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Abstract

We developed an approach, i.e. solvent-assist crystallization (SAC), for growing high quality single crystals of head-to-tail regio-regular
poly(3-butylthiophene) (P3BT). By means of atomic force microscopy, electron diffraction and X-ray diffraction, we found that P3BT
macromolecules formed lamella single crystals through gradient crystallization, and in the single crystals, molecules packed normal to the
lamella with extended-chain conformation with alkyl side chains in the growth front during crystallization.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic electronics and optoelectronics based on organic
semiconductors have become an enormous impetus for the
advancement of science and high technologies. The property
of charge transport of organic semiconductors in solid state
closely relates with ordered molecular packing and the
regularity of molecules [1e3]. However, people have little
knowledge on the morphology of rigid-chain polymer com-
pared with flexible counterparts because of their high melting
point or lack of proper solvent [4e7]. Since the discovery of
head-to-tail regio-regular poly(3-alkyl thiophene)s (P3ATs)
in the mid-90s of last century [8,9], these conjugated polymers
have become magic wand to realize high performance organic
solar cells and organic field-effect transistors because of their
good charge transport properties [1,10]. Here we show that
lamella single crystals of P3BT in millimetre long are grown
by means of solvent-assist crystallization (SAC). The P3BT
crystal structure is the superstructure of fibers from thermal
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extrusion or solution casting films after annealing [8,11].
Molecular conformation in the crystals is an extended-chain
that was found in crystals of flexible polymers crystallized
at high-pressure [12]. Alkyl side chains are in growth front
of lamella, which indicate that interaction of alkyl side chain
between P3BT molecules is stronger than that of molecular
backbones during crystallization. Our results demonstrate
that highly ordered morphology could be obtained for conju-
gated polymers than for flexible polymer. Property of charge
transport related with pep stacking between molecules could
be controlled by sophisticated molecular design and proper
solvent selection to control the strength of interactions
between alkyl side chains and molecular backbones during
crystallization.

2. Materials and methods

2.1. Materials and sample preparation

The polymer RR-P3BT was purchased from Aldrich
and used without further purification. The given regio-
regularity is 97%. The weight-average molecular weight and
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polydispersity index, determined by gel permeation chroma-
tography (GPC) using polystyrene as the standard and tetra-
hydrofuran (THF) as the eluent, are 16,000 g/mol and 1.51,
respectively.

Keep 0.2 wt% RR-P3BT THF solution at 70 �C for 5 h,
then slowly cool to room temperature. Drop-cast RR-P3BT
thin-films on surface of glass substrate or Mica coated with
amorphous carbon thin-films and slowly evaporate the solvent.
Then the RR-P3BT thin film was dipped into a mixture of
nitrobenzene and THF (3:1 in volume) for several days until
the solvents were evaporated. We called this crystallization
method as solvent-assist crystallization (SAC).

2.2. Methods

X-ray diffraction patterns were recorded using Rigaku
D/MAX 2500 PC X-ray Diffractometer. The radiation was
Ni-filtered CuKa1, l¼ 1.54058 Å, generated at 250 mA and
50 kV. Optical microscope and SEM micrographs were
obtained using Leica DMLP and FEI XL 30, respectively.
For TEM measurements, carbon thin-films with single crystals
were carefully floated away from mica surface on water
surface, and transferred onto copper grid. The crystals were
imaged using a JEOL 2010 microscope operating at 200 kV.

3. Results and discussion

The diagram of solvent-assist crystallization (SAC) is
shown in the inset of Fig. 1. The good THF solvent could
help RR-P3AT molecules move easily while the bad solvent
nitrobenzene kept the crystallization environment. In conse-
quence, the large crystals visible with neat eyes formed on
glass substrate. Needle-like single crystals with the length up
to millimetre could be clearly identified under optical micros-
copy, as shown in Fig. 1. Single crystals were then selected
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Fig. 1. Micrograph of P3BT single crystals from solvent-assist crystallization

under polarizing optical microscope. Schematic diagram of solvent-assist

crystallization is shown in the inset.
and put on SEM sample plate using tweezers for SEM
observation.

Powder X-ray diffraction of collected crystals shows 14
peaks (Fig. 2). Accordingly, the unit cell parameters were
subtracted to be a¼ 1.42 nm, b¼ 2.53 nm, c¼ 1.56 nm and
a¼ b¼ g¼ 90�. These parameters are commensurate with
references to index (111) and (030) reflections [8,11], param-
eters a and b were exchanged in order to assign b as crystal
growth direction of lamellar crystals, based on electron dif-
fraction of the single crystals as depicted in the following text.

Fig. 3 exhibits the SEM photograph of a typical single crys-
tal. In large magnification, lamella structures with the thick-
ness of 104e15.6 nm can be clearly observed in the lamella
crystals edged on the substrate. It is surprising that thickness
of lamella has distribution but each lamella is quite uniform.
Based on the gel permeation chromatographic (GPC) measure-
ments, the molecular length of RR-P3BT was estimated to be
in the range of 7e130 nm by taking into account the deviation
of measured molecular weight from real value [13,14], which
is consistent with the thickness variation of lamella structures.
These indicate that, in the single crystals, RR-P3BT molecules
are likely packed with the extension chain conformation in
a gradient crystallization process.

In order to understand the molecular packing mode in these
lamella crystals, small single crystals were prepared on amor-
phous carbon thin-films for electron diffraction investigation.
Selected area electron diffraction was carried out with gold
as the calibration. The single crystal and the corresponding
bright-field image are given in Fig. 4, respectively. Electron
diffraction shows rectangular pattern, and the d-spacing along
the two perpendicular directions is 0.63 nm and 0.71 nm, re-
spectively. Combining with powder X-ray diffraction results,
it is indexed as [001] zone. Molecules are parallel to the la-
mella normal and normal to the growth direction b. Schematic
structure of RR-P3BT molecules packing in the lamella crys-
tals is represented in the inset of Fig. 3. It is surprising that the
alkyl chains are on the growth front of the lamella based on
X-ray diffraction [8]. This result indicates that surface energy of
the growth plane (010) with interpenetrated alkyl chains may

Fig. 2. Powder X-ray diagram of RR-P3BT crystals from solvent-assist crys-

tallization. Unit cell parameters are commensurate with Refs. [1,2], parameters

a and b were exchanged in order to assign b as crystal growth direction of

lamellar crystals based on electron diffraction.
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Fig. 3. Micrograph of a typical P3BT single crystal from solvent-assist crystallization under scanning electron microscopy. Lamellar thickness varying between

15.6 nm and 104 nm can be identified from enlarged inset picture in up-right corner. Schematic diagrams of molecular packing in the lamellar crystals, molecular-

chain direction c and growth direction b are also included as the inset.
be higher than that of pep interaction between two RR-P3BT
rigid-chains in the solvent at room temperature. The packing
mode of the RR-P3BT molecules suggests that the charge car-
rier transport along lamella should be more difficult. In fact,
the field-effect transistors fabricated with Au source and drain
electrodes along the P3BT single crystal needle-direction
exhibited no field effect.
4. Conclusion

Needle-like RR-P3BT lamellar single crystals with the
length up to millimetre have been grown by means of solvent-
assist crystallization. Gradient crystallization of the macro-
molecules with the different molecular weight results in
non-uniform lamellar thickness in the range of 15.6e104 nm.
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Fig. 4. Bright-field micrographs of P3BT single crystals (left) and the corresponding selected area electron diffraction (right).
In the single crystals, RR-P3BT molecules packed normal
to the lamella with extended-chain conformation. Alkyl side
chains are in the growth front during crystallization. We demon-
strated that solvent plays a key role in controlling ordered
morphology of comb-like conjugated polymer. This is helpful
for molecular design and fabrication method optimization.
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