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We report on the development of the solid-state structure from the melt of crystalline–crystalline di-
block copolymers consisting of the semiconducting poly(3-hexylthiophene) (P3HT) and insulating
polyethylene (PE) – a material combination that previously was shown to feature promising character-
istics for applications in flexible organic electronics. The nature of the structures obtained from the melt
was found to generally be dictated by crystallization of the PE block, which solidified after the P3HT
sequence. This resulted in the formation of classical spherulitic structures for diblock copolymers of low
P3HT content. At P3HT contents exceeding 10–20 wt%, the semiconductor block increasingly hampered
crystallization of the PE moiety, with the P3HT entity arranging into columnar and at higher content into
lamellar micelle-type domains. Unlike the rate of crystal growth of the two moieties, interestingly, the
dimensionality of both entities of the diblock copolymers was found to be unaffected by the presence of
the dissimilar block.

Crown Copyright � 2008 Published by Elsevier Ltd. All rights reserved.
1. Introduction

In strong contrast to diblock copolymers that comprise one or
two amorphous moieties, species consisting of two (semi-)crys-
talline parts belong to a relatively little explored class of polymeric
materials. In fact, so far, such crystalline–crystalline systems have
attracted attention mostly as compatibilizers for polymer blends, as
thin layers for surface patterning and in selected biomedical ap-
plications [1–3]. This is surprising as their solid-state structure can
be influenced by a number of factors in addition to those of
materials comprising amorphous blocks (i.e. composition, mis-
cibility, structure in the fluid phase, application of external force
fields) [4–7] – most prominently, the sequence and kinetics of
crystallization of the blocks. Thus, additional processing options
can be accessed and a greater variety of solid-state structures – and
therewith properties – be realized when compared to diblock co-
polymers containing at least one amorphous moiety.

Recently, we reported on the synthesis and solution-processing
of crystalline–crystalline diblock copolymers comprising the semi-
conducting poly(3-hexylthiophene) and insulating polyethylene
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(P3HT–PE) [8,9]. The ultimate properties of films produced were
principally dominated by the sequence of crystallization of the two
moieties, which could be manipulated by the block copolymer
composition, polymer solution concentration and casting condi-
tions [9]. It was found that the solidification of the conjugated P3HT
prior to the insulating PE was highly beneficial for inducing con-
comitant excellent electronic- and mechanical characteristics.

In the present study we focused on solidification and structure
development of these diblock copolymers from the melt. We in-
vestigated phase separation, crystal nucleation, rate of growth, di-
mensionality and degree of crystallinity of the individual blocks of
these intriguing materials.
2. Materials and methods

2.1. Materials

Synthesis and characterization of the diblock copolymers with
poly(3-hexylthiophene)–polyethylene (P3HT–PE) weight ratios of
5–95, 10–90, 20–80 and 35–65, used in this work, were previously
described [8]. The corresponding homopolymers, P3HT (regio-
regularity w96%; Mw¼ 22 kg mol�1, Mn¼ 14 kg mol�1) and HDPE
(Standard reference material 1484a; Mw¼ 120 kg mol�1,
Mn¼ 101 kg mol�1), were supplied by, respectively, Merck Chem-
icals, UK, and the National Institute of Standards and Technology
(NIST), USA. The antioxidant Irganox� 1010 (Ciba Special Chemicals,
rights reserved.
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Fig. 1. (a) Differential scanning calorimetry (DSC) second heating and cooling thermograms (left and right panel, respectively) of P3HT–PE copolymers and corresponding
homopolymers: blue- and red-shaded areas indicate thermal transitions of the PE and P3HT moieties, respectively (signal associated with the P3HT block is increased by factor 5).
Corresponding unpolarized optical micrographs of thin polymer films are also shown, which display the distinct color change of the alkylthiophene block from red to yellow/orange
during melting, and vice versa during solidification (scale-bar bottom-right 0.5 mm). (b) Wide-angle X-ray scattering (WAXS) diffractograms of 10–90 and 35–65 wt% P3HT–PE
recorded during cooling from the melt. Note the exceptionally weak P3HT h00 diffraction in the case of 10–90 compared to e.g. the 35–65 diblock copolymer, suggesting a decrease
in crystalline order of P3HT. (c) Non-equilibrium temperature-composition diagrams of P3HT–PE diblock copolymers constructed from peak temperatures in second heating (left)
and cooling (right) DSC thermograms. (d) Degree of crystallinity, X, of the two copolymer blocks, vs. copolymer composition (PE moiety red; P3HT block blue) deduced from second
DSC heating thermograms.
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Switzerland) was added in a weight ratio of approximately 1:99 to
all polymers.
2.2. Thin film preparation

Homogeneous solutions in xylene (Aldrich; used as-received)
containing w1 wt% of the various polymers were prepared
at 125 �C, then cast onto glass slides, followed by evaporation of
the solvent at ambient and subsequent melting at 250 �C, to
produce thin films of w50 mm thickness for optical microscopy
analysis.
2.3. Thermal analysis

Differential scanning calorimetry (DSC) was conducted under
nitrogen at a scan rate of 10 �C min�1 with a Mettler Toledo DSC822
instrument. The sample weight was w5 mg. Isothermal crystalli-
zation was monitored after rapidly cooling samples at 50 �C min�1

from 250 �C to the desired temperature.
2.4. Optical microscopy

Transmission optical microscopy was carried out with a Leica
DMRX polarizing microscope equipped with a Mettler Toledo
FP82HT hot stage that was continuously flushed with nitrogen.
Thin films of the various copolymers were heated to 250 �C and
then cooled at a rate of 10 �C min�1. Degradation at elevated tem-
peratures was minimized by limiting exposure to light to the time
required for image acquisition. Isothermal crystallization of the PE
fraction was conducted at various temperatures after cooling the
material at 20 �C min�1 from w170 �C (at which all PE nuclei are
thought to be destroyed [10]).

2.5. X-ray diffraction

Variable-temperature X-ray diffraction was carried out on
polymer samples (sealed in aluminum pans and placed in a Link-
ham THMS600 hot stage) using synchrotron radiation (l¼ 1.240 Å)
at the Dutch-Belgian beamline (Dubble) of the European Synchro-
tron Radiation Facility (ESRF), Grenoble, France [11]. Samples were



Fig. 2. Avrami plots for the P3HT moiety (top) and PE block (bottom). X(P3HT block) and X(PE block) were calculated from the enthalpies of fusion in DSC heating thermograms
recorded immediately after isothermal crystallization for a period of time, t, at temperatures indicated. Avrami coefficients, n, of 1 and 4 for P3HT and PE, respectively, were deduced
from the slope, as indicated [19].
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cooled from 250 �C to ambient at a rate of 10 �C min�1. Trans-
mission wide-angle X-ray scattering (WAXS) patterns were recor-
ded with a 2D-camera, accessing wavenumbers, q, between 0.1 and
2 Å�1. A multi-wire gas-filled area detector placed at 8 m distance
from the sample was utilized for the acquisition of small-angle
X-ray scattering (SAXS) patterns within a q range of 0.05–
0.85 nm�1. The two-dimensional diffraction patterns were radially
averaged after correction for background radiation and calibrated
with high-density polyethylene (WAXS) and a wet rat-tail collagen
standard (SAXS), respectively.

2.6. Crystallinity

The degree of crystallinity, X, of the diblock copolymer moieties,
as well as of the two corresponding homopolymers, was calculated
according to X¼DH/DH0, where DH is the enthalpy of fusion de-
termined by integrating DSC endotherms normalized to the re-
spective weight fractions and DH0 is the enthalpy of fusion of 100%
crystalline material, with DH0 (PE)¼ 277 J g�1 and DH0

(P3HT)¼ 99 J g�1 [12,13].

3. Results and discussion

3.1. Melting

The P3HT block in all diblock copolymers invariably exhibited
higher melting and crystallization temperatures, respectively, Tm

and Tc, than the PE moiety (Fig. 1a and b). The peak melting tem-
peratures of either block were relatively little affected by the
presence of the other entity (see Fig. 1c), which is indicative of
limited miscibility in the melt, as was also observed for blends of
the corresponding homopolymers [14]. Limited compatibility of the
two fractions appeared to exist only at low P3HT contents (�5 wt%)
at elevated temperatures, as evident from the distinct color
transition from red to orange/yellow – attributed to increased
disorder of the P3HT block [15,16] – that occurred for the 5–95
block copolymer at temperatures slightly below that of the P3HT
homopolymer and the P3HT-rich copolymers (cf. Fig. 1a).

3.2. Crystallization

In stark contrast to melting, crystallization of the individual
blocks was significantly affected by the other entity. When cooled
from the melt, both moieties exhibited lower crystallization
temperatures than their respective homopolymers, with consider-
able super-cooling required for the P3HT moiety to solidify, espe-
cially for the 5–95, 10–90 and 20–80 block copolymers. Clearly,
crystallization of both blocks was exceedingly hindered by the
presence of the second moiety – a tendency also reported for
several other crystalline–crystalline diblock copolymer systems
[17,18]. As a consequence, in the solid-state, both polymer moieties
featured a lower degree of crystallinity than the corresponding
homopolymers subjected to a similar thermal history, as revealed
by wide-angle X-ray scattering (WAXS) and differential scanning
calorimetry (DSC) (cf. Fig. 1b and d).

3.3. Nucleation and dimensionality of crystal growth

In order to obtain insight into the dimensionality of crystal
growth, isothermal crystallization experiments were conducted,
and Avrami coefficients, n, were calculated according to the equa-
tion (1� X)¼ exp(�k $ tn). Here, X is the degree of crystallinity of
the respective block developed at time t at a given temperature, and
k and n are fitting parameters [19]. The Avrami coefficients were
found to be unaffected for all copolymers when compared to those
of the respective homopolymers, i.e. n w 1 for the P3HT-, and n w 4
for the PE-moiety (Fig. 2) [13,20]. This finding indicates that nu-
cleation of the P3HT block was predetermined and crystallization
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Fig. 3. Left panel: polarized optical micrographs of spherulitic entities after isothermal crystallization for 5 min for copolymers, and 2.5 min for 0–100 PE homopolymer, at
temperatures corresponding to a linear growth rate of w0.07 mm s�1 (0–100 w122.5 �C, 5–95 w120 �C, 10–90 and 20–80 w118 �C, 35–65 w117 �C). Images were taken at 125 �C to
arrest further growth. Right panel: radial growth rate of spherulites as function of temperature, determined from spherulite radii after isothermal crystallization during different
periods of time (dotted lines are drawn as a guide to the eye only).
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occurred in a one-dimensional fashion, which is consistent with
previous work that described structures of P3HT homopolymer and
P3HT–PS diblock copolymer as ‘‘whiskers’’ [21,22]. The PE moiety,
by contrast, nucleated sporadically and crystallized in a three-di-
mensional geometry, giving rise to the formation of the typical
spherulitic super-structures displayed in a series of polarized op-
tical micrographs, shown in Fig. 3. However, compared to the PE
homopolymer solidified under comparable thermal conditions,
a reduced number of nucleation centers, and, hence, spherulites,
was observed.

3.4. Crystallization rate

The radial growth rate of spherulites that formed below Tc of PE
was deduced from series of optical micrographs recorded at various
times during isothermal crystallization at different temperatures
(Fig. 3). As is evident from this set of data, spherulites developed
more gradually for polymers that comprised an increasing amount
of the P3HT moiety, indicating that the rate of crystallization of the
PE block decreased.

Similarly, crystallization of the P3HT block was hampered by the
presence of the PE moiety, resulting in a more gradual color change
from yellow to dark red over a broader range of temperatures, as
compared to the relatively rapid transition observed for the P3HT
homopolymer (see Fig. 1).

3.5. Diblock copolymer domains

It is often observed for crystalline–crystalline diblock co-
polymer systems that the moiety that solidifies first largely
dictates the ultimate solid structure, for instance poly(3-capro-
lactone)–poly(ethylene glycol) (PCL–PEG), poly(L-lactide)–poly-
(ethylene glycol) (PLLA–PEG) and polyethylene–poly(ethylene
oxide) (PE–PEO) [23–25]. Exceptions are, among others, poly-
ethylene–poly(3-caprolactone) (PE–PCL) and poly(L-lactide)–poly-
(3-caprolactone) (PLLA–PCL), in which the PCL moieties rearrange
the domains of the already solidified blocks (respectively, PE and
PLLA), provided that the fraction of the PCL-block is sufficiently
large [26,27].

P3HT–PE diblock copolymers of low P3HT content (i.e. 5–95 and
10–90) appear to belong to the latter class of species. As stated
above, these copolymers formed well-developed spherulitic
structures during solidification of the PE moiety, despite the fact
that this block crystallized last (Fig. 3). By contrast, P3HT-rich co-
polymers (notably 35–65) featured more irregular spherulites,
suggesting increased internal disorder because of more confined
crystallization of PE.

In the molten state, the diblock copolymers – and most notably
20–80 and 35–65 – featured periodicities in SAXS patterns of, re-
spectively, 0.1 and 0.08 nm�1, corresponding to alternating P3HT-
and PE-rich domains (cf. Fig. 4a).

Above and below the crystallization temperature of P3HT, but
above Tc of PE, higher order SAXS periodicities could be discerned
for 20–80 and 35–65 P3HT–PE. The latter featured characteristic
ratios qn/q1 (q1 being the first wavenumber), consistent with phase
separation into hexagonal columnar ðqn=q1 ¼ 1;

ffiffiffi

3
p

;
ffiffiffi

9
p

;.Þ and
lamellar ðqn=q1 ¼ 1;

ffiffiffi

4
p

;
ffiffiffi

9
p

;.Þ P3HT micelle-type entities, re-
spectively (Fig. 4b, left) [28]. Note that the higher order reflections
are broad, which suggests that the micellar domains are not well
defined.



Fig. 4. Small-angle X-ray scattering (SAXS) patterns of P3HT–PE diblock of various compositions recorded during cooling from 250 �C to 50 �C, with higher order SAXS periodicities
disconcernable only above Tc of the PE moiety (b).
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Finally, in the fully solidified state, i.e. below Tc of PE, only those
features associated with the PE lamellae, i.e. periodicities of around
0.2 nm�1, persisted in the fully solidified copolymers. In addition,
periodicities were recorded around 0.08–0.10 nm�1 (Fig. 4b, right),
which are due to the classical lamellar features attributed to la-
mellar stacking of crystalline and amorphous domains [29,30], al-
though the q values are lower than those observed in the
corresponding homopolymers solidified under comparable exper-
imental conditions [29–31].

The results presented here indicate that the solid-state struc-
ture of the novel crystalline–crystalline semi-conducting/insolat-
ing diblock copolymers consisted of (semi-)crystalline P3HT
micellar-like entities dispersed in regions composed of amor-
phous/crystalline lamellar PE, which may explain the excellent
electronic characteristics of these polymers when properly pro-
cessed [9].
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