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a b s t r a c t

The nanowire of conjugated polymer with higher density is desirable for its improved charge transport.
However, at a higher solution concentration, the conjugated polymer chain entanglement is severe and
not beneficial for the nucleation to grow nanowires. In this paper, we control the equilibrium of
entanglement 4 disentanglement 4 nucleation and growth by tuning the radius of interaction (Ra)
between the solvent and conjugated polymer. At the critical Ra, the disentangled polymer chain could
nucleate to form nanowires because its content is moderately supersaturated. Thus, the equilibrium of
entanglement 4 disentanglement is broken and the entangled polymer chain is further continuously
disentangled to provide easier diffusivity of chains for nanowire formation. Accordingly, the dense
nanowires of poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno-[3,2-b]thiophene] (PBTTT-C14) were formed
in the mixed solvent carbon disulfide (CS2): cyclohexylbenzene (ChB)¼ 3:7 (Ra¼ 2.56) at a higher
concentration of 1mg/ml by aging. The density of the nanowire increased with increasing concentration
and aging time. The nanowires were more than 10 mm in length and about 20 nm in width. The contrast
was obvious in transmission electron microscopy which indicated the high electronic density and the
high crystallinity of the nanowires.

© 2018 Published by Elsevier Ltd.
1. Introduction

Conjugated polymers have been extensively researched due to
their good electronic properties and solution processing advan-
tages in field-effect transistor (FET) and solar cells [1e5]. The
charge transport in conjugated polymer thin films is influenced by
the condensed matter such as molecular planarity, p-p stacking
distance, crystallinity and long range order [6e11]. High crystal-
linity conjugated polymer nanowires provide the high long-range
order of polymer chains and higher field-effect carrier transport
[12e14].

The formation of nanowires in solution is generally considered
to go through nucleation and growth process. The essential driving
force for crystallization from solution relies on the degree of su-
persaturation. Conjugated polymer nanowires can be prepared by
@ciac.ac.cn (Y. Han).
solubility difference, such as self-seeding method by changing the
solution temperature [15e17], whisker method by aging the solu-
tion at selected solvent and temperature [18e21] and solvent slow
evaporation [22e24]. The length of these nanowires was
10e100 mm and the width was more than 100 nm.

Although many kinds of conjugated polymer nanowires have
been prepared successfully at special solvent and temperature, the
general principle for choosing solvent to prepare the nanowire in
solution with higher density needs further investigate. At a higher
concentration, the solution becomes further supersaturated, where
nucleation dominates crystal growth, and most of the excess solute
becomes subject to spontaneous nucleation which is not beneficial
for the growth of nanowires.

Conjugated polymer chain aggregation in solution prior to film
fabrication is critical for their film structure. Solubility parameters
are certainmeasurable quantities that are observed to influence the
ability of a solvent to dissolve a polymer. The solvent selection
principle of disentanglement could be proposed based on the
Hansen solubility parameter and the radius of interaction (Ra)
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between the solvent and polymer. Ra is defined as the distance
between the solvent and polymer solubility parameter in Hansen
space, by the following equation:

ðRaÞ2 ¼ 4ðdD2 � dD1Þ2 þ ðdP2 � dP1Þ2 þ ðdH2 � dH1Þ2 (1)

where dD2, dP2 and dH2 are the Hansen parameters of the solvent, dD1,
dP1 and dH1 are the Hansen parameters of the polymer. The Ra could
tune the solubility and supersaturation. The solubility is increased
to facilitate disentanglement with decreasing Ra. The supersatu-
ration is the driving force of crystallization and could control the
nucleation rate and growth rate. The aggregation of polymer could
be governed by solubility parameter [25e31]. According to the
solvent selection principle, the nanowires could be prepared in
non-chlorinated solvents [32], this could avoid the use of chlori-
nated solvents in current literature.

Chain entanglements inhibit chain conformational changes
and thus nucleation and growth process in conditions where the
solution approaches its solubility limit. The entanglement and
disentangled molecules were coexistent in solution [33]. In this
work, we control the equilibrium of entanglement 4 disentan-
glement 4 nucleation and growth by tuning the radius of
interaction (Ra) between the solvent and conjugated polymer.
When the solution was at the critical Ra of 2.56, the entangle-
ment was disentangled at higher concentration. The disen-
tangled molecules could pack to nanowires which could facilitate
the continuous disentanglement to grow dense nanowires at
higher concentration. The dense nanowires of PBTTT-C14 were
formed at the critical Ra and a higher concentration of 1mg/ml
by aging. The nanowires were more than 10 mm in length and
20 nm in width. The contrast was obvious in transmission elec-
tron microscopy which indicated the high electronic density and
the high crystallinity of the nanowires. The density of the
nanowire increased with increasing concentration and aging
time.
2. Experimental

2.1. Materials

Poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno-[3,2-b]thiophene]
(PBTTT-C14) (Mn¼ 28 k, PDI¼ 1.8) was purchased from 1-Material
Inc. and its structure is shown in Fig. 1. The solvent carbon disulfide
(CS2) was purchased from Beijing Chemical, China and cyclo-
hexylbenzene (ChB) was purchased from Sigma-Aldrich Co. The
Fig. 1. The chemical structure of the PBTTT-C14, CS2 and Ch
solubility parameter of PBTTT-C14, CS2 andChB inHansen spacewere
shown in Fig.1. The glass slides as substrates were cleaned in piranha
solution (70/30 v/v of concentrated H2SO4 and 30% H2O2) at 90 �C for
20minand then rinsedwithdeionizedwaterandfinally blowndryby
nitrogen.
2.2. Sample preparation

The solvent with different Ra was prepared by mixing the CS2
and ChB. The solution of the PBTTT-C14 with different Ra was dis-
solved at a concentration of 1mg/ml and aged 36 h. The solution of
different concentration was prepared in mixed solvent (CS2:
ChB¼ 3:7) and aged 36 h. The solution of different aged time was
prepared at a concentration of 1mg/ml in mixed solvent (CS2:
ChB¼ 3:7).
2.3. Characterization

The UV-Vis-NIR absorption spectra were recorded by using an
AvaSpect-3648 optical fiber spectrometer.

Raman spectra were obtained with a LabRam HR800 spec-
trometer (Horiba Jobin Yvon) equipped with an Olympus BX41
microscope in the backscattering geometry. A 532 nm laser was
focused on the sample with a 50� objective lens.

The films for transmission electron microscopy (TEM) charac-
terization were made by drop-casting the solutions onto a copper
grid. TEM images were obtained with a JEOL JEM-1011 trans-
mission electron microscope operated at an accelerating voltage of
100 kV.

To fabricate organic field effect transistors (OFET) devices, highly
doped n-type Si wafers with a 300 nm thermally grown oxide layer
were used as the substrates. The gold sourceedrain electrodes were
deposited by thermal evaporation in high vacuum (~4� 10�4 Pa) to
finish the preparation of OFETs. I-V curves were measured to
characterize the performances of OFETs. Field-effect characteristic
measurements were carried out on a Keithley 4200 semiconductor
parameter analyzer under ambient conditions. The charge-carrier
mobility was calculated using the formula:

m ¼ 2L
WCi

 
v
ffiffiffiffiffiffi
ISD

p
vVG

!2

(2)

where L¼ 0.2mm, W¼ 6mm, Ci¼ 10 nF/cm2.
B. The solubility parameter is shown in Hansen space.



Table 2
The radius of interaction (Ra) between the solvent and polymer of PBTTT-C14.

CS2: ChB 10:0 9:1 5:5 3:7 1:9 0:10

Ra 0.63 0.63 1.79 2.56 3.16 3.54

Fig. 2. (a) The UV-Vis-NIR absorption spectra for the solutions with different Ra. (b)
The Raman spectra for the different Ra.
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3. Results and discussion

3.1. Preparing nanowires in critical Ra solution by disentanglement
for nucleation

The free energy of mixing approach is more appropriate to
explain the formation of nanowires. The Ra could represent the
DGM for dissolving the polymer in different mixed solvent of CS2
and ChB.

The free energy of mixing is calculated by the following
equation:

DGM ¼ DHM � TDSM (3)

The DSM is similar for dissolving the polymer in different mixed
solvent of CS2 and ChB due to the concentration is low (1mg/ml).

The main difference of DGM for dissolving the polymer in
different mixed solvent is the DHM.

DHM ¼ 4142

h
ðdD2 � dD1Þ2 þ ðdP2 � dP1Þ2 þ ðdH2 � dH1Þ2

i
(4)

The DGM is decreased with decreasing the DHM. The DHM is
decreased with decreasing the Ra according to equation (1). The Ra
could represent the DGM for dissolving the polymer in different
mixed solvent of CS2 and ChB.

The PBTTT-C14 nanowires were prepared by tuning the radius of
interaction (Ra) between the solvent and polymer with mixed
solvent of CS2 and ChB. The solubility parameter of solvent and
polymer was shown in Table 1. The solubility parameter of PBTTT-
C14 was calculated by the group contribution. The solubility
parameter of CS2 and ChB was found from the handbook. The sol-
ubility parameter of the mixed solvent of CS2 and ChB was calcu-
lated by the following equation:

dM ¼ 41� d1 þ 42� d2 (5)

The Ra was calculated according to the solubility parameter of
PBTTT-C14 and the mixed solvent of CS2 and ChB, as shown in
Table 2. The Ra was increased with increasing the ratio of ChB. The
conformation and aggregation of the conjugated polymer in
different mixed solvent was characterized by the UV-Vis-NIR ab-
sorption spectra and Raman spectra, as shown in Fig. 2. The max
absorption peak was red-shifted from 480 nm to 530 nm with
increasing Ra which indicated the longer conjugated length
[34e36]. The peak at 590 nm indicated the p-p stacking and the
intensity was increased with increasing Ra which indicated the
molecules were aggregated. In the solvent with low Ra (such as
Ra<2), the molecules were dissolved better and the solution didn't
reach the saturation which couldn't result in p-p stacking and
aggregation peak. In the solvent with high Ra, the solubility was
decreased and the solution achieved the supersaturation. The ag-
gregation was enhanced and the conjugated length was increased.
The tendency of aggregation was stronger and the rate of aggre-
gation was accelerated with increasing Ra. The growth of nano-
wires was a slow process to avoid the defect which would suppress
crystallization and decrease the length of nanowires. The rapid
aggregation in the solution with too high Ra would form many
Table 1
The solubility parameter of the conjugated polymer and solvent.

dd(J/cm3)1/2 dp (J/cm3)1/2 dh (J/cm3)1/2

PBTTT-C14 20.4 0 0
CS2 20.5 0 0.6
ChB 18.7 0 1.0
small crystals with defect. The molecules were entangled into the
small crystals and couldn't move to the crystal front to form
nanowires. The Raman spectra for the different Ra are shown in
Fig. 2b. The intensity of the C¼C stretching normalized by the in-
tensity of the C-C feature was increased with increasing Ra which
indicated the better electronic delocalization and conjugated
length.

We need to investigate the morphology of the films drop-
casting from the solution with different Ra and the requirement
of Ra for forming nanowires.

The morphology of the films drop-casting from the solutions
with different Ra was characterized, as shown in Fig. 3. The film
drop-casting from CS2 was featureless morphology. There were a
few short nanowires in the film drop-casting from the mixed sol-
vent (CS2: ChB¼ 9:1), although the Ra was similar to CS2. The
different morphology at the same Ra was due to the difference in
the film formation process. According to absorption spectra, there
was no aggregation in the two kinds of solutions. The boiling point
of ChB was higher than CS2 (238 �C for ChB and 46 �C for CS2). The
time of film formation was longer for the mixed solvent than the
film of CS2. The short nanowires were formed during drop-casting
from the mixed solvent. However the time of forming nanowires
during the film formation was shorter than the time of forming
nanowires in solution which resulted in the nanowires was short.
The morphology obtained from the mixed solvent (Ra¼ 1.79) was
also short nanowires. The dense and long nanowires were prepared
when Ra was 2.56. The nanowires were more than 10 mm in length



Fig. 3. The morphology of the films drop-casting from the solutions with different Ra.
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and 20 nm in width. The contrast was obvious in transmission
electron microscopy which indicated the high electronic density
and the high crystallinity of the nanowires. According to absorption
spectra, the aggregation was first formed in solution with
increasing Ra to 2.56. This Ra was the critical value of aggregation.
The supersaturation was the lowest and the molecules were dis-
entangled at this Ra resulting in more ordered crystal nuclei
because the perfect crystal nuclei was more stable in thermody-
namics and couldn't be dissolved. The ordered crystal nuclei could
grow to long nanowires and the growth in solution was slow to
avoid the defect. The disentangled molecules could pack to nano-
wires which could facilitate the continuous disentanglement to
grow dense nanowires at higher concentration. When the Ra was
increased further, the amorphous aggregation was appeared. The
tendency of aggregation was stronger and the rate of aggregation
was accelerated in high Ra. When Ra is higher than the critical
value, the entangled molecules couldn't grow nanowires. There
were too many small crystals and the molecules were entangled
into the small crystals which resulted in the amorphous aggrega-
tion. The equilibrium of entanglement 4 disentanglement 4

nucleation and growth could be controlled by tuning the Ra. The
long nanowires were prepared when the Ra could achieve the
critical value of the disentanglement.

The conjugated polymer nanowire with higher density pro-
motes charge transport. The typical characteristic transfer curve of
OFET was shown in Fig. 4. The field effect charge-carrier mobility of
the film with long nanowires was increased from 9.6� 10�4

cm2V�1s�1(CS2) and 2.5� 10�4 cm2V�1s�1(ChB) to 1.9� 10�3

cm2V�1s�1.
Fig. 4. The typical characteristic transfer curve of OFET.
3.2. Tuning density of nanowires by changing concentration to
control growth

The density of nanowires could be controlled by adjusting the
concentration of the solution. The UV-Vis-NIR absorption spectra
for the solutions with different concentrationwere characterized in
Fig. 5. The max absorption peak was red-shifted from 470 nm to



Fig. 5. The UV-Vis-NIR absorption spectra for the solutions with different
concentration.

Fig. 7. The UV-Vis-NIR absorption spectra for the solutions with different aging time.

L. Chen et al. / Polymer 149 (2018) 23e29 27
596 nm with increasing concentration which indicated the longer
conjugated length. The peak at 590 nm indicated the p-p stacking
and the intensity was increased with increasing concentration
which indicated the molecules were aggregated. In the solution at
low concentration, therewere a fewmolecules to aggregate and the
intensity of the p-p stacking absorption peak was weak. The ag-
gregation was enhanced when there were more molecules with
increasing concentration. The long and dense nanomires could be
prepared when there were enough molecules to crystallize. How-
ever, the high concentration could lead to entanglement when the
aggregation peak was enhanced which would suppress the nano-
mires formation. We would characterize the morphology of the
films drop-casting from the solution at different concentration and
investigate the requirement of concentration for forming dense
nanowires.

The morphology of the films drop-casting from the solutions
with different concentration was characterized, as shown in Fig. 6.
There were a few short nanowires in the solution at the concen-
tration of 0.1mg/ml. The density of nanowires was increased and
the length of nanowires was extended when the concentrationwas
increased. There were dense and long nanowires at the concen-
tration of 1mg/ml. However the amorphous aggregation was
appeared when the concentration was 2mg/ml. The probability of
Fig. 6. The morphology of the films drop-casting fr
aggregation was increased with increasing concentration. There
were a few molecules to form crystal nuclei at low concentration.
The amount of crystal nuclei was small which resulted in the
density of nanowires was low. There were not enough molecules
that could move to the crystal front to grow long nanowires at low
concentration. When the concentration was increased, the amount
of crystal nuclei was increased and there were more molecules to
grow into the nanowires. The nanowires could become long and
dense. The entanglement was severe when the concentration was
too high. The entanglement would suppress the molecules move to
the crystal front to form nanowires and form small crystal or
amorphous aggregation. The density of nanowires could be tuned
by changing concentration to influence the amount of crystal nuclei
and crystal growth.
3.3. The formation process and crystallization mechanism of the
nanowires

The formation process of the nanowires was characterized to
investigate the crystallization mechanism. The UV-Vis-NIR ab-
sorption spectra for the solutions aging different time were char-
acterized in Fig. 7. The max absorption peak was red-shifted from
480 nm to 495 nm and the intensity of the p-p stacking peak was
om the solutions with different concentration.



Fig. 8. The morphology of the films drop-casting from the solutions with different aging time.
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increased with extending the aging time. The absorption spectra
were unchanged at the first 12 h this may be the crystallize
nucleation time. The homogeneous nucleation by thermal fluctu-
ations was slow to form perfect nuclei due to the low supersatu-
ration in the solutionwith small Ra. The amount of aggregationwas
increased slowly at the next 24 h. The slow aggregation could avoid
the defect which was beneficial for forming long nanowires. The
intensity of the p-p stacking peak was increased rapidly when the
aging timewas beyond 36 h and the solutionwas gelation. This was
due to the formed long nanowires were entangled each other and
the aggregationwas rapidly enhanced. The growing of nanowires in
the gelation solution was suppressed. The morphology of the films
drop-casting from the solutions aging different time was shown in
Fig. 8. There were short nanowires when the solution was aged 0 h
and 12 h. The short nanowires were formed during drop-casting
process after the crystallize nucleation in solution. The time of
forming nanowires during the film formation was shorter than the
time of growing nanowires in solution which resulted in the
nanowires was short. When the solution was aged 24 h, the
nanowires were grown longer which indicated the nanowires were
formed in solution. The amount of nanowires was less than the
solution aged 12 h which indicated a part of the nucleation was
dissolved by thermal fluctuations. When the solution was aged
Fig. 9. The equilibrium of entanglement 4 di
36 h, the dense nanowires were prepared and the amount of
nanowires was increased which indicated the crystallization was a
homogeneous nucleation and growth process in solution. The long
nanowires were entangled each other when the aging time was
beyond 36 h. There was amorphous aggregation at the entangle-
ment apart from nanowires when the solution was aged 48 h and
60 h. The dense and long nanowires were prepared by aging 36 h
and the crystallization was a homogeneous nucleation and growth
process in solution. The width of nanowires was about 20 nm for
different aging time.

The equilibrium of entanglement 4 disentanglement 4

nucleation and growth was shown in Fig. 9. The supersaturation in
the solution with low Ra and concentration was too small and
couldn't crystallize nucleation and growth to form nanowires in
solution. The equilibrium was move to the disentanglement. The
nanowires formed during the film formation were short and not
dense. When the Ra and concentration was increased suitably to
the critical value, where the solution is moderately supersaturated,
the equilibrium was move to the nucleation and growth. The low
supersaturation could drive the conjugated polymer disentangle to
adjust conformation for crystallization slowly. The slow crystallize
nucleation and growth could form perfect nuclei and reduce defect
to prepare the nanowires. The disentangled molecules could pack
sentanglement 4 nucleation and growth.
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to nanowires which could facilitate the continuous disentangle-
ment to provide easier diffusivity of chains to grow dense nano-
wires at higher concentration. The entanglement couldn't be
disentangled in the solution with high Ra and concentration which
was not beneficial for forming nanowires. The equilibrium was
move to the entanglement. The morphology was amorphous ag-
gregation and small crystal. The equilibrium of entanglement 4

disentanglement 4 nucleation and growth could be controlled by
tuning the Ra. The aging solution with critical Ra at high concen-
tration could form dense and long nanowires.

4. Conclusions

In this work, we control the equilibrium of entanglement 4

disentanglement4 nucleation and growth at higher concentration
for the continuous disentanglement with the nucleation and
growth of the disentangled molecules. The dense nanowires of
PBTTT-C14 were formed by tuning the radius of interaction (Ra)
between the solvent and conjugated polymer in the mixed solvent
(Ra¼ 2.56) at a higher concentration of 1mg/ml by aging. When
the solution was at the critical Ra, the entanglement was disen-
tangled at higher concentration. The disentangled molecules could
pack to nanowires which could facilitate the continuous disen-
tanglement to grow dense nanowires at higher concentration. The
nanowires were more than 10 mm in length and 20 nm in width.
The contrast was obvious in transmission electron microscopy
which indicated the high electronic density and the high crystal-
linity of the nanowires. The density of the nanowire increased with
increasing concentration and aging time.
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