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Transformation from Nanofibers to Nanoribbons in
Poly(3-hexylthiophene) Solution by Adding Alkylthiols

Shuang Pan, Mingjing Zhu, Luze He, Hongdong Zhang, Feng Qiu, Zhiqun Lin,

and Juan Peng*

An intriguing morphological transition from poly(3-hexylthiophene) (P3HT)
1D nanofibers to 2D nanoribbons enabled by the addition of a series of
alkylthiols is reported. First, P3HT 1D nanofibers are formed due to strong
anisotropic m—7 stacking between planar rigid backbones. Upon the addition
of alkylthiols, P3HT nanofibers are transformed into nanoribbons associ-
ated with the crystallographic transition from edge-on orientation to flat-on
orientation. The content of alkylthiols has a great influence on the P3HT
morphology in the solution. The mechanism of such a morphological trans-
formation is discussed based on the interaction between alkylthiols and P3HT
chains. This work offers an effective strategy to tailor the crystal morphology
and dimension of P3HT, which not only improves the understanding of P3HT
crystallization but also may enable such discovery into conjugated polymer-

morphology of the active layer composed
of P3HT/PCBM.P! Therefore, a lot of
work has been done to control the crys-
talline structure of P3HT. Based on post-
processing approaches such as thermall®
or solvent annealing,”® the crystallinity
of P3HT can be greatly enhanced, which
is favorable for the device performance.
Besides, solution-processing approaches
without thermal or solvent annealing have
been effectively used. Since the crystalliza-
tion of P3HT is sensitive to the solvents,’]
additives,'” aging time, and tempera-
ture, 1! etc., its crystalline structure can be
directly tailored in the solution, which is

based optoelectronic devices.

1. Introduction

Conjugated polymers combine the optoelectronic properties
of semiconductors and the good processability of polymers,
which have been widely used in organic electronics such as
organic photovoltaics (OPVs), light-emitting diodes (LEDs),
thin-film transistors, etc.!3l Among various conjugated poly-
mers, poly(3-hexylthiophene) (P3HT) is mostly studied due to
its excellent charge carrier mobility and chemical stability.l*! For
example, in bulk heterojunction (BH]J) solar cells, P3HT is a
model compound as the electron donor and a fullerene deriva-
tive (e.g., [6,6]-phenyl-Cg,-butyric acid methyl ester (PCBM)) is
as the electron acceptor. The power conversion efficiency (PCE)
of the model system (P3HT/PCBM) can be 3-5% with the per-
formance highly related to the P3HT crystallinity and nanoscale
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more attractive and efficient.

Among solution-processing approaches
to tailor the P3HT crystallization, the addi-
tion of additives has attracted increasing

attention. Since the first report on the additive to improve the
device performance by Peet et al.,['% some work have been done
on this subject.'>18 For example, the addition of alkylthiols to
P3HT/PCBM was found to significantly improve the photocon-
ductivity due to the enhanced structural order.'® In another
example, the mechanism about how alkylthiols affected the
P3HT/PCBM morphology was investigated, in which n-dode-
cylthiol reduced the entanglement of P3HT chains and further
promoted its coil-to-rod transformation.'?l 1t is worth noting
that in most work, P3HT was dissolved in good solvents with
flexible coil characteristic before the addition of additives. After
the P3HT chains crystallize into nanofibrillar structures due to
interchain 7—r stacking, how the additives influence the already
formed nanofibers remains unexplored.

In our previous report, a novel nanoribbon-shaped nanocom-
posites composed of P3HT nanoribbons and gold nanorods
were crafted by a coassembly of thiol-terminated P3HT (P3HT-
SH) nanofibers with dodecanethiol-coated gold nanorods.!' The
dissociated dodecanethiol (DDT) ligands from the gold nanorod
surface was assumed to drive such intriguing nanofiber-to-
nanoribbon transformation. However, the effects of the dode-
canethiol on the P3HT crystallization including the interaction,
kinetic process, transformation mechanism, etc. were not clear.
Motivated by these thoughts, herein we go one step further,
investigated the effect of a series of alkylthiols on the P3HT
nanofibers in detail. The transformation kinetics and mecha-
nism as well as the associated changes on their photophysical
properties were scrutinized. The effect of the alkylthiol chain
length on the P3HT morphology was explored. For comparison,
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another four small molecules with similar alkyl length but dif-
ferent end functional groups were also used as additives. The
significance of this work is to demonstrate an efficient strategy
to tailor the crystal morphology and dimension of P3HT, which
not only improves the fundamental understanding on P3HT
crystallization but also may enable such discovery into conju-
gated polymer-based devices for use in organic field-effect tran-
sistors (OFETs), LEDs, solar cells, optical imaging, and sensors.

2. Experimental Section
2.1. Materials

P3HT (M, = 9500, M, /M, = 1.22) was synthesized by Grignard
metathesis polymerization (GRIM) with GPC data showed in
Figure S1 in the Supporting Information.?% 1-Heptanethiol,
1-dodecanethiol, 1-octadecanethiol, (we call them 7-thiol,
12-thiol, and 18-thiol in this paper, respectively) were purchased
from Aladdin Industrial Corporation and used without further
purification. n-Dodecane, dodecanoic acid, dodecyl amine, and
oleylamine were purchased from Alfa Aesar. Methylene dichlo-
ride (CH,Cl,) and chloroform (CHCI;) were used as received.

2.2. Sample Preparation

In a typical procedure, P3HT was dissolved in CH,Cl,/CHCl;
mixed solution (volume ratio = 7:1, 0.5 mg mL™) and stirred
at room temperature for 24 h to assure the formation of 1D
nanofibers. Then, different amount of alkylthiols were added
into the P3HT nanofiber solution and the final concentration
of P3HT was kept at 0.25 mg mL™L. For comparison, n-dode-
cane, dodecanoic acid, dodecyl amine, and oleylamine were
also added into the P3HT nanofiber solution under the same
condition. The mixed solutions were stirred overnight before
characterization.

2.3. Characterization

Transmission electron microscopy (TEM) images and selected
area electron diffraction (SAED) patterns were obtained on
a Tecnai G? 20, FEI electron microscope operated at 200 kV.
TEM samples were prepared by drop-casting P3HT solutions
onto carbon-coated copper grids, followed by evaporation of
the solvent at ambient. Cryogenic TEM (cryo-TEM) was carried
out using a Gatan cryo-holder operating at =~170 °C and FEI
Tecnai G2 20 Twin TEM at 200 kV. Atomic force microscopy
(AFM) was carried out on Multimode 8 AFM Nanoscope IV
in tapping mode. Thin films for AFM were prepared by spin-
coating P3HT solutions on silicon wafers at 3000 r min~ for
60 s. UV-vis spectroscopy was carried out on Perkin-Elmer
Lambda 750 equipment using a quartz cuvette of 1 mm path
length. Photoluminescence (PL) spectra were recorded on a
FLS960 spectrophotometer (Edinburgh Instruments).

3. Results and Discussion

In a typical whisker method, P3HT can self-organize into sem-
icrystalline nanofibers in anisole?!l or solvent-poor solvent
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mixturel??l through strong 7-r stacking. In our case, P3HT
formed 1D nanofibers in CH,Cl,/CHCl; mixed solution
with high aspect ratio (Figure 1a). By AFM measurement,
the nanofibers had the height, width, and length of =5 nm,
15 nm, and 2-3 um, respectively (Figure 1b). The inset in
Figure 1a was the corresponding SAED pattern of nanofibers,
which showed only one diffraction ring assigned to crystallo-
graphic (020) plane with a d-spacing of 3.8 A. It suggests that
the electron beam goes along (100) direction, which proves that
the P3HT chains adopt edge-on orientation with m—m stacks
along the nanofiber long axis. According to the previous report
that the thickness of a single molecular layer of P3HT in the
side chain direction is =1.6 nm,?® it indicates =3 layers of
P3HT backbones perpendicular to the nanofiber long axis.

After adding a certain content of 12-thiol into the P3HT
nanofiber solution, interestingly, an obvious morphological
transformation from 1D nanofibers to 2D nanoribbons was
observed, with the average nanoribbon height and width of
=20 and 50-300 nm, respectively (Figure 1c,d). The corre-
sponding SAED pattern showed four diffraction rings assigned
to crystallographic (100), (200), (300), and (020) planes, respec-
tively (inset in Figure 1c). It suggests that the electron beam
goes along (001) direction, which proves that the P3HT chains
adopt flat-on orientation in nanoribbons with the polymer
backbones perpendicular to the film plane.®? The d-spacing
of the (100) plane was 16.74 A and the m—r stacking distance
was 3.84 A, which could be attributed to form I crystal of P3HT
with noninterdigitating side chains.?’! Since the solvent evapo-
ration rates during the preparation of TEM and AFM samples
were quite different, the consistent morphology measured by
them indicated the dry sample represented the case in the solu-
tion. The cryo-TEM also showed a nanoribbon morphology,
further demonstrating that the nanoribbons were formed in
the solution instead of during the solvent evaporation process
(Figure S2, Supporting Information). Notably, P3HT nanorib-
bons have been obtained in nanofiber anisole solution with
the concentration above 0.2 mg mL™! and aged at room tem-
perature for a certain time, which differ largely from the pre-
sent study by adding 12-thiol.?!l To compare these two kinds
of nanoribbons, P3HT used in this study was also dissolved
in anisole with the concentration of 0.5 mg mL™! followed by
aging. As we can see, 2D nanoribbons with the flat-on orienta-
tion were indeed formed in anisole characterized by both TEM
and AFM (Figure S3, Supporting Information). The d;,, and
doy0 of nanoribbons were 16.70 and 3.83 A, respectively, which
were slightly smaller than those of nanoribbons prepared with
the addition of 12-thiol. By AFM measurement, the height of
these nanoribbons was =16 nm, which was also =4 nm lower
compared with the height of nanoribbons in Figure 1d. It
is assumed that the 12-thiol intercalated into the P3HT mol-
ecules, which will be discussed in detail below.

It is interesting to note that the content of 12-thiol has great
effects on the transformation of P3HT structure in the solution
(Figure 2). When 12-thiol content was 1% by volume, only a
few nanoribbons were observed coexisting with a number of
nanofibers homogenously distributed in the film (Figure 2a).
With the increased content of 12-thiol, more and more nanor-
ibbons appeared accompanied by the decreasing of nanofibers
obviously (Figure 2b-e). Further increasing the 12-thiol to 50%,
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Figure 1. a) TEM image of P3HT nanofibers drop-cast from CH,Cl,/CHCl; solution. The inset is the corresponding SAED pattern. b) AFM image along
with the line profile of P3HT nanofibers. ¢) TEM image of P3HT nanoribbons drop-cast from CH,Cl,/CHCl; solution with the addition of 12-thiol at
30% by volume. The inset is the corresponding SAED pattern. d) AFM image along with the line profile of P3HT nanoribbons.

only nanoribbons were observed (Figure 2f). It indicated that
the transformation from P3HT nanofibers to nanoribbons was
complete.

To explore the optical properties of P3HT during morpho-
logical transformation and find out the structure—property rela-
tionship, UV-vis absorption and PL spectra were performed.
The initial P3HT nanofiber solution showed a main absorp-
tion peak at 454 nm and a shoulder peak at 596 nm, which
are due to the intrachain n—7* transition of P3HT main chain
and the interchain 77 interaction, respectively (Figure 3a).l%l
During the addition of 12-thiol, the intensity of the shoulder
peak almost did not increase until the content of 50%, indi-
cating the transformation of nanofibers to nanoribbons did
not strengthen the 77 stacking of P3HT when the content
of 12-thiol was below 50%. It was reasonable because the n—r
stacking of P3HT chains had almost reached its equilibrium in
the initial nanofiber solution.

From the corresponding PL spectra, the initial P3HT
nanofiber solution exhibited two emissive peaks at 579 and
639 nm, which were assigned to the 00 and 0-1 intrachain sin-
glet transitions, respectively (Figure 3b).”] It is reported that
P3HT chains in solution can exhibit photophysical behavior of
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J-aggregates (i.e., the 0-0 transition is enhanced relative to the
0-1 sideband) or H-aggregates (i.e., the 0—0 transition is less
intense than the 0-1 sideband) depending on the dominance
of intrachain or interchain exciton coupling, respectively.?®l In
our system, the Io_o/Iy; remained less than 1 during the whole
12-thiol addition process, indicating the H-aggregate behavior
due to the dominated interchain coupling. It is noticed that with
the increased content of 12-thiol, the PL intensity increased
slightly, which may be owning to the introduction of 12-thiol
changed the intrachain or interchain interactions among the
P3HT polymer chains. Another plausible explanation could be
that the addition of 12-thiol into P3HT solution had diluted the
P3HT solution, which increased the PL intensity.

In order to elucidate the effect of the length of alkylthiols on
the morphological transformation, besides 12-thiol, two other
alkylthiols 7-thiol and 18-thiol were also chosen as additives. It
showed that the influence posed by these two different alkylth-
iols was similar, that is, both of them could promote P3HT
nanofibers transform into nanoribbon morphology with the
flat-on orientation (Figure 4). The values of dy,, and d,y, calcu-
lated from SAED patterns of P3HT nanoribbons with the addi-
tion of different alkylthiols were listed in Table 1. Their dy,, and
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Figure 2. TEM images showing the morphological transformation from initial P3HT nanofibers
to nanoribbons with the addition of different content of 12-thiol. a) 1%, b) 5%, c) 10%, d) 20%,

e) 30%, and f) 50% by volume.

digo were slightly different; however, the relationship between
the length of alkylthiols and the lamellar spacing was not clear
at present. We noticed the aggregation of nanoribbons with the
addition of 18-thiol (Figure 4b). Since 18-thiol is a solid, the pre-
cipitated 18-thiol during the solvent evaporation process may
cause the aggregation of P3HT nanoribbons with each other.

A possible mechanism was proposed to explain how
the P3HT 1D nanofibers transformed into 2D nanorib-
bons during the addition of alkylthiols. Since there was no
chemical reaction site between P3HT chains and alkylth-
iols, these alkylthiols mainly contributed to the morphology
transition via physical interaction. Take 12-thiol as an
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example, the relative affinity of 12-thiol
to P3HT was governed by the polymer—
solvent interaction parameter,?>3% y, ¢ (P =
polymer and S = solvent), which can be esti-
mated by yp_g =Vs (85 _6p)2/RT + 0.34, where
Vs is the molar volume of the solvent, R is
the gas constant, T is the Kelvin temperature,
and 05 and Op are the solubility parameters
of the solvent and polymer, respectively. In
the present work, the solubility parameters
of P3HT and 12-thiol are 19.4 (J cm™3)!/?2
and 17.5 (] cm?)1/2[13300 regpectively. By
calculation, ¥p3pr_12.hiol = 0.69. Using the
Flory-Huggins criterion, the complete sol-
vent—polymer miscibility can be realized
when yp_s < 0.5. Therefore, 12-thiol is a rela-
tively poor solvent for P3HT. As we know,
both n—m interactions between polymer
backbones and van der Waals interactions
between hexyl side chains play crucial roles
in determining the crystallization and final
morphology of P3HT. During the addition
of 12-thiol, it played two roles at different
stages: first as the additive to intercalate into
the P3HT molecules, then as a poor solvent
with the increased content. Initially, P3HT
chains exhibit planarized conformation in
CH,Cl,/CHCI; mixed solution and 77 stack
with each other to form the nanofibers along
(020) direction (Figure 5a). After the addi-
tion of 12-thiol, although it is a poor sol-
vent for P3HT according to the calculated
XP3HT-12-thiols it is @ good solvent for the hexyl
side chains of P3HT based on the principle
of “like dissolves like.” Even for 18-thiol as a
solid, after it is dissolved in CH,Cl,/CHCl;
mixed solution, it has good affinity to the
hexyl side chains. Therefore, these alkylthiol
molecules can intercalate into the gap of
the adjacent hexyl side chains, interact with
them and prevent them from interdigita-
tion. As a result, van der Waals interactions
between hexyl chains are strengthened. The
strengthened hexyl interaction via the pres-
ence of alkylthiols promotes the remaining
free P3HT chains in the solution to crystal-
lize and grow along (100) direction, together
with the alkylthiols intercalating into the gap between hexyl
side chains, leading to the formation of nanoribbons
(Figure 5b). Further increasing the amount of alkylthiols (e.g.,
with 50% of 12-thiol by volume), the solvent mixture became
poorer to the P3HT chains, which strengthened the mn
stacking of P3HT with the increased shoulder peak observed
in the UV-vis spectrum (Figure 3a).

We note that the key to the success in forming P3HT
nanoribbons from as-prepared nanofibers is the use of addi-
tive with suitable structure (i.e., molecules with alkyl chains
can strengthen the van der Waals force to promote side chain
packing of P3HT), relative affinity and proper solubility for
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Figure 3. a) UV-vis and b) PL spectra of P3HT solution with the addition
of different content of 12-thiol. The inset in (a) shows the detailed UV-vis
spectra in the range of 550-700 nm.
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Table 1. Summary of the dyoy and dyyo values of P3HT nanoribbons
drop-cast from CH,Cl,/CHCl; solution with the addition of different
alkylthiols at 30% by volume.

Additive 7-thiol 12-thiol 18-thiol
dioo/ A 17.51 16.74 16.99
dozol A 413 3.84 4.02

P3HT chains. For comparison, four different additives with
different end groups (n-dodecane, dodecanoic acid, dodecyl
amine, and oleylamine) were also employed and added into the
P3HT nanofiber solution. These additives are poorer solvents
for P3HT compared to the DDT based on the polymer-solvent
interaction parameter, yp_g (Table S1, Supporting Informa-
tion). Only aggregation of P3HT nanofibers or precipitations
were observed with the addition of these additives, consistent
with their pronounced vibronic shoulder peaks at longer
wavelengths (550-620 nm) in UV-vis spectrum (Figure S4,
Supporting Information).BY This may be due to further
crystallization of rod-like P3HT chains into fibrillar aggre-
gates with 7—r interaction as the dominant driving force. No
obvious nanofiber-to-nanoribbon morphology transition was
observed with the addition of these four additives, indicating
these additives primarily promote m—rm stacking instead of
van der Waals force among P3HT chains.?? In addition to
the studies noted above, control experiment also showed that
the concentration of P3HT was irrelevant to the nanofiber-to-
nanoribbon morphology transition. When diluting the P3HT
nanofiber solution from 0.5 mg mL™! to 0.25 mg mL™!, short
and messy nanowhiskers were formed due to weaker inter-
chain m—rm stacking with decreased concentration (Figure S5,
Supporting Information). When increasing the concentra-
tion of P3HT nanofiber solution to 5 mg mL™, more con-
centrated nanofibers were formed without the observation
of nanofiber-to-nanoribbon transition (Figure S6, Supporting
Information).

Figure 4. TEM images of P3HT nanoribbons drop-cast from CH,Cl,/CHCl; solution with the addition of a) 7-thiol and b) 18-thiol at 30% by volume.

The insets are the corresponding SAED pattern.
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Figure 5. Schematic illustration of a) the P3HT molecular arrangement in nanofibers with an edge-on orientation and b) in nanoribbons after the
addition of alkylthiol molecules (red lines) with a flat-on orientation, respectively.

4, Conclusion

In summary, we have demonstrated an interesting morpho-
logical transformation from P3HT 1D nanofibers to 2D nanor-
ibbons via the addition of alkylthiols, accompanied by the
crystallographic structures changing from edge-on orientation to
flat-on orientation. Such transformation involves two-step crystal-
lization of P3HT. Initially, P3HT chains assemble into nanofibers
via w7 interactions. With the addition of alkylthiols, these
small molecules intercalate into the free space of P3HT hexyl
side chains and strengthen hexyl interactions via the favorable
affinity between alkylthiols and hexyl side chains, which leads to
the further growth of nanofibers along (100) direction to form
nanoribbons. The correlation between P3HT morphological
transformation and its photophysical properties is scrutinized.
Overall, this work demonstrates an effective and simple way to
control the P3HT crystal morphology and dimension. We expect
that this strategy can be used into conjugated polymer-based
OFETs, LEDs, solar cells, optical imaging, and sensors.
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