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ABSTRACT: The stability of poly(3-hexylthiophene) (P3HT) heli-

cal structure has been investigated in vacuo and in amorphous

polymer surrounding via molecular dynamics-based simula-

tions at temperatures below and above the P3HT melting point.

The results show that the helical chain remains stable at room

temperature both in vacuo and in amorphous surrounding,

and promptly loses its structure at elevated temperatures.

However, the amorphous surrounding inhibits the destruction

of the helix at higher temperatures. In addition, it is shown

that the electrostatic interactions do not significantly affect the

stability of the helical structure. VC 2016 Wiley Periodicals, Inc.

J. Polym. Sci., Part B: Polym. Phys. 2016, 54, 2448–2456

KEYWORDS: atomistic models; computer simulation; molecular

dynamics; organic photovoltaics; P3HT

INTRODUCTION Solar energy is considered as one of the most
promising sources of renewable energy. The use of photovol-
taic cells has a number of significant advantages compared to
other methods for solar power conversion. These include
direct conversion of incident light into electricity, variety of
component bases, as well as well-developed processing tech-
niques.1–3 However, there are some major shortcomings, in
particular, the extreme toxicity of starting materials and high
production costs of both the solar cells and power stations
based on them.4,5 Recent studies have suggested ways to
overcome these limitations by developing new technologies
such as using semiconducting conjugated polymers as the
basis for organic photovoltaics.6,7 Such solar cells are light-
weight and flexible, their production involves the use of less
toxic materials and it can be carried out using large scale roll-
to-roll-based processing techniques, resulting in substantial
cost savings.

Regioregular poly(3-hexylthiophene) (P3HT) is a semicon-
ducting conjugated polymer commonly used in organic elec-
tronics.8–11 P3HT-based composites filled with fullerene C60
and its derivatives, such as phenyl-C61-butyric acid methyl
ester (PCBM), have proved to be one of the most promising

materials for the production of organic photovoltaic
cells.12,13 The primary reason for this is the presence of a
donor–acceptor interface between the polymer and PCBM
components which leads to the formation of a bulk
heterojunction-based morphology. The efficiency of such
solar cells essentially depends on the structure of polymer
binder within the region of contacts with the filler. This is
due to the fact that when introducing the filler into the poly-
mer matrix, both materials must provide “a continuous path”
for electron and hole transport to the respective electrodes,
to ensure efficient photocurrent generation.

The structure of a bulk P3HT sample is a combination of
crystalline and amorphous domains, which is typical for
semicrystalline polymers. Conductivity is provided by crys-
talline regions, as the conjugation in these regions is ensured
not only along the separate P3HT chains, but also between
the neighboring molecules. The most common representation
of the P3HT crystalline domain structure is believed to be
layers of parallel P3HT chains in elongated conforma-
tion.14–17 However, Kiriy et al.18 based on the analysis of UV–
vis spectra of regioregular polyalkylthiophenes solutions,
suggested the potential existence of the helical conformation
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of P3HT chains. As the crystalline domain structure signifi-
cantly affects the efficiency of organic solar cells, this study
aims to determine whether P3HT can exist in a helical con-
formation in bulk polymer systems.

According to the estimates given by Corish et al.,19 a polythio-
phene single chain in its lowest energy state adopts an all-
antiplanar conformation. An all-syn helix is slightly higher in
energy. The interconversion of these structures is hindered by
the presence of an energy barrier of �25 kcal/mol. Additionally,
we have evaluated energies of oligo-3HT with polymerization
degree Np5 8 in all-syn and all-anti conformations using the
HF/STO-3G quantum chemical method. Energies for both
conformers were found to be quite close to each other
(difference was not more than 10 kcal/mol). Thus, we concluded
that P3HT chain can undergo transition between planar and
helical conformations at elevated temperatures.

In the following section, the methodology of the imple-
mented computer simulations is described, as well as the
methods and the results from the model verification. The
third section contains the comparison of the obtained results
and their discussion. The main conclusions from this work
are summarized in the last section.

SIMULATION DETAILS

We aimed to probe the interactions between the polymer
surrounding and an individual molecule present in the heli-
cal conformation and hence use an approach based on atom-
istic molecular dynamics. Such simulations enable us to
observe the time evolution of a single chain in a helical con-
formation and investigate the influence of temperature, elec-
trostatic interactions, and presence of the amorphous
surrounding separately.

The inclusion of partial charges in the model and their influ-
ence on the stability of the macromolecular conformation

represent separate tasks. Electrostatic interactions need not
always be taken into account. Their effects strongly depend
on the target properties of polymer systems. Even in the
presence of strong polar groups, molecular-dynamics simula-
tions in absence of the partial charges still correctly repro-
duce the structural properties of the studied systems,
although it occasionally lead to incorrect determination of
thermal characteristics.20–22

To investigate the stability of a P3HT chain in helical confor-
mation, atomistic molecular dynamics simulation is per-
formed using the GROMACS software package,23,24 that is
widely used for studying the structure and properties of
polymers such as P3HT.25,26 The structural formula of P3HT
repeat unit is shown in Figure 1.

The initial helical conformation of a P3HT chain with degree
of polymerization Np5 70 was generated using the Build
Polymer module of Materials Studio software package.27 This
degree of polymerization provides a sufficient number of
turns within the helix. The angle of rotation between repeat
units is fixed at 08, which enabled us to obtain a helical all-
syn conformation similar to the structure proposed by Kiriy
et al.18 (Fig. 2). The energy of the initial chain configuration is
minimized using the Discovery module of Materials Studio.
The starting structures obtained after the energy minimiza-
tion are then used to carry out the MD simulations.

Initially, a simulation box containing one P3HT helical chain
in vacuo was set up. Then the chain was placed in an amor-
phous polymer surrounding, consisting of 27 P3HT mole-
cules with a degree of polymerization Np5 40 each. This
degree of polymerization is large enough as it corresponds
to the polymer regime and is routinely used in simula-
tions.28–30 The degree of polymerization of the P3HT chains
in the amorphous phase is chosen to be lower than that of
the helical chain, as a larger degree of polymerization leads
to a significant increase in equilibration time of the amor-
phous surrounding and thus, increases the overall computa-
tional time. All our simulations are carried out using three-
dimensional periodic boundary conditions.

The interactions in the systems under investigation were
described by Gromos53a5,31 Optimized Potentials for Liquid
Simulations-All Atom (OPLS-AA),32,33 and Amber99sb34 force
fields. The Gromos force field was selected due to its suc-
cessful application to the simulations of heterocyclic poly-
mers in our previous studies20–22; whereas, the OPLS-
AA35–37 and Amber38–40 force fields are widely used in atom-
istic simulations of polythiophenes.

In all the force fields, potential energy is the sum of the
bond stretching energy, the deformation energy of the bond
angles and the angles of internal rotation, as well as the
contributions responsible for the volume and electrostatic
interactions. LINCS algorithm41 is used to maintain the speci-
fied values of bond lengths, bond angles, and angles of inter-
nal rotation. The electrostatic interactions were calculated
using the Particle Mesh Ewald (PME) method.42,43

FIGURE 1 The structure of the P3HT repeat unit. Numbers

denote the partial atomic charges calculated for Gromos53a5

force field. Numbers in parentheses correspond to the partial

charges of hydrogen atoms attached to the respective carbon

atoms.
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Recent simulations of P3HT and P3HT-based systems show
that the accuracy of calculations may depend on the quality
of the torsional term between neighboring thiophene
rings,44,45 especially in case of calculations of spectral prop-
erties of the studied systems. The value of torsional barrier
proposed by Winands et al.44 and B€ockmann and Doltsinis45

is close to 2 kcal/mol and it was also shown that using the
Gromos43a5 parameters lead to stiffer potentials.45 We have
estimated the effective torsional potential between adjacent
thiophene rings in our simulations and found the potential
barrier to be close to 4 kcal/mol which is slightly higher
than that proposed by Winands et al.44 However, the results
corresponding to the structural properties of P3HT seem to
be less sensitive to the rigidity of the dihedral angle between
neighboring thiophene rings compared to the calculation of
UV-spectra. This conclusion is further affirmed by obtaining
good agreement between the simulated and experimental
values of Kuhn segment length as will be shown in the fol-
lowing sections.

Partial charges for P3HT atoms within the Gromos force field
were calculated using the quantum-chemical Hartree-Fock
method with basis set 6-31G* and Mulliken approach (HF/6-
31G*(Mulliken)). The Hartree–Fock approach is the standard
calculation method for the Gromos force field.31 Furthermore,
it has been shown via simulations of thermal properties of
thermoplastic polyimides that the combination of this particu-
lar method with the Mulliken method for calculating the partial
charges enables to obtain the best agreement between comput-
er simulations using the Gromos force field and experimental
data.21,22 The calculated values of the partial atomic charges
are shown in Figure 1. Partial charges for the OPLS-AA force
field were taken from the atomistic model developed by Huang
et al.46 For the parameterization of electrostatic interactions in
the Amber force field an applied quantum–chemical method
HF/6-31G* (RESP) has been used.47,48

The MD simulations were carried out at a constant pressure
of 1 atm and at three different temperatures: 300 K, 425 K,

and 600 K. The P3HT melting point is about 513 K,49–51

meaning that room temperature corresponds to the glassy
state, and 600 K corresponds to the melt. The temperature
of 425 K was selected according to the thermal annealing
protocol used in experiments for P3HT:PCBM blends.52,53

The average temperature and pressure values are maintained
at a constant value by employing the Berendsen thermostat
and barostat with time constants sT 5 0.5 ps and sP 5 0.1 ps,
respectively.54

To estimate the characteristic simulation time required to
reach the equilibrium state and to verify the conformity of
the simulation model with the real system, the simulation of
the amorphous P3HT sample (the box containing 27 P3HT
molecules consisting of 40 repeat units each) was carried
out at 600 K. Randomly coiled chains were distributed in a
large enough cubic box followed by MD simulation for about
1.5 ls.

The time dependence curves of the simulated chain mean-
square end-to-end distance Hend-to-end and the radius of gyra-
tion Rg are shown in Figure 3 for the systems without partial
charges. Time dependence curves of simulated Hend-to-end

and Rg values calculated for the systems with electrostatic
interactions differed very little from those obtained without
electrostatic interactions.

As these values reach a plateau after a simulation time of
about 500 ns while using the Gromos force field, the system
can be considered equilibrated after this simulation time.
The values of Hend-to-end and Rg in case of the Amber force
field reach the same level as in the Gromos. However, for the
OPLS-AA force field no significant changes in the size of the
chains were observed during the whole simulation. Thus, it
can be assumed that the system is almost “frozen” even at a
temperature of about 600 K while using the OPLS-AA force
field indicating clearly that the model based on this force
field describes the studied systems inadequately. To test the
validity of this observation, a comparison of the calculated

FIGURE 2 The initial configuration of a P3HT helical chain: (a) side view and (b) top view. Sulfur atoms are shown as big spheres

to improve the visibility of the structure.
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sizes of the chains and the values predicted theoretically was
carried out.

The estimated ratio of the squared average end-to-end dis-
tance to the squared average gyration radius

rsim5
H2
end-to-end
R2
g

calculated after equilibration (see horizontal regions in
Fig. 3) for the Gromos, Amber and OPLS-AA force fields is
very close to the value expected for a melt of infinitely long
chains rtheor 5 6.55,56

The persistence length and the Kuhn segment of P3HT
chains were also calculated using a Kratky-Porod worm-like
chain model. For chain sizes (the radius of gyration Rg and
the end-to-end distance Hend-to-end), the contour (L), and per-
sistence (lp) lengths the following relations are well
known:57

hR2
gi5

Llp
3

-l2p1
2l3p
L

12
lp
L

1
lp
L
e2L=lp

� �
(1)

hH2
end2to2endi52lpL 12

lp
L

12e2L=lp
h i� �

(2)

We have calculated the contour length L5 15.4 nm of a
P3HT chain with Np5 40 degree of polymerization using the
Visual Molecular Dynamics (VMD) visualization package. The
average values of P3HT chain sizes obtained by averaging
the instantaneous system configurations for the last 200 ns
of simulation are represented in Table 1. In the Table, the
values of the persistence length and the Kuhn segment are
also shown, calculated by substituting the obtained values of
hR2

gi and hH2
end2to2endi to eqs 1 and 2, and by numerical solu-

tion of these equations for the Gromos, Amber, and OPLS-AA
force fields. Comparison of these results with the experimen-
tal data, obtained by McCulloch and Ho (Aexp5 66 1 nm)58

and Yakimansky et al. (Aexp5 6.06 0.6 nm from rotational
friction experiments and Aexp5 6.76 0.7 nm from transla-
tional friction experiments),59 suggests that the flexibility of
P3HT chains is highly overestimated when using the OPLS-
AA force field. This fact confirms the earlier assumption that
the model based on this force field describes the studied sys-
tems inadequately. At the same time, for the Gromos force
field, good agreement between the simulation results and
the experimental data is observed. The values of the Kuhn
segment obtained using the Amber force field are slightly
lower when compared to the experimental values. Thus, the
Gromos and Amber force fields were selected for the main
part of this study.

In the computer simulations, the Kuhn length value Asim is
calculated using the results from amorphous systems in a
melt where P3HT chains can attain any conformation. Simi-
larly, the experimental value of A is also determined for dis-
ordered systems (solution in theta-solvent58) where all
possible conformations can coexist.

FIGURE 3 Time dependence of the chain mean-square end-to-

end distance (Hend-to-end) and radius of gyration (Rg) for the

Gromos (a), Amber (b), and OPLS-AA (c) force fields without

electrostatic interactions.
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The presence of helical forms in solutions has been con-
firmed using experimental spectroscopic data.18 We note
that the Kuhn segment length A determined for pure planar
or helical conformations of P3HT chain in solution can be
higher than that for a random coil due to the presence of
strong correlation between positions of monomer units in
ordered structures.

The main simulation that was carried out after the verifica-
tion of the model and selection of the force field consisted of
several stages. First, simulation of the box containing one
P3HT chain in a helical conformation in vacuo was per-
formed without electrostatic interactions at T5 300 K (with-
in 1 ns), T5 425 K (10 ps), and T5 600 K (10 ps). As it was
mentioned earlier, the room temperature corresponds to the
glassy state of P3HT, T5 600 K essentially exceeds the P3HT
melting point of 513 K,49–51 and the temperature of 425 K
corresponds to when the annealing of P3HT:PCBM blends is
carried out.52,53 Then the P3HT helical structure was sur-
rounded by 27 P3HT chains consisting of 40 repeat units
each. To equilibrate the amorphous surrounding and alkyl
“tails” of the helix, simulation of the system was carried out
at T5 600 K for 100 ns with a fixed position for the aromat-
ic rings of the helix. Following that, simulation of helical
structure with no constraints on the aromatic rings was per-
formed in amorphous surrounding at temperatures of 300 K,
425 K, and 600 K, respectively both with and without elec-
trostatic interactions.

RESULTS AND DISCUSSION

From the MD simulations of a box comprising of one P3HT
chain in helical configuration in vacuo using the Gromos
force field, it is seen that at high temperatures (425 K and
600 K) the helical structure collapses within 10 ps of simula-
tion, but at room temperature it remains stable for about
1 ns (Fig. 4).

The P3HT chain surrounded by amorphous polymer retained
its initial helical shape at 300 K for up to 1 ls of simulation
using the Gromos force field (Fig. 5). At 425 K and 600 K,
the helical structure collapsed, however, at 600 K the
destruction occurred in less than 100 ns whereas at 425 K it
took more than 100 ns. As, in vacuo, the chain lost its helical
shape in less than 10 ps, one can say that the amorphous
surrounding effectively stabilizes the structure of the P3HT
chain.

Similar simulations were carried out for the P3HT chain in a
helical conformation in amorphous surrounding including
electrostatic interactions. Typical snapshots of P3HT chain
after 1 ls of simulation at 300 K and after 100 ns at 425 K
and 600 K with and without electrostatic interactions indi-
cate that they have no major difference (Fig. 6).

For the P3HT chain in a helical conformation, the same simu-
lation (in vacuo and in amorphous surrounding with and
without electrostatic interactions) was performed using the

TABLE 1 Values of hR2
gi, hH2

end2to2endi, the Persistence Length and the Kuhn Segment of P3HT Chains for the Gromos, Amber, and

OPLS-AA force fields

hR2
gi (nm2) hH2

end2to2endi (nm2) l
ð1Þ
p (nm) l

ð1Þ
p (nm) Asim 5 2lp (nm)

Gromos53a5 8.8 66.9 2.78 2.61 5.3 6 0.2

Amber99sb 8.4 54.8 2.05 2.55 4.3 6 0.5

OPLS-AA 2.6 18.6 0.57 0.61 1.18 6 0.04

FIGURE 4 Typical snapshots of P3HT chains in vacuo after simulation using the Gromos force field at (a) 300 K for 1 ns, (b) 425 K

for 10 ps, and (c) 600 K for 10ps. Sulfur atoms are shown as big spheres to improve the visibility of the structure.
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Amber force field. It was found that after 250 ns of simula-
tion at elevated temperatures of 425 K and 600 K with and
without electrostatic interactions, the helical structure did
not change substantially in comparison with the initial con-
figuration. However, the temperature of 600 K significantly
exceeds the P3HT melting point which is about 513 K,49–51

thus suggesting the absence of any crystalline behavior. As a
result, the accuracy of describing P3HT with the Amber force
field requires additional investigation which is beyond the
scope of this work. Therefore, we mainly focused on the
results obtained using the Gromos force field.

Autocorrelation Function C(k)
For the numerical description of the destruction process of
the P3HT helical structure, the autocorrelation function C(k)60

between the vectors connecting sulfur atoms separated by k
repeating units of the chain (Fig. 7) has been calculated as

C kð Þ5 1
N2k

XN2k

i51

didi1kð Þ
jdijjdi1kj

where di is the vector connecting the ith and (i21)th sulfur
atoms.

Function C(k) is the average of the normalized inner product
of the ith and (i1 k)th connecting vectors. The period of this
function corresponds to the number of repeating units in a
single turn of the helix. Increase in the period and decrease
in the magnitude of the peaks at elevated temperatures dis-
play the changes in the helical structure.60 As shown in Fig-
ure 8, at the temperature of 300 K C(k) does not undergo
any changes during 100 ns of the simulation, both with and
without electrostatic interactions, indicating the stability of
the structure. Without electrostatic interactions, the peak
heights are slightly reduced at 425 K. At 600 K, not only the
heights of the maxima, but the period of the function C(k)
varies significantly as well. Taking into account the electro-
static interactions at elevated temperatures of 425 K and
600 K still leads to (less significant) changes in the period
and height of the peaks one can conclude that the inclusion
of electrostatic interactions slightly inhibits the process of
destruction of a helical structure.

Time dependence of the absolute values of C(k) averaged
over intervals of 10 ns were also calculated (Fig. 9). The val-
ues of h|C(k)|i were normalized to the initial value of the
function C0(k).

FIGURE 5 Typical snapshots of P3HT chains in amorphous polymer surrounding after simulation using the Gromos force field at

(a) 300 K for 1 ls, (b) at 425 K for 100 ns, and (c) at 600 K for 100 ns without electrostatic interactions.

FIGURE 6 Typical snapshots of simulated P3HT chains in amorphous polymer surrounding using the Gromos force field at (a)

300 K for 1 ls, (b) at 425 K for 100 ns, and (c) at 600 K for 100 ns with electrostatic interactions.
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As shown in Figure 9, the value of h|C(k)|i remains constant
during the simulation time at 300 K without including elec-
trostatic interactions. At the same temperature of 300 K with
electrostatic interactions, h|C(k)|i still does not change with
time, but the value of h|C(k)|i is lower than that in the sys-
tem without any electrostatic interactions. This difference
may indicate a slight influence of partial charges on the spa-
tial arrangement of the atoms within the helical chain. At
elevated temperatures of 425 K and 600 K, a decrease in the
value of h|C(k)|i is observed that may be associated with the
destruction of the helical structure.

Distribution of Distances Between Nearest Sulfur Atoms
W(r)
To study the influence of partial charges on the stability of
helical structure, the distance distribution between sulfur
atoms from neighboring turns of P3HT chain in helical con-
formation has been investigated. First, the distances r
between all the pairs of sulfur atoms from neighboring turns
were calculated. Then, the normalized distribution of these
distances W(r) was produced (Fig. 10).

The results obtained (Fig. 10) show that a P3HT chain in a
helical conformation remains stable at room temperature
and loses its shape at an elevated temperature of 600 K
within the simulation time. Despite the fact that the snap-
shots do not show any differences between the structure of
the helix at 300 K and 425 K, the graphs clearly indicate
that at 425 K the structure of the chain has become less sta-
ble, although it does not seem to undergo any visible change
during 100 ns of simulation.

CONCLUSIONS

By means of atomistic molecular dynamics-based simula-
tions, the stability of P3HT helical structure is studied at
room temperature of 300 K and at temperatures above

FIGURE 7 The schematic representation of sulfur atoms from

two turns of the helical P3HT chain. di are the vectors connect-

ing the neighboring sulfur atoms in the chain.

FIGURE 8 The autocorrelation function C(k) calculated for

P3HT chain in a helical conformation surrounded by the amor-

phous polymer at the beginning of simulation and after 100 ns

of simulation at 300 K, 425 K, and 600 K (a) without and (b)

with electrostatic interactions.

FIGURE 9 Time dependence of hjCðkÞji normalized to its initial

value at 300 K, 425 K, and 600 K, calculated for systems with

and without electrostatic interactions.
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(600 K) and slightly below (425 K) the P3HT melting point
both in vacuo and in amorphous polymer surrounding, with
and without electrostatic interactions.

The Kuhn length calculated using the OPLS-AA force field
turned out to be small when compared to the values
obtained from experimental studies. The Kuhn segment
lengths obtained using the Gromos and Amber force fields
are in good agreement with experiments. However, while
using the Amber force field at temperature above the P3HT
melting point, a “frozen” structure is observed. Thus, the
description of P3HT using the Gromos force field seems
most appropriate.

P3HT helical structure remained stable at room temperature,
regardless of the presence of the amorphous surrounding or
addition of the electrostatic interactions. Increase in temper-
ature has a significant effect on the stability of the structure:

P3HT chain loses its helical shape at elevated temperatures
of 425 K and 600 K. However, the destruction of the struc-
ture in the presence of the amorphous surrounding took a
significantly longer time when compared to the vacuo simu-
lations. Thus, the amorphous surrounding is able to inhibit
the destruction of helical structure. The electrostatic interac-
tions do not seem to substantially affect the stability of the
P3HT helical structure.
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