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a b s t r a c t

Low-dimensional Poly 3-hexylthiophene-2,5-diyl (P3HT) structures that serve efficient exciton dissoci-
ation in organic solar cells, play a major role in increasing the charge collection, and hence, the efficiency
of organic devices. In this study, we theoretically and experimentally investigate the Dichlorobenzene
(DCB)-assisted formation of P3HT nanowires. Our experiments show that the solution of DCB molecules
drive randomly oriented P3HT polymers to form well-stacked nanowires by stabilizing tail-tail and p�p

interactions. Here the question is how DCB molecules migrate into the P3HT layers while forming the
nanowire structure. Our density functional theory-based calculations reveal that the vertical migration of
the DCB molecules between P3HT layers is forbidden due to a high energy barrier that stems from strong
alkyl chain-DCB interaction. In contrast to vertical diffusion, lateral diffusion of DCB molecules in be-
tween P3HT layers is much more likely. Our results show that migration of a DCB molecule occurs
through the alkyl groups with a low energy barrier. Therefore, laterally diffused DCB molecules assist
nucleation of top-to-top stacking of P3HT polymers and formation of well-ordered nanowires.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, thiophene-based polymers became an area of
interest due to their important properties such as fusibility [1] and
good solubility [2]. Tunability of their structural, electronic, optical
and transport properties by changing the length of side chains [3,4],
temperature [5e8], molecular weight [9e15], and crystallization
techniques [16,17] are some advantages for their applications.
Moreover, thiophene-based semiconductor polymers are also
promising materials for applications in organic electronics [18,19]
due to their unique opto-electronic properties. Among these
polymers, 3-hexylthiophene (P3HT) is widely studied due to its
relatively higher carrier mobility [20e22]. Applications of P3HT
polymers are important in light-emitting diodes [23], thin film
transistors [24] and organic solar cells [25]. In addition, P3HT
polymers are excellent components in photovoltaics due to their
high compatibility with inorganic materials such as TiOco2 [26,27],
lsarticle package on CTAN.
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ZnO [28], and carbon nanotubes [29]. In the solar cell applications,
P3HT-based solar cells have reached power conversion efficiencies
of about 5% [30].

Some experimental studies on P3HT polymers clarify important
unknowns about the assembly of these polymers. Prosa [31] et al.
reported the P3HT self-assembling in solution by orienting the
microcrystalline domains ranging between 10 and 50 nm. In
addition, Prosa [32] et al. and McCullough [33] et al. claimed that
P3HT in crystalline form consists of stacked planar polymer mole-
cules. It was also reported that when a poor solvent is added on the
polymer solvent, p� p stacking of polymer backbones is formed by
diffusive motion of poor solvent molecules [34] and van der Waals
interaction between the alkyl side chains plays an important role in
diffusion. Moreover, theoretical studies confirmed the lamellar
structure of P3HT nanowires by atomistic simulations [35e38]. In
the theoretical study by Maillard [35] et al., the energy comparison
of some stacking configurations were reported by first-principles
calculations based on density functional theory (DFT). Mainly two
different stackings were under consideration and at zero temper-
ature the energy difference between the two stackings of P3HT
layers is quite small [35]. In another study byMelis [39] et al. it was
pointed out that the p�p interaction has the main contribution in
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P3HT self-assembling. P3HT assembling at finite temperatures was
also considered by using model-potential molecular dynamics
(MPMD) simulations.

Very recently, we have experimentally shown [40] that the so-
lution of DCB molecules drive randomly oriented P3HT polymers to
form well-stacked nanowires by stabilizing tail-tail and p�p in-
teractions. However, how P3HT nanowires are formed at atomic
level is still an open-question. In this study, by performing both
experiments and ab initio calculations we investigate the role of
DCB poor solvent in the formation of well-ordered P3HT nanowires
from randomly ordered bulk P3HT phase.

The paper is organized as follows: In Sec. 2 both experimental
and computational methodologies are given. The structural anal-
ysis is explained in detail experimentally and theoretically in Sec. 3.
Theoretical results of the lateral and vertical migrations of a DCB
molecule are given in Sec. 4.1 and Sec. 4.2, respectively. Finally, we
summarize our results in Sec. 5.

2. Methods

2.1. Experimental details

The regioregular poly (3-hexylthiophene-2,5-diyl) (rr-P3HT)
and the solvent of anhydrous 1, 2-DCB (99%) were purchased from
Sigma-Aldrich, USA. For morphology studies, mica substrates
(Grade V-4) were purchased from SPI Supplies (Catalogue number
1869-CA and Lot number 1170203).

Ambious Technology Q-Scope 250 instrument was performed in
non-contact mode (tapping mode) at room temperature for topo-
graphic data. The Atomic Force Microscopy (AFM) images were
obtained by using an oxide-sharpened silicon nitride cantilever
with a spring constant of 48 N/m and resonance frequency of
180 kHz. The images were obtained in high spatial resolution
(>7 nm tip radius). Finally, the images were analyzed by using a
freeware scanning electron microscope tool of WSXM software
(Nanotec Electronica SL).

Formation of P3HT nanowires was achieved as follows: 20 mg/
ml (2% w/v) of bulk P3HT was dissolved in 1, 2-DCB in glass vial and
stirred at 45 �C for 3 h. After dissolving the polymers completely,
the solution was cooled down slowly to room temperature. Nano-
wire formation was performed in the solution. Firstly, temperature
of the solution was decreased gradually from 27 �C to 0 �C with the
rate of 4 �C/min, then the temperature was fixed at 0 �C. 10 ml P3HT
solution was spin coated immediately on mica substrates at
4000 rpm for 1 min. Different spin-coated film samples were
produced at certain time intervals of 15 min and 30 min, and 24 h
after the preparation of the solution. The morphology of the films
was examined by AFM.

2.2. Computational methodology

Simulations on migration of DCB molecule on two dimensional
periodic P3HT layer were performed by using the SIESTA (Spanish
Initiative for Electronic Simulations with Thousands of Atoms)
[41,42] package based on DFT [43]. The code calculates the total
energies and atomic forces of the simulated structure using a linear
combination of atomic orbitals as the basis set. In all the calcula-
tions local density approximation (LDA) [44] was used for the ex-
change and correlation potential as parametrized by the Ceperley
and Alder functional [45]. The interactions between electrons and
core ions were simulated with separable Troullier-Martins [46]
norm-conserving pseudopotentials. The convergence criteria of
0.04 eV/Å and 10�4 eV were considered for the forces and for the
total energies in the self-consistency cycles, respectively. The
electrostatic potentials were determined on a real space grid with a
mesh cut off energy of 500 Ry. The geometry relaxation of the
structures was performed by considering a 2 � 2 supercell con-
taining eight P3HT monomers.

The minimum energy of P3HT layer was calculated for various
lattice constant values and the pressure in all directions was
decreased to a value smaller than 1 kBar. The Brillouin zone inte-
gration was performed by using a set of 2 � 2 � 1 Monkhorst-Pack
k-point sampling scheme. For the lateral migration process, all of
the atoms forming the DCB molecule were fixed in lateral di-
rections. In the case of vertical migration simulation, one of the C
atoms, bound to the Cl atomwas fixed along the vertical coordinate.
The smearing parameter was taken as 0.01 for density of states
calculations. All the calculations were performed in spin-
unpolarized mode since the considered structures are non-
magnetic. The binding energy per cell was calculated using the
formula;

Ebind ¼
h
nEmonomer � Eperiodic

i
(1)

where n is the number of P3HT monomers in a unitcell while the
Emonomer and Eperiodic are the total energies for P3HT monomer and
for its 1D or 2D periodic forms.
3. Structural analysis by atomic force microscopy

In this part, the effect of incubation time at 0 �C on P3HT
nanowire formation was investigated. For this purpose P3HT so-
lutionwas prepared in DCB as described in Sec. 2(A). P3HT solution
was spin coated on mica substrates at certain time periods. Fig. 2
demonstrates the time variation of the surface morphology of
P3HT polymers, and Table 1 summarizes the average roughness,
Sa, root-mean-square roughness, Sq and the average height Sz of
the films. According to the topographic measurements, the
average roughness value of bulk P3HT is 1.16 nm. In the following
incubation times, the average values are Sa-15min: 0.66 nm, Sa-
30 min: 0.62 nm and Sa-24 h: 0.87 nm whereas the root mean
square values are Sq-bulk: 1.48 nm, Sq-15min: 0.82 nm, Sq-30min:
0.78 nm and Sq-24 h: 1.09 nm. The variation of roughness values
reflects the morphological change during the incubation time.
Bulk P3HT (see Fig. 2(a)) at room temperature, forms dot-like
P3HT islands with 120 ± 10 nm diameter and 3 ± 0.5 nm height
on the surface. When the solution temperature is decreased to
0 �C, the size of dot-like islands is decreased to 60 nm resulting in a
smoother morphology for both 15th minute and 30th minute
samples. Besides this, at the 15th minute the first stage of for-
mation of P3HT nanowires begins to appear like a bridge between
P3HT-islands. The length of the short wires are 140 ± 20 nm and
the diameters are varying between 20 nm and 40 nm. At the 30th
minute, the dense network morphology is acquired by increasing
the number of wires. Furthermore, length of some wires reach to
350 nm. In spite of the change in the morphology and length of the
core-nanowires, there is no significant change in the diameter
distribution. That result indicates that the free P3HT polymers
have a tendency to join from the tip of the nanowire. At the end of
24 h, the whole surface is covered by P3HT nanowires and the
islands of bulk structure is inconspicuous. The length and diam-
eter of nanowires are about 600 nm and 40 ± 10 nm, respectively.
The results point that the nucleation of nanowires begins at 0 �C in
the 15th minute. The initiated core-nanowires connect the islands
behaving like a bridge.

The experimental details of the formation of DCB-assisted P3HT
nanowires were discussed in the previous section. Our main goal is
to clarify the migration mechanism of DCB molecules into bulk
P3HT structure at the atomic scale. For this purpose, here we



Table 1
Surface properties of P3HT film topographies after the incubation period.

P3HT Structure RMS Roughness (nm) AVG Roughness (nm) AVG Height (nm)

Bulk-P3HT 1.48 1.16 4.83
15 min at 0 �C 0.82 0.66 2.97
30 min at 0 �C 0.78 0.62 2.21
24 h at 0 �C 1.09 0.87 2.95
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perform first principles based DFT calculations on geometry re-
laxations for P3HT structures by considering periodic, rectangular-
shaped unitcells for molecular, one-dimensional and two-
dimensional structures.

The calculated binding energy per P3HT monomer, when two
P3HT monomers bind from thiophene sites in vacuum, is 3.08 eV.
The bonded P3HT pairs form one-dimensional conjugated back-
bones with a binding energy of 3.77 eV/molecule. The calculated
lattice constant for this 1D structure is 7.73 Å which is in agreement
with the experimental value [31] and the width of conjugated
backbone is 19.93 Å that is also consistent with the reported value
[47]. After forming a 1D-polymer structure, P3HT polymers prefer
to form a 2D periodic monolayer by nesting from alkyl sides. The
binding energy per molecule for 2D monolayer is calculated to be
377 meV per molecule. The values of 7.85 Å and 13.43 Å are
calculated for the lattice parameters a and b, respectively which are
in agreement with previously reported values [48]. In the next
sections, we clarify how the DCB molecules migrate into the P3HT
domains and form the well-ordered P3HT layers.
4. Diffusion of DCB molecule in P3HT

To clarify the role of DCB molecule through these structures, we
first relax the DCB molecule in vacuum. Then for the interaction
with P3HT layers the favorable interaction sites for DCB were
investigated.

Geometry relaxation of DCB molecule indicates that it has a
planar shape in which 4-H atoms and 2-Cl atoms are bonded to a
benzene ring from each C-atom (see Fig. 1). In order to figure out
the possible migration paths of DCB on a 2D P3HT layer, three main
Fig. 1. Schematic illustration of P3HT nanowire formation. The top-left AFM-image shows t
right AFM-image shows the formed nanowire.
sites were considered as shown in Fig. 3. Energetically the most
favorable site was calculated to be the thiophene site. This is an
expected result since the interactions of benzene ring of DCB with
thiophene site of 2D P3HT layer are stronger than that with the
alkyl sites. Then the possible migration path of DCB over the P3HT
layer is identified by considering the activation energy variations as
plotted in (see Fig. 4(a)).
4.1. Lateral diffusion

The formation of P3HT nanowire is possible with the inclusion
of DCB molecule into the bulk P3HT structure as mentioned before.
Our previous experiments demonstrated that regularly arranged
1D-P3HT layers are organized after interacting with DCB to form
P3HT nanowire. Here the question is how P3HT nanowire forma-
tion takes place with the effect of DCB. In addition, the migration
mechanism of DCB through the formation of P3HT nanowire is an
open question. In order to understand this interaction mechanism,
first of all, three high symmetry adsorption sites on the P3HT layer
were considered. During the structure optimizations on these sites,
all the atoms of DCB molecule were fixed in lateral coordinates. We
find that the most energetic site for DCB molecule is the thiophene
site with a binding energy of 2.83 eV while the center site has a
binding energy of 2.65 eV. DCB molecule has the lowest binding
energy when it is placed at the tail of alkyl chain site of P3HT with a
binding energy of 2.30 eV. At all three sites, DCB molecule lie fairly
flat over the surface of P3HT layer.

Given a DCB molecule at the thiophene site of P3HT layer, then
we investigate how it would negotiate its way across the layer. The
lateral migration mechanism of DCB in a rectangular mesh whose
he bulk form of P3HT in which there are randomly stacked P3HT layers while bottom-



Fig. 2. Topographic AFM images of (a) bulk P3HT at room temperature, and the films grown from the solution at 0 �C for (b) 15 min, (c) 30 min and (d) for 24 h.

Fig. 3. Tilted view of (a) Monomer (0D), one dimensional polymer (1D) and two
dimensional single layer (2D) forms of P3HT, (b) highly favored adsorption sites of DCB
molecule on a P3HT layer where a and b are lattice vectors along lateral directions.
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corners are at thiophene sites (see Fig. 4(a)) was investigated. The
distance from a thiophene site to another across b direction is
13.43 Å while this distance is 7.85 Å along the a direction. The
variations of the Eawere calculated in this rectangularmesh and are
given in Fig. 4(a). For the migration of DCB through the mesh,
maximum Ea value is about 0.64 eV. There is a smooth increase in
the total energy of the system along the migration path from alkyl
chain site to thiophene site. Although the P3HT layer is symmetric
and periodic, the change in Ea is not symmetric. This anti-
symmetric Ea change occurs because the Cl-site of DCB molecule
is not rotating while it migrates. DCB molecules fill the thiophene
sites first, the lowest energy site, then the alkyl chain site is an
option for DCB to migrate from thiophene site but an energy of
0.64 eV is required. The blue regions in Fig. 4(a) indicate the
possible migration path of DCB on P3HT layer with minimum Ea.
Although there exist high Ea regions shown by red contours in
Fig. 4(a) when compared to the thermal energy at room tempera-
ture which is 26 meV, it is possible for DCB to migrate to the alkyl
chain site at higher temperatures. In addition, it should be noted
that this Ea value is usually overestimated by LDA, so it is expected
to be lower in reality.

Our calculations indicate that the maximum Ea of 0.2 eV is
required for migration of DCB from one thiophene site to another
one along the a direction through the blue regions shown in
Fig. 4(a). When compared to that of thiophene-thiophene migra-
tion path along b, Ea has a much smaller value for the migration of
DCB. Thus as a realistic scenario, we conclude for the lateral
migration that DCB molecules as follows. First it prefers to be
adsorbed on thiophene site of P3HT layer. After adsorption on this
site, migration of the molecule is possible to the center site. DCB
molecule might be then adsorbed on alkyl chain site due to a
relatively high Ea value for the migration along the alkyl-thiophene
sites path. For two different lateral migration paths, although Ea
values are high compared to room temperature value of thermal
energy, the migration of DCB is still possible through these paths
when compared to the vertical migration through the layer since it
is ensured experimentally that the formation of P3HT nanowire
with the help of DCB molecule is possible.



Fig. 4. (a) Contour plot of the activation energy, Ea, for lateral migration and top view of DCB on (b) Alkyl chain, (c) Thiophene and (d) Center sites, respectively. White dashed
arrows in part (a) demonstrate the possible migration path for DCB molecule.
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4.2. Vertical diffusion

As mentioned before, the lateral migration of DCB is possible
through the P3HT layer between different adsorption sites. We
also study the possible vertical migration of themolecule from one
layer to another. For this purpose, one C atom of the DCB molecule
was fixed along the vertical coordinate and it was set free to relax
along the lateral directions. Also all the atoms in the two thio-
phene sites near the DCB molecule were fixed for the vertical
coordinate. Our geometry optimizations indicate that when DCB
molecule is adsorbed on the center site, it is on top of the junction
of two tails of alkyl chains as seen in Fig. 4(d). Thus the vertical
migration of DCB from one layer to another may be possible
through the center site. Initially DCB molecule is parallel to the
P3HT layer at center site with a vertical distance of 1.9 Å. The
vertical distance between the molecule and layer is decreased by
1.0 Å in each step and the system is relaxed with the calculation of
total energy. The distance D z is defined as the distance between
the fixed C atom and the fixed thiophene site as seen in Fig. 5(b)-
(e). When DCB molecule starts to enter into the layer, the tails
interacting with the molecule move in lateral directions to open a
hole for the molecule. And the molecule rotates vertically down-
ward and dip into the layer from the opened-tails of alkyl chain.
Up to this configuration the activation energy (Ea) is about 0.6 eV
which seems to be low for a possible vertical migration. However,
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Fig. 5. Change of total energy of system under vertical migration of DCB through P3HT
layer and position of DCB at different steps.
after that point as the DCB migrate to another layer vertically, tails
interacting with DCB start to move vertically downward along the
direction of motion of the molecule. This is because of the strong
interaction of DCB with the tails which causes the Ea to get larger
and larger up to a value of 2.5 eV which precludes the vertical
migration of DCB. Although this value is overestimated by LDA, the
vertical migration of DCB seems to be impossible from one layer to
another. As we mentioned in the above part of the study, it is
ensured that the DCB molecule migrate through P3HT layer to
form the P3HT nanowire. Our results indicate that DCB can not
migrate vertically through P3HT layers because of its high Ea value
as compared to Ea a for lateral migration path.
5. Conclusion

Our study points out that the nanowire formation is possible
when P3HT interacts with both of DCB molecule. Thus, here our
goal is to explain in details the interaction mechanism of DCB with
P3HT layers while it migrates into the layers. Our study revealed
that when DCB molecule is added to bulk P3HT, it organizes the
1D-P3HT polymers to form 2D layers by strong tail-tail interaction.
For the migration of DCB through the P3HT layers we found that
only lateral migration is possible because of the relatively small Ea
barrier when compared to that of the vertical migration. The
highest binding energy between DCB and P3HT layer exists for
thiophene site of the layer. Thus lateral migration is possible from
thiophene site to alkyl site and center sites, respectively. It is also
pointed out that the vertical migration of the molecule is impos-
sible due to the high Ea barrier. We conclude that when DCB
molecules are added to bulk P3HT they enter into the layers from
sides of P3HT layers. Our combined study of theory and experi-
ment reveals that randomly oriented P3HT monomers may form
stable well-stacked nanowires upon the lateral migration of sol-
vents such as DCB.
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