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Regioregular poly(3-hexylthiophene) (P3HT) is a promising
semiconductive material for low-cost, large-scale, and flexible
electronics such as thin film solar cells and field-effect transis-
tors.' In these devices, P3HT is usually deposited from its
solutions and then crystallizes dynamically into polycrystalline
thin films upon solidification. The crystalline structure and
morphology of P3HT significantly affect the thin film charge
transport properties and consequently dominate the device
performance. Understanding P3HT crystallization and control-
ling the crystal dimension is important to improve device perfor-
mance as well as to design new semiconductive polymers with
high charge mobility.*”® Extensive work on the crystallization of
P3HT reveals a very complex process influenced by many factors
such as thermal treatments,”® solvents,”!° film thickness,'' and
polymer molecular weight (M,).'>"'* In searching a theory to
guide the study of complicated P3HT crystallization, we found
that P3HT shares similar crystallization behavior with polyethy-
lene (PE, a semicrystalline polymer) despite their different crystal
morphology. The crystallization of traditional semicrystalline
polymers such as PE has been well elucidated through the
investigations of polymer solution crystals.'> It is found that
(1) polymer usually crystallizes into thin and lamellar single
crystals in dilute solutions, (2) polymer chain folding occurs in
the lamellar crystals, (3) the lamellar thickness (i.e., fold length)
varies with crystallization temperature, and (4) lamellar crystals
formed in dilute solutions are fundamental structures in complex
crystals formed at high concentration and melt. In comparison to
PE’s crystallization behavior, P3HT forms one-dimensional (1D)
lamellar crystals (nanowhiskers) from its dilute solutions via the
7—n interactions among polymer backbones,'®™ ' while PE
forms two-dimensional (2D) lamellar crystals. Typically, P3HT
nanowhiskers have an average width of 13—15 nm and the
thickness of 3—5 nm corresponding to two or three P3HT
monolayers.”’ On the basis of the observation of smaller nano-
whisker width compared to the polymer contour length,*' ™
polymer chain folding, a common phenomenon in PE crystal-
lization, was proposed in P3HT nanowhiskers. Polycrystalline
film of P3HT deposited at high concentration is composed of 1D
nanowhisker-like domains comparable to the crystals formed in
dilute solutions.”* These observations suggest that a systematic
investigation of P3HT crystals in solutions with the guidance of
traditional crystallization theory will lead to further understand-
ing of P3HT crystallization process and offer an opportunity to
control the crystal dimension. Here we present a systematic
investigation of P3HT crystallization by changing the polymer
molecular weight (M,,), crystallization temperature, and polymer
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Table 1. P3HT with Different Molecular Weight Used To Prepare
Nanowhiskers in Solutions

corrected contour average
M, M,? length® nanowhisker
sample (kDa) PDI“ (kDa) (nm) width? (nm)
A 6.0 1.50 3.6 8.4 7.3 +£0.74
B 10.2 1.22 6.1 14.3 13.3+0.63
C 15.6 1.25 9.3 21.9 14.6 £0.42
D 33.5 1.48 19.9 49.2 14.4+£0.35

“Number-average molecular weight (M,) and polydispersity index
(PDI) determined by GPC as shown in Figure S1. ® Calculated from
M, determined by GPC by assuming that it overestimates the molecular
weight by 70% (scaling factor: 1.7).!° ¢Calculated according to the
corrected M,. ¢ Average width determined by TEM, margin of error
indicating a 95% confidence interval of the average width.

concentration. P3HT polymer chains change from extending to
folding in nanowhiskers when the M, is above a critical value,
and the fold length can be controlled by changing the crystal-
lization temperature. Such observation provides the first experi-
mental support of P3HT chain folding when P3HT crystallizes
from solutions. Furthermore, 1D nanowhiskers composed of
extended P3HT chains can grow into highly ordered two-dimen-
sional (2D) nanoribbons from more concentrated P3HT solu-
tions, generating a new class of large P3HT crystals.

In order to systematically investigate the influence of P3HT
molecular weight on the dimension of their crystalline structures
(1D nanowhiskers), P3HTs with different M, (sample A to
sample D in Table 1) were first dissolved in their marginal
solvents® at 90 °C and cooled down to room temperature
(25 °C). P3HT precipitated out and formed 1D nanowhisker
dispersion because of its low solubility in the marginal solvent at
room temperature. Figure |A—D shows the TEM images of the
obtained nanowhiskers corresponding to sample A to sample D,
respectively. A typical selected area electron diffraction (SAED)
pattern s given in the inset of Figure 1D, which confirms the well-
defined 1D structure in nanowhiskers.'*' The average widths of
the nanowhiskers determined by TEM are listed in Table 1.
Comparing to the contour lengths calculated from their corrected
M, (Table 1), the average nanowhisker widths of sample A and
sample B are approximate to their corresponding contour
lengths, while the average nanowhisker widths of sample C and
D are constant regardless of their molecular weight and are much
smaller than their corresponding contour lengths. The results
suggest that P3HT polymer backbones in nanowhiskers will
change from fully extending to folding at a critical M, range.
Traditional flexible semicrystalline polymers also show this M,
determined chain folding in their crystallization processes.”®*’
The critical M,, for P3HT chain folding is found to be around
10 kDa (determined by GPC) by comparing the nanowhisker
widths of samples A—D. The nanowhisker width equals to the
length of extended polymer chain and is proportional to M,
(samples A, B) when M|, is less than 10 kDa. In contrast, the
width of nanowhiskers is constant regardless of M, when M,, is
above 10 kDa. Figure 1E shows the cartoons of nanowhiskers
formed from P3HT with extended and folded polymer chains.
Although P3HT is a rodlike polymer comparing with flexible
polymers, it can form U-turn type fold, where several thiophene
rings adopt a continuous cis conformation promoted by intra-
molecular alkyl side chain interactions.*®

According to the traditional crystallization theory, the fold
length is proportional to /AT (AT = T — T, where T, and T,°
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Increasing M,

Figure 1. (A—D) TEM images of P3HT nanowhiskers prepared by a
solution method at 25 °C, corresponding to samples A—D, respectively.
Concentration: 0.20 mg/mL in DMF/anisole (volume ratio: 2:1) for
sample A; 0.05 mg/mL in anisole for B, C, and D. Scale bar: 100 nm.
Inset in (D): selected area electron diffraction pattern of P3HT nano-
whisker of sample D. (E) Schematic illustration of extended (left) and
folded (right) P3HT backbone stacking in nanowhiskers prepared by
low M, (left) and high M, (right) P3HT, respectively. The U-turn of the
polymer includes 6—7 alkylthiophene rings.
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Figure 2. (A—C) TEM images of P3HT (33.5 kDa) nanowhiskers
prepared at 0, 25, and 35 °C, respectively. Scale bar: 100 nm.
(D) Curves for TEM determined average width of P3HT (square:
15.6 kDa; circle: 33.5 kDa) nanowhiskers versus crystallization tem-
peratures.

are crystallization temperature and the dissolution temperature,
respectively).” Higher 7, always leads to longer fold length in
lamellar crystals. Therefore, the nanowhisker width can be
increased by raising crystallization temperature if P3HT follows
the traditional crystallization theory. To examine the hypothesis,
crystals (nanowhiskers) of sample C and sample D were gene-
rated at different crystallization temperatures. The width of
obtained nanowhiskers was examined by TEM. Figures 2A—C
are the TEM images of nanowhiskers (sample D, 33.5 kDa)
obtained at different temperature. As observed in the TEM
images, the nanowhisker width increases with the increment of
crystallization temperature. Figure 2D gives the plots of average
nanowhisker width versus crystallization temperature of samples
C and D. The average width of P3HT nanowhisker (sample D)
varies from about 12.0 to 17.0 nm when crystallization tempera-
ture is increased from 0 to 35 °C. Comparing with sample D,
sample C shows a larger increasing rate of nanowhisker width
versus temperature, probably attributed to a lower dissolution
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temperature for lower molecular weight P3HT. Nevertheless,
both polymers show a similar trend of increasing width with
increasing temperature. Such observations not only confirm that
the chain folding of rigid-rod P3HT is similar to that of
semicrystalline flexible polymers, supporting the feasibility of
considering the crystallization of P3HT according to semicrys-
talline flexible polymer crystallization theory, but also offer a
simple approach to control the crystal dimension.

In the traditional crystallization theory, the morphology of
polymer crystals formed at melt (spherulites) is more complex
than polymer single crystals formed from a dilute solution
although both have similar lamellar structures. Polymer crystals
formed from a concentrated solution can be regarded as the
intermediate of crystals obtained from a dilution solution and
melt, and its morphology is more similar to that of the melt
crystals.>® P3HT polycrystalline films in organic electronics are
usually fabricated by depositing its solutions on substrates
followed by a thermal annealing. Therefore, P3HT polycrystal-
line film should have more comparable structure and morphol-
ogy to P3HT crystals obtained from concentrated solutions than
polymer single crystals obtained in dilute solutions.

For samples with fully extended chains (samples A and B),
their crystal structures transform from 1D nanowhiskers to
2D nanoribbons or 2D nanoribbon aggregates with increased
P3HT concentration (0.2—0.5 mg/mL). It is the first time that
such P3HT 2D nanoribbon structures were obtained from P3HT
solutions. Parts A and B of Figure 3 (more images in Figure S2)
show the TEM images of P3HT nanoribbons obtained from
sample A and B, respectively. The corresponding AFM images
are shown in Figure 3C,D. Both the TEM and AFM images
confirm the nanoribbon structures. 2D nanoribbons prepared
from sample A are more uniform than those prepared from
sample B. Its average length and width are about 1.0—
1.5 um and 250 nm, respectively. For sample B, small amount
of nanowhiskers are observed beside irregular nanoribbons. The
length of nanoribbons varies from 2 to 5 um while the width
varies from 50 to 200 nm, showing a higher aspect ratio than that
of sample A. According to the cross-section analysis of AFM
images, the P3HT nanoribbon thicknesses of samples A and B are
7.5 and 14.8 nm, respectively. Such measured thicknesses are very
close to the contour lengths of corresponding P3HT (Table 1) as
well as the widths of their nanowhiskers formed in dilute solu-
tions. This observation suggests that the nanoribbon thickness
corresponds to the length of a fully extended polymer chain.
Figure 3E shows the SAED pattern of P3HT nanoribbons
obtained from sample B. Different from the SAED pattern of
1D nanowhiskers (inset in Figure 1D), the SAED pattern of
nanoribbons clearly shows both (010) reflection and (%00) reflec-
tions (h = 1, 2, 3), demonstrating 2D ordered characteristic of
P3HT nanoribbons. Therefore, the molecular orientation in
P3HT 2D nanoribbons should be stacked as shown in Figure 3F.

2D P3HT nanoribbons form through a further growth of 1D
nanowhiskers as shown in Figure 3G. First, the 7— interaction
of P3HT generates 1D nanowhisker-like nucleus in solution; then
the regioregular alkyl chains of extended P3HT on nanowhisker
surface promote the growth along another direction [100] via alkyl
interactions, leading to 2D nanoribbons. Since both the 7—x
interaction and alkyl interaction influence the nanoribbon for-
mation, they can be tuned to control the dimension of nanorib-
bons. Compared to sample A, sample B has a higher molecular
weight with stronger intermolecular 77— interactions, resulting in
nanoribbons with a higher aspect ratio. In our studies, the yield of
the nanoribbon formation was found to be more than 70% by
comparing the solution UV—vis absorbance before and after the
nanoribbon formation according to the reported approach.?

To examine the effect of large P3HT nanoribbon crystalline on
charge transport property, we compared the charge mobility of
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Figure 3. (A, B) TEM image of P3HT (6.0 and 10.2 kDa, respectively)
nanoribbons. (C, D) Tapping-mode AFM height images (top) and
their cross sections of the line trace (bottom) of P3HT nanoribbons
(C:6.0kDa, 2.5 x 2.5um; D: 10.2 kDa, 5.0 x 5.0 um) on silicon wafers
(SiO,/Si substrates) by spinning-coating. Scale bar: 500 nm. (E) Selected
area electron diffraction pattern corresponding to P3HT (10.2 kDa)
nanoribbon (B) with the electron beam perpendicular to the substrate.
(F) Schematic illustration of molecular stacking in P3HT nanoribbon
(G) Schematic illustration of the formation of P3HT nanoribbons.

P3HT films deposited from P3HT nanoribbon dispersion
(sample B) and the solution of sample B in dichlorobenzene
using a bottom gated field-effect transistor (FET). Since thermal
annealing has been proved to be an effective approach to crystal-
lize amorphous P3HT and improve the charge mobility of P3HT
based devices,! both devices was annealed at 150 °C for 20 min to
improve the order of the materials and electrode contact. The
AFM image of the FET device after annealing (Figure S3) shows
that the morphology of nanoribbon film was preserved. The
characterization of FET devices shows that the device fabricated
from the P3HT nanoribbon dispersion has a high charge mobility
of 0.012 cm?/(V s) (on/off ratio: 6.5 x 10%) (Figure 4), while the
control device fabricated from a solution of sample B shows a
mobility of 1.7 x 107 em?/(V s) (on/off ratio: 2.0 x 10%). Given
the factor that the charge mobility of P3HT-based FET is
influenced by parameters including crystallite size, crystallite
orientation, and interface morphology, this observation suggests
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Figure 4. Electrical characteristics of FET fabricated by P3HT nano-
ribbon film. (A) Output characteristics (channel width: W = 3 um;
channel length: L = 200 um) and (B) corresponding transfer and
—Ips 2~ Vgs curve.

that high ordered P3HT nanoribbon and its large crystalline size
may be one of the factors that contribute to a good charge
transport property. In addition, the charge transport property of
the nanoribbon films shows a less dependence on surface treat-
ment of the FET device owning to the preformed crystalline
structures. More detailed work on charge mobility of 2D nano-
ribbons will be published elsewhere.

In contrast to P3HT with fully extended polymer chains, 1D
nanowhisker aggregates (Figure S4) were the only structures
observed from folded chain samples (samples C and D) with
increased P3HT concentrations in anisole. The nanowhiskers
aggregates cannot be separated by diluting the suspension,
suggesting that P3HT chains partially incorporate in multiple
nanowhiskers and generate intercrystalline links. Other marginal
solvents (cyclohexanone and methyl benzoate) and mixed sol-
vents (marginal solvents and DMF with different ratios) gave
similar 1D nanowhisker aggregates when used to prepare ribbon-
like P3HT crystals. These results suggest that the further growth
of 1D nanowhisker via alkyl interactions is inhibited. We spec-
ulate that the P3HT chain folding leads to poorly defined surfaces
of nanowhiskers similar to the defects in crystals, inhibiting the
further growth of nanowhiskers (Figure S5). In contrast, intact
surface of 1D nanowhiskers prepared from low molecular weight
P3HT with extended polymer chains allows the further growth of
nanowhiskers into nanoribbons.

With further increased concentration (> 1.5 mg/mL), both
folded-chain and extended-chain P3HT samples form gels. The
gels of folded-chain samples, similar to the observed nanowhisker
aggregates, are composed of 1D nanowhiskers,?! while the gels of
extended-chain samples are composed of 2D nanoribbons
(Figure S6). According to the P3HT crystalline structures in-
vestigated at high concentration, we believe that 1D nanowhis-
kers and 2D nanoribbons are fundamental structures in
polycrystalline films prepared by folded-chain samples and
extended-chain samples, respectively. Therefore, chain folding
of P3HT plays an important role in determining crystalline
structures of active films applied in organic electronics. Such
behavior limits the P3HT crystal size by inhibiting the further
growth of 1D nanowhiskers in polycrystalline films. It is believed
that less alkyl side chain interaction and higher polymer back-
bone rigidity can inhibit the chain folding.*>** Therefore, con-
ductive polymers with tailor-made crystalline dimension can be
designed by tuning side chain interaction and polymer backbone
rigidity.

In conclusion, we systematically investigated the P3HT crystal-
lization in solutions by changing the molecular weight, crystal-
lization temperature, and solution concentration. Molecular
weight dependent chain folding and temperature determined fold
length, which are typical crystallization behavior of flexible
semicrystalline polymers, were observed when P3HT crystallized
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in dilute solutions. P3HT polymer chain varies from extending to
folding in crystals (1D nanowhiskers) when the M, is above a
critical value (10 kDa, determined by GPC). The fold length
(nanowhisker width) can be controlled by crystallization tem-
perature. 1D nanowhiskers with fully extended polymer chains
can further grow into 2D nanoribbons with increased P3HT
concentration while the further growth of nanowhiskers with
folded chains is inhibited by the poorly defined surfaces. The
nanoribbon aspect ratio is influenced by polymer molecular
weight. The charge mobility of the 2D nanoribbon film was
measured to be 0.012 cm?/(V s) with an on/off ratio of 6.5 x 10%,
which is higher than that of the P3HT films solution-cast from the
same P3HT. The 1D nanowhiskers and 2D nanoribbons con-
stitute the fundamental structures in polycrystalline P3HT films
depending on the P3HT molecular weight. Traditional flexible
semicrystalline polymer crystallization theory provides an easy
avenue to understanding P3HT crystallization. Studying polymer
crystallization in dilute solutions provides a simple way to
understand the crystallization nature of conductive polymers
and offer a physical control of their crystal dimensions.
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