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Abstract

®

CrossMark

Synthesis of 1D-polymer nanowires by a self-assembly method using marginal solvents is an
attractive technique. While the formation mechanism is poorly understood, this method is
essential in order to control the growth of nanowires. Here we visualized the time-dependent
assembly of poly (3-hexyl-thiophene-2,5-diyl) (P3HT) nanowires by atomic force microscopy
and scanning tunneling microscopy. The assembly of P3HT nanowires was carried out at room
temperature by mixing cyclohexanone (CHN), as a poor solvent, with polymer solution in 1,2-
dichlorobenzene (DCB). Both 7—r stacking and planarization, obtained at the mix volume ratio
of P3HT (in DCB):CHN (10:7), were considered during the investigation. We find that the
length of nanowires was determined by the ordering of polymers in the polymer repetition
direction. Additionally, our density functional theory calculations revealed that the presence of
DCB and CHN molecules that stabilize the structural distortions due to tail group of polymers

was essential for the core-wire formation.
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1. Introduction

Through the past decade, conjugated conducting polymers have
been attractive materials for organic electronic devices such as
solar cells [1], light emitting diodes, and field effect transistors
(FETs) [2] because of their solution processability, excellent
film forming properties, good charge transport properties, etc.
Polythiophenes, especially poly (3-hexylthiophene-2, 5-diyl)
(P3HT), have attracted a lot of interest due to their relatively
good stability and higher mobility. P3HT has become the
benchmark p-type semiconductor in organic photovoltaics due
to these advantages. However, limitations such as short exciton
diffusion length and narrow optical absorption coverage, affect
the energy conversion efficiencies of P3HT dramatically. Thus
the film thickness of the donor material should be optimized in
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order to have enough light absorption and efficient charge
collection upon effective exciton dissociation. This requirement
leads researchers to focus on 1D ordered organic nanos-
tructures, such as nano-rods [3], nanofibers and nanowires [4],
where the aim is for the charges to be transported faster through
the nanowires/nanofibres with lower recombination rates [5].
Molecular self-assembly is one of the most widely used
methods for nanoscale morphology design due to controllable
structure architecture and easy production. The mechanism of
solution phase self-assembly is explained in terms of polymer
interactions [4, 6—8]. When poor solvent is added to polymer
solution, P3HT polymers tend to minimize the unfavorable
contacts between backbone and hydrocarbon solvent due to
the solvophobic interactions which results in polymer chains
getting closer and increasing the chain—chain interaction [9].

© 2016 IOP Publishing Ltd  Printed in the UK
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Therefore, random 7— stacking between polymer backbones
and between the alkyl side chains, by van der Waals
interactions, are initiated via diffusive motion [7]. However
‘critical mass’ limits the nanowire formation. Johns et al
determined that, to start the formation of stable nanowire, at
least about 60 monomers should exist within the interacting
chain segment of the polymer aggregates. Interaction of
polymer chains consisting of less than 60 monomers, causes
the breaking of the bonds between the polymers due to
thermal motion, and polymers become independent from each
other [8]. If the required critical mass is provided, then
aggregation begins and polymers bind along the 7— stacking
direction in microseconds forming stable-core wires [6].

Kiriy et al claim that at high poly alkyl thiophene (PAT)
concentrations in poor solvents, PAT molecules aggregate in
face to face configuration to form rod like nanostructures in
order to minimize the interaction with poor solvent and aro-
matic thiophene ring. Furthermore at low PAT concentra-
tions, PAT molecules adopt a helical conformation [9].

To date, optical properties and increment in charge
mobility, as well as limitation in exciton diffusion length, of
poly (3-alkylthiophenes) (P3AT) [10] and P3HT nanowires
[11] have been investigated experimentally.

Qiu et al [15] have reported an assembly of polymer
backbones parallel to the wire axis under electric field during
annealing at 200 °C. The polymers were attached end to end
due to their dipole attractions at the polymer ends under
electric field to form high crystallinity. The electrical con-
ductivity of the electric field annealed P3HT films is higher
more than one order of magnitude compared to thermal
annealed or non-annealed films.

Although these studies were focused on the clarification
of properties and dynamics of nanowires [17], there are still
unclarified aspects of the nanowire creation mechanism for
both situation of crystallization. In this study we demon-
strate the self-assembly behavior of P3HT polymers whose
backbones are parallel to the nanowire axis, by utilizing the
poor solvent approach. Nanowires are prepared by adding
cyclohexanone (CHN), which is a poor solvent, on P3HT
solution in 1,2-dichlorobenzene (DCB), and the resultant
self-assembly formations were characterized by atomic
force microscopy (AFM) and scanning tunneling micro-
scopy (STM) in different incubation times. Growth of the
P3HT nanowires was observed to be affected by the ratio of
the poor and good solvent and time. Here we focused on the
packing behavior of P3HT polymers and found that the
polymers are ordered parallel with the wire axis, while wire
diameter is determined by chain—chain interaction. For a
deeper understanding of the solvent assisted formation of
P3HT nanowires at atomic level, we also performed
ab initio theory calculations. We found that, for the stabi-
lization of lamellar structure of P3HT nanowires, the pre-
sence of DCB and CHN solvent molecules plays an
important role. In the final part, we investigate the effect of
interface area between poor solvent and polymer solution
on nanowire diameter.

2. Experimental methods

2.1. Materials

The regioregular poly (3-hexyl-thiophene-2,5-diyl) (rr-P3HT)
was purchased from American Dye Source, Inc. and used
without further purification. Cyclohexanone (CHN) was
purchased from AKS, Atabay Pharmaceutical Products Inc.,
Turkey and used as a poor solvent while 1,2-dichlorobenzene
(DCB) was purchased from Sigma-Aldrich, USA and used as
a main solvent for rr-P3HT polymer.

2.2. Synthesis of P3HT-nanowires

20 mg ml™! (2% w/v) of P3HT was dissolved in DCB and
prepared solution bubbled with inert Ar gas to remove oxy-
gen. The polymer solution was stirred at 40 °C for 3h to
dissolve the polymers completely and cooled down to room
temperature. Upon adding 70 pl non-solvent pure CHN on
100 il P3HT solution, the red-orange color of P3HT solution
was slowly changed to brown and then to dark purple due to
increase of the interaction between P3HT chains leading the
generation of P3HT aggregates. After the addition of CHN to
the polymer solution, 10 ul final solution was spin coated on
mica surface at 4000 rpm for 60 s at specific time intervals;
1s,1,2,4,8, 15 and 30 min Afterwards, the substrates were
dried at 60 °C for 15 min in a vacuum. The morphology of the
prepared films was investigated by scanning probe
microscopy (AFM/STM).

In the second part of the study, two vials with different
diameters were used for understanding the generation mech-
anism depended on the interaction area between CHN and
P3HT dissolved in 1, 2 DCB (20 mgml™"). 100 yl of P3HT
solutions were put in vials with 11 and 15 mm diameter in
order to obtain different areas of P3BHT/CHN interface. Then
70 ul of CHN was added to the both vials and the solutions
were left overnight. Finally, nanowire-containing solutions
were spin coated on mica substrates at 4000 rpm for AFM
investigations.

2.3. UV—vis absorption

Optical absorbance of P3HT in DCB: CHN mixture was
recorded with UV/Vis spectrophotometer (Analytic Jena
S600 UV /Vis) by sandwiching the mixture solution between
glass slides.

2.4. Atomic force microscopy

A Nanosurf FlexAFM system and Ambious Technology
Q-Scope 250 instrument operating in tapping mode under
ambient conditions was used to obtain topographic data. All
imaging operations were conducted with 512 x 512 data
acquisitions at a various scan speed. Oxide-sharpened silicon
nitride tips with integrated cantilever with a nominal spring
constant of 48 Nm~' were used. These tips had resonance
frequencies between 146 and 236 kHz and an effective radius
of curvature at the tip of less than 7 nm. AFM images were
manipulated by using Scanning Probe Image Processor
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(SPIP) software. For morphology studies, mica substrates
(Mica-Grade V-4 SPI, Catalogue number 1869-CA and Lot
number 1170203) were used. They were cleaned by ultra-
sonification for 15 min in isopropyl alcohol and distilled
water respectively, and dried by high purity nitrogen blow.

2.5. Scanning tunneling microscopy

STM images were acquired using a Nanosurf EasyScan sys-
tem under ambient conditions. STM piezoelectric scanners
were calibrated laterally with graphite and Au (111), and
vertically by using the height of the Au (111) steps (2.2 A).
The STM tip was prepared from Pt/Ir (90%/10%)
0.25-0.2 mm wire cut under ambient conditions. All images
were acquired in a constant-current mode. Typical imaging
conditions were bias voltage of 1, 7-2,5V and a tunneling
current of 100-800 pA. Images were manipulated with
Scanning Probe Image Processor (SPIP) software.

2.6. X-ray diffraction (XRD) analysis

Investigation of the crystal structure of P3HT nanowires was
performed by a high resolution Rigaku Ultima IV x-ray
Difractometer. The wavelength of CuK-a x-rays was
1.542 A. The energy of focused beam was 0.8 keV and the
detector was scintillation counter. Measurements were taken
in out of plane mode by using cross-beam optics.

3. Computational methodology

Structural optimizations and determination of electronic
ground states were carried out by performing first principles
calculations within density functional theory [18] using the
Spanish Initiative for Electronic Simulations with Thousands
of Atoms package [19, 20]. All the calculations were per-
formed using pseudopotentials with local basis functions and
the local density approximation [21, 22] for the exchange-
correlation potential [23]. The interactions between electrons
and core ions were simulated with separable Troullier—Mar-
tins [24] norm-conserving pseudopotentials. For the geometry
relaxations of 1D and 2D P3HT layers, a rectangular primitive
unit cell was considered (see figures 3(B) and (C)). The
geometry optimization of P3HT monomer, including 25
atoms, was perfomed with inserting vacuum in all directions.
Then, two P3HT monomers (50 atoms), bonded from thio-
phene sites (see figure 3(A)), were geometrically relaxed in a
vacuum. For the 1D chain of the monomers (see figure 3(B))
optimization was achieved by considering again 50 atoms in a
primitive unit cell which is periodic along the a-vector. The
2D periodic monolayer P3HT structure was optimized by
considering a rectangular unit cell containing 100 atoms with
the vacuum present only in the vertical direction. Finally, bulk
structure of P3HT (see figure 8) containing DCB and CHN
molecules was optimized in the same primitive unit cell (with
79 atoms). The structural optimization of DCB and CHN
molecules was investigated in the same primitive unit cell
with inserting vacuum in three directions. The minimum

P3HT in DCB:Cyclohexanone

- ' ———100:0
c 1,0 -—100:10
2 ——100:20
‘é‘. 0,8+ \ -~ 100:30
o L 1 -~ 100:40
8 06 \ %\ ——100:50
_<é 100:60
S 0,44
N
® 0,21
£
S o0l 0 NNt
S 004 sty
-0,2 T T T T
400 500 600 700
Wavelenght (nm)

Figure 1. Normalized UV-vis absorption spectrum of P3HT (in
DCB): CHN (10:X, X:1-7 in volume ratio) mixtures which were
sandwiched between glass slides.

energy was calculated for various lattice constants and the
pressure in all directions decreased to below 1kbar. The
optimization of atomic positions was performed by mini-
mizing the total energy and the forces on the atoms hence the
energy difference between sequential steps was taken
10~*eV as a convergence criterion in the structural relaxa-
tion, and the convergence for the Hellmann—-Feynman forces
on each atom was taken to be 0.04eV A~".

Electronic optimization of P3HT nanowires was per-
formed by determining the electrostatic potentials on a real
space grid with a mesh cut off energy of 500 Ry. The Bril-
louin zone was sampled with 5 X 1 x 1 points within the
Monkhorst—Pack k-point sampling scheme for 1D layer and
2 x 2 x 1 for 2D P3HT. For the determination of density of
states smearing parameter of 0.01 was used to obtain more
accurate band gap energy for periodic structures of P3HT and
accurate HOMO-LUMO gap for the DCB and CHN mole-
cules. All the calculations were performed within the spin
degenerate mode since the investigated structures are
nonmagnetic.

4. Results and discussion

4.1. UV-vis absorption spectroscopy and XRD analysis

Figure 1 represents the normalized absorption spectra of
P3HT solutions. In order to obtain a poor solvent effect,
different amounts of CHN were added on individual P3HT
solutions in DCB and the mixtures were kept for 24 h.
Typically, single absorption band around A = 463 nm was
observed for the m—n* transition of fully dissolved P3HT
chains [13, 14] After addition of the CHN nonsolvent, addi-
tional absorption bands at A = 555 nm (pointed with (1) and
602 nm (pointed with (2)), were observed. These absorption
bands are related to the formation of crystalline like nanofi-
bers. According to UV—vis absorption spectra analysis, peaks
at 602 nm which indicate the interchain vibronic mode [13]
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Figure 2. (A) Schematic illustration of P3HT nanowires and (B) in-plane XRD measurement graph of P3HT nanowire.

due to m— stacking, were observed at 100:40 (P3HT in DCB:
CHN) solvent mixture where ordered structure was initiated
by self-organization. Besides that, the shoulders at 555 nm
were attributed to intrachain vibronic mode [14] These
shoulders were slightly seen at (100:60) and (100:70) mix-
tures as a result of planarization.

In order to identify the crystallographic structure of
P3HT nanowires, in-plane grazing incident XRD analysis was
carried out. According to the XRD analysis (figure 2(B)), the
peak at 9.65° corresponds to interlayer distance of the (100)
diffraction whereas the strong peak at 23.8° is attributed to 7—
7 stacking direction corresponding to the (020) diffraction.
With respect to XRD pattern, the distance between alkyl side
chains (d100) is 22.07 A and calculated stack distance (d020)
is 8.03 A. The distance of the thiophene reputation is 9.20 A
which is determined by the polymer backbone chain length.

4.2. Theoretical calculations

The nanowire growth occurs in microsecond range upon
addition of poor solvent into P3HT solution [12], and the
simulations of CHN effect assist to clarify the growth
mechanism of core-nanowires. In line with this purpose, DFT
calculations were performed in three main simulations. Firstly
the structural properties of bulk P3HT were investigated by
different stacking orientations. Thereafter we have focused on
the interaction of DCB molecule with the stacked P3HT
layers which constitute the bulk P3HT in atomic scale.
Finally, effect of CHN molecule on the P3HT-DCB mixed
structure was investigated in order to understand the forma-
tion of P3HT nanowire.

Results of the calculations demonstrate that firstly two
P3HT molecules bonded from the thiophene sites, see
figure 3(A), were optimized. In this case vacuum spacing was
inserted in three directions so that the P3HT molecules are
isolated. The atomic bond lengths were calculated to be
1.51 A for C—C bond in the tail site and 1.43 A for C-C bond
in the thiophene site. The C—H bond is 1.11 A and C-S bond
length is 1.67 A.

As a first step of the formation of the conjugated P3HT
backbone, two molecules are bonded each other from their
thiophene sites. Our calculations showed that such a bonding
leads to a 3.08 eV molecule ™' energy gain in the two-mole-
cule P3HT structure.

In the next step the formation of one-dimensional con-
jugated backbones of P3HT was investigated. For the 1D
periodic P3HT case, shown in figure 3(B), calculated para-
meters @ = 7.73 A and b = 19.93 A are in good agreement
with previously reported values [25, 26] and with the results
of XRD measurements of our experiments. Total energy
calculations revealed that transition from two-molecular
structure to one-dimensional conjugated backbone structure
happens with a large energy gain in the structure (binding
energy of 3.77 eV molecule™!). Therefore, it can be deduced
that formation of one-dimensional conjugated backbone
structure is highly favored over the other possible P3HT
structures. In addition, electronically, one-dimensional con-
jugated backbone structure has a semiconducting ground state
with a bandgap of 1.03eV. To understand the formation of
each P3HT layer the lateral interaction mechanism between
one-dimensional conjugated backbones of P3HT was also
investigated. Careful structural optimization calculations
revealed that tail-tail interactions play an important role for
the formation of a 2D periodic structure as given by STM
measurements. Formation of two-dimensional sheet of P3HT
occurs with an energy gain of 337 meV per molecule. For the
2D P3HT structure, shown in figure 3(C), the lattice constant
along the polymer repetition direction is 7.85 A which is in
agreement with XRD measurements and the lattice constant
along the alkyl side chain direction is 13.43 A. It was also
noticed that upon the formation of two-dimensional layers the
energy band gap increases to 1.14 eV.

Next, how DCB and CHN molecules interact with P3HT
layers was investigated. For this purpose, first the binding of
the two molecules in vacuum was simulated. It is found that
the DCB molecule has a planar structure in which H and Cl
atoms are bonded to a benzene ring from C atoms. The C-C



Nanotechnology 27 (2016) 455604

D Kiymaz et al

A

-

E =1.63¢eV

Eb= 233eV

Figure 4. (A) CHN molecule on 2D P3HT layer. (B) DCB molecule on 2D P3HT layer.

bond length is 1.39 A and that of C-H is 1.11 A while the
C—Cl bond length is 1.7 A. The calculated HOMO-LUMO
gap of DCB is 4.34eV. Geometry optimization for CHN
molecule showed that the C—C bond length is 1.52 A while
C-H bond length is the same as in DCB molecule and the
C-O bond length is 1.21 A. The HOMO-LUMO gap of the
CHN molecule is 3.68 eV corresponding to the wavelength of
336.9 nm. As presented in figure 4 the binding energies of
CHN and DCB molecules on a two-dimensional P3HT layer
are 1.63 eV and 2.33 eV per unit cell, respectively. Therefore,
it is obvious why DCB is a better solvent than CHN.
However, our finding does not exclude the solving effect of
CHN molecules at relatively low temperatures.

Next, possible stacking scenarios of two layers of P3BHT
were considered. As shown in figure 5 there are five different
possible 7 stacking orders for the P3HT layers. As pre-
sented in figure 5(C) energetically the most favorable one is
X-rotated stacking. However, other three stacking configura-
tions shown in (B), (D) and (E), may also exist in the bulk
form since their total energies are close to that of the
X-rotated stacking. It is worthwhile to note that the AA

stacking (top-to-top) is the energetically least favorable con-
figuration among the possible configurations. Therefore these
findings explain why our pre-existing bulk P3HT structure is
in a randomly ordered form.

Obviously, at the beginning of the experiment, the bulk
structure of P3HT includes a mixture of these various stack-
ing that is also seen in the STM measurements of our
experiment. Interestingly, the stacking geometry of P3HT
layers is strongly affected by the presence of solvent DCB
molecules. As shown in figure 6, the binding energies in
Y-rotated and XY-rotated stacking are very close to each
other and also for the shifted and X-rotated stacking the
situation is the same. However, the AA stacking has the
highest binding energy when DCB is located in between the
P3HT layers. It can be concluded that when the solving
process is completed, DCB molecules are mostly found at
thiophene sites and they facilitate formation of AA stacking
of P3HT layers. Moreover, as shown in figure 6, although
DCB arranges the layers in AA stacking it also leads to a
significant distortion in the tails of the P3HT layers. Therefore
the presence of DCB molecules between P3HT layers is not
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Figure 5. Bare bilayer stacking of 2D P3HT layers (A) AA, (B) Shifted, (C) X-rotated, (D) Y-rotated and (E) XY-rotated stacking.
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Figure 6. DCB molecule in between 2D P3HT layers in (A) AA, (B) Shifted, (C) X-rotated, (D) Y-rotated and (E) XY-rotated stacking.

enough for the formation of well ordered nucleus of nano-
wire. Then, understanding the role of CHN molecules in the
DCB adsorbed P3HT is of importance. Figure 7(A) shows
that in the vacuum state the most favorable geometry of DCB
and CHN molecules is top-to-top configuration. However, in
the presence of P3HT CHN molecules prefer to be adsorbed
at tail sites with 1.86 eV binding energy (see figure 7(B)). Our
calculations also reveal that CHN molecules prefer to interact
with DCB molecules from oxygen atom edge to hydrogen

atom site of the molecules. It is seen that when Cl atoms
interact with O atoms the binding energy is close to that of O—
H edge structure but due to the interaction of O atoms with
the tail of P3HT layer there exists a distortion in P3HT layer.
Therefore, apparently, CHN molecules behave as a glue at
tails when it interacts with DCB. Therefore the coexistence of
DCB and CHN leads to formation of three-dimensional
lamellar stacking of the conjugated backbones (figure 8). This
is in good agreement with our STM results.
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Figure 7. Interactions of DCB and CHN molecules in (A) vacuum in three different configurations, (B) P3HT single layer.

Figure 8. Bulk structure of P3HT. (A) Top and (B) side view of the bulk structure with DCB and CHN molecules. During the formation
process of layered bulk P3HT, while thiophene sites are attached via DCB, tails are stabilized by CHN molecules. The inter-planar distance

between two P3HT layers is 8.5 A.

4.3. Atomic force microscopy studies in P3HT nanowire
evolution

The growth mechanism of core-nanowire was investigated by
AFM studies depending on incubation time upon mixture of
CHN on the P3HT/DCB solution (figure 9). In order to
comprehend the nanowire evolution, P3HT (in DCB):CHN
(10:7 ratio by volume) mixture was spin coated on mica
substrate at regular intervals, from 1 s to 30 min The color of
the supernatant was changed from brown to dark purple by
diffusion of CHN toward the bottom of the vial upon adding
CHN on the P3HT/DCB solution.

In the first second of the mixture, the sample was taken
from interface of CHN and bulk P3HT. The AFM image in

figure 9(A) demonstrates the initiated nanowires. The length
and diameter of nanowires were measured as more than
10 yum and around 40 4 5nm, respectively. Furthermore,
nanowires form a network like surface with 1, 1 nm RMS
roughness. Figures 9(B)—(G) illustrates the growth morpho-
logical changes of the wires with various incubation times.
According to the figure 9(B), net like slim nanowires with the
thickness of 35 £ 9nm are distinguished slightly after the
first minute. In addition, there are many pits with diameter
between 0.2 and 1 gm in AFM images. The sizes of these pits
depend on growth mechanism of nanowires and the film
formation in the P3HT solution. In all AFM images the pits
contain few nanowires as well. Kramer et al [16] suggest that
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Figure 9. AFM images of nanowires formed at different incubation time after the addition of CHN (10:7 in volume ratio) on P3HT/DCB
solution. (A) 1 s B) 1 min, (C) 2 min, (D) 4 min, (E) 8 min, (F) 15 min and (G) 30 min.

Table 1. Surface properties of P3HT-nanowire film topographies in
different time interval.

S, (am) §4 (nm) S, (nm)
1s 1.1 1.5 15.6
1 min 6.6 8.7 64.5
2 min 9.8 12 70
4 min 10.3 13 93.8
8 min 11.5 15 121
15 min 6.1 7.5 48
30 min 1.2 1.5 12

these pits are created by the CHN included in the P3HT
solution, and they migrate from the surface during the spin
coating.

As seen from the AFM images the number of nanowires
increase significantly with increasing the interval time in
growth solution. The thickness of nanowires is between in the
range of 26-100nm at the end of the second minute
(figure 9(C)) and then reaches to 150 4+ 5 nm at the fourth
minute (figure 9(D)). This increment in the thickness is due to
formation of the nanowires as a bundle. The sizes of the
nanowire at the end of 8 min are not significantly change
(AFM image in figure 9(E)). As mentioned above the size and
depth of these pits mostly depend on time interval of nano-
wire growth. The pits appear in the few minutes of growth
and then shrink or completely disappear from surfaces when
the time reach to 15 and 30 min (figures 9(F) and (G)). Those
results indicate that the CHN is exhausted during the nano-
wire formation. Decreasing the amount of CHN means to
increase of the number of nanowires.

Table 1 shows roughness values of the nanowire film
surfaces after different interval times. They were measured in
terms of average roughness (S,), root mean square roughness

(Sq) and ten point height (S,). Average height was determined
as the average of ten different points.

The average roughness (S,) of the nanowire surface in the
first second is 1.1 nm. From 1 to 8 min, the roughness sig-
nificantly increases to 7.6nm (1 min), 9.8 nm (2 min),
10.3 nm (4 min) and 11.5 nm (8 min). On the other hand, at
the higher interval time the roughness decreases to 5.5 nm at
15th minute and 1.2 nm at 30th minute. It can be concluded
that higher interval time can lead to form better nanowire film
surface.

From all these results we can emphasis that the nanowire
film formation in the solution continues to the fourth minute,
and then stops slowly due to the lack of the free P3HT
molecules that contribute to the nanowire formation. The
main difference of the wires was the change of thickness with
time. The underlying reason for this result can be described as
core P3HT nanowires were formed at the CHN interface upon
P3HT molecules meet with CHN. The free P3HT molecules
around the nanowires join to the main chains. After the eighth
minute P3HT nanowires begin to form bundles by van der
Waals forces due to the m-electron system.

The formation of nanowires was also investigated in
detailed using a high resolution STM. An STM image of
nanowires were shown figure 10(A) as a bundle on a highly
ordered pyrolytic graphite (HOPG) substrate. Within the
region of the HOPG surface, nanowires are aligned in struc-
tures that extend well over 100 nm. From the image these
nanowires constitute a bundle with diameter of 55 nm. This is
in good agreement with AFM images (figure 9). The enlarged
area of figure 10(A) is given in figure 10(B). Figure 10(C)
shows a packing arrangement consistent with the exper-
imental data supported by DFT calculations. We suggest that
the brighter spots in the STM image correspond to the thio-
phene units, while the fainter regions observed on the either
side of the brighter areas are attributed to the alkyl chains.
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Figure 10. STM images of ordered assemblies of nanowires. (A)
Large area image, (B) higher magnification of (A) and (C) magnified
STM image overlaid with packing of four P3HT chains.

Figure 11. AFM images of P3HT nanowires formed in vials with (A)
15 mm diameter and (B) 11 mm diameter respectively.

According to the images, the diameter and the height of
nanowires defined by the chain interaction between P3HT
polymers and the m—m stacking of polymers respectively.
Depending on the AFM images, the height of wires changes
between 2 and 4 nm indicating 4—-8 polymer overlapping.

Consequently, STM investigations clarify that length of
the nanowires were along the polymer backbone and deter-
mined by the number of interacted polymer backbones by 7—
« stacking at the edges. (figures 2(A) and 10(C)).

4.4. Surface area dependence of molecular self-assembly

The interaction area of P3HT/CHN interface was changed in
order to understand the nanowire formation mechanism in
detail. The first sample had a 0.95cm?® interaction area
between P3HT:DCB and CHN whereas the second sample
had an interface with 1.77 cm?. Prepared solutions were left
during the night in order to let the all P3HT molecules to form

nanowires and participate. Consequently, the nanowire con-
taining solutions were spin coated on mica substrate.
Figure 11 demonstrates the AFM images of the nanowires
formed at the two different interface areas. The diameter of
P3HT-wires were measured as 23 £ 5nm. Subsequently,
from the AFM and STM images it was observed that bundles
were formed by combination of two or more wires. Unlike the
larger one, there is a wide range of diameters of individual
nanowires from 30 to 70 nm at the sample with small inter-
face area. Since diffusion of CHN is slower than the wire
creation, the core-wires are formed at the CHN/P3HT inter-
face, instantly. Both the core wires and CHN diffuse through
the bulk P3HT with the time. A smaller interaction area of
CHN/P3HT means less formation of core-wire. These results
are indication of the contribution of free P3HT polymers to
the thickness of wires. Therefore, thicker nanowires were
obtained in the vial with the smaller diameter. As a result,
wire thickness is controlled by interface area, in other words
by nanowire creation velocity.

5. Conclusions

Formation mechanism and evaluation of P3HT nanowires by
self-assembly 7—m stacking and chain to chain interaction
induced by poor solvent were investigated. Morphological,
spectroscopic and structural properties were studied by using
AFM STM, UV-vis absorption spectroscopy and XRD
measurements. Experimental results were correlated with
computational DFT calculations. The STM results suggested
that the length of the nanowires were determined by polymer
repetition degree (polymer chain length) and partially m—m
stacking at the ends of polymers. Width and height of the
wires were determined by chain—chain interactions and
stacking of several layers of polymers by 7—r interactions
perpendicular to the substrate respectively. Polymer chain
repetition was determined to be dominant on polymer nano-
wire elongation; however, STM studies confirm that 7
stacking on the polymer edges was also effective on the
growth. It was also determined that wire formation occurred
at the DCB/CHN interface and area of the interface is
strongly effective on the rate of the wire formation. Our
calculations showed that well ordered top-to-top stacking of
the thiophene rings is provided by DCB molecules. However,
the tail groups of the polymer lead to distortion due to the
thermal motion at high temperatures. In addition the tail—tail
interactions that avoid nucleation of the P3HT core lamellar
structure are stabilized by CHN poor solvent molecules.
These results revealed that solvophobic interactions are
strongly effective on the self-assembly of the molecules.
Consequently, our spectroscopy and microscopy studies
supported by theoretical calculations reveal that, in the pre-
sence of both poor and good solvents, in the self-assembled
P3HT nanowire network, the nanowire axis is elongated
through the polymer chain direction. Additionally, STM and
XRD data support that 77 stacking is also effective in the
wire elongation at the polymer chain ends.
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