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ABSTRACT: We report the crystalline behavior of poly(3-dode-

cylthiophene) (P3DDT) in aged toluene solution and link struc-

ture differences with the nature of seed nuclei related to

various dissolution way. By directly stirring the P3DDT toluene

solution for dissolution, the surviving fragments served as

seed nuclei and star-like nanofibers were formed upon aging.

While by heating the P3DDT solution for complete dissolution

followed by cooling, the seed nuclei came from the p–p

stacking of the planarized P3DDT chains and linear nanofibers

were formed upon aging. Formation mechanisms and kinetics

of different nanofibers are discussed in detail. VC 2013 Wiley

Periodicals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2013, 51,

1268–1272
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INTRODUCTION Among conjugated polymers, poly(3-alkylth-
iophenes) (P3ATs) have received the most attention owing to
their excellent charge carrier mobility, chemical stability, as
well as facile preparation.1 These superior characteristics
make P3ATs widely used in organic electronics such as
photovoltaic cells,2–5 organic field-effect transistors,6 and
light-emitting diodes.7 With a typical hair-rod molecular con-
figuration, P3ATs can self-organize into semicrystalline nano-
fibers through strong anisotropic p–p interactions between
planar rigid backbones and weak van der Waals interactions
between their pendent alkyl side chains.8 Well controlling
the crystalline structure and morphology of P3ATs is impor-
tant to improve the thin-film charge transport properties
and the consequent device performance.

Up to now, great efforts have been made to control the crys-
talline structure of P3ATs. On the one hand, the size and
crystalline structure of P3ATs can be controlled by post-
treatment approach, such as application of electric field,9

thermal, or solvent annealing.10–14 On the other hand, the
facile approach without post-treatment is more attractive,
because the P3AT nanostructures can be well and directly
tailored in solution systems by changing the solvent selectiv-
ity,15 blending solvents,16,17 ultrasonic treatment,18,19 ther-
mal treatment,20 aging,21,22 and so on. For example, by
adding a small amount of the nonsolvent acetonitrile to the
P3HT precursor solution, the crystallinity of the P3HT thin

films is significantly increased with a field-effect mobility
dramatically improved without post-treatment.23 Using the
combined centrifugation–filtration method, the P3HT fibers
can be separated from the well-dissolved P3HT chains and a
maximum power conversion efficiency of 3.6% has been
achieved in solar cell performance with an optimum compo-
sition between nanofibers and disorganized P3HT.24

In general, two steps are involved in P3AT crystallization
from solution: coil-to-rod conformational transition followed
by p–p stacking of the rod-like polymer chains.16 In a typical
procedure which is called whisker method, P3ATs were first
dissolved in their marginal solvents with heating and cooled
to room temperature to form nanofibers.25,26 A great deal of
characterization of P3AT nanofibers has been performed
based on the whisker method. However, very few research-
ers have investigated the effect of various dissolution ways
of P3ATs on the nanofiber formation.27 In particular, the
nature of seed nuclei related to the dissolution procedure
has a large effect on the crystalline morphology of P3ATs
and is therefore an important aspect to control.

Here, we report the crystalline behavior of poly(3-dodecylth-
iophene) (P3DDT) in aged toluene solution. By directly stir-
ring the P3DDT toluene solution for dissolution, the
surviving fragments served as seed nuclei and star-like nano-
fibers were formed upon aging. While by heating the P3DDT
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solution for complete dissolution followed by cooling, the
seed nuclei came from the p–p stacking of the planarized
P3DDT chains and linear nanofibers were formed upon
aging. The results revealed that the nature of P3DDT seed
nuclei not only affected the morphology and length of nano-
fibers, but also determined the kinetics of nanofiber forma-
tion in the aged process. This study correlates the
dissolution way with the nature of P3DDT seed nuclei, which
can improve our understanding of various P3DDT crystalline
behaviors.

EXPERIMENTAL

Preparation of P3DDT Nanofiber Solution
P3DDT (Mn 5 17,000 g/mol, Mw/Mn 5 1.23) was synthe-
sized by a modified Grignard metathesis method.28 Two
methods were used to dissolve the P3DDT in toluene (1.0
mg/mL). Method 1: P3DDT was dissolved into toluene by
stirring overnight at room temperature. Importantly, the sol-
ubility of P3DDT in toluene without heating remained suffi-
ciently high, which was confirmed by visibly clear solution
without noticeable polymer aggregates. Method 2: P3DDT
was dissolved into toluene by heating at 80 �C overnight for
complete dissolution and cooled to room temperature. The
solutions prepared by the two methods were aged for differ-
ent times for the crystallization of P3DDT and growth of
nanofibers.

Characterization
Atomic force microscopy (AFM) was performed at ambient
conditions by a commercial AFM, using a Digital Instruments
MultiMode IV in the tapping mode. The dry samples were
mounted on a sample stage which was three-dimensionally
driven by a piezo tube scanner. Both height and phase
images were recorded simultaneously. The samples for AFM
were spin-coated from their solutions onto the precleaned
silicon substrates at 3000 rpm for 60 s. Prior to spin-
coating, the wafers were cleaned with a 70/30 v/v solution
of 98% H2SO4/30% H2O2 at 80 �C for 30 min, and then
thoroughly rinsed with deionized water and dried.

Transmission electron microscopy (TEM) was taken on a
Tecnai G2 20, FEI electron microscope operated at 200 kV.
As for TEM analysis, the samples were prepared by drop-
casting their solutions onto carbon-coated copper grids, fol-
lowed by evaporation of the solvent at ambient.

X-ray diffraction (XRD) was performed on a PANalytical X’Pert
PRO X-ray diffractometer using Cu Ka radiation (k 5 1.541 Å)
operating at 40 kV and 40 mA. The film samples for XRD meas-
urements were prepared by drop-casting their solutions onto
silicon substrates and dried before measurements. The pow-
der samples were prepared by evenly spreading the P3DDT
powder onto a silicon holder before measurements.

UV–vis spectroscopy was carried out with a Perkin-Elmer
Lambda 35 equipment. To avoid signal saturation, the
P3DDT concentration in UV–vis was diluted to 0.5 mg/mL.

RESULTS AND DISCUSSION

Figure 1(a–d) shows the growth process of P3DDT star-like
nanofibers from the aged solution. After directly stirring the
P3DDT toluene solution for dissolution, the thin-film spin-
coated from the freshly prepared solution (aged for 0 day)
showed some grains with most diameters ranging from
�100 to 250 nm [Fig. 1(a)]. Although without heating,
P3DDT readily dissolved in toluene and formed free polymer
chain owing to its long alkyl side chains. The grains that sur-
vived the dissolution procedure served as seed nuclei for
further P3DDT crystallization during aging process. Aged for
0.5 day, some branches grew onto these grains in all

FIGURE 1 AFM images showing the growth process of (a–d)

P3DDT star-like nanofibers and (a’–d’) P3DDT linear nanofibers

spin-coated from different freshly prepared solutions and aged

for different times. (a) 0, (b) 0.5, (c) 1, and (d) 2 days. (a’) 0, (b’)

1, (c’) 6, and (d’) 10 days.
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directions, with the width, height, and length of �75, 7, and
300–500 nm, respectively [Fig. 1(b)]. As increased aging
time, these branches gradually grew into longer nanofibers
with the length of 0.5–1.2 lm, leading to star-like structures
[Fig. 1(c,d)]. The star-like nanofibers did not further grow
after aging for 5 days, indicating that P3DDT crystallization
was complete.

Next, we will show that the growth process of P3DDT linear
nanofibers [Fig. 1(a’–d’)], which is different from that of star-
like nanofibers at the beginning of the freshly prepared solu-
tion. After heating the P3DDT solution for complete dissolu-
tion and cooling process, much less seed nuclei were observed
on the spin-coated thin film compared with that from directly
stirred P3DDT solution [Fig. 1(a’)]. With the increased aging
time for 1 day, some short nanorods appeared with the width,
height, and length of �80, 7, and 1–1.5 lm, respectively [Fig.
1(b’)]. After an extended duration of aging (6 days), these
nanorods gradually grew into longer one-dimensional linear
nanofibers with the length of 2.5–5 lm and connected with
each other [Fig. 1(c’)]. The P3DDT crystallization was complete
after aging for 10 days, much longer than the case of star-like
nanofibers [Fig. 1(d’)]. Plan-view TEM images of the solutions
of Figure 1(d,d’) are shown in Figure 2. The consistent mor-
phology measured by TEM and AFM indicated the dry AFM
sample represented the case in the solution.

The crystalline structures of the P3DDT star-like nanofibers
and linear nanofibers were characterized using XRD [Fig.
3(a)]. Both of the samples showed a recognizable diffraction
peak at 2h 5 3.7� assigned to the (100) reflection of the
P3DDT chains with a d-spacing of 23.8 Å. The emergence of
(100) diffraction peak suggested that the P3DDT molecules
adopt an “edge-on” orientation in both star-like and linear
nanofibers, where the direction of p–p stacking and the
layers of P3DDT side chains were parallel and perpendicular
to the substrate, respectively [Fig. 3(b)]. Considering the
height of the nanofibers (�7 nm), there are approximately
three layers of P3DDT backbones laminating perpendicular
to the long axis of the nanofibers.

It is known that P3AT crystallization involves two steps, that
is, coil-to-rod conformational transition followed by

crystallization of the rods. The first process is controlled by
the activation energy of conformational change (DF),
whereas the second process is determined by the free
energy change for the formation of critical size nucleus
(DG).21 For P3DDT, DF and DG are �35 and 31.8 kcal/mol,
respectively.29 Therefore, the decisive factor for the crystal-
line process of P3DDT in toluene is the coil-to-rod conforma-
tion transition. The formation of star-like or linear
nanofibers during aging proved that P3DDT molecules could
overcome the barrier of coil-to-rod transition in both cases.

With respect to the reason for the formation of different
star-like and linear nanofiber morphology, the origin and
nature of the seed nuclei were different in the two cases,

which determined the growth of P3DDT nanofibers in differ-
ent way. By directly stirring the P3DDT toluene solution
without heating, most of the P3DDT chains were dissolved
and the surviving fragments served as seed nuclei for further
P3DDT crystallization in the case of star-like nanofibers.

FIGURE 2 TEM images of (a) P3DDT star-like nanofiber solu-

tion aged for 2 days and (b) P3DDT linear nanofiber solution

aged for 10 days.

FIGURE 3 (a) XRD profiles of the thick films drop-cast from

P3DDT star-like nanofiber solution aged for 2 days and linear

nanofiber solution aged for 10 days. (b) Schematic illustration

of the P3DDT molecular arrangement, corresponding to an

“edge-on” orientation in both star-like and linear nanofibers.
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Based on the XRD results (Supporting Information Fig. S1),
the crystalline structure existed in the P3DDT powder before
dissolution. Furthermore, the surviving component was more
perfect crystallites compared with the dissolved part upon
dissolution.30 As a result, it was assumed that these seed
nuclei were crystalline which could be further proved by
UV–vis. It is well known that if P3AT forms ordered aggre-
gates, an absorption peak centered at about 610 nm will
appear in its UV–vis absorption spectrum.31–33 In this case,
the appearance of the low-energy absorption at 610 nm indi-
cated the crystalline aggregates in the solution (Fig. 4(a),
inset). The crystalline planes were assumed to be randomly
located on the seed nuclei. As the solution was aged, the
P3DDT molecules in solution crystallized onto these crystal-
line planes to form branches. In other words, the existed
crystalline planes on the seed nuclei guided the growth
direction of followed P3DDT crystallization. With the
increased aging time, these P3DDT branches gradually grew
into longer nanofibers in all direction to form star-like
nanofibers.

Although in the case of linear nanofibers, the P3DDTs were
completely dissolved by heating and adopted a coil-like con-
formation. Upon cooling, a few chains gradually changed
their conformation to planar conformation and p–p stacking
of the conjugated P3DDT occurred, resulting in the crystal-
line seed nuclei. The absorption at 610 nm was almost invis-
ible in UV–vis owing to small amount of seed nuclei (Fig.
4(b), inset). These seed nuclei came from the p–p stacking of
the planarized P3DDT chains with the crystalline planes
located only at both ends of them, which guided the P3DDT
crystallization onto these planes in one-dimension to form
linear nanofibers. The formation process of star-like and lin-
ear nanofibers is schematically shown in Figure 5.

FIGURE 4 UV–vis absorption spectra of freshly prepared

P3DDT toluene solution via (a) stir-induced dissolution and (b)

heating–cooling process.

FIGURE 5 Schematic illustration showing the growth process of (a) P3DDT star-like nanofibers and (b) linear nanofibers.
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Our experimental observation revealed that the final length
of nanofibers depended strongly on the number and nature
of seed nuclei present at the beginning and it decreased
with the increased number of seed nuclei (Fig. 1). On the
one hand, the more seed nuclei lead the more P3DDT mole-
cules crystallize onto them at the same time. On the other
hand, as far as one single-seed nucleus, the more crystalline
planes guide the more P3DDT molecules crystallize onto
them at the same time. Both the number of seed nuclei and
the crystalline planes on one single-seed nucleus were much
more in the case of star-like nanofibers than those of linear
nanofibers. Therefore, the length of star-like nanofibers was
shorter than that of linear nanofibers. In addition, as more
P3DDT molecules were consumed at the same time to form
star-like nanofibers, the kinetics of P3DDT crystallization
was much faster in the formation of star-like nanofibers than
that of linear nanofibers.

CONCLUSIONS

In summary, we wish to mention that stirring or heating is
generally used in P3AT nanofiber preparation. However, to
the best of our knowledge, their independent contribution to
the nanofiber formation is seldom investigated. The nature
of P3DDT seed nuclei was related to the dissolution way,
which yielded star-like or linear nanofibers in the aging pro-
cess. The P3DDT seed nuclei survived from stir-induced dis-
solution were crystallized with randomly located crystalline
planes, which guided the following P3DDT crystallization on
these planes to form branches in all direction and finally
grew into star-like nanofibers. While during heating–cooling
process, the seed nuclei came from the p-p stacking of the
planarized P3DDT chains with crystalline planes only located
at both ends of the seed nuclei. The P3DDT molecules crys-
tallized onto these planes in one-dimension and gradually
grew into long linear nanofibers. This study may offer an
effective way to improve the understanding of various
P3DDT crystalline behaviors and facilitate the ongoing explo-
ration of the nature of seed nuclei as an influencing factor
on the nanofiber formation.
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