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1. Introduction

A new polythiophene derivative bearing a malonic acid dimethyl ester substituent
attached to the 3-position of the repeat unit has been prepared by chemical oxidative-cou-
pling polymerization. The chemical structure of poly(2-thiophen-3-yl-malonic acid
dimethyl ester) has been analyzed by FTIR and 'H NMR spectroscopy and, additionally,
the distribution of the head-to-tail and head-to-head diads arising from polymerization
was found to be a 75-25%. The glass transition temperature identified for this polymer
was 17.6 °C lower than that recently determined for a closely related polythiophene deriv-
ative, in which the ester substituent arose from acrylic acid rather than from malonic acid.
On the other hand, the electrical conductivity of the new material, which was soluble in
polar solvents but not in water, was higher than that typically found for poly(3-alkylthi-
ophene) derivatives. Ab initio quantum mechanical calculations on simple model com-
pounds were used to predict the regiochemistry of the polymer chain, which was in
excellent agreement with the experimental observation, and the conformational prefer-
ences of both the inter-ring dihedral angle and the bulky side group. Interestingly, calcula-
tions predict that the inter-ring dihedral angles adopt a syn-gauche conformation rather
than the anti-gauche arrangement typically found in substituted polythiophenes. Thus, in
this case the former conformation reduces the strong repulsive interactions induced by
the bulky substituent. The lowest -7 transition energy derived from calculations on an
idealized molecular model is in agreement with the experimental estimation determined
using UV-vis spectroscopy. This electronic property is significantly higher for poly(2-thio-
phen-3-yl-malonic acid dimethyl ester) than for other substituted polythiophene deriva-
tives, which is consequence of the geometrical distortions induced by bulky side group.
© 2009 Elsevier Ltd. All rights reserved.

This problem was overcome by the incorporation of sub-
stituents to the 3-position of the thiophene ring, which

Much progress has been made in the past decades to
solve the serious problems of solubility and processability
of thiophene-based functional conducting polymers [1-3].
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produced not only processable conducting polymers but
also allowed the complete chemical and physical charac-
terization of the prepared materials [4-6]. Specifically, it
was found that the introduction of long alkyl side chains
increases the solubility in organic solvents, whereas hydro-
philic substituents produce polythiophenes soluble in
water and/or polar solvents.

We are particularly interested in the development of
soluble polythiophenes with electron-withdrawing car-
boxylic acid groups in the 3-position of thiophene ring.


mailto:carlos.aleman@upc.edu
http://www.sciencedirect.com/science/journal/00143057
http://www.elsevier.com/locate/europolj

2212 E. Armelin et al./ European Polymer Journal 45 (2009) 2211-2221

Within this field, the pioneering work of Heeger and
coworkers [7] in polythiophenesulfonates was one of
the most important contributions to water-soluble con-
ducting polymers influencing subsequent research in this
field. For example, Chayer et al. [8] reported a highly con-
ducting polythiophene derivative based on sodium poly
[2-(3-thienyloxy)ethanesulfonate] and sodium poly[2-(4-
methyl-3-thienyloxy)ethanesulfonate], while Masuda
and Kaeriyama [9] provided the synthesis of the water-
soluble sodium salt of poly(thiophene-3-carboxylate).
Electroactive polymers and copolymers with acetic acid,
propionic acid and octanoic acid linked to thiophene ring
have been also investigated [10-14]. On the other hand,
we recently reported the synthesis, structural and elec-
tronic characterization of poly(3-thiophen-3-yl-acrylic
acid methyl ester) and poly(3-thiophene-3-yl acrylic acid)
(PT3AME and PT3AA, respectively) [15,16]. Unfortunately,
these materials were not soluble in water as we initially
expected, even although they were soluble in polar sol-
vents ensuring their processability. Being the develop-
ment of polythiophene derivatives soluble in water very
important because of the potential biotechnological
applications of these materials [17-19], the solubility in
strong polar solvents having high boiling points is also
of great importance because of the improvement in the
processability.

Attracted by this field, in this work we report a compre-
hensive experimental and theoretical study about the
properties of poly(2-thiophen-3-yl-malonic acid dimethyl
ester) (abbreviated PT3MDE), a new polythiophene deriva-
tive bearing a substituent with two carboxylate groups per
structural unit (Scheme 1) that has been prepared by
chemical oxidative-coupling polymerization. The more rel-
evant properties of this material have been characterized
by FTIR, NMR and UV-vis spectroscopy, TGA and DSC, elec-
trical measurements and theoretical calculations. Results
have been compared with those obtained for other poly-
thiophenes bearing substituents with polar groups. It
should be noted that we recently found that polythiophene
derivatives bearing polar side groups, as for example
PT3AME, are able to form specific interactions with plas-
mid DNA [17-19]. Accordingly, the new conducting poly-
mer reported in this work should be considered as
another promising template for the future development
of specific DNA sensors.

CH-(COOCH,),

M

(%)

PT3MDE

Scheme 1.

2. Methods
2.1. Chemicals

2-Thiophen-3-yl-malonic acid (T3MA) and anhydrous
ferric chloride were purchased from Sigma-Aldrich S.A.,
being employed without further purification. All solvents
were purchased from Panreac Quimica S.A. with ACS grade.

2.2. Equipments

FTIR spectra were recorded on a FTIR 4100 Jasco spec-
trophotometer. The samples were placed in an attenuated
total reflection accessory with thermal control and a dia-
mond crystal (Specac model MKII Golden Gate Heated
Single Reflection Diamond ATR). Proton NMR spectra
were recorded on a Varian Inova 300 spectrometer oper-
ating at 300.1 MHz. Both the monomer and the polymer
were dissolved in deuterated chloroform (CDCl3), and
the chemical shifts (§) were calibrated using tetramethyl-
silane as internal standard. The thermal behavior of
PT3MDE was examined by differential scanning calorime-
try (DSC) using a Perkin-Elmer DSC Pyris 1 calibrated
with indium metal. DSC data were obtained from samples
of 5-8 mg at heating/cooling rates of 10 or 20 °C/min~!
under a flow of dry nitrogen. Thermogravimetric analyses
(TGA) were carried out with a Perkin-Elmer TGA-6 ther-
mobalance at a heating rate of 20 °C/min under a nitrogen
atmosphere. The UV-vis optical spectrum of the polymer
was obtained from its 1 mg/mL solution in acetone using
a Shimatdzu UV-240 Graphtcord UV-vis recording
spectrophotometer.

2.3. Theoretical calculations

Full geometry optimizations of oligomers containing n
monomeric units (n-T3MDE) with nranging from 1 to 6 were
performed using the Hartree-Fock method combined with
the 6-31G(d,p) basis set [20], i.e. HF/6-31G(d,p) level. Previ-
ous studies indicated that this simple methodology is able to
provide a very satisfactory description of the molecular
geometry and relative energy for the minimum energy con-
formations of heterocyclic oligomers like those studied in
this work [21,22]. Calculations on n-T3MDE oligomers were
carried out considering both the anti-gauche (6 ~ 145°) and
syn-gauche (0 ~ 40°) conformations as starting structures,
the inter-ring dihedral angle 0 being defined by sequence
S-C-C-S. Thus, previous studies on disubstituted 2,2’-bithi-
ophene derivatives indicated that these conformations are
relatively close to those typically identified as the global
and the local minima, respectively [23,24].

The Koopmans’ theorem [25] was used to estimate the
ionization potentials (IPs). Accordingly, IPs were taken as
the negative of the highest occupied molecular orbital
(HOMO) energy, i.e. IP = —eyomo- The IP indicates if a given
acceptor (p-type dopant) is capable of ionizing, at least
partially, the molecules of the compound. The T1—7" lowest
transition energy (&g) was approximated as the difference
between the HOMO and lowest unoccupied molecular
orbital (LUMO) energies, i.e. & = &.umo — €Homo. Although
HF calculations provide a satisfactory qualitative descrip-
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tion of the electronic properties of polyheterocyclic mole-
cules, we are aware that this method tends to overestimate
the values of IP and &g [26,27]. Accordingly, the electronic
properties presented in this work have been estimated per-
forming single point Density Functional Theory (DFT) cal-
culations with the B3PW91 [28,29] method combined
with the 6-31G(d,p) basis set [30], i.e. B3PW91/6-
31G(d,p), on the molecular geometries optimized at the
HF/6-31G(d,p) level. Electronic properties predicted by this
methodological combination and experimental values are
expected to be quantitatively comparable. Thus, previous
studies on m-polyconjugated systems indicated that the
B3PW91 functional is able to reproduce very satisfactorily
a wide number of electronic properties [15,16,22,31,32]. It
is worth noting that according to the ]anaﬁs theorem [33],
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 approximated as
the difference between & ypmo and eyomo in DFT calcula-
tions [34].

All the quantum mechanical calculations presented in
this work were performed using the Gaussian 03 computer
program [35].

3. Results and discussion
3.1. Synthesis

PT3MDE was prepared by oxidative-coupling polymeriza-
tion (Scheme 2) using the procedure described by Sugimoto
and coworkers [36], which was successfully employed to syn-
thesize other polythiophene derivatives containing different
polar pending groups [15,16]. For this purpose, the 2-thio-
phen-3-yl-malonic acid dimethyl ester (T3MDE) monomer
was obtained (90% of yield) by refluxing T3MA (3 g) in dry
methanol (15 mL) with one-two drops of concentrated sulfu-
ricacid for 24 h. The purification of T3AMDE was carried out by
the evaporation of methanol and successive extraction with
diethyl ether. The extract was washed with distilled water,
dried with anhydrous MgS0,, and filtered washing several
times with diethyl ether. The product was recovered after sol-
vent evaporation under reduced pressure.

Chemical polymerization of T3MDE was performed by
chemical oxidative-coupling in dry chloroform using anhy-
drous ferric chloride. In a 200 mL three-necked flask,
80 mmol of ferric chloride was dissolved in 60 mL of dry
chloroform under nitrogen and stirred. Next, a solution of
20 mmol of monomer in 40 mL of chloroform was added
dropwise. As was recommended by Sugimoto and cowork-
ers when the oxidant is ferric chloride, the oxidant:mono-

CH-(COOH),
CH;OH \
>

H,SO, / reflux
S S

CH-(COOCH;),

mer molar ratio was 4:1 [36]. The mixture was stirred for
24 h and after stored in the freezer overnight. Thus, we
poured out the dark-blue doped polymer into a large ex-
cess of methanol (2 L) in order to precipitate the PT3MDE.
The color of the resulting product changed to dark-red,
respectively, when poured into methanol. The precipitated
polymer was recovered in chloroform and successively
washed with methanol to remove the residual FeCls, the
residual monomer and small oligomers. After drying under
vacuum at 40 °C for 72 h, product was obtained with a
yield between 60 and 75%. Unfortunately, determination
of the molecular weight of the polymer by GPC analysis
using polystyrene standards and hexafluoro-2-propanol
as solvent was not possible. Similarly, MALDI-TOF mass
spectrometry analyses in several types of matrices (dihy-
drobenzoic acid, dithranol, sinapinic acid, etc.) gave vari-
able and inaccurate results. Therefore, the yield value
was estimated according to the weight mass obtained.

3.2. Structural characterization

The FTIR spectra of Fig. 1 show the main absorption
bands for the T3MA and T3MDE monomers and the poly-
mer studied in this work. Detailed analysis of the absorp-
tion bands allowed us to confirm that the polymer was
successfully obtained by chemical oxidative reaction with
FeCls. Unsaturated compounds are typically detected by
the bands higher than 3000 cm~'. According to Ruiz et al.
[37] the absorbance due to the aromatic C-H stretch at
~3070cm™! should be attributed to the B-hydrogen
whereas the band at ~3090 cm™! is related to the o-hydro-
gen position in the thiophene ring (Table 1). These absor-
bances could not be identified in the T3MA spectrum
because of the broad band from the OH group detected be-
tween 3300 and 2500 cm~'. On the other hand, the § C-H
out-of-plane deformation is typically observed as a med-
ium peak at about 850-870 cm~' while the oo C-H out-
of-plane deformation appears as a very sharp band at
790-760 cm ™. For the T3MA and T3MDE monomers these
bands are observed at 785 and 798 cm™!, respectively. As
we can be seen in FTIR spectrum of the polymer, the strong
peak at about 770 cm™! (ot C-H out-of-plane deformation)
disappears indicating that the o positions of the thiophene
ring have been successfully linked. On the other hand, two
sharp bands, which correspond to the free C=0 stretching
(at 1751 cm™!) and C=0 associated forming hydrogen
bonds (at 1657 cm™'), can be appreciated for T3MA in
Fig. 1. Therefore, the presence of the acid group and further
esterification reaction was clearly detected in the carbonyl
absorption region. The peak at 1740 cm~! was attributed

H-(COOCH;),

—[—a

FeCls o /

CHCI3 / °C

\

Scheme 2.
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Fig. 1. FTIR-ATR spectra of T3MA and T3MDE monomers and PT3MDE
polymer. Scale = 20% of transmittance.

to the C=0 stretching vibration of ester from T3MDE, while
the C-O stretching and the CH; asymmetric bending were
detected at around 1200 and 1438 cm™!, respectively.

The effect of polymerization can be recognized as a gen-
eral broadening and overlapping of the absorption bands,
which is partially accentuated by the presence of addi-
tional elements in the polymer chains, i.e. dopant ions
and metals [38]. In spite of this, an approach in terms of
chemical groups was interpreted. The main IR absorption
bands for the thiophene derivatives are summarized in Ta-
ble 1, a comparison with other related conducting poly-
mers like poly(3-thiophene acetic acid) (P3TAA) [10],
poly(3-hexylthiophene) (PHT) [39], and poly[3-(ethylmer-
capto)thiophene] (PEMT) [37] being also displayed.

The 'H NMR spectra of T3MA, T3MDE and PT3MDE
were in agreement with their expected chemical structures
(Fig. 2): T3MA (CDCl3) 6 12.52 ppm (s, -COOH, 1H), 7.26-
7.11 ppm (m, thiophene protons, 3H), 4.86 ppm (s, ali-
phatic —-CH-, 1H); T3MDE (CDCls) § 7.26-7.11 ppm (m, thi-
ophene protons, 3H), 4.86 ppm (s, aliphatic -CH-, 1H),
3.72 ppm (s, -COOCH3, 6H); PT3MDE (CDCl3) § 7.33-
7.17 ppm (thiophene protons, 1H), 4.79 ppm (aliphatic -
CH-, 1H), 3.79, 3.62 ppm (-COOCHj split, 6H).

The esterification step was confirmed by the corre-
sponding appearance of -COOCH3 signal. As can be seen

in Fig. 2, the ester groups of T3MDE were not deteriorated
during the oxidative polymerization (peak at 3.7-3.6 ppm
on PT3MDE spectra) [9]. General spectral broadening was
observed as a result of the polymerization process, as ex-
pected. While the absence of any new peak after the poly-
merization step suggests the expected a—o coupling of the
thiophene units, the presence of shoulders should be due
to remaining o~H at the ring proton multiple region. This
is usually associated to low molecular weight polymer
molecules. On the other hand, splitting of the ~COOCH;3
signal gives information about the ratio of head-to-tail
(HT) and head-to-head (HH) diads arising from polymeri-
zation [40]. For poly(3-dodecylthiophene) the resonance
for a HH coupling is observed at ¢ = 2.56 ppm while that
of a HT coupling appears at 6 = 2.79 ppm (protons on the
o-carbon of the 3-position) [40]. Similarly, the relative ra-
tio of HT-HH coupling for the polymers prepared in this
work was determined by an accurate analysis of the pro-
tons from 3.7 to 3.0 ppm region in the 'H NMR spectra.
Analyses of peak areas (Fig. 2c, e and e’ protons) polymers
showed a 75-25% distribution of these diads.

3.3. Thermal properties

DSC of PT3MDE was performed following a protocol
that involves four scans: (i) a heating run of the sample
at 10°C/min as obtained from polymerization process;
(ii) a cooling run of the sample at 10 °C/min; (iii) a second
heating run at 10 °C/min to obtain melt transition; and (iv)
a third heating run at 20 °C/min after quench the sample in
liquid nitrogen. DSC scans from O to 300 °C at 10 °C/min
were absent of endotherm transitions. Accordingly, we
concluded that PT3MDE is completely amorphous. How-
ever, the glass transition temperature was observed at
around —20.1 °C, after fast cooling at —60 °C and subse-
quently heating at 20 °C/min (Fig. 3a). This temperature
is lower than that obtained for PT3AME, —2.5 °C [15], indi-
cating that the flexibility of the polythiophene chain is
higher when the ester substituent arises from malonic acid
than from acrylic acid.

TGA was performed scanning from 30 to 700°C at
20 °C/min. Fig. 3b shows that the decomposition of
PT3MDE takes place through a two-steps process. How-
ever, the thermal cleave of the carboxylic ester moiety,
which has been observed in other cases [41], is not in-
volved in these steps because the mass loss does not corre-
spond to the weight of methanol residues. Thus, we
attributed such degradation process to the whole polymer.
Specifically, the TGA curve shows a pronounced fall be-
tween 170 and 400 °C and a slight shoulder between 400
and 550 °C. The remaining weight percentage, which cor-
responds to inorganic residues contained in the conducting
system, was 18% at 700 °C.

3.4. Solubility and electrical conductivity

PT3MDE is soluble in polar solvents such as chloroform,
tetrahydrofuran, dimethyl sulfoxide, acetone and dichloro-
acetic acid. However, this polythiophene derivative is com-
pletely insoluble in hydroxylated solvents, such as ethanol
and pentanol, and in water. Unfortunately, the insolubility
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Table 1

Main infrared absorption bands (cm~") for the monomers (T3MA and T3MDE) and the polymer (PT3MDE) studied in this work. Data reported in the literature

for related conducting polymers have been included for comparison.

Compound Aromatic C-H  AliphaticC-H C=0 acidor C=C CH; asymmetric. C-O Aromatic C-H out-of- Aromatic
Abrev. in plane stretch ester conjugated bending stretches  plane bending C-H out-
deform. diene of-plane
deform.
o p o B
T3MA = = = 1751, 1657 = = 1183, = 785 840
1244
T3MDE - - 2923, 2853 1740 - 1438 1261, - 798 896
1214
PT3MDE - 3105 2952, 2850 1736 - 1437 1234, - - 839
1153
P3TAA? ~3000 3000-2800 1700 - 1410 ~1200 - - 836
PHT® - 3055 2959, 2858 - 1512, 1458, 1377 - - - 825
1439
PEMT® 3090 3070 2974, 2867 - 1508, 1481, 1373 - - - 825
1423

2 P3TAA: poly(3-thiophene acetic acid) (P3TAA). From Ref. [10].
> PHT: poly(3-hexylthiophene). From Ref. [36].
¢ PEMT: poly[3-(ethylmercapto)thiophene]. From Ref. [34].

(©)
COOCH;
€ (b)
c COOCH; [
/ \ e c d
a b J
S’
COOH
e
C COOH c d @)
/ \ e
a b AMa
< e
14 12 10 8 6 4 2 0

ppm

Fig. 2. 'H NMR spectra of (a) T3MA and (b) T3MDE monomers and (c) PT3MDE polymer obtained from d-CHCls.

in the latter solvents was not altered upon heating. On the
other hand, P3TMDE dissolve completely in organic sol-
vents like toluene and dichloromethane.

The electrical conductivity was determined after doping
with FeCl;. Measurements were performed using two dif-
ferent types of samples. First, pellets of doped polymers
were formed applying a pressure of 6 tons, the conductiv-
ity being determined using the standard four probe tech-
nique. The second type of samples was prepared applying
a modification of the layer by layer polymerization-doping
technique described in the literature [42], which involved

the casting and doping of thin PT3MDE films on glass
plates. A 10% weight polymer solution and 3M FeCl3 solu-
tion in chloroform were used for this purpose. A thin film
of dopant solution was placed on the deposited polymer
layer and, subsequently, dried at room temperature. After
this, the glass plates were washed with acetonitrile solu-
tion to remove the excess of ferric chloride. This procedure
was repeated ten times, the average thickness of the
resulting brown-black polymer films being 220 nm. The
electrical conductivity on the resulting films was also
determined using the four probe method.
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Fig. 3. (a) DSC heating run of PT3MDE: after fast cooling from the melt
state (heating rate of 20 °C/min). The glass transition temperature is
indicated by an arrow. (b) TGA curve of PT3MDE recorded at 20 °C/min of
heating rate and from 30 to 700 °C of temperature range (dashed line:
derivative curve).

The electrical conductivity obtained for doped PT3MDE
was 6 S/cm. Although this value is one order of magnitude
smaller than that previously measured for PT3AME, 15 S/
cm [15], it is within the range typically determined for
poly(3-alkylthiophene) derivatives [1]. On the other hand,
the electrical conductivities determined on pressed pellets
were lower than those obtained using films, which is con-
sistent with the results obtained for other polythiophene
derivatives [43]. The electrical conductivity of both the
doped films and the pressed pellets decreased with time
evidencing the sensitivity of this material towards the air.

3.5. Conformational analysis

In order to determine the conformation preferred by the
malonic acid dimethyl ester substituent, quantum
mechanical calculations on a T3MDE monomer were per-
formed considering the all the possible arrangements of
the dihedral angles y, ¢ and & (Scheme 3). As each of these
three dihedral angles was expected to exhibit three differ-
ent minima, i.e. trans (180°), gauche® (60°) and gauche™

CHs

°=f§§% ] o TH{COOCHQz
/ \ &'O\CHS \|/ S

S CH-(COOCH3),

Scheme 3.

(—60°), 3% = 27 minima can be anticipated for the potential
energy hypersurface (PEH) E =E(y, ¢& &) of T3MDE. Full
geometry optimization at the HF/6-31G(d,p) level of all
these structures, which were used as starting points, led
to six different minimum energy conformations. These
structures are shown in Fig. 4, their dihedral angles and
relative energies being also displayed. The driving force
that defines the conformation of the substituent in all
these structures is the minimization of the repulsive inter-
actions between the four oxygen atoms. As the energy dif-
ferences among the six minima obtained for the monomer
are small, i.e. they are within a relative energy interval of
1.9 kcal/mol only, all these structures need to be consid-
ered for the construction of the dimers (hereafter denoted
2-T3MDE).

Calculations were performed to determine the relative
stability and conformational preferences, in terms not only
of the substituent arrangement but also of the inter-ring
dihedral angle 6 (Scheme 3), of the three possible isomers
of 2-T3MDE. These isomers differ in the position of the
substituent: 4,4’ (2-T3MDE, 4), 3,3’ (2-T3MDE3 3/) and 3,4/
(2-T3MDEs 4), which represent the tail-to-tail (TT), head-
to-head (HH) and head-to-tail (HT) polymer linkages,
respectively. It is worth noting that the regiochemistry of
polymer chains, which is defined during the polymeriza-
tion process, depends on the attractive or repulsive inter-
actions between monomeric units directly bonded. This
allows predict the regiochemistry of polymer chains using
simple models containing two monomeric units rather
than complex models involving large polymer chains
and/or intermolecular interactions.Results obtained for
the T3MDE monomer indicated that each side group of 2-

(c) -

A

x=-114.4°/ 123.9°
&=86.7°, &= -170.2°
AE= 0.0 kcal/mol

x=-130.2°/104.8°
&=179.9°, £’=71.9°
AE= 0.4 kcal/mol

xX=-84.7°/ 37.9°
E=-74.7°, &= 163.0°
AE= 0.7 kcal/mol

(@)

x=-19.8°/105.7°
E=-177.5°, &= -85.1°
AE= 0.8 kcal/mol

x=-125.3°/ 111.0°
E=75.1°, &= 38.6°
AE= 1.0 kcal/mol

X=-66.1°/ 58.5°
&=43.5°,8=73.6°
AE= 1.9 kcal/mol

Fig. 4. Minimum energy conformation obtained for the T3MDE monomer
after a systematic conformational search. Calculations were performed at
the HF/6-31G(d,p) level. The dihedral angles of the side group and the
relative energy (AE) of each minimum are also displayed. Dihedral angles
have been defined as: y = Cy(Th)—Cs(Th)—C—C(=0) (the two comple-
mentary values are shown); ¢ and & = Cg(Th)—C—C(=0)—O0 for the branch
located above and below the ring, respectively. Th refers to the thiophene
ring.
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T3MDE may adopt six different arrangements (Fig. 4),
which are expected to influence not only the inter-ring
dihedral angle but also to the relative stability of the differ-
ent isomers. Consideration of all these arrangements led to
construct (2 minima for the internal rotation of 0: anti-
gauche and syn-gauche) x ({62 - (g
the two side chains)=42 starting structures for the 2-
T3MDE, 4 and 2-T3MDE;3 3 isomers. The number of start-
ing structures increased to 2 x 62 = 72 for the 2-T3MDE; 4
isomer since in this case substitution at positions 3,4’ and
4,3" are not identical. Complete geometry optimization at
the HF/6-31G(d,p) level led to 41, 8 and 45 minimum en-
ergy conformations for 2-T3MDE,4, 2-T3MDE;3 and 2-
T3MDE; 4, respectively, i.e. 94 minima from an initial set
of 156 structures.

Fig. 5 represents the distribution of the inter-ring dihedral
angle 0 against the relative energy, which has been calculated
with respect to the lowest energy minimum of the most sta-
ble isomer, of all the minimum energy conformations identi-
fied for 2-T3MDE, 4, 2-T3MDEj3; 5 and 2-T3MDE; 4. As can be
seen, the 2-T3MDE,44 and 2-T3MDE; 4 isomers are practi-
cally isoenergetic. The former compound presents 23 mini-
mum energy conformations within a relative energy
interval of 1.5 kcal/mol, in 8 and 15 of them 0 being arranged
insyn-gauche (6 ranges from41.9° to 45.9°) and anti-gauche (0
ranges from 145.6° to 148.8°), respectively. Thus, although
the lowest energy minimum (Fig. 6a) of the 2-T3MDE, 4 iso-
mer corresponds to an anti-gauche conformation, the lowest
syn-gauche minimum (Fig. 6b) is destabilized by only
0.4 kcal/mol. Interestingly, the dihedral angles listed in
Fig. 6a and b evidence that the side chains adopt the same
arrangement in such two conformations, which corresponds
to that found for the lowest energy conformation of the
T3MDE monomer (Fig. 4).

Amazingly, the lowest energy minimum of the 2-
T3MDEs 4 isomer corresponds to a syn-gauche minimum
(Fig. 6¢), no minimum with a typical anti-gauche conforma-
tion being detected for this dimer. Specifically, the repul-
sive interaction between the substituent attached to the
Csz-position and the sulfur atom of the neighboring sulfur
ring is very remarkable when 0 ~ 150°, a conformational
change towards a distorted arrangement with 6 ~ 110°-
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15.0
¢ . m 34
12.0 - o
g *33
£ 9.0
[
= U
=g 601 5a
< oo
A m o A
3.0 A ml o ?
% T e, §
0.0 T T T T
0 30 60 90 120 150 180
0 (degrees)

Fig. 5. Relative energy (AE), calculated with respect to the lowest energy
arrangement of the most stable isomer, against the inter-ring dihedral
angle (0) of all the minimum energy conformations found for 2-T3MDE, 4,
2-T3MDE; 3 and 2-T3MDE; 4.
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Fig. 6. Significant minimum energy conformation obtained for the 2-
T3MDE44, 2-T3MDEs, and 2-T3MDEs3 isomers after a systematic
conformational search: (a) global minimum, in which 6 shows an anti-
gauche conformation, found for 2-T3MDE, 4; (b) lowest energy minimum
with 0 arranged in a syn-gauche conformation identified for 2-T3MDE,4 4;
(c) global minimum, in which 0 shows a syn-gauche conformation, found
for 2-T3MDEs4; (d) lowest energy minimum with 6 arranged in a
distorted anti-gauche conformation identified for 2-T3MDE;4; and (d)
global minimum, in which 0 shows a gauche-gauche conformation, found
for 2-T3MDE;5 5. Calculations were performed at the HF/6-31G(d,p) level.
The inter-ring and side chain dihedral angles are listed for each minimum.
Dihedral angles (see Scheme 3) have been defined as: 6 = S—C—C—S;
Xi = Co(Th)—Cy(Th)}—C—C(=0) (the two complementary values are
shown); ¢ and ¢/ = Cy(Th)—C—C(=0)—0 for the branch located above
and below the ring, respectively. Th refers to the thiophene ring while
i=1 or 2 indicates the first or second thiophene ring in the dimer,
respectively.

120° (Fig. 5), being obtained in all geometry optimizations
that started from a conventional anti-gauche conformation.
However, all the structures, which are relatively close to
the gauche-gauche conformation, are unfavored with the
respect to the lowest energy minimum by more than
1.9 kcal/mol. Furthermore, all the minimum energy confor-
mations detected within a relative energy interval of
1.5 kcal/mol, which were only 5, showed a syn-gauche con-
formation (0 ranging between 53.2° and 57.6°, the most
stable minimum with a distorted conformation (Fig. 6d)
being 1.8 kcal/mol destabilized with respect to the lowest
energy minimum. As it can be seen, the minima displayed
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in Fig. 6¢ and d differ in the conformation preferred by the
side groups, which represents a significant difference with
respect to the 2-T3MDE, 4 isomer.

In order to get more details about the high stability of
the syn-gauche conformation predicted for this isomer,
the potential energy curve of 2-T3MDE; 4 was calculated
by scanning 6 in steps of 15° between 0° and 360° and con-
sidering that the substituents are arranged like in the low-
est energy minimum (Fig. 6¢). The resulting energy profile,
which was calculated using a flexible rotor approximation,
i.e. each point of the path was obtained from a HF/6-
31G(d,p) geometry optimization of the molecule at a fixed
value of 0, is displayed in Fig. 7. Consistently, no minimum
appears at the anti-gauche” and anti-gauche™ conforma-
tions. Indeed, the three minima correspond to the syn-
gauche™ (0 =53.2°) and syn-gauche™ (0 = —62.1°), the latter
being unfavored with respect to the former by 1.3 kcal/
mol. These minima are separated by two barriers located
at the syn (0=0°) and anti (0 = 180°) arrangements of 6.3
and 5.5 kcal/mol, respectively. Single point calculations at
a higher level of theory, i.e. MP2/6-31G(d,p), provided very
similar values for both the relative energy between the two
minima (2.1 kcal/mol) and the lowest energy barrier
(5.9 kcal/mol). On the other hand, it is worth noting that
Fig. 7 shows flat regions that involve 0 values ranging from
90° to 120° and, especially, from —120° to —90°. These
structures show a kink arrangement similar to that of the
local minima with a gauche-gauche conformation that
were identified in Fig. 5.

Finally, the 2-T3MDEs3 isomer was unfavored by
1.0 kcal/mol with respect to the other two because of the
strong steric interactions induced by the substituents.
The lowest energy minimum of this compound (Fig. 6e)
corresponds to a gauche-gauche conformation. Indeed,
the four minimum found within a relative energy interval
of 1.5 kcal/mol adopt this conformation with 6 values rang-
ing from 75.2° to 94.8°. It is worth noting that in this iso-
mer the repulsive interactions between the side groups
are responsible of the annihilation of 34 of the 42 minima
anticipated by the conformational analysis theory (Fig. 5).

Considering that the 2-T3MDEs3 4 and 2-T3MDE, 4 iso-
mers are isoenergetic while the 2-T3MDE3; 3 is unfavored
with respect to the other two, an idealized polymer chain
constituted by consecutive HT linkages has been concluded
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Fig. 7. Potential energy curve for the internal rotation as a function of the
inter-ring dihedral angle (0) of 2-T3MDE; 4 using HF/6-31G(d,p) optimi-
zations. Energies are relative to the global minimum.

to be favored with respect to a system formed by alter-
nated HH and TT linkages. This is fully consistent with
the distribution of diads found by 'H NMR measurements
(see above). In order to confirm the remarkable tendency
of the HT polymer linkages to adopt a syn-gauche confor-
mation, three trimers (3-T3MDE) were constructed for
complete geometry optimization at the HF/6-31G(d,p) le-
vel. The side groups of these structures were arranged like
in the lowest energy minimum of 2-T3MDE;, (Fig. 6¢),
while the inter-ring dihedral angles 0/0, (Scheme 4) were
arranged in anti-gauche/anti-gauche (trimer A) anti-gauche/
syn-gauche (trimer B) and syn-gauche/syn-gauche (trimer
Q).

The results obtained for the trimers are summarized in Ta-
ble 2. As can be seen, in all cases the substituent retained the
initial arrangement independently of the values of the inter-
ring dihedral angles. Trimer C showed the lowest energy, the
other two conformations being unfavored by 1.4 (trimer B)
and 1.9 kcal/mol (trimer A). These results evidence that, in or-
der to reduce the repulsive steric interactions induced by the
large size of the substituent, the inter-ring dihedral angles of
PT3MDE prefer a syn-gauche conformation.

3.6. Calculation of the electronic properties

A model constituted by HT linkages was used to build
oligomers containing n repeat units with n=2, 3, 4, 5 and
6, which were optimized at the HF/6-31G(d,p) level. Foreach
oligomer two different situations were considered: (i) opti-
mizations were performed without any restriction using the
syn-gauche conformation as starting point for all the inter-
ring dihedral angles 0; and (ii) geometry optimizations were
performed fixing the inter-ring dihedral angles at 180° (anti
conformation). Previous studies indicated that, in order to
extrapolate the electronic properties calculated for oligo-
mers to infinite chain polymers, conformational effects
should be omitted by imposing an all-anti conformation
[24,44]. However, in this case the latter conformation has
been found to be strongly destabilized due to the large size
of the substituent. Specifically, the all-syn-gauche conforma-
tion, hereafter denoted all-sg, is favored with respect to the
all-anti by 4.5 kcal/mol per repeat unit at the HF/6-
31G(d,p) level. The all-sg (complete geometry optimization)
and all-anti (restricted geometry optimization) obtained for
the oligomer with n =6 are compared in Fig. 8. As can be
seen, complete minimization of the repulsive interactions
induced by the side groups produce significant conforma-
tional distortions in the backbone.

In order to evaluate the & and IP of PT3MDE, single
point calculations at the B3PW91/6-31G(d,p) level were

CH-(COOCHS3), CH-(COOCH3),

Scheme 4.
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Table 2

Relative energy (AE) and inter-ring dihedral angles® (6; and 6,; see Scheme
4) and dihedral angles? of each substituent® (y; &, &; withi=1, 2 and 3) for
the three conformation of 3-T3MDE (see text) optimized at the HF/6-
31G(d,p) level.

Trimer A Trimer B Trimer C

AE (kcal/mol) 1.9 14 0.0

01 149.1 145.7 52.1

0y -117.0 —68.1 52.3

x1 -116.0/122.1 -114.7/123.4 -113.8/124.7
A2 —132.0/102.8 -119.9/118.6 -116.4/122.1
x3 -130.5/107.8 -114.7/123.4 —118.5/119.9
IS] 86.3, —170.7 87.0, -171.0 80.4, —169.5
&, &> 744, -177.1 79.8, —167.2 81.9, -170.8
&3, &5 62.1, —166.0 85.0, —169.4 87.4, -170.6

2 In degrees.

P The dihedral angles y;, ¢ and &; (see Scheme 3) have been labeled as a
function of the position of the substituent in the first (i= 1), second (i = 2)
and third (i = 3) ring.

performed on the optimized geometries of all the oligo-
mers. Fig. 9 shows the linear behavior (correlation coeffi-
cient r>0.99) for the variation of the calculated &; and IP
with the inverse chain length (1/n) for both the all-sg and
all-anti conformations. Linear regression analyses, which
are also displayed in Fig. 9, allowed extrapolate &g/IP values
of 3.75/5.40 and 2.38/4.71eV for an infinite chain of
PT3MDE that adopts an all-sg and all-anti conformation,
respectively. As can be seen, the dependence of these two

(a)

2219

electronic properties on the polymer conformation is very
strong. Thus, the variation of the relative arrangement be-
tween consecutive thiophene rings from anti to syn and the
loss of planarity (from syn to syn-gauche) increase the &g
and the IP by 1.37 and 0.69 eV, respectively.

Comparison of the &, predicted for PT3MDE chain with
that calculated for related conducting polymers using a
similar theoretical level and an idealized all-anti conforma-
tion, e.g. PT3AME (2.28 eV) [15], poly(3-thiophene-3-yl ac-
rylic acid) (2.12eV) [16], PT3AA (2.12eV) [16], poly(3-
thiopheneformic acid) (1.99 eV) [31] and polythiophene
(1.82 eV) [31], clearly indicates that the bulky side group
is responsible not only of the drastic geometrical distor-
tions showed above but also of the significant increase of
the lowest transition energy, which should be related with
a detriment of the optical and electrical properties.

The &, derived from the UV-vis spectrum recorded for
PT3MDE in acetone (not shown) is 2.75 eV. This value is
0.21 and 0.30 eV higher than that determined in the same
solvent for PT3AME (2.54 eV) [15] and PT3AA (2.45¢eV)
[16], respectively, confirming the theoretical predictions
reported above. On the other hand, the experimental gap
is 1.00 eV lower than that predicted by quantum mechan-
ical calculations for an idealized chain that adopts an all-sg
conformation and 0.37 eV higher than that calculated for a
chain arranged in a perfect all-anti. Considering that
B3PW91/6-31G(d,p) method 1is able to reproduce
quantitatively the &, values of polythiophene derivatives

&
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\
L) |
\\
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/gy *
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Fig. 8. Molecular structures obtained for 6-T3MDE after (a) complete geometry optimization of using the all-syn-gauche conformation as starting point and

(b) restricted geometry optimization of the all-anti conformation.
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Fig. 9. Variation of (a) g (in eV) and (b) IP (in eV) against 1/n, where n is
the number of repeat units, for PT3MDE arranged in all-anti (triangles)
and all-syn-gauche (squares) conformations. The gray lines correspond to
the linear regressions used to obtain the values of these electronic
properties for infinite chain systems.

[15,16,22,31,32], the difference between the experimental
and theoretical estimations should attributed to the fol-
lowing features: (i) the lack of HH/TT couplings, which
were found to contribute 25% by '"H NMR, in the molecular
model used for the theoretical calculations; (ii) the omis-
sion of environmental effects on the syn-gauche, anti-
gauche and anti conformations, i.e. previous studies on
2,2'-bithiophene evidenced that organic solvent affect the
relative stability of these conformations [45]; and (iii) the
absence of conformational variability in our theoretical
model, which has been constructed using identical repeat-
ing units, i.e. different conformational states (for both the
backbone and the side groups) are expected to be present
according to their Boltzmann probabilities in a realistic
polymer chain, especially in solution.

4. Conclusions

PT3MDE, a new polythiophene derivative with a polar
side group, has been prepared by chemical oxidative-cou-
pling polymerization. The chemical structure of this mate-
rial has been studied using FTIR and 'H NMR spectroscopy.
Interestingly, the electrical conductivity of PT3MDE (6 S/
cm), which is solute in non-polar and polar organic sol-
vents, is higher than that typically found for poly(3-alkyl-
thiophene) derivatives. However, PT3AME, a related
polymer in which the ester arises from acrylic acid, showed
an electrical conductivity (15 S/cm) that was higher by one
order of magnitude. The different electrical behavior be-

tween PT3MDE and PT3AME can be explained by confor-
mational preferences of the inter-ring dihedral angles
and the flexibility of the side group. Thus, the latter feature
was evidenced not only by ab initio quantum mechanical
calculations but also the glass transition temperature,
which was higher for PT3AME than for PT3MDE.

A systematic conformational analysis considering the
T3MDE monomer, the three isomers of the 2-T3MDE dimer
and selected conformations of the 3-T3MDE trimer, al-
lowed to conclude that the most stable model for an ideal-
ized polymer chain corresponds to that obtained by
repeating HT linkages, which is in complete agreement
with the regiochemistry determined by '"H NMR measure-
ments. Furthermore, the inter-ring dihedral angles tend to
adopt a syn-gauche conformation that allows minimize the
repulsive interactions induced the bulky side groups. This
represents a significant difference with respect to conven-
tional substituted polythiophene derivatives for which the
anti-gauche conformation was preferred.

Calculation of the electronic properties on idealized olig-
omers ideally formed by HT linkages revealed that both the
ggand the IP strongly depend on the backbone conformation.
In spite of the drastic approximations applied in the con-
struction of the molecular model used for the calculations,
the gg value predicted for PT3MDE is in good agreement with
the experimental estimation. Both quantum mechanical cal-
culations and the UV-vis spectrum indicate that the gap of
PT3MDE is significantly higher than that obtained for other
substituted polythiophene derivatives. This detriment is
consequence of the geometrical distortions induced by the
bulky side group in the polymer backbone.
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