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We report poly(3-hexylthiophene) (P3HT) nanowhiskers of monolayer thickness which self-assemble in a dilute solution. These
nanowhiskers are tens of micrometers in length, 30 nm in width,
but only 1.6 nm in thickness, corresponding to the height of P3HT in
the side-chain direction. The ﬁeld-eﬀect mobility of these nanowhiskers reached 1.3  102 cm2 V1 s1.

Regioregular poly(3-hexylthiophene) (P3HT) is a promising
semiconducting polymer for use in eld-eﬀect transistors
(FETs) and solar cells. Its chemical stability, solution processability and high charge carrier mobility are attractive properties.1–3 For these applications, control of the morphology and, in
particular, the crystalline structure of P3HT is crucial for optimizing its charge transport properties and hence device
performance.4 As a typical p-conjugated polymer, P3HT
contains a rigid conjugated backbone modied with so alkyl
side chains, and its crystallization behavior has stimulated
signicant interest.5 Because of the backbone rigidity and the
immiscibility of the main chains and the side chains, P3HT
molecules tend to self-assemble into brillar nanostructures,
such as nanowhiskers6 and nanobers,7 with stacked main
chains in layers and side chains between the layers. On
substrates these nanostructures usually exhibit an edge-on
orientation, i.e. the side chains are perpendicular to the
substrate, and the rigid backbones are parallel to the substrate
and perpendicular to the long axis of the nanostructures.6–8
P3HT nanowhiskers or nanobers can be obtained by the
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“whisker method” which involves cooling the P3HT solution in
a marginal solvent,6,8–12 by adding a poor solvent into the P3HT
solution13,14 and spin-coating the P3HT solution under a high
solvent vapor pressure.15,16 P3HT nanowhiskers generally
exhibit lengths greater than 10 mm6,8,17 and heights of
3–6 nm,6,8,16 corresponding to 2–4 molecular layers. The width
increases as a function of molecular weight before reaching a
maximum of 15–20 nm, determined by transmission electron
microscopy (TEM), as the polymer chains change from being
fully extended to folding in the direction of the side chains
when the molecular weight is above a critical value.11 The
maximum width of the nanowhiskers measured by atomic force
microscopy is about 30 nm,8 which is much larger than the TEM
values, and likely due to the exaggeration eﬀect of the AFM tip.2
The molecular weight dependence of the width is also observed
in P3HT nanobers, with a maximum width of 30 nm, as
determined by AFM.7 The eld-eﬀect mobilities of these nanostructures measured in the lm, network and isolated single
ber states are around 102 cm2 V1 s1,10,11,17,18 which is
consistent with the calculated result of the inter-chain mobility
of P3HT.19 On the other hand, ultrathin lms of monolayer
P3HT molecules have been obtained by dip-coating20 and
liquid-crystal hybridization,21 however, the eld-eﬀect mobility
in these monolayer materials is much lower than in the thicker
lms because the P3HT molecules are poorly ordered. In the
present work, we report a new morphological structure of P3HT
grown in a good solvent at low concentration over an extended
period of time.
Aer a chloroform solution of P3HT was maintained in a
sealed vessel in darkness at 20  2  C for a week, it remained
transparent but its color changed from yellow to red, with new
absorption bands emerging in the 550–625 nm region of the UVvis spectrum (ESI†), which suggests the formation of ordered
structures in the solution.8,13 A clean Si wafer was dipped into
this solution for 1 min and then immediately into chloroform
for 1 min, and the surface was examined by AFM (Fig. 1a). A
network of nanowhiskers with contact, overlap and bifurcation
is clearly observed. Most of the nanowhiskers are longer than
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Fig. 1 (a) Topography image of the P3HT monolayer nanowhiskers on Si wafer
(inset is an enlarged view), and (b) AFM width distribution and (c) typical crosssection proﬁle of (a) at the position marked by the white dashed line.

10 mm. The average width (Fig. 1b) is about 40 nm, much larger
than the reported maximum width of the P3HT nanostructures
measured by AFM.7,8 More strikingly, the heights of these
nanowhiskers are all 1.6 nm (Fig. 1c), which matches the
P3HT crystal plane spacing in the direction of the side chains,
or the height of a P3HT molecule in the direction of the side
chains.5,22 Fig. 2a shows the TEM image and the selected area
electron diﬀraction (SAED) pattern of the nanowhiskers on
copper grids. The appearance of (020) diﬀraction conrms longrange ordering with an edge-on orientation of the P3HT molecules and an inter-chain p–p stacking distance of 0.38 nm
(ESI†) between the adjacent thienyl backbones. The average
width is 29 nm (Fig. 2b), again much greater than the reported
maximum width measured by TEM (15–20 nm). In the grazing
incidence X-ray diﬀraction (GIXRD) patterns (Fig. 2c), the (100)
peak at 2q ¼ 5.4 , characteristic of the chain layered structure,23
is absent. These results indicate that the nanowhiskers are of
monolayer thickness in the direction of the side chains, with
long-range ordering in the direction of the p–p stacking and
along the thienyl main chains.
In Fig. 2d, the UV-vis absorption spectrum of the P3HT
monolayer nanowhiskers is compared with that of normal
nanowhiskers prepared from the same P3HT sample following a
literature procedure13 (ESI†). The heights of the latter are 3–6 nm
and the width by AFM is 30 nm (ESI†), consistent with the
literature values,8 and (100) diﬀraction is clearly observed by
GIXRD (Fig. 2c). The absorption bands of the nanowhiskers at 558
and 605 nm are attributed to the p–p* transitions caused by the
increased conjugation length due to the stacking of P3HT backbones and inter-chain interactions, respectively.14,24,25 For the
P3HT monolayer nanowhiskers, however, the rst band occurs at
565 nm, which is red-shied compared to that of the normal
nanowhiskers, indicating a longer conjugation length than in the
latter.13 The relative intensity of the 605 nm band is also higher,
implying a higher degree of crystallinity.14,24 This result further
supports the above conclusion that the nanostructure we
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Fig. 2 (a) TEM image and SAED pattern of the P3HT monolayer nanowhiskers
formed in chloroform, and (b) width distribution measured by TEM. (c) Out-of-plane
GIXRD patterns and (d) UV-vis spectra of the P3HT samples prepared under diﬀerent
conditions. (e) Schematic illustration of the structure of the monolayer nanowhiskers,
with the two directions with long-range ordering indicated by the red arrows.

prepared is a highly ordered crystalline material, and in these
P3HT monolayer nanowhiskers the P3HT chains are more
extended than in normal nanowhiskers. Fig. 2e is a schematic
illustration of the monolayer nanowhisker structure.
We turn our focus to the width of the P3HT monolayer nanowhiskers. The number average molecular weight (Mn) of the P3HT
sample used in these experiments is 16 000, which is well above
the reported critical value of chain folding in nanowhiskers.11 Yet
as mentioned above, both the AFM and TEM results are much
larger than the reported maximum widths. Furthermore, the
monolayer height value has excluded the possibility of chain
folding in the side chain direction,6,11 and the UV-vis absorption
spectrum suggests a higher crystallinity than in normal nanowhiskers, where chain folding occurs. Therefore, we can deduce
that in these nanowhiskers the chains are extended without
folding. The average contour length of the P3HT molecules can be
calculated as Ln ¼ I0Mn/(M0B), where I0 and M0 are the length and
molecular weight of the thiophene repeat unit. B is a correction
coeﬃcient, which is about 2.7,11,26 The value of Ln obtained for the
P3HT used in this study is about 18 nm, which is much smaller
than the width of the nanowhiskers determined by TEM, which is
29 nm (Fig. 2b). This indicates that the high-molecular-weight
Polym. Chem., 2013, 4, 4308–4311 | 4309
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fraction was selected and the low-molecular-weight fraction
remained in solution during the formation of the P3HT monolayer nanowhiskers.8
To explore the origin of the P3HT monolayer nanowhiskers,
several control experiments were carried out. A Si wafer was pulled
out of the aged P3HT solution and dried directly without rinsing
with chloroform. A large number of similar nanowhiskers of
1.6 nm height are observed by AFM, although they are slightly
obscured by the overlaid disordered phase, formed from the drying
of the residual solution on the wafer (ESI†). The out-of-plane
GIXRD pattern shows no (100) diﬀraction (Fig. 2c), and the UV-vis
spectrum (Fig. 2d) indicates a lower degree of order than in the
rinsed sample (where only monolayer nanowhiskers are present),
which conrms that the additional portion is more disordered.
This disordered phase is also seen in the TEM image (Fig. 2a). No
nanowhiskers were observed when a freshly prepared P3HT solution was used, and aer 1 day some monolayer naonowhiskers
were found in the solution, which were shorter than the ones
observed aer 1 week (ESI†). These results clearly indicate that the
monolayer nanowhiskers are formed and grow in the chloroform
solution over several days rather than in the drying/rinsing process.
We oﬀer the following explanation. In the chloroform solution, the
high-molecular-weight fraction is slightly oversaturated and starts
to crystallize, whereas the low-molecular-weight fraction is more
soluble and stays in solution. The oversaturation is small; in fact,
we observed no nanocrystal formation in a similar solution
maintained at a slightly higher temperature of 28  2  C for a week
and more. Under such mild conditions and a small oversaturation,
the crystallization process is very slow, which results in the more
thermodynamically stable extended-chain crystals. Because the
hexyl side chains are much more soluble and the van der Waals
interactions between them are much weaker compared to the
thienyl main chains, crystal growth in the side chain direction is so
unfavorable that it cannot proceed, resulting in monolayer nanowhiskers. On the other hand, the addition of a small amount of
hexane, a poor solvent for P3HT, to the chloroform solution
produced the normal thicker nanowhiskers (ESI†).
Top-contact devices were fabricated to measure the eldeﬀect mobility of networks of the P3HT monolayer nanowhiskers, and the representative transfer and output characteristics of the devices are shown in Fig. 3a and b. The average eldeﬀect mobility obtained is 0.91  102 cm2 V1 s1, and the
maximum value is 1.3  102 cm2 V1 s1, which is very close to
the reported values for other P3HT nanobers,10,11,17,18 and 2–3
orders of magnitude greater than that of P3HT monolayers

Fig. 3 Typical transfer (a) and output (b) characteristics of a top-contact device
fabricated from a network of the P3HT monolayer nanowhiskers.
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fabricated by dip-coating.20 It has been reported that bridging
between nanobers does not reduce charge transport inside the
web,27 which is consistent with the corresponding calculated
results.18 Our investigation provides experimental results for the
charge transport properties of monolayer P3HT molecules along
the p–p direction (inter-chain).
In summary, we have discovered a new morphology of P3HT,
nanowhiskers of monolayer thickness, with a much greater width
than the literature values. These nanowhiskers exhibit long-range
ordering in two directions and single molecule thickness in the
third direction, and may be considered as two-dimensional
extended-chain crystals. Two factors are critical for the formation
of this novel structure: the p-conjugation provides not only chain
rigidity to suppress folding in the chain direction, but also a
directional attractive interaction of suﬃcient strength normal to
the molecule plane for the crystal to grow in this direction. Then
the side chains of suitable length solubilize the semi-rigid
molecule, and their interactions with the solvent prevent crystal
growth in the side chain direction. These monolayer nanowhiskers of P3HT in a network state, of single molecule thickness,
exhibit a high eld-eﬀect mobility. This work provides new
insight into the self-assembly behavior of semi-rigid conjugated
polymers, and aﬀords new building blocks for optoelectronic
devices. Further investigation of the molecular weight eﬀects and
the growth kinetics of the nanowhiskers is underway.
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