved signals of protons
of -CH,- groups as well as thiophene-rings.

The “Supporting Information” to this paper con-
tains, in addition to the '*C NMR spectra already mentio-
ned, the Raman and IR spectra of PTAA, the IR spectrum
of PTAMe, the UV/Vis spectra of PTAA in DMF, DMSO
and in the solid state, and the UV/Vis spectrum of PTAMe
in DMSO.

3. 2. Conductometric Titrations

Polyelectrolytes containing carboxylic groups typi-
cally behave as weak polyacids. When such acids are
weak enough their ionization can be provoked mainly by
neutralization (i.e. by the addition of a strong base like an
alkali hydroxide), and the degree of ionization can be as-
sumed to be equal to the degree of neutralization. Further-
more, if the fraction of hydrophilic functional groups at-
tached to polymer chains is not high enough, such a pol-
yacid is usually only slightly soluble (or even insoluble) in

600
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.« ° el
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Figure 2. Conductometric titration curve obtained for the titration
of PTAA solution (batch 2; initial ¢, = 0.346 and initial cppy . =
0.0013 mol/L) with LiOH aqueous solution (0.0901 M); x is the
specific conductivity of solution.

water when the degree of neutralization is very low. This
is true also for our PTAA solutions.

A conductometric titration curve shown in Figure 2
clearly proved that an increasing volume of the base
(LiOH in this case) solution added continuously increased
the degree of ionization of PTAA chains. The monotonous
increase of the specific conductivity with the volume of
added base confirms a linear increase of the degree of io-
nization if the degree of neutralization is increased. The
equivalent volume could be determined very accurately:
the result found (Vo = 0.5015 mL; ¢, = 1.00) well
agreed with the values obtained from the potentiometric
titration and spectrophotometric determination.

3. 3. Neutralization Potentiometric
Titration Curves

This method is one of the classical tools to characte-
rize polyacids.”® The shape of the titration curve can re-
veal not only the strength of the polyacid but also possible
conformational changes accompanying its neutralization.
The data can be analyzed using the Henderson-Hassel-
bach equation

pH=pK, +nlog[0¢n /(l—an)] (D)

where pK, and n denote constants that are typical for the
given polymeric acid. In the absence of hydrophobic inte-
ractions, the parameter n is closely related to the electro-
static repulsion between neighboring charged groups.
Further, n is characteristic of the polyacid type and does
not show strong dependence on the polyacid molecular
weight 335

Potentiometric titration curves of PTAA recorded
for batches 1 and 2 are shown in Figure 3. The curve with
solid circles (®) represents pH-change of solution during
titration of PTAA with NaOH (0.0996 M; no NaCl added)
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as a function of degree of neutralization (more precisely:
as a function of ratio of added volume of alkali hydroxide
solution against equivalent volume Vy;ou/Vyionequivy)- The
curve with solid upward triangles (A) belongs to the titra-
tion of PTAA, with LiOH (0.0901 M) in presence of neu-
tral salt (I M LiCl). The concentration of PTAA titrated
with LiOH was around 30% lower than the one titrated
with NaOH, but this fact does not have much influence on
the shape of the titration curve.

The most notable difference between the curves is
that the titration curve of PTAA with LiOH lies at consi-
derably lower pH values than that of the titration with
NaOH. This effect can be entirely attributed to the presen-
ce of LiCl that screens electrostatic forces among ions and
so increases the apparent strength of the titrated polyacid.
This phenomenon is routinely exploited for obtaining
sharper equivalent points at potentiometric titration of
weak polyacids.

« titration with NaOH; 0 M NaCl; batch 1 La
10 s ftitration with LiOH; 1 M LiCl; batch 2 N
v back-titration of PTALi with HCI; batch 2 re
8 o
T « " .
o . * vv vy
. v wv A
6+ e S M N
V"' A = * :
v -
4 - Vv A
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
v IV

MOH' " MOH(equiv)

Figure 3. Comparison of potentiometric titration curves (obtained
at 25 °C) recorded during: (a) titration of PTAA/Na (c, = 0.346;
batch 1) with 0.0996 M NaOH in water (solid circles ®); (b) titra-
tion of PTAA/Li (¢, = 0.346; batch 2) with 0.0901 M LiOH in 1 M
LiCl (solid upward triangles A); (c) back titration of PTALI (batch
2) with 0.1 M HCl in water (solid downward triangles ¥). Samples
(a) and (b) were dialyzed before titration while sample (c) was not
dialyzed. The difference in concentration of the various samples
was around 30%, with the mean value at 0.004 mol monomeric
units of polymer/L.

Much more interesting is the difference between the
third titration curve (solid downward triangles V) repre-
senting back titration of PTALi (batch 2 before dialysis)
with 0.1 M HCI without neutral salt added, and the titra-
tion curve for PTAA/Na (solid circles ®). Although the
concentration of the PTAA/Li solution was lower than
that of the PTAA/Na, the pH value at the vicinity of 80%
neutralization observed for the PTAA/Li solution is consi-
derably lower than that observed for PTAA/Na solution.
At present we do not have a plausible explanation for this
phenomenon; nevertheless, a removal of the low-molar-
mass fractions from PTAA/Na solution might be partially
accounted for it.

¢ titration with NaOH; 0 M NaCl; batch 1
4 titration with LiOH; 1 M LiCl; batch 2 hd
v back-titration of PTALi with HCI; batch 2
8+
| n,=13
T [NaCl]=0M
S
6 n,=13
[LiCI=1M
n =175
N
[LiC] >0 M \
Y n =18
4 v 7 m=105 [LiCl=1M
[LiICl] >0M
T T T T
-2 -1 2

0
log[e: /(1-o.,)]

Figure 4. Plots of Henderson-Hasselbach equation applied to data
from Figure 3 (for symbols see caption to Figure 3).

The results of potentiometric titrations presented in
the form of the Henderson-Hasselbach plots are shown in
Figure 4. As can be seen, the slope n, of curves belonging
to both dialyzed samples above pH around 6 is equal to
1.3; mind that these curves are vertically displaced due to
different strength of electrostatic screening in solutions
(the presence and absence of salt, LiCl). There is a break
on the curve PTAA/Li + LiCl solution at pH = 6.0, below
which the slope of the curve has increased to n, = 1.8. It is
difficult to judge whether the same break occurs also on
the curve for PTAA/Na because of absence of data in the
region pH < 6.0 (notice that titration of PTAA/Na as well
as PTAA/Li + LiCl solution started at o, = 0.346). It is ho-
wever interesting that the slope of the PTAA/Li (without
added LiCl) curve below pH of 5.5 also adopts the value
n, = 1.8. This result was not found only by us but reported
earlier for the Henderson-Hasselbach plot of the potentio-
metric titrations of PTAA samples at pH around 6.%* For
pH > 5.5, the slope of the curve for PTAA/Li (without ad-
ded LiCl) attained the value n, = 1.05, which is slightly lo-
wer than n, values observed for PTAA/Na and PTAA/Li +
LiCl solution at pH > 6. The discrepancy can be attributed
to the eventual presence of the low-molar-mass fractions
(oligoions) in non-dialyzed sample, for which the polye-
lectrolyte character is not well expressed; notice that
about 40-50% of the PTAA solute had been washed out
during the dialysis.

At this point we have to stress that the Henderson-
Hasselbach plots of PTAA reported in previous studies
have shown one difference compared to our results. While
we have observed a drop in the slope from =1.8 to 1.3 or
1.05 at pH = 6, Kim et al.> reported an increase in the slo-
pe from =1.8 to 3.8 at pH = 6 for PTAA in aqueous NaCl
(1.0 M) or even to 11.8 (in 0.2 M NaCl) and, in another
study,’! a break from =1.4 to =3 at pH = 7. An increase in
the slope when going from lower to higher values of
log[ e /(1-c¢,)] has been speculated to be caused by the
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formation of intramolecular hydrogen bonds. This increa-
se was shown to be suppressed by adding methanol into
aqueous solution, and it was proposed that the added
MeOH increases solvation of polythiophene chain back-
bone, which augments the main chain rotation and facili-
tates dissociation of protons.53 On the other hand, Vallat et
al.>! suggested the transition among the hydrophobic and
hydrophilic regime as the reason for the break-point at the
Henderson-Hasselbach plot. The last explanation was ba-
sed on changes of UV/Vis spectrum of PTAA during neu-
tralization titration.

3. 4. UV/Vis Spectra Recorded During
Titrations

Changes in conformation of PTAA chain can also be
observed in the UV/Vis spectrum of the polymer; at least
two studies exploiting such a possibility were publis-
hed.’' Let us focus on the back titration of PTALi with
HCI aqueous solution. As can be seen from Figure 5 the
acidic titration of PTALI is accompanied with both a con-
tinuous decrease in the molar absorption coefficient, €,
at the wavelength of the maximum of absorption band,
A (at around 450 nm), and a decrease of A_, . The same
trend of £ and similar values of 1, were observed also
in the case of forth-and-back titration of PTANa.”' In ad-
dition, forth-and-back titration of PTANa was claimed to
be accompanied with the appearance of two isosbestic
points (IP). Emergence of an isosbestic point (a wave-
length, at which the measured absorbance of a sample does
not change during titration) had been ascribed to two con-
formational transitions. The first IP (A = 392 nm, reported
for PTANa with X, = 45, was ascribed to a conformational
transition between densely collapsed and collapsed confor-
mations (¢, = 0.5) and the second IP at A =401 nm to the

0.0

T T T T
200 300 400 500 600
A/ nm

Figure 5. UV/Vis absorption spectra of four days old aqueous solu-
tion of non-dialyzed PTALI (batch 2) recorded during back titra-
tion with HCL. Spectra were recorded at different o, (see legend in-
side the graph area) and are corrected for dilution. Negative values
of o, in this particular case denote relative excess of HCI. The inset
shows intersections of spectra with 0.4 <o < 1.0 at A = 401 nm. T
=25 °C, ¢ppay; = 1.1 - 107 mol monomeric units/L.

transition from collapsed to extended conformations (¢, =
0.81).5" Although some spectra shown in Figure 5 inter-
sect at A = 401 nm (those with ¢, from 0.4 to 1.0) and,
eventually, some of them also at A= 381 nm (o, from 0.2
to 0.1) it is difficult to confirm conclusively the existence
of IP’s directly from the UV/Vis spectra.

An occurrence of IP is a direct consequence of su-
perposition of spectra belonging to two different mutually
related species (or conformations) coexisting in a solu-
tion. If the mole ratio between the species changes the su-
perposed spectrum also changes but retains unchanged
absorbance at IP’s, where molar absorption coefficient of
both species is equal. Hence the spectrum of an arbitrary
mixture of such species can be obtained as a linear combi-
nation of the spectra belonging to solutions of two limi-
ting compositions in the region in which IP occurs:

eZa,)=x(a,) e(hoy ) +(1-x) e(a,,) @

where o,; and o, are degrees of neutralization at lower
and higher borders of the ¢, region within which IP oc-
curs, x; is the molar fraction of the solute forming mixtu-
re at given o, while &4, o), &4, o), and &(4, o) are
molar absorption coefficients of solutes at a given wave-
length A and particular degree of neutralization. We have
applied equation (2) to spectra shown in Figure 5 using
absorbance instead of € and found that the spectra measu-
red in the range of ¢ from 0.4 to 1.0 are well reproduced
by the linear combination of spectra obtained for ¢ = 0.4
and o, = 1.0. The result we obtained confirmed the exi-
stence of IP at A = 401 nm that is most probably due to
transition between extended and coiled chains.

4. Conclusions

The conductometric and potentiometric titrations re-
ported in the present paper were carried out under nitro-
gen atmosphere on carefully purified and thoroughly cha-
racterized samples of practically completely hydrolyzed
poly[(thiophen-3-yl)acetic acid] partly neutralized with
NaOH and LiOH, respectively. The Henderson-Hassel-
bach plots for titrations of PTAA/Li and PTAA/Na have
shown a break point at pH about 6, where the slope of the
plot drops from ca 1.8 (for lower pH) to a value from 1.05
to 1.3 (for higher pH). This suggests different ability of
COOH groups linked to PTAA chains to dissociate in mo-
re basic surroundings. In addition, our parallel UV/Vis
spectroscopy monitoring of the neutralization titration of
four days old (not dialyzed) aqueous solution of PTALi
with HCI confirmed the existence of the isosbestic point at
A =401 nm. On the other hand, this study did not confirm
existence of the second IP at 392 nm, which has been re-
ported in literature.’!

Our results disagree with some observations of other
groups, reporting an increase in the slope of the Henderson-

Hostnik et al.: Potentiometric and Conductometric Study of Aqueous Solutions of ...

587



588

Acta Chim. Slov. 2012, 59, 582-589

Hasselbach plots up to 3 or even up to 11.8 for linear PTAA
chains.’'* On the other hand, our results are in accordance
with the change of the slope from about 2.0 to 1.1, as repor-
ted for cross-linked PTAA > There are some other discre-
pancies between published spectroscopic data and those
published in this paper. Further, there are others inconsi-
stencies among the data on PTAA-based systems available
in literature. The discrepancies can partly be ascribed to
possible differences in chemical structure of the samples
studied by various groups, and partly also to the kinetic
phenomena associated with slow conformational relaxation
of PTAA type chains. A plausible analysis of these effects
requires a more detailed study that will include also the ef-
fect of aging of measured solutions, which is beyond the
scope of this paper. According to our experience great care
has to be devoted to precise characterization of the samples
studied, which may not be always the case in previous stu-
dies. The work along these lines is in progress and shall be
presented in our subsequent contribution.
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Poli(tiofen-3-ilocetna kislina) (PTAA) je bila pripravljena z bazi¢no hidrolizo poli(metiltiofen-3-il acetata), predhodno
dobljenega z oksidativno polimerizacijo metiltiofen-3-il acetata. Pridobljena PTAA je bila analizirana z NMR, IR, Ra-
man in UV/vidno spektroskopijo. Posneli in prou¢ili smo konduktometri¢no in potenciometri¢no titracijsko krivuljo po-
sneto pri nevtralizaciji PTAA z raztopinama litijevega in natrijevega hidroksida. Henderson-Hasselbachov diagram po-
tenciometricne titracijske krivulje kaZe prelom pri vrednosti pH 6, kjer se naklon premice z vrednosti 1,8 v kislem zniza
na vrednosti med 1,05 in 1,3 v alkalnem. Med povratno (kislo) titracijo litijeve soli PTAA posneti UV/vidni absorpcij-

ski spektri izkazujejo (i) monotono zniZevanje A__ in €

max ‘max’

(ii) pojav izozbesti¢ne tocke pri 401 nm kot posledice kon-

formacijske spremembe polimera in (iii) odsotnost v literaturi zabeleZene izozbesticne tocke pri 392 nm.
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Supporting Information

2. 1. Polymer Synthesis and Characterization

Preparation and characterization of polymers

COOCH

COOH COOCH3 3
1. sOCI,
7\ 2. MeOH ]\ FeCl, /)
S S CHClI, . S
COOCH:3 COONa COOH
7\ NaOH(aq) 7\ HCl(aq) /A
_—
* S n* * S nox * S n*

Scheme 1. Synthetic route for the synthesis of poly(thiophen-3-ylacetic acid).

Methyl thiophen-3-ylacetate. Thiophen-3-ylacetic acid
(2.84 g, 20 mmol) was treated with thionyl chloride (11.8
g, 100 mmol) for 12 hours at 40 °C, then excessive thionyl
chloride was removed by distillation and formed carboxy-
lic acid chloride was slowly added to a large excess of
methanol to obtain the desired methylester. Crude product
was obtained by evaporating excessive methanol, washed
with aqueous sodium bicarbonate, and several times with
water, then dissolved in diethyl ether, dried with MgSO,
and purified on alumina column. Isolated yield: 1.8 g
(58%) of yellowish liquid. 'H NMR (400 MHz, CDCl,, 25
°C, ppm): 7.72 (dd, 1H); 7.13 (dd, 1H); 7.04 (dd, 1H);
3.70 (m, 3H); 3.66 (m, 2H).

Poly(methyl thiophen-3-ylacetate), PTAMe

Batch 1: A solution of methyl thiophen-3-ylacetate
in dry chloroform was slowly added to a suspension of
FeCl, (4 molar equivalents) in dry chloroform at 0 °C
(monomer concentration 0.125 mol/dm?) and the reaction
mixture was stirred for 3 h at 0 °C. Then the mixture was
poured into water (200 mL), chloroform phase was collec-
ted and poured into ethanol/acetone mixture (1/1 v/v, 400
mL) to precipitate the product. Solid product was isolated
by filtration, washed several times with water, then with
methanol and dried.

First batch (used for preparation of PTAA); amount
of methyl thiophen-3-ylacetate (5.85 g, 37.5 mmol); isola-

ted yield: 3.7 g (64%) of brick-red solid, SEC: M = 6000;
M, = 14500.

Poly(thiophen-3-ylacetic acid), PTAA. PTAMe (3.3 g,
batch 1) was treated with aqueous NaOH (2.5 M) at 100
°C for 36 hours and the modified polymer formed was iso-
lated as described above. Isolated yield: 2.50 g (83%) of
fine siena-brown solid.
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Figure 1. Relation between M, values of PTAMe obtained from
FFF and SEC measurements, respectively (data from: Vallat, P.;
Catala, J.-M.; Rawiso, M.; Schosseler, F. Macromolecules 2007,
40, 3779-3783).
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'H NMR (400 MHz, DMSO-d,, 25 °C, ppm): 12.62
ppm (1H, -COOH); 7.35, 7.30, 7.28 (1H, thiophene rings
of irregular chain); 3.8 (-CH,- in HT sequences); 3.55 (-
CH,- in TT sequences). 13C NMR (400 MHz, DMSO-d.,
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Figure 2. "H NMR spectrum of PTAMe (CDCL,).
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Figure 3. °C NMR spectra of PTAA.
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Figure 4. UV/vis spectrum of PTAA in DMF solution and in the
solid state; measured at 20 °C

25 °C, ppm): 171.31 (-COOH); 136.35; 136.08; 135.74;
134.437; 133.54; 132.82; 132.54; 131.80; 130.57; 129.09;
128.43; 127.05 (all carbon atoms of thiophene rings of re-
gioirregular main chains); 34.41, 33.89 (-CH,-).
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Figure 5. UV/vis absorption spectra of PTAA and PTAMe in
DMSO at 25 °C.
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Figure 6. Raman spectrum of PTAA in DMSO; Cpot = 1-10°M;
excitation at 532 nm.
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Figure 7. FTIR spectra of solid PTAA and PTAMe samples.
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