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Abstract

Quantum chemical calculations on small idealized systems of poly(3-thiophen-3-yl-acrylic acid methyl ester), a new polythiophene derivative
soluble in polar solvents, have been performed to propose a model for this polymer. The model, which was derived from calculations at the HF/
6-31G(d) and B3PW91/6-314+G(d,p) levels is defined by both the head-to-tail polymer linkages and the conformation of the acrylic acid methyl
ester side groups. The t—m* lowest transition energy predicted for the polymer is in excellent agreement with the experimental values, which
were determined in this work using UV—visible experiments. Finally, we investigated the variation of the electronic properties produced by
small chemical modifications in the side group of poly(3-thiophen-3-yl-acrylic acid methyl ester), such changes being designed to enhance

the solubility of the polymer in water.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Among organic semiconducting polymers, polythiophene
derivatives have been the subject of intense study due to their
many interesting electronic and optical properties [1—3]. The
main drawback of many of these polymers is their lack of sol-
ubility, which explains their limited processability. A partial
solution to this problem has been the insertion of suitable sub-
stituents: introduction of long alkyl side chains increases the
solubility in organic solvents [4—8], whereas hydrophilic sub-
stituents produce water-soluble polythiophenes [9—16].

At present we are particularly interested in polymers able
to solubilize in polar solvents, especially in polythiophenes
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containing electron-withdrawing alkyl carboxylate substitu-
ents. In earlier studies in this field, Pomerantz and co-workers
investigated the role of carboxylate groups on the structure of
polythiophenes containing ester functionalities directly at-
tached to the thiophene ring [17—20]. For this purpose, the
structure of 2,2’-bithiophenes incorporating methyl carboxyl-
ate substituents at the 3,3’-, 3,4’- and 4,4'-positions was
analyzed using X-ray diffraction. More recently, we investi-
gated the conformational and electronic properties of these
compounds using quantum mechanical methods [21]. The cal-
culated properties were in agreement with those of both small
oligomers [26—29] and poly(alkyl thiophene-3-carboxylates)
[11] with a carbonyl group directly attached to the ring.
Furthermore, we used theoretical calculations to predict
changes in the interactions between the side chain functional-
ity and the backbone when the alkyl group is removed, i.e.
a carboxylic acid group is directly attached to the thiophene
ring [22].
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In this work, we apply quantum chemical methods to exam-
ine the structural and electronic properties of poly(3-thiophen-
3-yl-acrylic acid methyl ester), hereafter denoted as PT3AME
(Scheme 1), a new polythiophene derivative with a conjugated
substituent in which the polymer backbone and the electron-
withdrawing carboxylate group are separated by a double
bond. The functionalizaton of polythiophene with an acrylate
group was pursued in the past to promote crosslinking of the
polymer chains for controlled hardening of polymers, or to
functionalize the conducting backbone with a group amenable
of further functionalizations [23—25]. However, in such acry-
late-functionalized polythiophenes the orientation of the side
chain was opposite to that in PT3AME, i.e. the polymer back-
bone and the double bond of the acrylate group were separated
by the alkyl carboxylate moiety. It is worth noting that the aim
of the acrylate substituent in PT3AME is not only to improve
the solubility of polythiophene but also to enlarge the conju-
gated system from the backbone to the side chain. This is ex-
pected to improve the electronic properties with respect to
unsubstituted polythiophene by reducing the values of the low-
est transition energy (&) and ionization potential (IP).

(éH:CHCOOCH3

PT3AME

n

Scheme 1.

In this paper we use quantum mechanical calculations to
propose an atomistic model study for PT3AME, experimental
measures being also reported to confirm the reliability of our
predictions. This model is based on an exhaustive conforma-
tional study on small systems containing one and two mono-
meric units. The e, which is the most characteristic
electronic property of conducting polymers, predicted for
PT3AME using such model has been compared with experi-
mental values. For this purpose UV—visible experiments in
different environments were conducted on PT3AME, which
was prepared and characterized within a wide project devoted
to prepare soluble polythiophene derivatives by incorporating
carboxylate-containing substituents of very different chemical
nature [26]. The excellent agreement between the experimen-
tal and theoretical values allowed us to predict the ¢, of other
related polythiophene derivatives. Thus, the influence on this
important electronic property of small chemical modifications
in the acrylic acid methyl ester (AME) substituent has been
examined.

2. Methods
2.1. Computational methods

Full geometry optimizations of oligomers containing #» mo-
nomeric units (n-T3AME) with n ranging from 1 to 6 were

performed using the Hartree—Fock method combined with
the 6-31G(d) basis set [27], i.e. HF/6-31G(d) level. Previous
studies indicated that this simple methodology is able to pro-
vide a very satisfactory description of the molecular geometry
and relative energy for the minimum energy conformations of
heterocyclic oligomers like those studied in this work [28,29].
Calculations on 2-T3AME oligomers were carried out consid-
ering both the anti-gauche (6=150°) and syn-gauche
(0 =30°) conformations as starting structures, the inter-ring
dihedral angle 6 being defined by sequence S—C—C-S.
Thus, previous studies on disubstituted 2,2'-bithiophene
derivatives indicated that these conformations are relatively
close to those typically identified as global and local minima,
respectively [21,22,30].

The Koopmans’ theorem [31] was used to estimate the ion-
ization potentials (IPs). Accordingly, IPs were taken as the
negative of the highest occupied molecular orbital (HOMO)
energy, i.e. IP = —egomo. The IP indicates if a given acceptor
(p-type dopant) is capable of ionizing, at least partially, the
molecules of the compound. The t—m* lowest transition en-
ergy (&,) was approximated as the difference between the
HOMO and lowest unoccupied molecular orbital (LUMO) en-
ergies, i.e. & = éLumo — €nomo- Although HF 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 ¢,
[32,33]. Accordingly, the electronic properties presented in
this work have been estimated performing single point Density
Functional Theory (DFT) calculations with the B3PWO9l1
method [34,35] combined with the 6-31G(d,p) basis set [36]
(B3PW91/6-31G(d,p)) on the molecular geometries optimized
at the HF/6-31G(d) level. It is worth noting that according to
the Janak’s theorem [37], the approximation mentioned above
for the calculation of the IP can be applied to DFT calcula-
tions, while Levy and Nagy evidenced that &, can be rightly
approximated as the difference between e ymo and egomo
in DFT calculations [38].

The electronic properties of PT3AME have been related
with the degree of aromatic character. For this purpose, we
examined the C—C bond length alternation pattern along the
m-system of the backbone and, in particular, the inter-ring dis-
tances d. Furthermore, we evaluated the aromaticity of the cy-
cles using the Julg parameter (JP) [39], a geometric criterion
used to measure the deviations of the individual C—C bond
lengths (r;) from the mean C—C bond distance (r) in the diene
unit of the cycles:

1_§Z(1_*) (1)

2.2. Experimental methods

3-Thiophen-3-yl-acrylic acid (3TA) 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.
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FTIR spectra were recorded on a 4100 Jasco spectropho-
tometer equipped with an ATR MKII Golden Gate Heated Sin-
gle Reflection Diamond Specac model. Proton NMR spectra
were recorded on a Varian Inova 300 spectrometer operating
at 300.1 MHz. The UV—visible optical spectra of the polymer
were obtained from their 1 mg/mL solutions in acetone and
DMSO using a Shimadzu UV-240 Graphtcord UV—visible
recording spectrophotometer.

2.2.1. Monomer synthesis

3TA (3 g) was refluxed in dry methanol (15 mL) with one
drop of concentrated sulfuric acid for 24 h to provide 3-thio-
phen-3-yl-acrylic acid methyl ester (T3AME). The purifica-
tion of this monomer, which was obtained with 99.9% of
yield, was carried out by the evaporation of methanol and suc-
cessive extraction with diethyl ether. The extract was washed
with distilled water, dried with anhydrous MgSO,, and filtered
washing several times with diethyl ether. The product was
recovered after evaporation of the solvent.

2.2.2. Preparation of PT3AME

Polymerization of T3AME monomer was performed by
chemical oxidative coupling in dry chloroform using anhy-
drous ferric chloride, according to the procedure described
by Yoshino et al. [40] in 1989. A solution of 20 mmol of
monomer in 40 mL of chloroform was added dropwise to a so-
Iution of 80 mmol of ferric chloride in 60 mL of dry chloro-
form. The mixture was stirred for 24 h and then stored in
the freezer overnight. In order to precipitate PT3AME, the
product was poured out into a large excess of methanol
(2L) and, subsequently, purified by repeated washing with

1(0.0) 11(0.9)

V (8.4)

VI (5.0)

111 (1.4)

methanol and distilled water. After removal of the residual
FeCls, the polymer was dried under vacuum at 40 °C for 72 h.

3. Results and discussion

3.1. Modeling of the monomeric unit: intrinsic
conformational preferences of the AME side group
and its interactions with the thiophene ring

In order to ascertain the intrinsic conformational prefer-
ences of the AME substituent, calculations on a single mono-
meric unit were performed considering all the possible
arrangements of this side group, i.e. those that are conse-
quence of the cis <> trans isomerism around the dihedral
angles associated with the AME group. The eight arrange-
ments obtained after geometry optimization are displayed in
Fig. 1. Inspection to the relative energies, which have been re-
ported in the figure, indicates that conformations [-1V are sig-
nificantly more stable than V—VIII. This is because the methyl
carboxylate moiety interacts repulsively with the a-hydrogen
atom of the thiophene ring in the latter four arrangements.
Indeed, the strength of such interactions induces strong distor-
tion from planarity in V and VII, i.e. in these two arrangements
the methyl carboxylate and the aromatic ring are not located in
the same plane. On the other hand, structures II-IV are desta-
bilized with respect to I, which is the lowest energy minimum,
by less than 2.5 kcal/mol. The most remarkable feature of I—
IV is the absence of strong repulsive contacts between the thio-
phene ring and the side chain. It should be mentioned that the
nomenclature used in Fig. 1 to denote each arrangement of the
AME group, i.e. labels I-to-VIII, has been also used for
2-T3AME isomers and PT3AME throughout the whole work.

VI (8.1)

Vil (5.2)

Fig. 1. Minimum energy conformations of 3-thiophen-3-yl-acrylic acid methyl ester (T3AME) calculated at the HF/6-31G(d) level. Relative energies (in kcal/mol)

are displayed in parenthesis.
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3.2. Modeling of the dimeric units: relative stability
and conformational analysis of the three isomeric
2,2'-bithiophenes

Quantum chemical calculations have been used to examine
the relative stability and conformational preferences, in terms
not only of the side chain arrangement but also of the inter-
ring dihedral angle @, of three possible isomers of 2-
T3AME. These compounds differ in the positions substituted
by AME side groups: 4,4 (2-T3AME,4), 3,3’ (2-
T3AME; 3) and 3,4' (2-T3AME;3 4). It should be noted that
they should be considered as model systems of the tail-
to-tail, head-to-head and head-to-tail polymer linkages, respec-
tively. Thus, the regiochemistry of polymer chains is defined
during the polymerization process, which takes place in solu-
tion. Therefore, the choice of the most probable polymer link-
age mainly depends on the attractive or repulsive interactions
between monomeric units directly bonded. This allows us to
predict the regiochemistry of polymer chains using simple
models containing two monomeric units, as those studied in
this section, rather than complex models that involve large
polymer chains and/or inter-molecular interactions.

As was evidenced in the previous subsection for 1-T3AME,
the side groups of 2-T3AME may adopt many different
arrangements, which are expected to affect not only the inter-
ring dihedral angle but also the relative stability of the different
isomers. In order to get a deeper insight into this dependence,
we examined the minimum energy conformations of
2-T3AME, 4, 2-T3AME; 3 and 2-T3AME; 4 considering the
eight orientations displayed in Fig. 1 for each AME side chain.

(@)

Accordingly, the number of starting structures that were con-
sidered for the 2-T3AME, 4 and 2-T3AME; 5 isomers was:

(2 minima for the internal rotation of 6 :

anti — gauche and syn — gauche)
8
X ( {82 — (2)} arrangements of the two side chains)

=72 per compound.

For the 2-T3AME; 4 isomer, the number of starting structures
increased to 2 x 8% = 144 since in this case substitution at
positions 3,4 and 4,3’ are not identical. Complete geometry
optimization at the HF/6-31G(d) level led to 72, 38 and 102
minimum energy conformations for 2-T3AME,,, 2-
T3AME; 3 and 2-T3AME; 4, respectively, i.e. 212 minima
from an initial set of 272 structures.

The lowest energy conformation, which is displayed in
Fig. 2a, corresponds to the 2-T3AME, 4 isomer. As expected,
this structure corresponds to an anti-gauche conformation
(60 = 145.7°) with the AME groups arranged like in the struc-
ture I of 1-T3AME. Furthermore, six local minima with a
relative energy smaller than 2 kcal/mol were detected for the
2-T3AME, 4 isomer. Structural details of such local minima
are given in Table 1, which also include the values of IP and
&g predicted at the HF/6-31G(d) level. The first local minimum
(Fig. 2b), 2#-4,4', is destabilized by 0.6 kcal/mol. This struc-
ture is identical to the lowest energy one but with the inter-
ring dihedral angle arranged in syn-gauche (0 =46.4°). The
other local minima listed in Table 1, with the exception of

Fig. 2. Selected minimum energy conformations of the 2-T3AME isomers calculated at the HF/6-31G(d) level: (a) 1#-4,4’; (b) 2#-4,4; (c) 1#-3,3; and (d) 1#-3,4".

The structural characteristics of these minima are described in Tables 1—3.
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Table 1

Structural and electronic properties of the minimum energy conformations of
2-T3AME, 4 with relative energy (AE, in kcal/mol) smaller than 2.0 kcal/mol
(calculations were performed at the HF/6-31G(d) level)

Label 0° AME groups® AE IP° &y

14-4.4' 145.9 1 @)1 &) 0.0 8.21 10.21
2#-4.4 46.4 1 (/1 4) 0.6 8.32 10.38
3#-4.4 146.0 1 ()1 4) 0.9 8.22 10.21
44#-4.4 145.7 1T (4)/T (4) 1.4 8.18 10.05
S#-4.4 46.1 I (41 @) 1.5 8.32 10.38
o#-4.4 146.0 11 (4)/11 (4') 1.9 8.22 10.22
T#-4.4 45.8 I (4)/T (4') 2.0 8.28 10.20

* Inter-ring dihedral angle in degrees.

b Arrangement of the acrylic acid methyl ester groups bonded to 4 and 4'.
The arrangement of the side groups has been categorized according to Fig. 1.

¢ Tonization potential (IP) and 7w—7c* lowest transition energy (e,) in eV.

5#-4,4', differ in the conformation of the AME groups, the
difference between the latter and 3#-3,3' being the internal
rotation 6.

A detailed inspection to the results displayed in Table 1
reveals that the energy contributions associated with the ar-
rangement of the side group in each monomeric unit of 2-
T3AME, 4 are related to the relative energies calculated for
1-T3AME (Fig. 1) that, in addition, are additive. For example,
the relative energy of the minimum labelled 3#-4,4" is 0.9 kcal/
mol, which is exactly the relative energy found for the ar-
rangement II is 1-T3AME (Fig. 1). The same behaviour is
shown by all the local minima with two AME side chains dis-
playing arrangements different from I. Specifically, the rela-
tive energy of 6#-4,4’ is 1.9 kcal/mol, which is very close to
2 x 0.9 kcal/mol. Fig. 3 represents the relative energy of all
the minimum energy conformations found for 2-T3AME,
against 6. In the highest energy minimum with an anti-gauche
conformation, which is destabilized by 16.6 kcal/mol, the two
AME groups adopt the arrangement categorized as V in Fig. 1.
As can be seen, the relative energy of this conformation is very
close to 2 x 8.4 kcal/mol. These results clearly indicate that

H44 W33 O34

25.0
0
20.0 -

5 Wyl
£ 150 oG
[\]
g 25
%100 %
L
<

5.0 1 g =

0.0 — 8 .

0.0 30.0 60.0 90.0 180.0

6 (deg)

Fig. 3. Relative energy with respect to the lowest energy minimum of the most
stable isomer (AE,4) of all the minimum energy conformations found for 2-
T3AME, 4 (black squares), 2-T3AME; 5 (gray squares) and 2-T3AME; 4
(empty squares) against the inter-ring dihedral angle 6.

there is neither any interaction between the two side groups
nor between a given side chain and the neighboring thiophene
ring.

The lowest energy conformation found for the 2-T3AME; 5/
isomer is displayed in Fig. 2c. In this structure, which is
3 kcal/mol less stable than the global minimum of 2-
T3AME, 4, the two rings tend to adopt an almost perpendicu-
lar conformation (6 = 68.1°) with the AME groups arranged as
in I. Table 2 lists the structural and electronic characteristics of
the three minima found for 2-T3AME; 5 within a relative en-
ergy range of 2 kcal/mol, the relative energy with respect to
the lowest energy minimum of the most stable isomer
(AE, y) being also displayed. Obviously, the conformational
flexibility of the 2,2'-bithiophene derivatives is more restricted
when the substituents are attached at positions 3,3’ than when
they are at positions 4,4'. This is reflected by the reduced num-
ber of minima found for 2-T3AMEj; 3y, which is due to the
fact that the anti-gauche and syn-gauche minima found in
2-T3AME, 4 for each combination of AME arrangements
usually transform into a single minimum with the two rings al-
most perpendicular in 2-T3AMEj; 3. Thus, the inter-ring dihe-
dral angle 6 is severely distorted with respect to the values
found for the minima of 2-T3AME, 4. Fig. 3, which shows
AFE, 4 against 6 for all the minima of 2-T3AME; 3/, evidences
that @ is typically located at ~70° or ~100°, these values
being relatively close to that ideally expected for the
gauche—gauche conformation (§ =90°). The distinctive con-
formational properties of 2-T3AME; 3 are consequence of
the strong steric interactions between each AME side group
and its neighbor thiophene ring, which are minimized when
the two rings are arranged in an almost perpendicular
conformation.

Regarding the 2-T3AME; 4 isomer, Table 3 lists the more
relevant information of the eight minima found within a rela-
tive energy range of 2 kcal/mol. As can be deduced from the
values of 6, the conformational characteristics of these struc-
tures are intermediate between those of the minima of 2-
T3AME, 4 and 2-T3AME; 3. Comparison of the inter-ring
dihedral angle of all the minima found for the three isomers
(Fig. 3) also evidences this feature. Furthermore, it is worth
noting that the stability of the 2-T3AME; 4 isomer is also

Table 2
Structural and electronic properties of the minimum energy conformations of
2-T3AME; 3 with relative energy (AE, in kcal/mol) smaller than 2.0 kcal/mol

Label 6 AME groups® AE AE4y Ip° e

1#-3,3' 68.1 I(3)/1(3) 0.0 3.0 8.43 10.30
2#-3,3 69.7 1L (3)/1 (3') 0.8 3.8 8.51 10.34
3#-3,3 66.9 I 3)/ (3) 1.3 4.4 8.53 10.28

The relative energy with respect to the lowest energy minimum of the most
stable isomer (minimum 1-#4,4") (AE, 4, in kcal/mol) is also displayed. Cal-
culations were performed at the HF/6-31G(d) level.

* Inter-ring dihedral angle in degrees.

® Arrangement of the acrylic acid methyl ester groups bonded to 3 and 3'.
The arrangements of the side groups have been categorized according to
Fig. 1.

¢ Tonization potential (IP) and w—7c* lowest transition energy (&,) in eV.
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Table 3
Structural and electronic properties of the minimum energy conformations of
2-T3AME; 4 with relative energy (AE, in kcal/mol) smaller than 2.0 kcal/mol

Label i AME groups” AE AE, 4 IP° &

1#-3.4' 51.7 1.(3)/1 (4) 0.0 1.7 8.28 10.11
2#-3.4 118.0 131 @) 0.5 22 8.34 10.30
3#-3,4 52.8 I 3)/1 (4) 0.7 24 8.35 10.16
44-3.4' 52.8 131 @) 1.0 2.7 8.29 10.14
S5#-3,4 117.3 I 3)/1 (4) 1.1 2.8 8.45 10.34
6#-3,4' 118.0 131 @) 1.4 3.1 8.39 10.31
T#-3,4 52.4 1T (3)/11 (4) 14 3.1 8.26 10.03
8#-3,4' 118.5 1 (3)/MI (&) 1.8 3.5 8.34 10.24

The relative energy with respect to the lowest energy minimum of the most
stable isomer (minimum 1-#4,4) (AE,s, in kcal/mol) is also displayed.
Calculations were performed at the HF/6-31G(d) level.

# Inter-ring dihedral angle in degrees.

® Arrangement of the acrylic acid methyl ester groups bonded to 3 and 4'.
The arrangements of the side groups have been categorized according to
Fig. 1.

¢ Tonization potential (IP) and —7t* lowest transition energy (e,) in eV.

intermediate between those of the 2-T3AME,, and 2-
T3AME; 3 ones, i.e. the AE, value of the lowest energy
minimum of 2-T3AME;, and 2-T3AME;s is 1.7 and
3.0 kcal/mol, respectively. On the other hand, the AME side
groups of the lowest energy minimum of 2-T3AME; 4 adopt
an I-like arrangement (Fig. 2d), which is fully consistent
with the results obtained for 2-T3AME, 4 and 2-T3AMEj3 3.

Finally, inspection of the IP and &, values displayed in
Tables 1—3 reveals that variations of both the molecular con-
formation and the chemical structure do not introduce signif-
icant changes in these electronic properties. Thus, the gaps
predicted for the three isomers are very similar. However, it
should be emphasized that these results should be considered
from a qualitative point of view since it is well known that the
HF method tends to overestimate significantly the values of IP
and &g [29].

3.3. PT3AME: proposed model, calculation of the
electronic properties and comparison with experimental
data

As was discussed above, molecules constituted by two mo-
nomeric units should be considered as small model systems of
polymer chains because they provide information about the
linkages between consecutive units. In this section the results
provided by the extensive conformational studies performed
on 2-T3AME, 4, 2-T3AME; 3 and 2-T3AME; 4 have been
used to develop an idealized model for infinite polymer chains
of PT3AME, which will be used to predict its electronic
properties.

Results displayed in Fig. 3 and Tables 1—3 indicate that
AME side groups should be arranged as in I (see Fig. 1) and
separated as much as possible. Fig. 4a represents the model
proposed for PT3AME for an oligomer formed by six mono-
meric units. As can be seen, head-to-tail polymer linkages
that are repeated along the chain constitute it. Thus, the
AE, 4 values obtained for 2-T3AME isomers indicate that

this situation is more stable than that formed by alternating
tail-to-tail and head-to-head polymer linkages. The reliability
of this prediction was experimentally confirmed using NMR
spectroscopy. Thus, splitting of the —COOCH; signal of
PT3AME, which was prepared using the synthetic procedure
described in Section 2, was used to provide information about
the ratio of head-to-tail, head-to-head and tail-to-tail diads
arising from polymerization. This was performed using the
procedure previously reported for poly(3-dodecylthiophene)
[41], which is based on an accurate analysis of the protons
from 3.7—3.0 ppm region in the "H NMR spectra. Analyses
of peak areas obtained in deuterated chloroform showed that
the head-to-tail is the predominant linkage (~80%), the re-
maining ones being of the head-to-head type.

According to the overall results, the head-to-tail model was
used to build oligomers containing #» monomeric units with
n=2—6 (Fig. 4a), which were completely optimized at the
HF/6-31G(d) level. Additional calculations on selected oligo-
mers (n =2, 4 and 6) constructed by alternating tail-to-tail and
head-to-head linkages (Fig. 4b) revealed that the stability of
the head-to-tail model grows with the number of monomeric
units confirming that the latter model is the most stable.
This feature is reflected in Fig. Sa.

Previous studies [42,33] indicated that, in order to extrapo-
late the electronic properties calculated for oligomers to infin-
ite chain polymers, conformational effects should be omitted
by imposing an all-anti conformation (see below). Further-
more, it is well known that, in the solid state, molecular chains
of heterocyclic conducting polymers and oligomers tend to
adopt planar structures to optimize the packing interactions
[41]. Accordingly, in order to predict the electronic properties
of PT3AME, the molecular geometries of n-T3AME oligo-
mers were re-optimized fixing the inter-ring dihedral angles
0 at 180°. Fig. 5b, which compares the energies of the all-
anti and fully optimized conformations for the n-T3AME olig-
omers constructed using the head-to-tail linkages, shows that
the penalty imposed by the planarity to the proposed model
is very low.

In order to evaluate the ¢, and IP, single point calculations
at the B3PW91/6-31G(d,p) level were performed on the opti-
mized geometries of oligomers containing head-to-tail link-
ages. Fig. 6 shows perfect linear behaviours (correlation
coefficient r>0.99) for the variation of the calculated e,
and IP with the inverse chain length (1/n). A linear regression
analysis, which is also displayed in Fig. 6, allowed extrapolate
&g and IP values of 2.28 and 5.11 eV, respectively, for an infin-
ite chain of PT3AME. It is worth noting that this extrapolation
is not possible when the electronic properties of completely
optimized oligomers are used since the relatively random dis-
position of anti-gauche™ and anti-gauche™ disturbs such linear
behaviour. On the other hand, the ¢, and IP values estimated
for the model constructed by alternating tail-to-tail and
head-to-head linkages, were 2.51 and 5.36 eV, respectively.
However, these values, which were derived considering se-
lected oligomers (n =2, 4 and 6), have not been considered
for further discussion because of the low stability of the
model.
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head-to-tail

(b) head-to-head

Side chains: |

tail-to-tail

Fig. 4. Models for poly(3-thiophen-3-yl-acrylic acid methyl ester) (PT3AME) constituted by (a) head-to-tail linkages and (b) alternated tail-to-tail and head-to-

head linkages. The former model has been proposed for the system under study.

As can be seen, the ¢, of PT3AME was predicted to be
0.38 eV larger than that calculated for polythiophene
(1.82 eV) using the same DFT method. Thus, the AME side
groups of n-T3AME oligomers reduce the energy of the
HOMO and LUMO with respect to the corresponding unsub-
stituted oligothiophenes. However, the stabilization of the for-
mer is slightly greater than that of the latter, which increases
the &, value.

Chemically synthetized PT3AME was soluble in a variety
of polar organic solvents such as acetone and DMSO, although
it was insoluble in water. The spectral properties were consis-
tent with the structure of the polymer. Fig. 7 compares the
FTIR spectrum of PT3AME with that of the monomer 3TA.
A detailed analysis of the absorption bands allows us to con-
firm that the polymer was successfully obtained by chemical
oxidative reaction with FeCls. In Fig. 7a, the aromatic C—H
stretch at ~3070 cm™' can be attributed to the B-hydrogen

of the thiophene ring, whereas the band at ~3090 cm ™" is re-
lated with the a-hydrogen position of 3TA. The latter band is
not observed in the FTIR spectrum of PT3AME indicating that
thiophene rings are linked by the a positions. Furthermore, the
very sharp band at 793 cm™', which is typically associated
with the a-C—H out-of-plane deformation, is completely ab-
sent in the polymer spectrum (Fig. 7b) confirming the forma-
tion of the polymer. On the other hand, the double bond and
the carbonyl of the AME side groups are evidenced in the
polymer by the ~ 1630 and 1712 cm ™' regions, respectively.
More details about the physical and spectroscopic properties
of PT3AME will be reported in a near future, together with
those of a wide family of polythiophene derivatives soluble
in polar solvents [26].

Fig. 8 shows the UV spectra recorded in acetone and
DMSO solutions. The first absorption band on the low energy
side of the spectra arises from the m—t* transition in the
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Fig. 5. Variation of the relative energy (in kcal/mol) against n, where n is the
number of monomeric units, between (a) the two models constructed for n-
T3AME (energies of the model obtained considering alternated tail-to-tail
and head-to-head linkages are relative to the most stable one, which was con-
structed using head-to-tail linkages); and (b) the fully optimized and all-anti
conformations for the model obtained using head-to-tail linkages. Calculations
were performed considering n =2, 4 and 6.

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 [41,43,44]. The broad ab-
sorption band on the blue side of the spectra is the result of
a serial of different higher energy intra- and inter-chain elec-
tron transitions in the polymer matrix. Interestingly, the high
energy region seems to be dominant for PT3AME. This should
be attributed to the 7 electrons in the side chain that either ex-
pand the electronic delocalization, i.e. the importance of the
absorption due to t—7t* transition in the delocalized electron
system along the chain is less pronounced, or cause other elec-
tronic states by 7t-stacking with monomeric units of neighbor-
ing chains.

The &, values estimated with the tangential through the
turning point of the low energy side of the UV—visible spectra
in acetone and DMSO are 2.54 and 2.48 eV, respectively.
These gaps are only about 0.2 eV larger than that predicted
by theoretical calculations. A similar trend was found for un-
substituted polythiophene, where the calculated &, (1.82 eV)
[22] was 0.2 eV lower than the value determined experimen-
tally (~2.0eV) [45,46]. The overall results indicate that
DFT calculations are able to provide very reliable estimations
of the gap, the small underestimation being probably due to
the omission of the environment and/or the lack of the struc-
tural defects along the polymer chain in the theoretical model.
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Fig. 6. Variation of (a) ¢, (in eV) and (b) IP (in eV) against 1/n, where n is the
number of monomeric units, for PT3AME (black squares), M-1 (gray trian-
gles), M-2 (black triangles) and M-3 (gray squares). The dashed lines corre-
spond to the linear regressions used to obtain the ¢, for infinite chain systems.

The results provided by UV—visible spectra can be ratio-
nalized by comparing the aromaticity of the cycles and the
bond length alternation pattern calculated for PT3AME and
polythiophene. The Julg parameter, JP, calculated for three cy-
cles going from the edge to the middle of oligomers with

(a)

1 CH=CHCOOCH,

S
|(b)

CH=CHCOOCH,
/ -\
4 S n

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

Transmittance (%)

Fig. 7. FTIR spectrum of (a) 3-thiophen-3-yl-acrylic acid (3TA) and (b) poly-
(thiophen-3-yl-acrylate acid methyl ester) (PT3AME).
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Fig. 8. UV—visible spectrum of poly(3-thiophen-3-yl-acrylic acid methyl
ester) (PT3AME) in (a) acetone and (b) DMSO.

n==6, i.e.6-T3AME and 6-Thp, respectively, are listed in
Table 4, where the inter-ring bond lengths (djn,) are also dis-
played. The JP provides geometric indication of the delocal-
ization within the diene part of the ring, giving information
about the aromaticity in the heterocyclic structure. Note that
the 7t-conjugation along the cis-1,3-butadiene unit will be
more pronounced when the JP becomes closer to one.

As a general trend for both 6-T3AME and 6-Thp, in the in-
ner rings, which are the most representative, JPs are larger and
dineer values are shorter than in the outer rings. Furthermore, JP
and djer values vary with the following sequence 6-
T3AME < 6-Thp and 6-T3AME > 6-Thp, respectively, which
reflect the decrease of conjugation upon substitution. The bond
length alternation patterns displayed in Fig. 9 supports this
view. These results indicate that experimental observations
discussed above, i.e. transitions in the high energy region of
the UV—visible spectra of PT3AME and &,(PT3AME) > &,-
(polythiophene) are consequence of the low conjugation of

Table 4
Julg parameters (plain) and inter-ring distance (italic; in A) calculated for
6-T3AME and 6-Thp*

Cycle 1 Cycle 2 Cycle 3
6-T3AME 0.783—1.463 0.839—1.470 0.842—1.462
6-Thp 0.807—1.461 0.844—1.459 0.849—1.458

# Results are displayed for the first three cycles of each oligomer, i.e. Cycles
1, 2 and 3. It is worth noting that, when a planar all-anti conformation is con-
sidered, the remaining cycles are equivalent to these ones due to the molecular
symmetry of 6-T3AME and 6-Thp.
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Fig. 9. C—C bond distances along the conjugated m-system of 6-T3AME and
6-Thp.

PT3AME with respect to polythiophene. Thus, the incorpora-
tion of the conjugated AME side groups does not improve the
electronic delocalization along the polymer chain as was ini-
tially assumed.

3.4. Variation of the electronic properties produced by
small chemical modifications on the acrylic acid methyl
ester substituents

Finally, we have used theoretical calculations to investigate
the variation of the gap and IP when small chemical modifica-
tions are introduced in the side group of PT3AME.
Specifically, we replaced the AME side group (R=—CH=
CH—COO—CHj3;) in the model proposed in Fig. 4a by R =—
CH=CH—-COOH (M-1), R =-CH,—CH,—COO—CHj;
(M-2) and R = —CH,—COO—CH;3; (M-3). It should be noted
that these predictions are significantly important for future
studies, in which we would like to design polythiophene deriv-
atives soluble in a wider set of polar solvents than PT3AME,
in particular water.

As the side groups of M-1, M-2 and M-3 are similar in size
to that of AME, it is reasonable to assume that the model
previously proposed for PT3AME is also valid for these poly-
mers. Molecular geometries of oligomers formed by n =2—6
monomeric units were optimized at the HF/6-31G(d) level for
such three systems, while single point calculations at the
B3PW91/6-31G(d,p) level were performed on the optimized
geometries. Graphical representation of &, and IP against 1/n,
which are included in Fig. 6, evidences linear correlations
similar to those previously discussed for PT3AME.

The values of &, extrapolated for an infinite chain of M-1,
M-2 and M-3 were 2.28, 2.32 and 2.35 eV, respectively. These
results indicate that substitution of AME by the three groups
mentioned above does not produce significant changes in the
gap. Specifically, the &, calculated for M-1 is identical to
that predicted for PT3AME, while the ¢, of M-2 and M-3
are slightly larger, i.e. 0.04 and 0.07 eV, respectively. Accord-
ingly, changes in the side chain are expected to improve the
solubility of the polymer in polar solvents without altering
this electronic property. On the other hand, the IP predicted
for M-1, M-2 and M-3 are 5.27, 4.84 and 4.50 eV, respectively.
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As can be seen, the ability to be oxidized is higher for the two
compounds without double bond in the side group, especially
for that with the carboxylate group and the thiophene ring sep-
arated by only one methylene unit (M-3).

4. Conclusions

In this work we applied ab initio quantum chemical
methods to provide a model for PT3AME. Calculations on
2-T3AME indicated that the isomer with the side groups at-
tached at positions 4,4’ is 1.7 and 3.0 kcal/mol more stable
than the isomer substituted at 3,4 and 3,3’ positions, respec-
tively. Furthermore, the arrangement I was predicted to be
the most favored for the AME side groups independent of
the isomer. On the basis of these structural results, a model
based on head-to-tail linkages was proposed for PT3AME,
which was used to evaluate the electronic properties of this
polymer through DFT calculations. The ¢, and IP predicted
for PT3AME were 2.28 and 5.11 eV, respectively. This gap
value is in excellent agreement with &, derived from UV—
visible experiments. In spite of the conjugated nature of
AME groups, the ¢, of PT3AME is larger than that obtained
for unsubstituted polythiophene. Thus, analysis of electronic
parameters reveals that the delocalized electron system along
the chain is less aromatic in PT3AME than in unsubstituted
polythiophene, which explains experimental observations.
These results have been used to predict how chemical modifi-
cations oriented to improve the solubility of PT3AME affect
the electronic properties of the polymer.
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