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Properties of poly(3-halidethiophene)s
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The influence of the halogen atom on the intrinsic properties of poly(3-halidethiophene)s has been

investigated using experimental and theoretical methodologies. Specifically, the electrochemical,

electrical, electronic and morphological properties of poly(3-bromothiophene) have

been determined and compared with those recently reported for poly(3-chlorothiophene)

[Aradilla et al., Polym. Chem., 2012, 3, 436.]. The electrochemical stability and porosity are

smaller for poly(3-bromothiophene) than for poly(3-chlorothiophene) while the p–p* lowest

transition energy is higher for the former than for the latter. Moreover, quantum mechanical

calculations on model oligomers have evidenced that the conformational properties of

poly(3-halidethiophene)s, where the halogen is fluorine, chloride or bromine, are dominated by

steric interactions and, therefore, are significantly influenced by the size of the halogen atoms.

Both the ionization potential and the p–p* lowest transition energy have been predicted to

increase slightly when the p-donor character of the halogen atom decreases, in agreement with

experimental observations.

Introduction

Polythiophenes (PThs) are one of the most important classes

of conducting polymers (CPs). These materials, which can be

prepared by chemical or electrochemical methods, exhibit

good electrical and optical properties, environmental and

thermal stabilities in conducting (doped) form, rapid response

time, and easy functionalization. These unique advantages

result in tremendous interest for their application as conducting

films, electrochromic and nonlinear optical devices, field-effect

transistors, organic condensers, light-emitting diodes, sensors,

etc.1–12

In recent years we have been particularly interested in the

development of PThs with electron-withdrawing groups at the

3-position of the thiophene ring, efforts being essentially

focused on the incorporation of carboxylic acid groups

(e.g. acetic acid, acrylic acid and malonic acid hydrophilic

substituents).13–18 Poly(3-halidethiophene)s is another interesting

family of PThs substituted with electron-withdrawing

groups (Scheme 1). In these materials halogen atoms are

directly attached to the polyconjugated main chain, which may

produce a reduction in the electronic density of the thiophene

rings. In spite of that characterization of poly(3-halidethiophene)s

(where the halogen is fluorine, chlorine or bromine) is crucial

for a complete understanding of the effects produced by such

electron-withdrawing groups in the PTh backbone, only few

works have been reported in the literature.

Poly(3-chlorothiophene), hereafter denoted PClTh, is the

most known of the three poly(3-halidethiophene)s. This

material has been electrochemically synthesized in ionic liquids

(i.e. boron trifluoride diethyl etherate and 1-butyl-3-methyl-

imidazolium hexafluorophosphate, abbreviated BFEE and

[BMIM]PF6, respectively) using platinum and nanoporous

TiO2 as substrates, its electrochemical, electrochromic and

optical properties being characterized using cyclic voltammetry

(CV), spectroelectrochemistry and UV-vis spectroscopy.19–22

Moreover, the influence of the concentration of electrolyte in

the generation medium and the thickness of the films on the
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d’Enginyeria Tècnica Industrial de Barcelona, Universitat Politècnica
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doping level of PClTh was examined using Raman spectro-

scopy.23,24 In a very recent work we reported a very complete

characterization of the physical, electrochemical, morphologi-

cal, electronic and electrochromic properties of PClTh, which

was prepared by anodic polymerization of 3-chlorothiophene

in BFEE solution at a constant potential.25 In addition, an

all-thiophene electrochromic device made of poly(3,4-ethylene-

dioxythiophene), abbreviated PEDOT, and PClTh was success-

fully fabricated and tested.25

Poly(3-bromothiophene), abbreviated PBrTh, has been

prepared in BFEE using platinum, indium tin oxide and

nanoporous TiO2 substrates,
26–28 its properties being in general

much less known than those of PClTh. Amazingly, the p–p*
lowest transition energy (eg) values determined for PBrTh by

UV-vis spectroscopy27,28 (B2.0–2.55 eV) and spectroelectro-

chemistry26 (1.90 eV) were significantly high compared with

those reported for PClTh (i.e. 1.50–1.61 and 1.74–1.80 eV

by UV-vis25 and spectroelectrochemistry,20,22 respectively).

Finally, to the best of our knowledge a single work about

the electrochemical synthesis and properties of poly(3-fluoro-

thiophene), denoted PFTh, has been reported.29 Such study

reflected the difficulties in the synthesis of PFTh, which were

attributed to the high oxidation potential of 3-fluorothiophene

(i.e. the oxidation potential of the 3-halidethiophene mono-

mers decreases with the electronegativity of the halogen atom

reflecting the control of the inductive electron-withdrawing

effects on the polymerization). In spite of this limitation, it was

found that PFTh exhibits higher electrical conductivity com-

pared to PClTh and PBrTh.

In this work we combine experimental methods and

quantum mechanical calculations to provide new insights into

the characterization of PBrTh and a comprehensive compar-

ison of the three poly(3-halidethiophene)s at the molecular

level. More specifically, PBrTh has been obtained by anodic

polymerization of 3-bromothiophene in BFEE at a constant

potential, such potential being optimized by examining the

properties of materials prepared using a potential comprised

within the 1.60–1.90 V interval. The electrochemical, electric,

morphological and electronic properties of the material

obtained under the optimum experimental conditions have

been examined and compared with those recently reported for

PClTh.25 Furthermore, the conformational preferences and

electronic properties of PFTh, PClTh and PBrTh have been

determined using Density Functional Theory (DFT) calcula-

tions on model oligomers containing n repeating units, where n

ranged from 2 to 16. Finally, the strength and nature of

sulfur� � �halide non-covalent intramolecular interactions have

been analyzed using electronic calculations.

Methods

Materials

3-Bromothiophene monomer, acetonitrile and BFEE of ana-

lytical reagent grade were purchased from Aldrich and used

without further purification. Anhydrous tetrabutylammonium

tetrafluoroborate, (Bu)4NBF4, of analytical reagent grade

from Aldrich was stored in an oven at 80 1C before use in

the electrochemical trials.

Synthesis

The anodic polymerization of 3-bromothiophene was studied by

cyclic voltammetry (CV) and chronoamperometry (CA) using an

Autolab PGSTAT302N equipped with the ECD module to

measure very low current densities (100 mA–100 pA). Electro-

chemical experiments were conducted in a three-electrode two-

compartment cell under a nitrogen atmosphere (99.995% in purity)

at 25 1C. The anodic compartment was filled with 40 mL of a

0.01 M monomer solution in BFEE containing 0.1 M (Bu)4NBF4,

as a supporting electrode. A volume of 10 mL of the same

electrolyte solution was placed in the cathodic compartment. Steel

AISI 316 sheets of 4 cm2 area were employed as working and

counter electrodes. In order to avoid interferences during the

electrochemical analyses, the working and counter electrodes were

cleaned with acetone and, subsequently, dried with an air flow

before each trial. The reference electrode was an Ag|AgCl electrode

containing KCl saturated aqueous solution (E0 = 0.222 V at

25 1C), which was connected to the working compartment through

a salt bridge containing the electrolyte solution. After electro-

polymerization, the coated electrodes were cleaned with acetonitrile

and dried with nitrogen. In all cases, the solution was purged with

nitrogen for 5 minutes prior to electrochemical synthesis.

Electrochemical and electrical properties

The electroactivity, which refers to the charge storage ability,

was determined by CV using an acetonitrile solution with

0.1 M (Bu)4NBF4. The initial and final potentials were�0.20 V,
while the reversal potential was 1.60 V. The electroactivity

increases with the similarity between the anodic and cathodic

areas of the control voltammograms, which were registered at

a scan rate of 100 mV s�1.

The specific capacitance (SC, in F g�1) was determined by

CV using:

SC ¼ Q

DVmpol
ð1Þ

where Q is the voltammetric charge that was obtained by

integrating either the oxidative or reductive parts of the cyclic

voltammogram, DV is the potential window (in V), and mpol is

the mass of the polymer deposited on the electrode (in g) that

was determined using a Sartorius ultra-microbalance.

The doping level (dl) of the electrochemically produced

PBrTh was carried out using the following equation:

dl ¼ 2Q0

QD �Q0

� �
100 ð2Þ

whereQD is the total charge used for the polymer deposition and

Q0 is the total charge of oxidized species in the polymer films.

The electrical conductivity was determined using the sheet

resistance method with a previously described procedure.30

The current efficiency of polymerization (Z, in %), which

indicates the charge consumed by the growth of the polymer

film relative to the total charge passed through the cell, was

measured as follows:

Z ¼
noxFmpol

�
M

� �
Qpol

2
4

3
5100 ð3Þ
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where F is the Faraday constant (96 487 C mol�1), Qpol is the

charge passed through the cell during the polymer film growth

(i.e. the polymerization charge consumed in the process, in

Coulombs, that was calculated on a chronoamperogram),M is

the molar mass of the monomer, and nox corresponds to the

number of electrons consumed to incorporate a monomer into

a polymer and to oxidize the resulting chain. The following

equation has been used to evaluate nox:

nox ¼
MQpol

Fmpolð1�mdopÞ
ð4Þ

where mdop is the mass of dopant per polymer unit of mass.

The loss of electroactivity (LES, in %), which decreases with

the oxidation and reduction areas of consecutive control

voltammograms, was determined as:

LES ¼ DQ
QII
� 100 ð5Þ

where DQ is the difference between voltammetric charges

(in C) of the second and the last cycle, and QII is the voltam-

metric charge of the second cycle. In this work, measures of

LES refer to 100 consecutive oxidation–reduction cycles.

The reduction in the porosity (DP) was evaluated as follows:

DP ¼ l0 � l200

l0
� 100 ð6Þ

where l0 refers to the thickness of the film as generated, which

shows the maximal porosity, and l200 refers to the thickness of

the film after 200 consecutive oxidation–reduction cycles. The

thickness was determined using the procedure reported in our

previous work.25

Morphology

Morphological studies were performed using scanning electron

microscopy (SEM) and tapping-mode atomic force micro-

scopy (AFM). Topographic AFM images were obtained with

a Molecular Imaging Pico SPM using a NanoScope IV

controller under ambient conditions. The averaged RMS

roughness (r) was determined using the statistical application

of the Nanoscope software, which calculates the average con-

sidering all the values recorded in the topographic image with

exception of the maximum and the minimum. SEM studies

were carried out using a Focussed Ion Beam Zeiss Neon 40

scanning electron microscope operating at 3 kV and equipped

with an energy dispersive X-ray (EDX) spectroscopy system.

Absorption spectroscopy

Absorption spectra were obtained by using a Shimadzu 3600

spectrophotometer equipped with a tungsten halogen visible

source, a deuterium arc UV source, a photomultiplier tube

UV-vis detector, and an InGaAs photodiode and cooled PbS

photocell NIR detectors. Spectra were recorded in the absor-

bance mode using the integrating sphere accessory (model

ISR-3100), the wavelength range being 200–800 nm. The

interior of the integrating sphere is coated with a highly diffuse

BaO reflectance standard. Single-scan spectra were obtained at

a scan speed of 60 nm min�1 with a bandwidth of 2 nm using

the UVProbe 2.31 software. The optical eg was derived from

the UV-vis spectra of the reduced material on ITO electrodes

using a procedure previously described.31

Theoretical methods

All quantum mechanical calculations were performed using

the Gaussian 03 computer program.32 The internal rotations

of the model compounds formed by two 3-halidethiophene

units (i.e. 2-XTh with X = F, Cl and Br, respectively) were

studied by scanning the inter-ring dihedral angle S–C–C–S

(y, see Scheme 2) in steps of 301 between y = 01 and 1801. A

flexible rotor approximation was used, each point of the path

being obtained from geometry optimization of the molecule at

a fixed value of y. Furthermore, minimum energy conforma-

tions were determined from complete geometry optimization

using a gradient method. The rotational profiles and the

geometry of the minimum energy conformations were calculated

using the B3LYP33,34 method combined with the 6-31+G(d,p)

basis set.35

Similarly, molecular geometries of n-XTh (with X = F, Cl

and Br) oligomers, where n refers to the number of chemical

repeating units and ranged from 3 to 16, were fully optimized

at the B3LYP/6-31+G(d,p) level. Starting geometries of

3-XTh were constructed considering head-to-head, tail-to-tail

and head-to-tail linkages (see the next section), whereas the

latter was the only used for oligomers with n > 3.

The first ionization potential (IP) and the electron affinity

(EA) were estimated using the Koopmans theorem.36 Accord-

ingly, IPs and EAs were taken as the negative of the highest

occupied molecular orbital (HOMO) energy and the lowest

unoccupied molecular orbital (LUMO) energy, respectively,

i.e. IP = �eHOMO and EA = �eLUMO. The IP indicates if a

given acceptor (p-type dopant) is capable of ionizing, at least

partially, the molecules of the compound, while the EA refers

to the ionization through a given donor (n-type dopant). It is

worth noting that according to the Janak theorem,37 the

approximation mentioned above for the calculation of the IP

can be applied to DFT calculations. All the IPs and EAs estimated

in this work were calculated at the B3LYP/6-31+G(d,p) level.

The p–p* lowest transition energy (eg) was estimated using

two different strategies. In the first, eg was approximated as the

difference between the HOMO and LUMO energies, i.e. eg =
eLUMO � eHOMO, obtained at the B3LYP/6-31+G(d,p) level.

Recent studies showed that the eg values predicted for con-

ducting polymers using the B3LYP hybrid functional are in

excellent agreement with experimental values.38–41 The second

estimation of eg was derived from the excitation energies

calculated with time dependent DFT (TD-DFT) calculations.

Scheme 2
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This method, which is widely applied to study the spectro-

scopic properties of conjugated organic compounds, provides

a robust and efficient description of the low-lying molecular

states.42,43 Electronic excitations were evaluated with the

PBE044 functional combined with the 6-31+G(d,p) basis set

using the geometries previously optimized at the B3LYP/

6-31+G(d,p) level. In all cases eg was extracted from the first

low-lying transition with a large oscillator strength.

With respect to the analysis of the aromaticity of the

thiophene rings in 2-XTh dimers, criteria based on different

physical properties have been used. First, the magnetic-based

nucleus independent chemical shift45–47 (NICS) calculations

were performed to determine the aromaticity of the rings

under analysis. The GIAO method48 was used to perform

calculations of NICS at ring centers (NICS(0)) determined by the

non-weighted mean of the heavy atom coordinates and at 1.0 Å

above the ring taken into study (NICS(1)), with this latter being

considered a better measure of p aromaticity due to the reduced

effect of the in-plane components on the isotropic shielding.49,50

After, we have also applied the electronic-based multicenter

index (MCI).51,52 MCI is a particular extension of the Iring
index53 defined as:

IringðAÞ ¼
X

i1;i2 ;���;iN
ni1 � � � niNSi1 i2ðA1ÞSi2i3ðA2Þ � � �SiNi1ðANÞ

ð7Þ

ni being the occupancy of the molecular orbital i and A =

{A1, A2, . . ., AN} a string containing the set of N atoms

forming the ring structure. Summing up all Iring values resulting

from the permutations of indices A1, A2, . . ., AN the mentioned

MCI index48 is obtained from the expression:

MCIðAÞ ¼ 1

2N

X
PðAÞ

IringðAÞ ð8Þ

where P(A) stands for a permutation operator which inter-

changes the atomic labels A1, A2, . . ., AN to generate the N!

permutations of the elements in the string A.49,54 MCI and

Iring give an idea of the electron sharing between all atoms in

the ring. The more positive the MCI values, the more aromatic

the rings. The analysis of the delocalization in the ring by MCI

has been complemented with the calculation of the fluctuation

index of aromaticity (FLU),55 which measures the amount of

electron sharing between contiguous atoms. It is defined as:

FLUðAÞ¼ 1

N

XN
i¼1

VðAiÞ
VðAi�1Þ

� �a d Ai;Ai�1ð Þ � dref Ai;Ai�1ð Þ
dref Ai;Ai�1ð Þ

� �� �2

ð9Þ

where A0 � AN and V(A) is the atomic valence given by:

VðAiÞ ¼
X

AjaAi

dðAi;AjÞ ð10Þ

and a is a simple function to make sure that the first term in

eqn (9) is always greater or equal to 1, so it takes the values:

a ¼ 1 VðAiÞ4VðAi�1Þ
�1 VðAiÞ � VðAi�1Þ

	
: ð11Þ

dref (C,C) = 1.389 e and dref (C,S) = 1.270 e, calculated from

benzene and thiophene at the B3LYP/6-311++G(d,p) level,

were used in the calculations. FLU is close to 0 in aromatic

species, and differs from it in non-aromatic ones. Calculation

of atomic overlap matrices (AOM) and computation of MCI

and FLUhave been performedwith the AIMPAC56 and ESI-3D57

collection of programs.

Finally, as a geometry-based aromaticity measure, the

HOMA index,58 which is based on C–C and C–S bond length

alternation patterns along the p-system, was evaluated as:

HOMA ¼ 1� a
l

Xl
i¼1
ðRopt � RiÞ2: ð12Þ

where l is the number of bonds, a is an empirical constant (a=
257.7 and 94.09 for C–C and C–S bonds, respectively), Ri is

the bond length and Ropt is the optimal bond length (Ropt =

1.388 and 1.677 Å for C–C and C–S bonds, respectively). It is

worth noting that HOMA is equal to zero for a Kekulé

structure formed by a typical aromatic system with single

and double bonds arranged alternatively, and is equal to 1 for

a system with all bonds equal to the optimal value (Ri = Ropt).

For the indices used, we have that the more negative the

NICS, the lower the FLU index, and the higher the HOMA

and MCI values, the more aromatic the rings are.

Results and discussion

Synthesis, electrochemical and electrical properties

Fig. 1a displays the cyclic voltammogram of 0.01 M 3-bromo-

thiophene in BFEE with 0.1 M (Bu)4NBF4 on a steel electrode

in the potential range from �0.50 to 2.20 V. The onset of

polymerization occurs at 1.58 V, whereas the anodic peak at

2.01 V and the cathodic peak at 0.84 V correspond to the

maximal oxidation and reduction of the polymer, respectively.

In the oxidation process (i.e. from 1.58 to 2.01 V) a blue film

was deposited on the steel electrode, its colour changing

to red upon reduction. Fig. 1b evidences that the current

response of the monomer oxidation peak and the redox

response of the polymer deposited on the electrode change

upon successive cycling. Specifically, the current density increases

with the number of scans, indicating that this potentiodynamic

procedure gives place to the formation of polymer. Furthermore,

after 50 oxidation–reduction scans from 0.10 to 1.90 V, the onset

of polymerization, the oxidation of the polymer and the corres-

ponding reduction decrease to 0.67, 1.36 and 0.46 V, respectively.

These variations should be attributed to the fact that the mass of

the polymer deposited on the steel electrode increases after each

cycle, making more difficult the access and escape of dopant ions

upon repeated cycling. This electrochemical behavior is similar to

that previously observed for PClTh under the same experimental

conditions.25

Table 1 compares the electroactivity and specific capaci-

tance of PBrTh films produced using a constant potential of

1.60, 1.70, 1.80 and 1.90 V with those of PClTh. As it can be

seen, these properties are very similar for the materials

produced at 1.60 and 1.70 V, whereas the values determined

for the polymers obtained using 1.80 and 1.90 V are significantly

lower. According to these results, the optimum potential for

the generation of PBrTh by CA has been selected to be 1.70 V.

Comparison with the properties measured for PClTh produced
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under identical experimental conditions, which have been

included in Table 1, indicates that the electrochemical perfor-

mance of PBrTh is considerably worse than that of PClTh,

independently of the potential used in the anodic polymeriza-

tion process.

On the other hand, Table 2 compares the doping level, the

current efficiency of polymerization, loss of electroactivity and

electrical conductivity of PBrTh and PClTh generated by CA

at 1.70 V under identical experimental conditions. With exception

of the loss of electroactivity, which reveals that the electro-

chemical stability of PBrTh is significantly lower than that of

PClTh, all the other properties are very similar for the two

poly(3-halidethiophene)s. These features combined with the

differences found in both the electroactivity and the specific

capacitance indicate that the electrochemical behavior of

PBrTh is worse than that of PClTh.

Morphology

Fig. 2a shows SEM and AFM high resolution images of

PBrTh films as prepared by CA in BFEE with 0.1 M

(Bu)4NBF4 using a constant potential of 1.70 V. As it can be

seen, the material can be described as a compact distribution

of nanoaggregates, the porosity of the films being very low.

Comparison with the porous morphology of PClTh, which

was generated under identical experimental conditions,25

allows us to understand the different electrochemical behavior

of the two materials. Thus, the access and escape of dopant

ions in oxidation and reduction processes, respectively, are

easier in materials with a porous structure than in those with a

compact one. The nanopores found in PClTh facilitate the

mobility of dopant ions in redox processes, enhancing the

electrochemical properties (i.e. electroactivity and electro-

chemical stability) with respect to those of PBrTh, which

presents a compact morphology. The low porosity of PBrTh

with respect to PClTh has been quantified through the para-

meter DP, which was determined though the variation of the

Fig. 1 (a) Cyclic voltammogram of 0.01 M 3-bromothiophene in

BFEE with 0.1 M (Bu)4NBF4 on a steel electrode. Initial and final

potentials: �0.50 V; reversal potential: 2.20 V. Scan rate: 20 mV s�1.

(b) Successive cyclic voltammograms (50 scans) of 0.01 M 3-bromo-

thiophene in BFEE with 0.1 M (Bu)4NBF4 on a steel electrode. Initial

and final potentials: 0.10 V; reversal potential: 1.90 V. Scan rate:

50 mV s�1. Arrows indicate the increasing number of cycles.

Table 1 Comparison of the electroactivity (i.e. ability to store charge)
and specific capacitance (SC, eqn (1)) of PBrTh and PClTh, respectively,
produced by CA in BFEE with 0.1 M (Bu)4NBF4 applying different
potentials and using a polymerization time of 150 s. Properties for the
material produced using potentiodynamic methodsa (0.1–1.9 V) are
also displayed for comparison. Data for PClTh were taken from ref. 25

Potential (V)

Electroactivity (mC cm�2) SC (F g�1)

PBrTh PClTh PBrTh PClTh

1.60 17.4 40.6 15 26
1.70 17.5 40.0 17 29
1.80 14.8 27.4 10 19
1.90 11.0 20.9 6 14
0.1–1.90a 12.4 23.7 8 17

a Films were generated from 25 consecutive oxidation–reduction

cycles in a solution containing monomer in BFEE with 0.1 M

(Bu)4NBF4 at 50 mV s�1.

Table 2 Current efficiency of polymerization (Z; eqn (3)), doping level
(dl; eqn (2)), loss of electroactivity (LES; eqn (5)) and electrical
conductivity of PBrTh and PClTh films produced by CA in BFEE
with 0.1 M (Bu)4NBF4 applying a constant potential of 1.70 V and
using a polymerization time of 150 s

Polymer Z (in %) dl LES (in %)a s (S cm�1)

PBrTh 88 0.42 47 0.96
PClThb 85 0.41 29 0.59

a Determined by considering 100 consecutive oxidation–reduction

cycles. b From ref. 25.

Fig. 2 SEM (left) and AFM (right) high resolution images of:

(a) PBrTh films generated by CA at 1.70 V in BFEE with 0.1 M

(Bu)4NBF4 using a polymerization time of 150 s; and (b) PBrTh films

generated as in (a) and subsequently dedoped in acetonitrile with

0.1 M (Bu)4NBF4 applying a potential of �1.00 V during 50 s.
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thickness of the polymer after 200 consecutive oxidation–

reduction cycles (eqn (6)). The value of DP obtained for PBrTh

and PClTh is 27% and 36%, respectively.

Fig. 2b, which displays microscopy images of PBrTh films

after reduction in acetonitrile with 0.1 M (Bu)4NBF4 applying

a constant potential of �1.00 V for 50 s, reveals significant

morphological changes upon dedoping. Specifically, the

dimensions of the aggregates located at the surface increase

significantly, which is accompanied by a notable reduction in

the roughness. Specifically, the average RMS roughness

decreases from r = 229 nm in the oxidized material to r =

72 nm in the reduced one. This re-organization, which is due to

the escape of the dopant ions induced by the electrochemical

reduction, is not accompanied by an apparent increase of the

porosity. Again, this behavior is drastically different from that

reported for PClTh.25 Thus, dedoping of PClTh films produced

a compaction of the nanoaggregates at the surface, giving

place to the appearance of micrometric pores. Accordingly,

the morphologies of both doped and dedoped PBrTh films are

not suitable to favor the mobility of the molecular ions,

whereas those of PClTh favor electrochemical oxidation and

reduction processes allowing the transport of dopant ions

through the pores.

Experimental determination of the electronic properties

Cyclic voltammograms have been used to derive the IP of

PBrTh. According to Brédas and co-workers,59 the IP (in eV)

can be estimated using the following equation: IP = Eox + 4.4,

which eliminates the environmental effects from the oxidation

(Eox) onset (versus Ag|AgCl). The value of Eox (Fig. 3a)

obtained for PBrTh is 1.03 and 1.22 for samples prepared by

potentiostatic and potentiodynamic methods, respectively, the

resulting IP values being 5.43 and 5.62 eV. The latter estima-

tions are similar to that found for PClTh using the same

electrochemical procedure (i.e. 5.38 eV).25

The eg determined for PBrTh by UV-vis spectroscopy,

which is defined as the onset energy for the p–p* transition

(Fig. 3b), is 1.93 eV and 1.97 eV for samples prepared by

potentiostatic and potentiodynamic methods, respectively.

These values are in excellent agreement with that determined

by spectroelectrochemistry26 (1.90 eV) but smaller than those

determined by UV-vis spectroscopy27,28 (B2.0 and 2.55 eV)

for the same polymer prepared under other experimental

conditions. On the other hand, the eg values reported for

PClTh are 1.58 eV (UV-vis spectroscopy),25 B1.8 eV (spectro-

electrochemistry)20,22 and 2.14 eV (UV-vis spectroscopy).21

Finally, it should be mentioned that reduced PBrTh presents

a Bordeaux red colour (lmax = 420 nm) similar to that

reported for reduced PClTh (lmax = 450 nm).25

Conformational analysis: influence of the halogen on the

molecular conformation

Calculations on dimers of 3-halidethiophene were carried out

considering three isomeric derivatives, which differ in the

relative position of the substituents (Scheme 2). These isomers,

which have been labeled 2-XTh(4,40), 2-XTh(3,30) and

2-XTh(3,40) (with X = F, Cl and Br), must be considered as

model compounds of the tail-to-tail, head-to-head and head-

to-tail polymer linkages, respectively.

Fig. 4 represents the energy profiles of the three series of

dimers calculated at the B3LYP/6-31+G(d,p) level, which are

relative to the most stable conformation of each series (i.e. the

global minimum of the most favored of the three isomers

involving the same halogen atom). Fig. 5 provides a schematic

representation of the most characteristic conformations of the

systems under study. Even though the isomer with the sub-

stituents attached at the 4,40-positions was the most favored in

all cases, results reflect a significant dependence on the halogen

atom. Differences among the different groups of isomers are

detailed in Table 3 and can be summarized as follows: (i) the

lowest energy conformation of both 2-FTh(4,40) and

2-ClTh(4,40) corresponds to the anti–gauche arrangement

(y E 1521), whereas 2-BrTh(4,40) prefers the planar anti

arrangement (y = 180.01); (ii) the most favored conformation

of 2-ClTh(3,30) and 2-BrTh(3,30) is relatively close to the

conventional gauche–gauche arrangement (y = 108.21 and

75.51, respectively), whereas 2-FTh(3,30) shows a planar

conformation; (iii) all compounds show a syn–gauche local

minimum (y ranging from 19.61 to 75.51), whose relative

stability depends on the halogen atoms; and (iv) in general,

both the relative energy of the minima and the height of the

Fig. 3 (a) Control voltammogram for PBrTh film prepared by CA at

1.70 V in BFEE with 0.1 M (Bu)4NBF4 using a polymerization time of

150 s. Initial and final potentials: �0.20 V; reversal potential: 1.60 V.

Scan rate: 100 mV s�1. (b) Absorbance squared versus the photon

energy (hn) extrapolated to zero absorption of PBrTh prepared by CA

at 1.70 V in BFEE with 0.1 M (Bu)4NBF4. The material was reduced

by applying a constant potential of �1.00 V for 50 s.
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barriers, especially the planar syn, are higher for the

compounds with chloride and bromine substituents than for

those with fluorine.

The inter-ring dihedral angles of both the global and local

minima found for the different isomers of 2-XTh with X= F, Cl

and Br were combined and used to construct starting geometries

for trimers, hereafter denoted 3-XTh. The structures con-

structed for all these trimers, which are explicitly depicted in

Scheme 3, were submitted to geometry optimizations at the

B3LYP/6-31+G(d,p) level. It should be emphasized that

trimers are expected to provide a more accurate representation

of the homopolymers derived from 3-halidethiophene than

dimers. Specifically, 3-XTh(3,30–3,40) combines the character-

istics of 2-XTh(3,30) and 2-XTh(3,40), defining the linkage

between the head-to-head and head-to-tail units. The same

procedure has been used to construct 3-XTh(3,30–4,40),

3-XTh(3,40–3,40) and 3-XTh(4,40–3,40) (see Scheme 3), which

involve head-to-head–tail-to-tail, head-to-tail–head-to-tail and

tail-to-tail–head-to-tail linkages, respectively.

A total of 22 minimum energy conformations separated by less

than 2.3 kcal mol�1 were obtained for 3-FTh with the following

distribution: 5, 6, 5 and 6 minima for 3-FTh(3,30–3,40),

3-FTh(3,30–4,40), 3-FTh(3,40–3,40) and 3-FTh(4,40–3,40), respec-

tively. The lowest energy conformation corresponds to the

isomer 3-FTh(3,30–4,40), even though the number of minima

with a relative energy lower than 1 kcal mol�1 amounts to 12.

Fig. 6 plots the position of the different minima in the y1–y2
map, where y1 and y2 refer to the two inter-ring dihedral angles

(see Scheme 3), their relative energies being expressed through

the size of the symbols. As it can be seen, 3-FTh is a very

flexible compound independently of the kind of linkages

between the units. Furthermore, analysis of the inter-ring

dihedral angles obtained for the four isomers indicates that

they are slightly more planar than those typically observed

for unsubstituted thiophene-containing oligomers. Thus, the

dihedral angles predicted for the anti–gauche and syn–gauche

conformations unsubstituted thiophene oligomers were 147.91

and 42.21,60,61 respectively, whereas the average values found

for 3-FTh are 174.11 � 14.41 and 23.51 � 12.71, independently

of the position of the ring (i.e. considering both y1 and y2 on
average).

Geometry optimizations on 3-ClTh led to 24 minima within

a relative energy interval of 2.9 kcal mol�1. Inspection of the

y1–y2 map (Fig. 6) reveals significant differences with respect

to 3-FTh. Thus, the conformations obtained for the

2-ClTh(4,40–3,40) isomers were the only ones with relative

energies lower than 1.0 kcal mol�1, indicating that steric

interactions induced by the halogen substituents play an

important role. Furthermore, the inter-ring dihedral angles

found for the different isomers of 3-ClTh are, in general, closer

to the anti–gauche and syn–gauche of the unsubstituted thio-

phene derivative (i.e. average values for 3-ClTh: 163.11� 27.91

and 41.31 � 13.91, independently of the position of the ring)

than those of 3-FTh, even though standard deviations with

respect to the average values are larger in the 3-ClTh than in

3-FTh. Regarding 3-BrTh, two isomers, 3-BrTh(3,30–4,40) and

3-BrTh(4,40–30,40), show minima within a relative energy

interval of 1.0 kcal mol�1. However, the most remarkable

feature is the tendency of some minima to adopt a folded

conformation close to the perpendicular one (Fig. 6), even

though the planar anti is also identified as minimum. These

features are reflected by the averaged values of the dihedral

angles for arrangements around the anti (176.21 � 6.31) and

syn–gauche (47.71 � 17.21) conformations.

Fig. 4 Potential energy curves for the internal rotation of dimers

formed by two 3-halidethiophene units (see Scheme 2) against the

inter-ring dihedral angle (y) using B3LYP/6-31+G(d,p) optimizations:

(a) 2-FTh(3,30), 2-FTh(3,40) and 2-FTh(4,40); (b) 2-ClTh(3,30),

2-ClTh(3,40) and 2-ClTh(4,40) (taken from ref. 25); and (c)

2-BrTh(3,30), 2-BrTh(3,40) and 2-BrTh(4,40). Energies are relative to the

global minimum of (a) 2-FTh(4,40), (b) 2-ClTh(4,40) and (c) 2-BrTh(4,40).

Fig. 5 Schematic representation of the most important conforma-

tions found for thiophene derivatives. The inter-ring dihedral angle, y,
is provided in each case.
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Larger n-XTh (X= F, Cl and Br) oligomers, with n ranging

from 5 to 16, were constructed using a repetitive sequence of

head-to-tail linkages. It should be emphasized that considera-

tion of a regular chemical structure, which in addition should

be identical for the three families of oligomers, is essential to

compare the influence of the different halogen atoms on the

electronic properties of the polymers without interference of

undesirable substitutional effects. Thus, a repetition of head-

to-tail linkages has been found to be the most consistent with

the results obtained for compounds with n = 2 and 3,

independently of the halogen. Specifically, although the

energies of 3-FTh(3,30–4,40) and 3-FTh(3,40–3,40) differ by less

than 0.1 kcal mol�1, the 2-FTh(3,40) isomer is clearly favored

with respect to the 2-FTh(3,30) one. On the other hand,

repetition of the most favored isomer of 3-ClTh, which is the

4,40–3,40 one, produces a high concentration of head-to-head

linkages that are the least favored, as was evidenced in Fig. 4b.

However, the next isomer in terms of relative energies corres-

ponds to the 3-ClTh(3,40–3,40), which is formed by two adjacent

head-to-tail linkages. Finally, the 3,40–3,40 is the 3-BrTh isomer

that upon repetition produces the lowest concentration of head-

to-head linkages and maintains the inter-ring dihedral angles

close to the anti conformation. It should be mentioned that the

high stability of the head-to-tail sequence in large oligomers

(n > 3) was corroborated in previous theoretical studies invol-

ving other 3-substituted thiophene units.13–16

n-XTh (X = F, Cl and Br) oligomers with n = 5, 7, 9, 11,

13, 15 and 16 were constructed according to these principles

and considering all the inter-ring dihedral angles initially

arranged at 180.01. These structures were used as starting

points for complete geometry optimizations at the B3LYP/

6-31+G(d,p) level. The optimized oligomers were employed

for the analyses of the electronic properties of PFTh, PClTh

and PBrTh, which will be discussed in next sections.

Scheme 3

Fig. 6 y1–y2 maps (y1 and y2 refer to the inter-ring dihedral angles; in

degrees), indicating the location of the minimum energy conformations

found for 3-XTh(3,30–3,40) (squares), 3-XTh(3,30–4,40) (triangles),

3-XTh(3,40–3,40) (diamonds) and 3-XTh(4,40–3,40) (circles) where X =

F, Cl and Br, as is indicated in Scheme 3. Results for X=Cl have been

taken from ref. 25. For each compound the minima of the four isomers

has been categorized in three groups: (i) minima with relative energies

lower than 1.0 kcal mol�1 (largest size symbols); (ii) minima with

relative energies comprised between 1.0 and 2.0 kcal mol�1 (medium

size symbols); and (iii) minima with relative energies larger than

2.0 kcal mol�1 (smallest size symbols). For each compound, the

relative energies have been computed with respect to the lowest energy

minimum of the most stable isomer.

Table 3 Energies (in kcal mol�1) and inter-ring dihedral angles (y) for the minimum energy conformations (plain numbers) of the 2-XTh dimers
under study. The barriers (in kcal mol�1) are also indicated (italic numbers)

syn (y = 01) syn–gauche gauche–gauche (y = 901) anti–gauche anti (y = 1801)

2-FTh(3,30)a 4.1 1.7 (y = 47.51) 2.3 — 0.3
2-FTh(3,40)a 0.6 0.6 (y = 19.61) 2.4 — 0.3
2-FTh(4,40)a 1.2 0.6 (y = 35.71) 2.3 0.0 (y = 152.01) 0.3
2-ClTh(3,30)b 12.0 2.7 (y = 68.21) 2.7 2.6 (y = 108.21) 4.2
2-ClTh(3,40)b 2.2 1.4 (y = 38.01) 2.4 1.4 (y = 150.31) 1.5
2-ClTh(4,40)b 2.1 0.5 (y = 37.11) 2.1 0.0 (y = 151.71) 0.2
2-BrTh(3,30)c 14.3 0.5 (y = 75.51) — — 5.5
2-BrTh(3,40)c 2.5 1.4 (y = 46.11) 2.2 — 1.0
2-BrTh(4,40)c 1.3 1.2 (y = 30.11) 3.0 — 0.0

a Energies of the minima (plain numbers) and barriers (italic numbers) are relative to the global minimum (anti–gauche) of 2-FTh(4,40). b Energies

of the minima (plain numbers) and barriers (italic numbers) are relative to the global minimum (anti–gauche) of 2-ClTh(4,40). c Energies of the

minima (plain numbers) and barriers (italic numbers) are relative to the global minimum (anti) of 2-BrTh(4,40).

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

t P
ol

ite
cn

ic
a 

de
 C

at
al

un
ya

 o
n 

29
 J

un
e 

20
12

Pu
bl

is
he

d 
on

 1
4 

Ju
ne

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
P4

04
36

B

View Online

http://dx.doi.org/10.1039/c2cp40436b


10058 Phys. Chem. Chem. Phys., 2012, 14, 10050–10062 This journal is c the Owner Societies 2012

Prediction of the electronic properties

Fig. 7 represents the linear variation of the IP and EA against

1/n for n-XTh (X=F, Cl and Br) oligomers. Linear regression

analyses, which are included in Fig. 7, allowed extrapolation

of the IP and EA values for infinite chains of PFTh, PClTh

and PBrTh (Table 4). As it can be seen, the IP values predicted

for PClTh and PBrTh are practically identical (B5.2 eV) and

are in excellent agreement with the electrochemical measures

for PClTh and PBrTh prepared by CA using a fixed potential

of 1.70 V (5.38 and 5.43 eV for PClTh25 and PBrTh, respectively).

On the other hand, the electronegative fluorine substituents

induce a slight reduction (B0.2 eV) in the IP calculated for

PFTh. DFT calculations predict an EA of B3.3 eV for the

three polymers.

As was mentioned in the Methods section, in this work the

IPs and EAs have been estimated using the DFT extension of

the Koopmans theorem,36 or more precisely of the Janak

theorem.37 However, this procedure may be affected by the

so-called self-interaction (SI) error, which has been identified when

some early DFT approaches are applied to some compounds.62–65

The SI arises from the interaction of an electron with itself,

and it is related to the Coulomb energy of the Kohn–Sham

Hamiltonian, which is not totally cancelled by the exchange

contribution. Previous studies reported that the DFT HOMO

energy is too small with respect to experimental values, which

was attributed to the SI. However, the good concordance

between the calculated and the experimental IP values for

the compounds studied in this work suggests that the SI error

is small for this family of compounds, probably because of a

fortuitous cancellation of errors.

The variation of the eg values calculated using DFT and

TD-DFT calculations against 1/n for n-XTh (X = F, Cl

and Br) oligomers is displayed in Fig. 8, values extrapolated

for infinite polymer chains being included in Table 4. As it can

be seen, the DFT value is overestimated with respect to the

TD-DFT one by 0.11, 0.16 and 0.18 eV for PFTh, PClTh and

PBrTh, respectively. The relative order predicted by the two

strategies for eg is PFTh o PClTh E PBrTh, even though the

difference between the three CPs predicted by DFT and

TD-DFT calculations is lower than 0.15 and 0.08 eV, respectively.

This is consistent with the increase of the p-donor character of
the halogen substituent in the order F > Cl E Br.66 The

discrepancy between eg determined experimentally using UV-vis

Fig. 7 Variation of the (a) IP and (b) EA against 1/n, where n is the

number of repeat units in n-XTh oligomers with X = F, Cl and Br

(data for X = Cl taken from ref. 25). The solid lines correspond to the

linear regressions used to extrapolate these electronic properties

towards infinite polymer systems.

Table 4 Ionization potential (IP), electron affinity (EA) and band gap (eg) reported in the literature and determined in this work for PFTh, PClTh
and PBrTh

IP (eV) EA (eV) eg (eV) Ref. Description

PFTh 5.05 3.33 1.72 This work DFT calculations
— — 1.61 This work TD-DFT calculations

PClTh 5.38a/5.29b — — 25 Electrochemical (CV)
— — 1.58 25 UV-vis spectroscopy
— — 1.74 20 Spectroelectrochemistry
— — 1.80 21 Spectroelectrochemistry
— — 2.14 22 UV-vis spectroscopy
5.18 3.35 1.83 This work DFT calculations
— — 1.67 This work TD-DFT calculations

PBrTh 5.43a/5.62b — — This work Electrochemical (CV)
— — 1.93a/1.97b This work UV-vis spectroscopy
— — 1.90 26 Spectroelectrochemistry
— — 2.55 27 UV-vis spectroscopy
— — B2.0c 28 UV-vis spectroscopy
5.17 3.31 1.86 This work DFT calculations
— — 1.68 This work TD-DFT calculations

a Samples prepared by potentiostatic methods (CA). b Samples prepared by potentiodynamic methods (CV). c Extrapolated from Eg = (1240/lonset).
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spectroscopy and those predicted by DFT calculations is 0.25

and 0.07 eV for PClTh and PBrTh, respectively, the difference

with respect to the TD-DFT values being 0.08 and 0.25 eV for

PClTh and PBrTh, respectively. Interestingly, the UV-vis

estimation for PClTh and PBrTh is closest to the DFT and

TD-DFT value, respectively. In contrast, the eg values mea-

sured using spectroelectrochemical methods are in excellent

agreement with the DFT predictions, the experimental/

theoretical values obtained for PClTh and PBrTh being

1.74–1.8020,22/1.83 and 1.9027/1.86 eV, respectively. Considering

that samples measured using UV-vis spectroscopy and spectro-

electrochemistry were prepared under very similar experimental

conditions, the overall of these results suggests that the environ-

ment affects the eg values provided by UV-vis spectroscopy.

On the other hand, eg predicted for PClTh and PBrTh are

significantly smaller than those calculated for PThs with

electron-withdrawing p-acceptor carboxylic acid groups at

the 3-position of the thiophene ring using a similar DFT level,

e.g. poly(3-thiophene-3-yl acrylic acid methyl ester) (2.28 eV),13

poly(3-thiophene-3-yl acrylic acid) (2.12 eV),14 poly(2-thio-

phene-3-yl-malonic acid dimethyl ester) (2.38 eV),15 and

poly(2-thiophen-3-yl-malonic acid) (2.39 eV).16 This should

be attributed to the size of the bulky carboxylic acid groups

that produce drastic geometrical distortions, leading to a

detriment of the optical properties.

S–H interactions and effect of aromaticity on conformational

equilibria

Early studies on the 3,4-ethylenedioxythiophene dimer, denoted

2-EDOT (Scheme 4), showed that in the crystallographic

structure the non-bonded distances between the sulfur and

oxygen atoms belonging to different units (2.92 Å) are shorter

than the sum of the van der Waals radii of sulfur and oxygen

(3.25 Å).67,68 This feature was also observed in the X-ray

structure of the tricyclic system based on thieno[3,4-c]-pyrazine.69

These short distances led to postulate the existence of strong

S� � �O intramolecular non-covalent interactions (dashed lines

in Scheme 4), which promote the fully planar anti conformation

in the p-conjugated structure. This phenomenon was denoted

self-rigidification and was assumed to be responsible, in

addition to the electron donor effect, for the optimization of

the (opto)electronic properties of various classes of molecular

functional p-conjugated systems.70,71 Nevertheless, this assum-

ption was not in agreement with results reported in a very

recent quantum mechanical study, in which we examined the

weight of the different intramolecular interactions for the

planarity (and by extension for the rigidification) observed in

2-EDOT and PEDOT.72 Specifically, the relative influence of

electron-donating effects, p-conjugation, geometric restrictions

induced by the fused dioxane ring and S� � �O non-covalent

interactions were carefully examined by considering a wide

number of 2-EDOT derivatives. Results evidenced that S� � �O
interactions between sulfur and oxygen atoms belonging to

neighboring units (dashed lines in Scheme 4) are slightly

repulsive destabilizing the planar anti conformation,72 in

opposition to the assumption postulated on the basis of non-

bonded distances. In contrast, the latter conformation was

found to be favored by the p-conjugation produced by both

geometric restrictions imposed by the cyclic substituent and

the electron-donating effects provided by the oxygen atoms

attached to positions three and four of each thiophene ring.

Therefore, these factors produce gain in aromaticity and

favorable electrostatic interactions when the planarity is

reached, compensating the Pauli repulsions between the

shared electron pairs of the sulfur and oxygen atoms.

In a recent study, Roncali and co-workers proposed that the

presence of a bromine atom at the 3-position of the thiophene

ring leads to the development of non-covalent intramolecular

S� � �Br interactions in BrTh–EDOT and poly(3-bromo-4-

methoxythiophene).73 Thus, these authors postulated that S� � �Br
interactions contribute to strengthening the self-rigidification of

Fig. 8 Variation of the eg derived from (a) DFT and (b) TD-DFT

calculations against 1/n, where n is the number of repeat units in n-XTh

oligomers with X = F, Cl and Br (data for X = Cl taken from ref. 25).

The solid lines correspond to the linear regressions used to extrapolate

these electronic properties towards infinite polymer systems.

Scheme 4
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these conjugated compounds. In addition, it has been reported

that S� � �F interactions contribute to rigidify oligomers in which

the thiophene ring is associated with 3,4-difluorothiophene74,75

or fluorophenylene units.74,76,77 The repulsive nature found for

the S� � �O interactions, which were also previously postulated as

attractive,67,68 and the important role played by aromaticity in

EDOT systems, has motivated a detailed analysis of the S� � �X
(where X = F, Cl and Br) interactions in 2-XTh.

Aromaticity analyses have been carried out on the 3-halide-

thiophene monomeric units and the 2-XTh(3,30) dimers. The

minimum energy conformations listed in Table 3 were used for

calculations on the dimers. For each compound the following

aromaticity indices have been calculated for the thiophene rings:

electronic based FLU and MCI, magnetic based NICS(0) and

NICS(1) and geometric-based HOMA aromaticity descriptors.

The aromaticity parameters predicted for the three 3-halide-

thiophene units are compared in Table 5 with those calculated

for the unsubstituted thiophene ring. Most of the aromaticity

measures indicate that the substituents cause a slight decrease

in the aromaticity of the thiophene ring. Thus, the aromaticity

of the unsubstituted thiophene is slightly higher than that of

the 3-halidethiophenes. Table 5 also lists the aromaticity

parameters obtained for the minimum energy conformations

of the 2-XTh(3,30) series of dimers, as well as the unsubstituted

bithiophene (2-Th). The values indicate that the effect of

introducing a substituent into 2-Th, or the replacement of F

by Cl or Br is almost unnoticeable. Therefore, at difference

with the previous series of 2-EDOT and PEDOT, in this case

the preference for a given conformation is not determined by

changes in aromaticity since it keeps almost constant for all

substituents and conformations. To assign an attractive or

repulsive character to the S� � �X bond, the relative energies in

Table 3 may help. First, it must be pointed out that the anti

conformation of the 2-XTh(3,30) system presents two S� � �X
interactions, whereas that of the 2-XTh(3,40) isomer presents

one, and that of the 2-XTh(4,40) species does not present any

S� � �X interaction. In all cases the (4,40) isomers are the most

stable anti conformations, those with no S� � �X interaction,

especially compared to (3,30) ones. On the other hand, the

energy difference between (3,30) and (4,40) increases from F to

Cl and to Br. If they would be attractive, the S� � �X interactions

should be stronger for Br and energy differences between (3,30)

and (4,40) smaller or even in favor of the (3,30) isomer. Thus,

energy values reveal that S� � �Br interactions are the most

repulsive. Moreover, for the 2-XTh(3,30) isomer, the anti

conformation is the most stable only for X = F. In this case

the repulsive character of the S� � �F interaction is compensated

by the favorable conjugation along the two thiophene rings in

this planar conformer. This does not occur for X = Cl and Br

due to the larger repulsive character of the S� � �X interactions.

All these observations point out to the repulsive character of

the S� � �X interactions for these systems (lone pair Pauli

repulsion). Thus, not unexpectedly, the most stable isomers

are in all cases the 2-XTh(4,40) either in the anti conformation

(X = Br) or in the anti–gauche one (X = F and Cl).

Conclusions

The doping level and electrical conductivity of PBrTh and

PClTh films prepared under identical conditions have been

found to be very similar. In spite of this, the electrochemical

stability of PBrTh is significantly smaller than that of PClTh,

which has been attributed to the lower porosity of the former

with respect to the latter. Thus, the access and escape of

dopant ions in oxidation and reduction processes, respectively,

are easier in the material with the most porous structure than

in that with the most compact one.

Quantum mechanical calculations indicate that the halogen

atom has a significant impact on the conformational prefer-

ences of 2-XTh and 3-XTh oligomers. Thus, the conforma-

tional freedom of oligomers with X = Br is restricted by

strong steric repulsive interactions, especially when repeating

units are associated by head-to-head linkages, while oligomers

with X = F show a significant conformational flexibility.

Compounds with X = Cl present an intermediate behavior.

The eg order predicted for poly(3-halidethiophene)s by DFT

calculations is: PFTh o PClTh r PBrTh. For the latter two

polymers, this relative order is fully consistent with the eg
values determined in this work using UV-vis spectroscopy and

spectroelectrochemistry. On the other hand, the IPs estimated

by CV are in very good agreement with theoretical predictions.

Table 5 Aromaticity parameters (see the text) calculated for the minimum energy conformations of 2-XTh(3,30) with X= F, Cl and Br, as well as
the corresponding monomeric units. For each compound the minimum energy conformations are identified by the inter-ring dihedral angle (y)a,b

FLU MCI NICS(0) NICS(1) HOMA

2-Th (y =155.91) 0.0088 0.0346 �10.8 �8.5 0.727
2-Th (y =32.61) 0.0061 0.0355 �11.2 �8.8 0.730
Unsubstituted thiophene 0.0079 0.0415 �12.7 �10.1 0.870
2-FTh(3,30) (y = 180.01) 0.0078 0.0315 �12.9 �8.3 0.741
2-FTh(3,30) (y = 47.51) 0.0087 0.0310 �12.9 �8.6 0.732
3-Fluorothiophene 0.0086 0.0367 �13.9 �9.4 0.752
2-ClTh(3,30) (y = 108.21) 0.0079 0.0365 �11.9 �8.5 0.729
2-ClTh(3,30) (y = 68.21) 0.0080 0.0353 �11.9 �8.4 0.722
3-Chlorothiophene 0.0081 0.0398 �13.0 �9.5 0.743
2-BrTh(3,30) (y = 180.01) 0.0076 0.0338 �11.6 �8.5 0.695
2-BrTh(3,30) (y = 75.51) 0.0079 0.0363 �11.5 �8.6 0.726
3-Bromothiophene 0.0082 0.0405 �12.6 �9.5 0.743

a MCI in atomic units, NICS in ppm. b For comparison, the values for benzene: FLU = 0.0001, MCI = 0.0732, NICS(0) = �8.2, NICS(1) =

�10.2 and HOMA = 0.972; and for bi-phenylene: 6-membered-ring: FLU = 0.0055, MCI = 0.0567, NICS(0) = �2.7, NICS(1) = �4.7 and

HOMA = 0.827, 4-membered-ring: FLU = 0.0470, MCI = 0.0210, NICS(0) = 20.5, NICS(1) = 10.0 and HOMA = �1.074.
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The aromaticity slightly varies from unsubstituted 2-Th to

2-XTh(3,30), independently of the halogen atom. Moreover,

within each series the effect of the halogen atom is very small.

The repulsive character of the S� � �X interaction explains the

higher stability of the 2-XTh(4,40) isomer compared to

2-XTh(3,30) in the anti conformation. Finally, at variance with

previously analyzed 2-EDOT and PEDOT systems, in this

case aromaticity and favorable conjugation along the two

thiophene rings in planar conformers do not play a key role

in determining the conformational preferences.
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