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Abstract

This work presents a combined theoretical and experimental study of poly(3-thiophene-3-yl acrylic acid), a new polythiophene derivative
soluble in polar solvents. Quantum chemical calculations on small oligomers were performed to propose a structural model for this polymer.
Specifically, the minimum energy conformations and the rotational profiles of the different isomeric derivatives constructed for a model system
formed by two monomeric units were calculated. The resulting model, which shows head-to-tail polymer linkages and the acrylic acid side group
arranged in frans-conformation, were used to predict the 7t—m* lowest transition energy of an infinite polymer chain. On the other hand, the
polymer was prepared by chemical oxidative coupling using anhydrous ferric chloride and subsequent alkaline hydrolysis. The synthetized
material, which is soluble in aqueous base and acetone solutions, was characterized by FTIR, 'H NMR and UV—vis experiments. Both the
structural information and electronic properties derived from such experiments are fully consistent with the theoretical model obtained using

quantum mechanical calculations.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Polythiophene (PTh) is an important class of 7t-conducting
polymers due to their many interesting electronic and optical
properties [1,2]. However, unsubstituted PTh is insoluble and
infusible due to the rigidity of the backbone and strong intermo-
lecular interactions, i.e. recent computer simulation studies
proved that the strength of the cohesive forces is remarkably
high in PTh [3]. Soluble forms of PTh can be prepared by the
introduction of substituents. Specifically, long alkyl side chains
increases the solubility in organic solvents [4—6], whereas
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hydrophilic substituents may produce water-soluble PThs
[7—11]. Thus, substituents reduce polymer---polymer intermo-
lecular interactions and increases polymer---solvent interac-
tions. The side chains can also be chosen so that soluble
polymers can be rendered insoluble after chemical or photo-
chemical reaction [12]. This transition allows for the spatial
disposition of t-conducting polymers in device fabrication.

In a recent study, we modelled the structural and electronic
properties of a new PTh derivative with a conjugated substit-
uent, which was produced and characterized in our laborato-
ries [13]. This is poly(3-thiophen-3-yl-acrylic acid methyl
ester), abbreviated PT3AME (Scheme 1), in which the elec-
tron-withdrawing methylcarboxylate group is separated from
the polymer backbone by a double bond. The acrylate substit-
uent was used in the past to promote crosslinking of the poly-
mer chains for controlled hardening of polymers as well as to
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functionalize the backbone of the m-conducting polymer with
a group amenable of further functionalizations [14—16].
However, in our case we used the acrylate substituent to improve
the solubility of PTh as well to enlarge the electronic conjuga-
tion from the backbone Tt-system to the side chain. Interestingly,
PT3AME was found to be soluble in a variety of polar organic
solvents like acetone and DMSO but it was insoluble in water.
Nevertheless, its w—7c* lowest transition energy (eg), which
was determined experimentally (2.54 and 2.48 eV in acetone
and DMSO, respectively) and theoretically (2.20 eV), was
higher than that obtained for unsubstituted PTh, i.e. the &, of
PTh determined using theoretical [17] and experimental
[18,19] methods is 1.82 and ~2.0 eV, respectively.

In this work, we extend our previous study on PT3AME to
poly(3-thiophen-3-yl-acrylic acid), hereafter abbreviated
PT3AA (Scheme 1). The latter polymer has been prepared
from alkaline hydrolysis of the former one, this chemical
process transforming the ester groups of PT3AME into ionised
carboxylate groups. Furthermore, one of the most relevant
characteristics of PT3AA is its solubility in aqueous base
solutions, which confers very promising technological proper-
ties to this material. Specifically, in this study the molecular
structure and conformation of PT3AA have been modelled us-
ing quantum mechanical calculations. The resulting model has
been used to predict the ¢, value, which has been compared
with that determined experimentally using UV—vis spectros-
copy. For this purpose, the material was prepared and charac-
terized by FTIR and 'H NMR. Finally, results have been
compared with those obtained for PT3AME [13], the influence
of the esterification on the structural and electronic properties
of this interesting family of PTh derivatives being analyzed.

2. Methods
2.1. Computational methods

In all calculated species, the carboxylate groups were
considered in the ionised (deprotonated) state. Full geometry
optimizations of oligomers containing » monomeric units
(n-T3AA) with n ranging from 2 to 6 were performed using
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the Unrestricted Hartree—Fock (UHF) method combined with
the 6-314+G(d,p) basis set [20], i.e. UHF/6-31+G(d,p) level.
Previous studies indicated that this basis set is able to provide
a very satisfactory description of the molecular geometry and
relative energy of negatively charged compounds like those
studied in this work [21—23]. On the other hand, UHF calcula-
tions describe satisfactorily the molecular geometries of
T-conjugated systems, while Density Functional Theory
(DFT) calculations tend to overestimate the rotational barriers
[24]. Calculations on 2-T3A A were carried out considering three
isomeric derivatives that differ in the relative positions of the
substituents (Scheme 2). These isomers, which have been
denoted as 2-T3AA(4.4"), 2-T3AA(3,3) and 2-T3AA(3,4)),
must be considered as model compounds of the tail-to-tail,
head-to-head and head-to-tail polymer linkages, respectively.

The minimum energy conformations of each isomer were
determined from full optimizations using a gradient method.
For this purpose, all the possible arrangements of the acrylic
acid side groups were considered. Furthermore, the internal
rotation of the selected arrangements of 2-T3AA(4,4)),
2-T3AA(3,3') and 2-T3AA(3,4’) isomers was studied by scan-
ning the inter-ring dihedral angle S—C—C—S (0) in steps of
15° between 6 =0° (syn conformation) and 6= 180° (anti
conformation). A flexible rotor approximation was used,
each point of the path being obtained from a geometry optimi-
zation of the molecule at the UHF/6-314+G(d,p) level consid-
ering a fixed value of 6.

The Koopmans’ theorem [25] was used to estimate the ioni-
zation potentials (IPs). Accordingly, IPs were taken as the neg-
ative of the highest occupied molecular orbital (HOMO) energy,
i.e. IP = —egomo- The IP indicates that a given acceptor (p-type
dopant) is capable of ionizing, at least partially, the molecules of
the compound. The ¢, was approximated as the difference be-
tween the HOMO and lowest unoccupied molecular orbital
(LUMO) energies, i.e. ¢,= e ymo — enomo- Although UHF
calculations provide a satisfactory qualitative description of
the electronic properties of polyheterocyclic molecules, we
are aware that this method tends to overestimate the values of
IP and &, [26,27]. Accordingly, the electronic properties pre-
sented in this work have been estimated performing single point
DFT calculations with the UB3PWO91 [28,29] method combined
with the 6-314G(d,p) basis set [20], i.e. UB3PWO9l/
6-31+G(d,p), on the molecular geometries optimised at the
UHF/6-31+G(d,p) level. Electronic properties predicted by
this methodological combination and experimental values are
expected to be quantitatively comparable. Previous studies on
m-polyconjugated systems indicated that UB3PWII is able to
reproduce very satisfactorily a wide number of electronic
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properties [13,17,30,31]. It is worth noting that according to the
Janak’s theorem [32], the approximation mentioned above for
the calculation of the IP can be applied to DFT calculations,
while Levy and Nagy evidenced that ¢, can be rightly approxi-
mated as the difference between e ynmo and egomo in DFT
calculations [33].

All the quantum mechanical calculations presented in this
work were performed using the Gaussian 03 computer
program [34].

2.2. Experimental methods

3-Thiophen-3-yl-acrylic acid (T3AA) and anhydrous ferric
chloride were purchased from Sigma—Aldrich Quimica S.A.
and were employed without further purification. All solvents
were purchased from Panreac Quimica S.A. with ACS grade.

FTIR spectra were recorded on a 4100 Jasco spectropho-
tometer equipped with an ATR MKII Golden Gate Heated Sin-
gle Reflection Diamond Specac model. The UV—vis optical
spectrum of the polymer was obtained from its 1 mg/mL solu-
tion in aqueous base using a Shimadzu UV-240 Graphtcord
UV—vis recording spectrophotometer. Proton NMR spectra
of the monomer and polymer were recorded on a Varian Inova
300 spectrometer operating at 300.1 MHz. For this purpose,
they were dissolved in deuterated chloroform (CDCIl;) and
the chemical shifts were calibrated using tetramethylsilane
as internal standard.

3. Results and discussion

3.1. Modeling the dimeric units: minimum energy
conformations and rotational profiles of 2-T3AA

It should be noted that the acrylic acid group attached to the thio-
phene rings of 2-T3AA(4,4),2-T3AA(3,3’) and 2-T3AA(3,4) can
adopt different arrangements, which are expected to affect the
conformational preferences of this compound. These arrangements
are consequence of both the orientation of the whole side group and
the trans <> cis isomerism of the acrylic acid double bond.

The nomenclature used to define all the possible arrange-
ments of the side chains is defined in Scheme 3: ¢ and c refer
to the trans and cis arrangements of the double bond, respec-
tively, while n and r denote the orientation of the first hydrogen
atom of the acrylic acid side group. Thus, » indicates that such
hydrogen is oriented towards the sulphur atom of the neighbour-
ing thiophene ring, while r refers to the opposite orientation.
Accordingly, four different possibilities can be defined for
each substituent: tr, tn, cr and cn (see Scheme 3).

H—C
\ : /
/ o0oC H
‘00oC
tr tn

Table 1
Minimum energy conformations considering different arrangements of the side
groups calculated for the 2-T3AA(4,4") isomer at the UHF/6-314+-G(d,p) level

2-T3AA@44)*

anti—gauche syn—gauche

tr—tr 0.0 (8 =152.0°) 2.6 (=58.5°)
tr—tn 0.7 (6 =150.3°) 2.5(0=51.2°)
tr—cr 7.6 (0 =156.7°) —

tr—cn 4.3 (0=147.6°) 4.6 (0=44.7°)
tn—tn 1.3 (6 =149.4°) 2.7 (6 =48.4°)
tn—cr 8.5 (#=153.6°) 10.9 (8 =55.7°)
tn—cn 4.6 (0 =148.5°) 5.1 (§=45.1°)
cr—cr 16.0 (6 =162.8°) -

cr—cn 13.5 (= 145.6°) 13.2 (#=139.1°)
cn—cn 7.7 (0 =149.4°) 8.3 (0=47.3°)

Relative energies are in kcal/mol.
* See Scheme 3.

Table 1 lists the minimum energy conformations found for
2-T3AA(4,4") considering all the possible arrangements of the
side chain. It is worth noting that due to the chemical and
molecular symmetry of this compound, i.e. substitutions at
C4 and C4, only 10 of the 16 expected arrangements are
actually different, e.g. the arrangement with the side groups
in tr and tn (¢r—tn) is equivalent to that with the side groups
in tn and tr (tn—tr). All the arrangements show an anti—
gauche minimum with 6 ranging from 146° to 163°, even
though the relative energy of three of them only was lower
than 1.5 kcal/mol. These correspond to tr—tr, tr—tn and th—tn,
the former being the global minimum and the latter two being
unfavored by 0.7 and 1.3 kcal/mol, respectively. On the other
hand, all the arrangements with exception of #r—cr and cr—cr
show a syn—gauche local minimum, whose relative energy
ranges from 2.5 to 10.9 kcal/mol.

In order to get a deeper insight into the conformational
properties of 2-T3AA(4,4"), we examined the internal rotation
of this isomer considering three different arrangements for the
acrylic acid side groups (Scheme 4): (i) the tr—tr, which corre-
sponds to the global minimum; (ii) the #7—cn, which is the lowest
energy arrangement with one side group in trans and the other in
cis (Table 1); and (iii) the cn—cn, which is the lowest energy
arrangement with the two side groups in cis (Table 1).

Fig. 1 shows the UHF/6-31+G(d,p) energy profiles of
2-T3AAM@ A tr—tr, 2-T3AA44)/tr—cn and 2-T3AA4,4)/
cn—cn relative to the most stable conformation. Furthermore,
the position and energy of both the minimum energy confor-
mations and the barriers are summarized in Table 2. As can
be seen, 2-T3AA(4,4")/tr—cn and 2-T3AA(4,4")/cn—cn have
the less favored profiles due to the unfavourable steric interac-
tions between the acrylic acid side groups arranged in cis and
the hydrogen atoms attached to the C5 atom of the thiophene

s 7\ s ]\ s /R s /o \
\ sy \ S \ 8" 000 \ s
\ \C:C\ H=C\ :C:C\
C—H ) H H
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Scheme 3.
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rings. As a consequence, these arrangements are about
4—6 kcal/mol and 7.5—10 kcal/mol, respectively, less favored
than the 2-T3AA(4,4")/tr—tr one. On the other hand, it is worth
noting that, in spite of the ionised nature of the substituents, the
three profiles displayed in Fig. 1 for 2-T3AA(4,4') are similar to
those typically found for unsubstituted 2,2’-bithiophene as well
as its derivatives bearing neutral substituents in positions 4 and
4’ [17,24,35,36]. Thus, in all the cases the minima are located at
the anti—gauche (0 = 150°) and syn—gauche (6 = 50°) confor-
mations, while the syn (6 = 0°), gauche—gauche (6 = 90°) and
anti (0 = 180°) rotamers are energy barriers.

Table 3 lists the energies, which are relative to the global
minimum of 2-T3AA(4,4") of the anti—gauche minima found
for the 2-T3AA(3,3’) isomer. As can be seen, the arrangements
with at least one side group oriented in cr (see Scheme 3) were
not stable due to repulsive steric interactions. Interestingly,
substitutions at C3 and C3’ produced not only a significant
reduction in the value of #, which ranged from 101° to 121°,
but also a significant destabilization of the minimum energy
conformations. Thus, the energies of the anti—gauche minima
found for 2-T3AA(3,3’) varied from 14 to 23 kcal/mol. On the
other hand, no syn—gauche minimum was identified for the
arrangements investigated.

Fig. 2 displays the rotational profiles calculated for the
tn—tn and tn—cn arrangements of the 2-T3AA(3,3") isomer
(Scheme 5), which show the anti—gauche minima of lower
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Fig. 1. Potential energy curves for the internal rotation of 2-T3AA(4,4")/tr—1r,
2-T3AA4,4)/tr—cn and 2-T3AA(4,4')/cn—cn as a function of the inter-ring
dihedral angle (6) using UHF/6-314+-G(d,p) geometry optimizations. Energies
are relative to the global minimum.

energy (Table 3). The relative energies of the profile are calcu-
lated with respect to the lowest energy minimum of the
2-T3AA(4,4)/tr—tr, which corresponds to the global mini-
mum. It is worth noting that the relative energies provided
by the arrangements with the two side groups arranged in
cis were so high that the calculation of their rotational profiles
was not considered necessary. On the other hand, the relative
energies predicted for the minimum energy conformations and
the energy barriers are included in Table 2.

Table 2

Relative energies” (kcal/mol) and inter-ring dihedral angles (#) of the mini-
mum energy conformations and barriers calculated for selected arrangements
of the 2-T3AA(4,4'), 2-T3AA(3,3’) and 2-T3AA(4,4) isomers at the UHF/
6-31+G(d,p) level

# synb syn— gauche—  anti— anti®
gauche gauche®  gauche
2-T3AA@44)/tr—tr 47 26 2.4 0.0° 0.2
(6 =58.5°) (6 =152.0°)
2-T3AA44)/tr—cn 6.0 4.6 5.6 43 4.7
(0=44.7°) (6 =147.6°)
2-T3AA4,4") cn—cn 9.8 8.3 9.1 7.7 8.0
(60=47.3°) (6 =149.4°)
2-T3AAQ33)/th—tn 433 — - 139 18.9
(6 =120.8°)
2-T3AAQ3.3)tn—cn 377 — - 16.4 24.5
(0=112.1°)
2-T3AAQB.4)/tn—tr 183 — - 7.7 9.2
(6 =136.3°)

* Energies are relative to the global minimum of 2-T3AA(4,4").
®9=0.°.

€ 6=90.0°.

4 0=180.0°.

¢ E=-1629.328770 a.u.

Table 3

Minimum energy conformations considering the different arrangements of the
side groups calculated for the 2-T3AA(3,3’) isomer at the UHF/6-31+G(d,p)
level

2-T3AA(3,3)*

anti—gauche

tr—tr 23.1 (6=116.9°)
tr—tn 18.4 (6 =119.6°)
tr—cn 215 (6=111.4°)
tn—tn 13.8 (6 =120.8°)
tn—cn 16.6 (6 =110.6°)
cn—cn 17.8 (=101.4°)

Relative energies are in kcal/mol.
? See Scheme 3.
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Fig. 2. Potential energy curves for the internal rotation of 2-T3AA(3,3')/tn—in
and 2-T3AA(3,3')/tn—cn as a function of the inter-ring dihedral angle () using
UHF/6-31+G(d,p) geometry optimizations. Energies are relative to the global
minimum of the 2-T3AA(4,4’) isomer.
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Scheme 5.

The shape of the rotational profiles calculated for
2-T3AA(3,3)/tn—mn and 2-T3AA(3,3')/tn—cn is completely
different from that obtained for the three arrangements of the
2-T3AA4,4") isomer (Fig. 1). This is because the repulsive
interactions produced by substitution at the C3-position are
strong enough to induce drastic changes in the conformational
preferences. Thus, the energies listed in Table 2, which are rel-
ative to the global minimum of the most stable arrangement of
2-T3AA(4,4"), indicate that the latter isomer is around 14—
16 kcal/mol more stable than 2-T3AA(3,3). The main confor-
mational features observed for the 2-T3AA(3,3') isomer can
be summarized as follows: (i) a single minimum appears at
0 = 112—120° and no local minimum being detected in the
syn—gauche region; (ii) the syn and anti barriers are destabilized
by about 21—29 kcal/mol and 5—8 kcal/mol, respectively, while
the gauche—gauche is not an energy barrier. Furthermore, it is
worth noting that the potential energy surface E = E(0) is very
flat in the range from 6 = 75° to 150°, where the repulsive inter-
actions generated by the side groups attached to C3 are mini-
mized. In contrast, such unfavourable interactions become
maxima when the molecule adopts a planar syn conformation.

Table 4 displays the minimum energy conformations found
for the different arrangements of 2-T3AA(3,4"). It is worth noting
that 16 arrangements were considered in this case due to the lack
of molecular symmetry in this isomer. Interestingly, no arrange-
ment was stable when the substituent attached to C3 adopts a cr
orientation, this feature being fully consistent with the results

Table 4

Minimum energy conformations considering the different arrangements of the
side groups calculated for the 2-T3AA(3,4") isomer at the UHF/6-31+G(d,p)

level

2-T3AA4,4')* anti—gauche syn—gauche
tr—tr 12.5 (0 =137.2°) -

tr—mn 13.4 (6 =131.7°) -

tr—cr 20.1 (6 =140.6°) -

tr—cn 18.4 (6 =114.6°) 18.2 (§ =48.0°)
tn—tr 7.7 (6=136.4°) -

tn—tn 8.6 (=132.7°) —

tn—cr 15.3 (6 =138.0°) -

tn—cn 13.6 (6 =115.8°) 12.7 (6 =43.8°)
cn—tr 9.1 (6=120.6°) -

cn—tn 9.8 (=113.8°) —

cn—cr 18.0 (6 =120.5°) -

cn—cn — 13.41 (0 =56.8°)

Relative energies are in kcal/mol.
? See Scheme 3.

obtained for the 2-T3AA(3,3’) isomer. On the other hand, only
three arrangements (tr—cn, th—cn and cn—cn) show a syn—
gauche minimum, while the cn—cn one is not able to adopt an
anti—gauche conformation. The relative energies ranging from
7 to 20 kcal/mol indicates that, in general, the stability of this
isomer is between those of 2-T3AA(4,4) and 2-T3AA(3,4).
The only rotational profile calculated for the 2-T3AA(3,4)
isomer corresponds to the tn—#r orientation of the acrylic acid
substituents (Scheme 6) since its anti—gauche minimum (Table
4)is significantly more stable than that of the other arrangements.
The rotational profile is displayed in Fig. 3, in which energies
are relative to that of the lowest energy minimum obtained for 2-
T3AA(4,4")/tr—tr. On the other hand, information about both
the minimum and energy barriers is included in Table 2. As
can be seen, the minimum appears at § = 136°, the anti barrier
being unfavored by only 1.5 kcal/mol. In contrast, the syn
barrier shows strong steric contacts that lead to a destabilization
of 13.6 kcal/mol. The main differences between the profile
obtained for 2-T3AA(3,4")/tn—tr and those calculated for the
2-T3AA(4,4") isomer correspond to the elimination of the
syn—gauche minimum and the gauche—gauche barrier.

3.2. Modeling the polymer: prediction of the electronic
properties of PT3AA

The lowest energy minimum of 2-T3AA was obtained for
the isomer with acrylic acid side group attached to C4 and

coo
H—C,
Yo
s 0\
\ / s
,C—H
H—C
\ R
coo

2-T3AA(3,4")/tn-tr

Scheme 6.
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Fig. 3. Potential energy curves for the internal rotation of 2-T3AA(3,4")/m—tr
as a function of the inter-ring dihedral angle () using UHF/6-314+-G(d,p) ge-

ometry optimizations. Energies are relative to the global minimum of the 2-
T3AA(4,4') isomer.

C4'. However, it should be noted that the construction of
a model by polymerizing the 2-T3AA(4,4") isomer gives place
to an alternated sequence of tail-to-tail and head-to-head
linkages (Scheme 7). In the previous section, we found that
the latter type of linkage, which was represented by the
2-T3AA(3,3') isomer, produces very unstable structures.
Therefore, the construction of a model for PT3AA based on
alternated head-to-head and tail-to-tail linkages was discarded
because the stability of the 2-T3AA(4,4') isomer is largely
surpassed by the high unstability of the 2-T3AA(3,3’) isomer.

On the other hand, calculations on 2-T3AA(3,4') indicated
that a minimum energy conformation with a relatively low
energy is obtained when the side groups adopt a tn—tr arrange-
ment (Table 2). Accordingly, we used the 2-T3AA(3,4")/tn—ir
structure to construct a model in which head-to-tail polymer
linkages are repeated along the chain (Scheme 8). This situa-
tion is significantly more stable than that formed by alternating
tail-to-tail and head-to-head polymer linkages. This head-to-
tail model was used to build oligomers containing » mono-
meric units with n =2, 3, 4 and 5, which were optimised at
the UHF/6-314+-G(d,p) level fixing the inter-ring dihedral
angles 6 at 180°. Previous studies indicated that, in order to
extrapolate the electronic properties calculated for oligomers
to infinite chain polymers, conformational effects should be
omitted by imposing an all-anti conformation [27,37].

Fig. 4 shows the C—C bond-length alternation patterns along
the 7t-system of the backbone for the oligomer withn = 5. As can
be seen, the geometric structure of this oligomer shows a clear
benzenoid character. In order to evaluate the &g and IP, single
point calculations at the UB3PW91/6-314+G(d,p) level were

Scheme 8.
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Fig. 4. C—C bond distances along the conjugated Tt-system of the oligomer
with n=35.

performed on the optimised geometries of oligomers containing
head-to-tail linkages. Fig. 5 shows the linear behaviors (correla-
tion coefficient 7 > 0.98) for the variation of the calculated e, and
IP with the inverse chain length (1/n). Linear regression analyses,
which are also displayed in Fig. 5, allowed to extrapolate ¢, and
IP values of 2.12 and 5.66 eV, respectively, for an infinite chain of
PT3AA. Itis worth noting that the &; of PT3AME (2.20 eV) was
predicted to be 0.08 eV larger than that calculated for PT3AA
[13]. Indeed, the &, obtained in this work for the latter polymer
is 0.30eV larger than that previously computed for PTh
(1.82 eV) using the same DFT method [17]. On the other hand,
the IP predicted for PT3AA is 0.55 eV larger than that obtained
for PT3AME (5.11 eV) [13] indicating that esterification of the
carboxylate groups facilitates significantly the p-doping process.

3.3. Comparison with experimental data: synthesis
and characterization of PT3AA

3.3.1. Synthesis
T3AA (3g) was refluxed in dry methanol (15 mL)

with one drop of concentrated sulfuric acid for 24 h to provide

Tail-to-Tail

Head-to-Head

Head-to-Head

Scheme 7.
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Fig. 5. Variation of (a) ¢y (in €V) and (b) IP (in eV) against 1/n, where n is the
number of monomeric units, for PT3AA. The gray lines correspond to the
linear regressions used to obtain the ¢, for infinite chain systems.

3-thiophen-3-yl-acrylic acid methyl ester (T3AME). The
purification and extraction of this monomer, which was
obtained with 99.9% of yield, were carried out by using the
procedure described in our previous work [13]. Polymerization
of T3AME to produce PT3AME was performed by chemical
oxidative coupling in dry methanol using anhydrous ferric
chloride. A detailed description of this process as well as of
the purification of the resulting material is provided in
Ref. [13]. The transformation of PT3AME into PT3AA was
performed by alkaline hydrolysis. Thus, the former polymer
(~1g) was stirred in 100 mL of 2M NaOH solution for
24 h at 100 °C. The resulting mixture was filtered to remove
the insoluble part and was poured into 1 M HCIl aqueous
solution to precipitate the PT3AA. This material was repeat-
edly washed with deionized water and dried under vacuum
for three days (yield: 81—87%).

3.3.2. Characterization

Fig. 6 compares the FTIR spectrum of PT3AA with that of
the monomer T3AA. A detailed analysis of the absorption
bands allows us to confirm that the polymer was successfully
obtained by chemical oxidative reaction with FeCl; and subse-
quent alkaline hydrolysis. The bands higher than 3000 cm™'
typically detect unsaturated compounds if the stronger main
bands associated to hydrogen bonds formed by acid or alcohol

(a) T3AA

(b) PT3AA

Transmittance (%)

3100 2750 2400 2050 1700 1350 1000 650
Wavenumber (cm™)

Fig. 6. FTIR spectrum of (a) 3-thiophen-3-yl-acrylic acid (T3AA) and (b)
poly(thiophen-3-yl-acrylic acid) (PT3AA).

groups do not hide them. According to Ruiz et al. [38], the
absorbance due to the aromatic C—H stretch at ~3070 cm ™'
can be attributed to the B-hydrogen whereas the band at
~3090 cm ™! is related to the a-hydrogen position in the thio-
phene rings. These absorbances could not be identified in
Fig. 6 because of the broad band from OH group detected
between 3300 and 2500 cm~!. On the other hand, the
B C—H out-of-plane deformation was observed as a medium
peak at 866 cm ™' while the o C—H out-of-plane deformation
appears as a very sharp band at 771 cm™'. As we can be seen
in the FTIR spectrum of PT3AA, the strong peak at about
771 cm™ " related to the oo C—H out-of-plane deformation
disappears indicating that the o positions (2,5 positions, alter-
natively) of thiophene ring have been successfully attached.

The most characteristic feature in the PT3AA spectrum is the
broad absorption occurring in the region from 1500 to
1650 cm ™! that corresponds to the conjugated C=C stretching
absorbance, being also a proof of polymerization. Moreover, the
conjugated double bond associated to the acrylic acid side group
is found in the ~ 1630 cm™! region, and the mode of substitu-
tion is identified by the C—H out-of-plane bending bands at
976 and 848 cm ™. In our previous work [13] we proved that
the trans-conformation of the acrylic acid conjugated double
bond is maintained in the esterification process and polymeriza-
tion step. This is in good agreement with the theoretical predic-
tions presented in the previous section.

Although PT3AA is completely insoluble in the common
organic solvents and neutral water, it dissolves completely in
aqueous base solutions, i.e. pH 10—12, and acetone. Fig. 7
shows the UV spectra recorded for PT3AA in aqueous base
solution and acetone. The first absorption band on the low
energy side of the spectra arises from the m—m* transition
in the delocalized electron system along the chain. Thus the
energy of the band gap of the conduction can be estimated
from the intersection of a tangent placed over the inflection
point of this curve and the wavelength axes. The broad absorp-
tion band displayed in the spectra is the result of a serial of
different higher energy intra- and inter-chain electron transi-
tions in the polymer matrix. The &, values estimated from
the UV—vis spectra in aqueous base and acetone solutions
are 2.34 and 2.45 eV, respectively, indicating that the energy
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Fig. 7. UV—vis spectra of poly(3-thiophen-3-yl-acrylic acid) (PT3AA) in
aqueous base solution (black line) and acetone (gray line).

required by the T—m* transition decreases with the polarity of
the environment. These gaps are only 0.22 and 0.33 eV larger
than that predicted by theoretical calculations. A similar
underestimation of the ¢, by DFT calculations was found for
PTh (experimental and theoretical values of ¢, are ~2.0 and
1.82 eV, respectively [18,19]) and PT3AME (experimental
and theoretical values of ¢, are ~2.5 and 2.20 eV, respectively
[13]). The overall of these results indicate that DFT calcula-
tions provide very reliable estimations of the gap, the small
underestimation being attributed to the omission of the envi-
ronmental effects and structural defects in the theoretical
model. On the other hand, comparison between the &, values
determined for PT3AA and PT3AME [13] from the UV—vis
spectra recorded in acetone solution (2.45 and 2.54 eV, respec-
tively) reveals that alkaline hydrolysis of the ester groups
produces a small reduction of the gap.

Finally, the molecular structures of monomers and
polymers studied in this work were determined by '"H NMR
spectroscopy (data not shown), results being in agreement
with the modelled chemical structures. Thus, the coupling
constant of the —CH=CH— protons in the acrylic acid group
of T3AA monomer was calculated to be J = 15.9 Hz corrobo-
rating the results obtained by IR spectroscopy, i.e. the trans
geometry of the conjugated double bond is maintained after
the esterification reaction. Furthermore, the esterification and
hydrolysis steps were confirmed by the corresponding appear-
ance and disappearance of —COOCH; and —OH signals.

On the other hand, the splitting of the —COOCHj signal in
PT3AME can be used to obtain information about the ratio of
head-to-tail and head-to-head diads arising from polymeriza-
tion [2]. For poly(3-dodecylthiophene) the resonance for
a head—head coupling is observed at 6 =2.56 ppm while
that of a head-to-tail coupling appears at 6 =2.79 ppm (pro-
tons on the a-carbon of the 3-position) [2]. It should be noted
that in our previous work we reported an accurate analysis of
the proton peak areas in the 3.7—3.0 ppm region for PT3AME.
Results showed that ~80% of the diads are head-to-tail [13].
This predominance is in excellent agreement with the model
proposed in the previous section for PT3AA.

4. Conclusions

Quantum mechanical calculations have been used to
examine both the minimum energy conformations and the
rotational profiles of the three isomers of 2-T3AA in the
unionised state. Results indicate that the rotational profiles
of 2-T3AA(4,4") are similar to those obtained for unsubstituted
2,2'-bithiophene, while 2-T3AA(3,3’) and 2-T3AA(3,4') devi-
ate significantly from such behavior. The lowest energy
conformation of 2-T3AA was obtained for the isomer with
the two acrylic acid substituents arranged in tr—#r and attached
to the C4 and C4’ positions. In contrast, the stability of the
2-T3AA(3,3’) isomer was very low, a few minima with very
high relative energies being obtained in this case. The model
developed for the PT3AA was based on the lowest energy
arrangement of the 2-T3AA(3,4") isomer. This model is based
on head-to-tail polymer linkages and tn and #r arrangements
for the acrylic acid substituent disposed alternatively. The
T—mt* lowest transition energy predicted using this model is
2.12 eV, which is higher than that previously computed for
PTh (1.82eV) but slightly lower than that calculated for
PT3AME (2.20 eV).

On the other hand, PT3AA has been synthetized using the
same synthetic route previously used to prepare PT3AME
[13], the latter being transformed into the former by alkaline
hydrolysis. The w—1t* lowest transition of this polymer, which
is soluble in aqueous base and acetone solutions, was deter-
mined from the recorded UV—vis spectra. The ¢, values are
2.34 and 2.45eV in aqueous base and acetone solutions,
respectively. As can be seen, there is an excellent agreement
between theoretical and experimental values, i.e. e, values
calculated using DFT methods are typically underestimated
by 0.2—0.3 eV with respect to the measured ones. Similarly,
the structural information obtained using both FTIR and 'H
NMR is fully consistent with that provided by quantum
mechanical calculations.
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