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A large part of the modern technologies relies not only on the
classic inorganic materials but also on advanced organic
molecular systems. The latter are generally based on conjugated
molecules, oligomers and polymers, whose applications are
allowed by the compatibility with low temperature processing,
relatively simple thin-film device fabrication, and the ability to
fine-tune their electronic properties by synthetic means.1 In
particular, organic semiconducting materials proved to be
suitable for sensible applications in the field of opto-
electronics2 and photovoltaics.3 In the latter case, bulk hetero-
junction devices based on poly(3-alkylthiophenes) (P3ATs) and
fullerene derivatives are among the most promising
performance-wise and the most extensively investigated from
both the experimental and the theoretical points of view.4

However, among the open issues in the field of conjugated
polymer-based materials is that of the so called side chains,
covalently-attached appendages used to impart suitable
mechanical properties to the polymer chains. P3ATs and other

alkylthiophene-based copolymers are no exceptions. Alkyl side
chains, in particular, are known to improve solubility in organic
solvents and to prevent tight packing of large aromatic
fragments.5

It has been shown that the regioregularity of P3AT polymer
chains (i.e., the percentage of head-to-tail linkages between
monosubstituted monomer units in the polymer backbone)
affects the morphology of the films and their electronic proper-
ties.6 It is generally accepted that the low compatibility between
the conjugated polythiophene backbone and alkyl side chains
results in a lamellar ‘‘self-assembled’’ structure in which
p-stacked polythiophene backbones alternate with layers of
more or less ordered alkyl fragments.7–10 Although size and
orientation of the crystalline domains can be influenced by
the preparation method employed (such as spin-coating,
dip-coating, drop-casting, direct epitaxial crystallization),11

P3ATs form semicrystalline films in which the crystalline
domains are dispersed into an amorphous matrix. The power
conversion efficiency of devices based on such thin films is
related to the formation of the charge carriers at the donor/
acceptor interface, and to the charge carrier migration toward
the electrodes.12 The latter charge transport process depends
only marginally on the mobility along conjugated polymer
chains within the crystalline domains, and is substantially
determined by the transport capabilities of the disordered
interlamellar regions.13 While a complete understanding of
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In particular, it is common to shorten or completely remove
alkyl substituents in the calculation of inter-ring torsion poten-
tials, as the former is assumed to adopt a staggered extended
conformation such as that expected from linear alkanes in the
gas phase. On this matter, the authors recently reported for
the 3-hexylthiophene monomer the existence of non-extended
side chain conformations accessible at around room tempera-
ture and compatible with P3AT known packing motifs.27

The aim of this present report is to contribute to the
collective pursuit of an optimal force field parameterization
for P3ATs and other alkylthiophene-based polymers and oligomers,
by providing accurate inter-ring torsion potentials through explicit
treatment of the alkyl side chain at its full length. The
conformational problem of a monosubstituted bithiophene
molecule is tackled at the Møller–Plesset second-order pertur-
bation theory (MP2)28 level with a triple-z split-valence basis set
with polarization functions on all nuclei.29 In particular, this
study will provide a number of minimum energy conformations
suitable as building blocks for alkylthiophene-based atomistic
models, including a few energetically-favourable cases featuring
a cisoid inter-ring arrangement, which may shed new light on
the controversial subject of chain-folding in P3ATs and other
poly(alkylthiophene) derivatives.

Theoretical methods

For the task of simulating a regioregular poly(3-hexylthiophene)
(P3HT) chain segment, 3-hexyl-2,20-bithiophene (HBT) was
chosen. Calculations on HBT were carried out at the all-
electrons MP2/6-311G(d,p) level using the Gaussian 09 suite
of programs.28–30 The conformational problem of this mono-
substituted bithiophene is studied by considering three dihedral
angles, the inter-ring angle y and the first two angles of the side
chain a and b, as shown in Fig. 1. Methodology and part of the
nomenclature for this investigation mimic those already
employed for the 3-hexylthiophene monomer in a previous
report.27 Torsion potential energy curves were generated through
a series of constrained geometry optimizations, in which one
dihedral angle at a time was incremented in steps of 1–31,
relaxing all other geometrical parameters. Dihedral angles of
the side chain beyond b were initially set to all-staggered
configuration compatibly with P3AT packing requirements. No
attempt was made in order to evaluate the basis set super-
position error (BSSE)31 contribution to the reported MP2

Fig. 1 Naming of the different fragments of 3-hexyl-2,2 0-bithiophene for
ease of discussion, and definition of y, a and b angles.

specific inter-chain interactions within such morphologies is 
essential to the performance-tailoring of these materials, large-
scale heterogeneity and overall complexity are major obstacles 
to the investigation of these systems, as bulk methods 
characterize only average properties. In order to gain useful 
insights into the underlying mechanisms, synergistic experi-
mental and theoretical studies are mandatory. However, 
computational modelling of realistically large-sized systems 
may be impractical for many reasons.14,15

The most pressing concern when trying to simulate a 
physical process is usually that of the very size of the system 
to be treated. This is because the minimum scale at which the 
majority of technologically-relevant physical processes take 
place lies well beyond the reach of currently available highly-
accurate wavefunction-based computational methods.16 A certain  
degree of approximation is thus unavoidable, ranging from the 
density functional theory formalism (DFT methods),17 to the 
neglect of diatomic differential overlap formalism (NDDO-based 
algorithms such as AM118 and PMn19 semiempirical quantum 
mechanical methods),20 to molecular mechanics force fields 
parameterized either on experimental or computational reference 
data.21 The inexpensiveness of such approximate theoretical 
models, compared to more rigorous ab initio quantum chemical 
approaches like the coupled cluster theory,22 comes with a price 
in terms of accuracy and reliability. The number of empirical 
parameters introduced, together with the severity of the approxi-
mations employed, may result in unreasonably large uncertain-
ties in the calculations.21 As a matter of fact, whereas the 
affordability of a computational method is vital in order to allow 
the simulation of large-scale molecular systems, consistency 
with reference data (either experimental or from higher-level 
calculations) is to be ensured in order to assess the reliability of 
the said computational approach.

Due to mainly technological constraints, medium to large 
systems23 are usually modelled by molecular mechanics (MM) 
means through a suitably parameterized force field, either at 
atomistic or coarse grained level.24 The total energy of a 
molecular cluster described at such levels of theory is represented 
by a summation of classical potentials (e.g. Coulomb and Lennard-
Jones potentials), whose parameters are fitted on a selection of 
reference data, commonly obtained at the quantum mechanical 
(QM) level on small representative molecular systems.21,24 The 
ability to provide accurate predictions on fundamental and non-
trivial subjects of general interest is in fact at the basis of the great 
attention paid nowadays to accurate ab initio quantum chemical 
approaches, overshadowing their general expensiveness and steep 
scaling with increasing size of the target systems.21,24

Although it is now known that alkyl side chains exert a non-
negligible effect on the morphological motifs of P3ATs for thin 
film applications,8f,11a molecular dynamics simulation on the 
bulk of such materials typically makes use of all-purpose force 
fields which lack the specificity needed for an accurate descrip-
tion of certain phenomena.25 A few attempts at the production 
of ad hoc force fields have been reported lately,26 but several 
a priori assumptions are still made in order to simplify the 
process of harvesting reference data from QM calculations.



energies, but it was shown27 that it is roughly equivalent between 
anti and gauche side chain arrangements of 3-hexylthiophene, 
and we expect this phenomenon to hold true also in the case of 
3-hexyl-2,20-bithiophene.

A monosubstituted bithiophene molecule was used in place 
of an actual head-to-tail P3HT dimer because an additional 
alkyl chain R2 on T2 would not extend toward T1, nor toward 
R1. The interactions of a second side chain with T1 and R1 are 
thus considered negligible in this study. Moreover, the {y, a, b} 
tern of angles currently considered already suffices to describe 
the conformational motif of a P3AT chain by defining the 
orientation of the side chain and the orientation of each 
monomeric unit with respect to the following one. Adding 
two more parameters for the first two dihedral angles of a 
second alkyl chain would result in these authors’ opinion in an 
unnecessary overcomplication of the subject.

Results and discussion

At first the torsion potential of a plain 2,20-bithiophene (BT) 
molecule was computed, both to get a raw estimation of the 
magnitude of the thiophene–thiophene contribution to the 
overall torsion potential of a substituted BT, and to compare 
the performance of the MP2/6-311G(d,p) level of theory to other 
previously reported torsion potentials obtained by electron-
correlated methods coupled with correlation-consistent 
bases.16b,32 While the main characteristics of this potential 
energy curve are now well established thanks to various 
experimental evidence,33–39 the reproduction of its shape by 
computational means in the last few decades underwent a path 
almost as long and tortuous as that of computational chemistry 
itself,16b,32,40–51 spanning from early semiempirical approaches 
to highly-correlated first principles methods. Unfortunately, a 
clear trend has been unveiled by Duarte et al.32 and successively 
confirmed by Raos et al.16b regarding the performance of MP2 
with different bases. In fact, with an increasing number of 
base functions, co-planar transition states are found to lower 
significantly in energy, while the orthogonal ones rise slightly, 
minima remaining almost unchanged. Our torsion barrier (not 
reported) closely reproduces the one obtained by Duarte et al.32

at the same level of theory, and is characterized by an over-
estimation of the energy barrier represented by the co-planar 
transition states and an underestimation of that of the ortho-
gonal ones. This behaviour will also be present in the case of 
3-alkyl-BTs, but, due to the steric hindrance of the alkyl group,
it is expected to be of less relevance.

The theoretical potential energy curves of 3-hexyl-2,20-
bithiophene (HBT) are plotted against three different dihedral 
angles, namely y, a, and b, as defined in Fig. 1. The nomen-
clature used to identify the angles and the various minimum 
energy conformers follows from that used for 3-hexylthiophene 
(3HT) in a previous report.27 The three internal coordinates y, a, 
and b represent, respectively, the reciprocal orientation of the 
two thiophene rings (T1 and T2 in Fig. 1), the tilting of the side 
chain (R1) relative to the thiophene ring it is attached to (T1),

and the conformation of the first fragment of the side chain in
its syn–gauche–anti arrangements. All torsion angles of the side
chain beyond b will be set in all-anti conformation compatibly
with P3AT packing requirements, and then relaxed. See ref. 27
for a more thorough discussion on this topic. For simplicity,
y and a will have the same sign (both positive or both negative)
whenever the T2’s sulphur atom and R1 are found on the same
side of the T1’s plane. It is worth noting that two isomers,
respectively, characterized by the two triads of angles {y, a, b}
and {�y, �a, �b} are specular to one another and share the
same energy value. As a consequence, each couple of specular
isomers will also share the same name for the purpose of this
study. As for labelling of conformational isomers, in the case of
3-hexylthiophene four minimum energy conformations were
identified and labelled with a roman numeral. In particular, I
for the all-anti out-of-plane conformer, II for the all-anti
in-plane conformer, III and IV for the two gauche out-of-plane
arrangements. This very scheme will be used to identify the
different configurations of the side chain, while the minimum
energy arrangements of y will be labelled with capital letters
from A to D.

At an early stage, with the torsion barriers of BT and 3HT in
mind, we assumed that a total of twelve minimum energy
configurations would have been a realistic guess. The attachment
of a side chain to BT would break symmetry and make its four-
fold torsion potential curve actually consist of four non-equivalent
minima. On the other hand, with T2 being free to rotate about the
linking bond C–C, we assumed no II-like conformers would have
been found, hence the twelve minima estimation. This is of
course assuming steric interactions between R1 and T2 would
not prevent any of these conformations from being observed,
which is not likely to be valid in this case, making twelve a rather
conservative esteem.

Fig. 2a shows the theoretical torsion barrier associated with
the rotation of y angle around the C–C bond linking T1 and T2.
Each curve is obtained by optimizing the geometry and
computing the energy of the molecule as a function of y at
different conformations of the side chain, which implied
different values of b. As can be seen in Fig. 2c, which reports
b = f (y), all three configurations of the side chain (I, III and IV)
are rather stable, as b does not change significantly along the
whole range of variation of y. On the other hand, the plot of
a = f (y) in Fig. 2b shows that a is subject to large oscillations,
allowing the system to adjust itself in order to accommodate for
sterically unfavourable contacts, mostly from T2 and the first
three methylenes of the side chain. Before proceeding with a
detailed commentary, it should be made clear to the reader
that the discontinuities found on the IV curves are due to
the relaxation of all geometrical parameters but the focused
dihedral angle, which may under certain conditions allow an
internal coordinate to slip over a low-energy conformational
transition state during the geometry optimization procedure,
which means moving from a one-dimensional projection of the
potential energy surface to another.

On the same curve, the minimum energy configurations
on the spectrum of y are labelled by a specific capital letter.
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We chose arbitrarily to use A and B for the two transoid arrange-
ments (|y| > 901) and  C and D for the cisoid ones (|y| o 901). 
Although inappropriate, the trans–cis nomenclature has been often 
used to designate inter-ring conformations of conjugated mole-
cules. Transoid–cisoid terming has thus been chosen in place of 
the anti–syn one for the inter-ring torsion angle y in the present 
study, allowing for a more clear differentiation between inter-ring 
conformations and side chain arrangements (as the latter will be 
discussed using the appropriate anti–syn nomenclature). Among 
the three curves, these four values of y are consistent with one 
another and also with the BT torsion potential, further confirming 
the existence of a well-defined set of favourable relative arrange-
ments between T1 and T2. Interesting on this matter are the very 
low barriers  (few tenths of a kcal  mol�1) corresponding to the 
orthogonal transition states, which make for an easy inter-
conversion between A/D and C/B couples of minima. Observing 
the graph as a whole, an important consideration can be made 
regarding our initial guess: two minimum energy conformers 
are missing in the D position on the curves III and IV.

This is most likely due to excessive steric repulsion between 
the hydrogen atom in the 30 position and the side chain.

As already pointed out, the ruling steric interaction in HBT is
in fact that of T2 with the first three methylene groups of the
side chain R1, which makes the thiophene–thiophene inter-
action less important in comparison. With regard to the con-
siderations made about BT at the beginning of this section,
because the torsion barriers associated with co-planar config-
urations of HBT are more than an order of magnitude higher
than those associated with the orthogonal ones, we expect the
number of base functions used in the calculations to have a
limited impact on the ratio between these two conformational
transition state’s energies.

With reference to the list of stable isomers gathered in
Table 1, the minima on the curve I in Fig. 2a are all found
within a range of 0.32 kcal mol�1, with transoid conformations
favoured over cisoid ones, similarly to what is observed for
unsubstituted BT.16b On the other hand, the minima found on
the two curves corresponding to gauche arrangements of
the side chain, III and IV, are generally more stable than the
corresponding anti ones (curve I), and do not follow the
transoid vs. cisoid pattern. This is because the steric hindrance
of a side chain in gauche conformation is larger than that in
anti conformation, and dominates the torsion potential over
the thiophene–thiophene interaction. In fact, the most stable
III- and IV-like isomers are those which describe the same inter-
planar angle Y1 = yC = yA + n � 1801 (n A N) between T1 and T2,
A and C, differing by about 1801 to one another (refer to Table 1
for the actual values). The other gauche isomers (B and D) lie at
a different T1–T2 inter-planar angle (Y2) and are generally less
stable, again due to unfavourable interactions between R1 and
T2. Indeed, this interaction hampers the flexibility of the
molecule at a point that it prevents III-D and IV-D conforma-
tional isomers from being observed. The presence of these two
inter-planar arrangements (Y1 and Y2) and the low orthogonal
interconversion barriers between them plays a prominent role
in the conformational freedom of HBT, and will affect almost
every aspect of this study.

An important parameter to be considered in addition to
torsion potentials for conjugated molecules is the length and
stretching constant of the inter-ring bond. We report in
Fig. 3 this T1–T2 distance as a function of y for all three

Fig. 2 Potential energy curves computed for HBT relative to y angle (a)
and the corresponding values of a (b) and b (c) angles. All angles are
reported in degrees.

Table 1 List of all stable isomers of HBTa

Isomer E a b y

I-A +1.34 111.0 177.8 �126.3
I-B +1.40 80.2 177.8 126.5
I-C +1.57 108.5 177.8 60.9
I-D +1.66 76.6 178.2 �56.2
III-A 0.00 82.0 61.3 �123.7
III-B +0.92 62.3 60.2 119.7
III-C +0.02 78.8 61.4 58.2
IV-A +0.27 115.2 �54.9 �123.7
IV-B +1.14 86.6 �59.0 124.5
IV-C +0.41 120.8 �50.2 64.1
V-A +2.28 114.2 119.0 �106.1
V-C +2.32 109.3 120.6 75.0

a MP2/6-311G(d,p) relative energies are reported in (kcal mol�1).
Angles are reported in degrees.
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conformations of the side chain, and for unsubstituted bithio-
phene (BT). The inter-ring distance is larger for HBT, and is
mostly consistent among all minima, the only exception being
III-B with a slightly longer bond. This is in contrast to BT
minima, which systematically differ between cisoid and

transoid states. In addition, all three inter-ring distance profiles
reported for HBT oscillate within a tighter range of values
compared to BT. All these evidences further support the
dominance of the side chain interaction with both thiophene
rings over the thiophene–thiophene interaction itself (in both
its electronic and steric contributions).

After reviewing the stable arrangements of b at different
values of y, stable arrangements of y at different values of b will
be now dealt with. In Fig. 4 the torsional barrier of HBT relative
to the b angle is reported along with the corresponding plots of
a = f (b) and y = f (b). It is immediately evident that curves A and
C, which share the same T1–T2 inter-planar arrangement Y1,
show a very similar behaviour. Curves B and D, which share the
other inter-planar arrangement Y2, also behave very similar to
one another, but, unfortunately, the very low barriers of A/D
and C/B interconversion already discussed make it difficult to
obtain a converged result in certain regions of the b spectrum.
This issue led to the ample blank regions visible in Fig. 4, where
B and D curves fall, respectively, into the lower-energy wells of C
and A curves. An interesting case on this matter is that of the
missing fragments at b = 1201 on curves B and D, which in turn
are strictly bound to the behaviour of curves A and C in that
same region. It is in fact very easy to spot the two minima
labelled by the roman numeral V in the eclipsed region, where
one would expect to find maximum energy points. Despite
eclipsed conformations being usually not favoured in alkyl
chains, an almost orthogonal arrangement of T1 and T2 allows
in this case for a stabilizing interaction between several C–H
bonds of the side chain and the p-cloud of T2.52 It is not
surprising at this point to notice that V-A and V-C describe
the new T1–T2 inter-planar arrangement Y3, at, respectively,
y = �106.11 and y = 75.01, about 1801 apart from one another. It
is now clear that in spite of the fact that thiophene is not as
symmetric as say benzene, interacting alkyl moieties ‘feel’ its
p-cloud and the steric repulsion it generates, but do not
discriminate its orientation, hence the very similar relative
energy of the conformers sharing the same T1–T2 inter-
planar arrangement. It can also be noted that, similarly to the
b = f (y) plot of Fig. 2c, the y = f (b) plot of Fig. 4c consists of
nearly flat lines, which implies that the four arrangements of y
are well defined and are not heavily affected by the oscillations
of b. The task of accommodating unfavourable steric contacts is
delegated also in this case to a, which in Fig. 4b can be seen to
vary roughly within the same range of values as in Fig. 2b.

The a angle, differently from y and b, poses a somewhat
ambiguous case. No a angle outside a range of �(60 : 120)1 has
been observed so far during the investigation of the other
internal coordinates. The manipulation of this torsion angle
is made difficult by the very low barriers of interconversion
between A/D and C/B couples of minima, leading to regions in
which transoid and cisoid conformers coexist and regions
characterized by only one available y conformation. Fig. 5a
shows the theoretical potential curve associated with the
torsion of a angle in the anti arrangement of the side chain.
Gauche arrangements of the side chains are not displayed as the
strain generated by the steric repulsion between R1 and T2 for

Fig. 3 Inter-ring distance (as the length of the bond linking T1 and T2)
as a function of the inter-ring angle y. Dots indicate minimum energy
conformations for quick reference. Distances in Å, angles in degrees.

Fig. 4 Potential energy curves computed for HBT relative to b angle (a)
and the corresponding values of a (b) and y (c) angles. All angles are
reported in degrees.
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deviations of the a angle of only 10–151 from the optimum
values listed in Table 1 (a much shorter range than the
�(60 : 120)1 ‘trust range’ of the a angle itself) triggers a spurious
transition of b to anti conformation. Fig. 5b plots the corres-
ponding values of y as a function of a. Several hiatuses, all
characterized by values of the y angle approaching the 901
mark, are present in Fig. 5a. This is because in this case the
y angle is in charge for what concerns the adjustment of bad
steric contacts, and works around them by switching between
transoid and cisoid arrangements. The relative stabilization of
this switch is immediately noticeable in Fig. 5a by comparing
the energy of the two at a given point on the horizontal axis. It is
worth noting that the low A/D and C/B interconversion barriers
in Fig. 2a refer to the transition from a minimum energy
conformer to another, thus we can expect the same transition
occurring between two non-equilibrium conformations to
exploit even lower energy barriers, if at all. Another peculiar
feature of the curve in Fig. 5a is the transoid–cisoid transition
in the 1801 region of a. In this configuration, the steric
repulsion between R1 and T2 causes a strain able to assist
the switch of y from the transoid to the cisoid state and vice
versa without any interruption, making it a rather spurious
transition.

So far, twelve minimum energy conformations have been
identified for 3-hexyl-2,20-bithiophene. Four of them feature an
anti arrangement of the side chain, six of them a gauche
arrangement, and the last two a higher-energy eclipsed arrange-
ment. In order to get a more complete perspective on the energy

Fig. 5 Potential energy curve computed for HBT in conformation I of the
side chain relative to the a angle (a), and the corresponding values of the y
angle (b). Segments corresponding to transoid and cisoid arrangements
are represented in blue and red respectively. All angles are reported in
degrees.

Fig. 6 Diagram summarizing the conformational freedom of HBT. Blue curves represent y torsions, green curves represent a torsions, red ones b
torsions. The purple curve presents a spurious transition involving both a and y (see the text). Relative energies are reported in kcal mol�1.
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gaps that separate them, and on the energy barriers that 
instead connect them by the rotation of a single dihedral angle, 
all the torsion potential curves were merged in the diagram 
reported in Fig. 6. Minima are represented on an arbitrary 
energy axis, losing any geometrical information but the side 
chain arrangement (roman numerals) and the torsion angle 
associated with each transition. All conformers III and IV, 
characterized by a gauche arrangement of the side chain, are 
found to be more stable than anti ones, with eclipsed V isomers 
topping the series. Exchange/repulsion interactions and remote 
hyperconjugation phenomena between the side chain and both 
aromatic rings are at the origin of such energetic and confor-
mational motifs. Folded side chains on conformers III and IV 
accomplish a high degree of stabilization due to a network of 
intramolecular CH–p interactions which are not present in 
conformers I.27 Conformers V on the other hand, despite the 
folded geometries (similar to those of conformers III) encoura-
ging extensive CH–p hyperconjugation, are governed by the 
strong repulsion between the eclipsed methylene groups.

Conformational transition states, numbered progressively 
from TS1 to TS23, vary substantially in energy (e.g. TS4 com-
pared to TS14), but rarely exceed 5 kcal mol�1 on the relative 
axis. The isomer–isomer transitions with a lower energy barrier 
can be considered statistically more likely to occur than those 
exploiting a higher barrier. The lowest energy barriers reported 
in Fig. 6 represent the orthogonal transition states about 
the rotation of y (TS14 through TS17), and the transition 
states leading eclipsed V conformers to the corresponding 
conformers I and III, prompted by the rotation of the b angle 
(TS7 through TS10). The isomer–isomer energy gaps associated 
with each of these eight conformational transitions amount to 
more than 80% of the corresponding barrier height when one 
or both isomers have III- or IV-like arrangements (TS14, TS15, 
TS8 and TS10), and to around 60% (except TS16 at 44%) for the 
remaining cases. Because the energy gap/barrier height ratios 
associated with all other conformational transitions settle well 
below 10%, such an imbalance for the aforementioned eight 
isomer–isomer transitions is expected to steadily favour the 
lowest energy isomer. The main practical effect of this observa-
tion is that conformers B and D, along with V-like ones, can be 
assumed to represent short-lived states of HBT, which is to say, 
T1–T2 inter-planar arrangements Y2 and Y3 are easily con-
verted to Y1 arrangements without incurring in any relevant 
penalty. Nevertheless, these eight energy barriers are all found 
in a range of 1–4 times kBT at room temperature (notably lower 
than a conformational transition in linear alkanes), most likely 
providing P3AT backbones with a high degree of flexibility.

In a realistic atomistic model of an amorphous P3HT region, 
we expect polymer chains to essentially consist of a series of 
monomer units featuring a more or less distorted version of 
one of the twelve {y, a, b} minimum energy triads of angles 
listed in Table 1, a few of which are expected to be rather short-
lived as just mentioned. Intermolecular interactions with 
neighbouring chains may ultimately cause a systematic distor-
tion of minima geometries from the isolated-molecule optimal 
configurations, but it is unlikely their role will be decisive, as

stretching and compression of covalent bonds and angles
usually dominate over noncovalent interactions in the
assessment of minimum energy geometries, mainly because
of the different orders of magnitude associated with the two
phenomena. Moreover, intermolecular CH–p interactions
between aromatic and aliphatic fragments52 of adjacent chains
are found to compete with their intramolecular counter-
parts. In fact, several tests performed on isolated P3HT
hexamers at the oB97X-D/6-311G(d,p)53 level on a pruned
99 590 integration grid show that side chains in gauche arrange-
ments III and IV can not only interact with T2, but can
also easily interact with the thiophene ring beyond T2 provided
the angle between them is adequate. One should however be
careful when performing DFT calculations on larger systems, as
the potential energy surface of a molecule may differ signifi-
cantly over different computational methods. As an example,
conformer III-B of HBT does not exist as a stable isomer at the
oB97X-D/6-311G(d,p) level of theory.

Worth noting is the existence on the potential energy surface
of HBT of a few stable gauche isomers featuring a cisoid
arrangement between T1 and T2, namely III-C and IV-C. This
finding may expand our understanding of the chain-folded
morphologies experimentally observed for P3ATs54 and other
alkylthiophene-based semiconducting materials such as
PBTTT.55 Chain-folding is a phenomenon in which a polymer
chain exits and then re-enters a lamella. Because crystalline
regions consist of ordered chains, the chain-folding segments
are required to exit and re-enter the domain with a certain
angle in order to avoid unnecessary mechanical strain, and
have to connect two specific points on the domain surface, even
more so in P3AT crystals due to the directionality of the
polymer chains. Chain-folding in P3AT crystals is usually
modelled as a sequence of cis-arranged monomer units, usually
planar, whose actual count depends on the specific structural
features of the polymer.10c It is controversial whether these
chain-folds are completely randomized or are also ordered in
an aligned fashion.56 In a recent study57 on a selection of
thiophene-based semiconducting polymers, the abundance of
different s bond linkages along the backbone (e.g. head-to-tail
junctions, head-to-thieno[3,2-b]thiophene junctions) was corre-
lated with the experimental tendency of conjugated polymers to
undergo extensive chain folding (methyl side chains were used
in that circumstance). In spite of this, chain-folding pheno-
mena are still commonly believed to take place during the
growth process mostly due to entropic effects. The evidence of
unexpectedly low-energy cisoid conformations in HBT suggests
instead that chain-folding in the amorphous regions may be
favoured also enthalpically over other random coil arrange-
ments, or, at the very least, not enthalpically penalized.

It was mentioned in the Introduction that P3ATs form
semicrystalline films, crystalline domains consisting of strongly
p-stacked polythiophene chains separated by layers of aliphatic
substituents. Single P3AT chains assume a trans-planar
configuration in this phase, enhancing the conjugation of the
unsaturated bonds, although a small deviation from co-planarity
of thiophene rings is thought to be allowed at room
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temperature.58 Albeit not clearly evident, trans-planar configura-
tions of HBT have already been described in this section. Such 
configurations represent in fact transition states on the 
potential energy surface of HBT, and can be seen both in 
Fig. 2a at y = �1801 and in Fig. 6 as the y-related isomer–isomer 
transitions labelled TS19, TS20, and TS21, respectively, character-
ized by a side chain in III, I, and IV arrangement. A new series of 
torsion potential curves was therefore computed on HBT as 
already done for the previously reported ones, this time forcing 
a trans-planar configuration of T1 and T2 rings by imposing a 
constant value of 1801 for the y angle. The series of trans-planar 
isomers was labelled with the capital letter P. Results are 
summarized in Table 2 and Fig. 7.

The torsional barrier associated with the rotation about the 
a angle of trans-planar HBT is shown in Fig. 7a along with 
that of trans-planar 3-methyl-2,2 0-bithiophene (MBT), and that 
of 3-hexylthiophene (3HT) from ref. 27. In order to acquire a 
cleaner profile for HBT, its side chain was constrained to an all-
staggered arrangement at this stage, because otherwise a 
twisting motion to gauche conformations of the b angle begins 
to be noticeable beyond values of a of around �1201. MBT is 
reported here as an example of a system commonly used to 
economize on the simulation of inter-ring torsion potentials of 
P3ATs with longer side chains. Another example of a common 
substitute would be trans-planar 3-ethyl-2,20-bithiophene, 
which in this case behaves much similarly to HBT. Unfortunately, 
neither methyl- nor ethyl-substituted bithiophenes can produce 
any III- or  IV-like gauche conformation of the side chain, and 
should in general be avoided.

With reference to Fig. 7a, it is immediately evident the three 
reported profiles behave differently to one another in many 
ways. First of all, there is an order of magnitude between the 
energy barriers’ height obtained for HBT and those obtained 
for MBT and 3HT. Moreover, because of the strong steric 
repulsion between T2 and R1 (which is obviously not present 
in 3HT), the main planar isomers of HBT and MBT are found at 
a = 01, whereas at a = �1801 a high-energy relative minima and a 
conformational transition state, respectively, are found. It is 
interesting at this point to focus on the non-planar minima. 
MBT out-of-plane minima lie at a = �1201 because of their 
symmetric 3-fold torsion barrier. 3HT and MBT out-of-plane 
minima on the other hand are found, respectively, at around 
a = �751 and a = �961, the former in the typical region of III-like 
gauche conformers and the latter in the region of IV-like ones. 
This observation anticipates the main difference between the 
torsion potentials of HBT and 3HT associated with the rotation

about the b angle, reported in Fig. 7b. In this case, because of
the strong repulsion between T2 and R1, III-like conformations
of the side chains cause more strain than I-like arrangements,
resulting in the prevalence of IV-like ones in HBT. This state-
ment is further corroborated by the a = f (b) plot of Fig. 7c,
which shows that the a angle of HBT, when relaxed, oscillates
between 931 and 1031 for the most part of the b spectrum,
shifting to the 75–771 region only for arrangements of the
b angle typical of III-like isomers, as completely opposed to
what has been observed for 3HT.27

Table 2 List of all stable isomers of trans-planar HBT (y = 1801)a

Isomer E a b

I-P +0.31 97.8 172.6
II-P +2.04 0.0 180.0
III-P +0.56 76.7 62.1
IV-P 0.00 97.7 �60.8

a MP2/6-311G(d,p) relative energies are reported in (kcal mol�1). Angles
are reported in degrees.

Fig. 7 Potential energy curves computed for trans-planar HBT (y = 1801)
relative to a (a) and b angles (b), and the values of the former as a function
of the latter (c). The same curves computed for MBT and 3HT are also
shown for comparison when appropriate. All angles are reported in
degrees.
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Trans-planar arrangements I-P, III-P and IV-P of isolated
HBT are all inherently found more than 3 kcal mol�1 higher in
energy compared to non-planar isomers, but this is due to the
absence of neighbouring chains. Within the semicrystalline
bulk of thin films, the stabilizing intermolecular interactions
between planar self-assembled layers outdo the non-specific
interactions between non-planar backbones in the amorphous
phase. Indeed, a temporary, slight loss of co-planarity would
not result in major enthalpic penalties as far as p-stacking is
concerned, while allowing for a more comfortable transition
between different side chain arrangements. Moreover, the level
of theory employed for this investigation has been reported to
overestimate the energy of co-planar transition states in bithio-
phene,16b,32 so that the ‘toll’ for co-planarity may not be as high
as depicted in this report. In order to fully appreciate the
magnitude of such complex morphological changes, the
chemical environment of the polymer chains must be modelled
explicitly to some extent.

Concluding remarks

In the present study, the conformational stability of a mono-
substituted bithiophene molecule was investigated through
first principles quantum mechanical means in order to provide
better insights into the intrinsic flexibility of regioregular
poly(3-alkylthiophenes)’ chains. Both fully-relaxed and trans-
conjugated arrangements were taken into account, modelling
polymer chains within the amorphous interlamellar environment
and within the limit-ordered crystalline domains, respectively.
The aliphatic substituent is found to play a non-negligible role
in the energetic and geometrical aspects of bithiophene. All the
conformational motifs discussed herein can be extended to other
polymeric materials containing an alkylthiophene unit connected
in position 2 to a generic aromatic ring, as no evidence of specific
interactions involving sulphur atoms was detected. The salient
conclusions drawn from this study follow.

(1) The inter-ring torsion potential of isomers of 3-alkyl-2,2 0-
bithiophene characterized by a side chain in anti arrangement
is similar to that of unsubstituted 2,20-bithiophene, i.e.
dominated by thiophene–thiophene interactions favouring
transoid over cisoid configurations. Instead, folded side chains
(with the b angle in a gauche conformation) interact strongly
with the adjacent thiophene ring, resulting in a set of homo-
logous transoid–cisoid couples of isomers whose energetic
aspects are ultimately determined by the angle between the
planes described by the two aromatic rings (at y + n � 1801,
n A N) regardless of the specific orientation.

(2) Isomers with folded side chains are generally more stable
than isomers with extended side chains. This is due to a
network of CH–p hydrogen-bond-like intramolecular inter-
actions between the methylene groups of the side chain and
the p electrons of thiophene rings.

(3) Surprisingly stable isomers with a cisoid (non-planar)
inter-ring configuration do exist, suggesting that chain-folding
phenomena at the surface of crystalline domains of P3HT are

not as much enthalpically penalized as they are commonly
thought to be.

(4) As observed from gas phase calculations on a series of
(3HT)n oligomers, intramolecular CH–p interactions within
each polymer chain may effectively compete with intermolecular
CH–p interactions with neighbouring chains. In particular,
extended side chains favour intermolecular interactions and give
rise to transoid-arranged sequences of consecutive monomers,
mostly, while folded side chains promote auto-interaction and
give mostly rise to cisoid-arranged sequences.

(5) Constrained trans-planar inter-ring configurations of
3-alkyl-2,20-bithiophene have been used to model conjugated
chains within the crystalline domains. In these circumstances,
side chain energetics are found to be dominated by the strong
repulsive interaction with the hydrogen atom in the 30 position.
As a consequence, the least strained arrangements of the side
chain lie within a tight range of values of 98 � 51 on the
a spectrum. This makes folded IV-like and fully-extended I-like
conformations the most favourable.
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