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In this study, a series of 7-conjugated block copolymers of regioregular poly(3-hexyl thiophene)-b-poly
(2-vinyl pyridine) (P3HT-P2VP) was synthesized and their self-assembly behavior and the detailed
thermodynamic phase diagram were explored. By a combination of TEM, SAXS, WAXS, and UV-VIS
measurements, it was found that the w-conjugated P3HT in their various self-assembled nanodomains
could be a rigid rod, or a semi-rigid chain, or even a fully flexible chain. With the P2VP volume fraction,
¢, = 0.20, the P3HT-P2VP displays a nanowire structure with a fully extended all-trans P3HT rod
structure across the width of the nanowires, indicating a prevailing rod-rod interaction between P3HT
blocks over the microphase separation interaction between the constituent blocks. With ¢ = ~0.30 to
0.6, the P3BHT-P2VPs show a highly ordered lamellar structure with the P3HT block exhibiting as

a semirod-like chain composed of shorter rods connected by twisted 3HT units. With ¢ > 0.68, the -
conjugated block copolymers display self-assembling nanostructures of hexagonal close packed
cylinders and spheres, indicating that P3HT adopts a fully coil-like structure that favors interfacial
curvatures. In particular, for the PZHT-P2VP with ¢ = 0.68, a gyroid phase, the first of its kind for 7t-
conjugated block copolymers, was observed upon heating. For the nanowire structured P3HT-P2VP,
a liquid crystalline phase transition from the smectic-like crystalline state to a nematic structure was
observed at ~200 °C. The observed microstructures and transformations reveal the importance of the
semirigid nature of 7t-conjugated P3HT chains and provide new guidelines for the organization of -
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conjugated block copolymers for future optoelectronic applications.

Introduction

Conducting polymers with 7-conjugated backbones have gained
great attention in the frontier of polymer science and technology
because they possess unique optoelectronic properties for use as
an active material in low-cost, large-area, and flexible optoelec-
tronic devices. In recent years, various 7-conjugated polymers
including poly(p-phenylene) (PPP), poly(p-phenylene vinylene)
(PPV), polyfluorene (PF) and polythiophene (PT) have been
synthesized and extensively investigated.' Among them,
regioregular poly(3-hexylthiophene) (P3HT) has received the
most attention due to its superior charge carrier mobility,
stability and processability.*® Meanwhile, there has been
a growing interest in the synthesis of block copolymers
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containing conjugated polymers since it may offer a new strategy
for the organization of the m-conjugated polymers and syner-
gistic improvements in their mechanical, optoelectronic and
other properties.”™® For example, in photovoltaic cells, their
efficiency depends critically on the charge separation and trans-
port in the nanostructures of the devices. Thus, self-assembling
conjugated block copolymers with highly ordered heterogeneous
nanostructure may provide an enhanced interfacial area for
charge separation and also function as an efficient pathway for
charge transport.'*'* Therefore, understanding the self-assembly
behavior of these conjugated block copolymers and controlling
the molecular and structural parameters that dictate the forma-
tion of their ordered microstructures are important for further
improvements of new optoelectronic devices.

The thermodynamic characteristics of these novel materials
are now beginning to be understood. A number of theoretical
studies on the phase behavior of the so-called rod—coil block
copolymers have been developed using methods including the
Landau expansion theory'®™ and the self-consistent-field
theory.’! These theories demonstrate that the rod—coil systems
exhibit a complex self-assembly behavior which is distinctly
different from that of conventional coil-coil block copolymer
systems. Rod—coil systems have additional molecular parameters

This journal is © The Royal Society of Chemistry 2011

Soft Matter, 2011, 7, 10429-10442 | 10429


http://dx.doi.org/10.1039/c1sm05724c
http://dx.doi.org/10.1039/c1sm05724c
http://dx.doi.org/10.1039/c1sm05724c
http://dx.doi.org/10.1039/c1sm05724c
http://dx.doi.org/10.1039/c1sm05724c
http://dx.doi.org/10.1039/c1sm05724c
http://pubs.rsc.org/en/journals/journal/SM
http://pubs.rsc.org/en/journals/journal/SM?issueid=SM007021

Downloaded by National Taiwan University on 05 January 2012
Published on 23 September 2011 on http://pubs.rsc.org | doi:10.1039/C1SM05724C

View Online

which include a conformational asymmetry between the two
constituent rod and coil blocks and the anisotropic interactions
between the rod blocks. New experimental efforts have also shed
light on the unique self-assembly behavior of conjugated block
copolymers. Poly(phenylene vinylene) (PPV) based rod-coil
block copolymers have been synthesized and their self-assembly
behavior has also been investigated in different segregation
strength regimes.?*~25 The resulting phase diagrams derived from
the experimental observations are in qualitative agreement with
the theoretical predictions for the rod—coil block copolymers
since the conjugated block was assumed to have an effectively
infinite persistence length and a single orientational director for
their anisotropic interactions. However, in contrast to the
assumed rigid-rod polymers such as PPV, poly(thiophene) (PT)
derivatives have sufficiently high degrees of freedom that allow
for a twist motion of the carbon—carbon single bond between the
adjacent thiophene rings, therefore affording PT chains a semi-
rigid property both in the solid state and in solutions.?® Tt has
been found previously that at low temperature pristine P3HT
homopolymer in the solid state with adjacent thienyl units adopts
a trans-planar conformation and exhibits a rigid-rod structure
with a long persistence length. However, upon increasing the
temperature, poly(3-alkyl thiophene) chains undergo a trans to
gauche conversion due to the twisting motion between the
adjacent thienyl units. The formation of the twisted thienyl
defects (twiston) results in the conformation transformation of
poly(thiophene)s from a rigid rod to a coil-like structure, which is
evident from blue-shifting of their UV-VIS absorption at
elevated temperatures.?”?® Therefore, block copolymer systems
containing the semi-rigid P3HT chains may exhibit different self-
assembly behavior in contrast to those of the conventional rod—
coil block copolymers with a fully extended rigid-rod chain
conformation at low or even high temperatures. However, so far
a systematic study on the equilibrium bulk structure and the
phase transformations of the semirod-like P3HT based block
copolymer systems have yet to be found since most studies were
focused on the thin film morphology of their P3HT based block
copolymers prepared via spin coating or drop coating with pro-
cessing parameters (solvents, film thickness, drying conditions,
etc.) that can greatly affect their thin film morphology.'*!%2%38
Therefore, in order to fully exploit these systems for future
applications, a model system of regioregular P3HT block
copolymers must be synthesized and carefully characterized. In
a previous study, a new anionic macroinitiation method has been

developed for the synthesis of a well-defined regioregular
poly(3-hexyl thiophene)-b-poly(2-vinyl pyridine) block copol-
ymer system.?* However, its detailed phase transformation has
yet to be shown.

In this study, we investigated the self-assembly behavior and
the detailed thermodynamic structures of the 7t-conjugated semi-
rigid block copolymers of regioregular poly(3-hexyl thiophene)-
b-poly(2-vinyl pyridine) (P3HT-P2VP) with different P2VP
volume fractions. By a combination of transmission electron
microscopy (TEM), small-angle and wide-angle X-ray scattering
(SAXS and WAXS), and the solid-state UV-VIS absorption
measurements on thermally annealed P3HT-P2VP samples, the
detailed thermodynamic phase diagram including the order—
disorder, order—order transitions of the semirod-coil P3HT-
P2VP block copolymers and the liquid crystalline phase trans-
formation of P3HT segments were revealed. Its phase diagram
was found to be both significantly different from that of
conventional fully rigid rod—coil block copolymers as well as that
of coil—coil block copolymers. This difference has been attributed
mainly to the change in the chain rigidity of P3HT due to the
interplay between the 7t-conjugation interaction of P3HT, chain
stretching and twisting of the semi-rigid P3HT and coil-like
P2VP, and interfacial energy of their self-assembled
nanostructure.

Experimental section
Synthesis of P3HT-P2VP block copolymers

The detailed synthesis procedures for the anionic macroinitiation
method developed earlier and the characterization of the
synthesized P3HT-P2VP block copolymers are described in the
ESIF section. All molecular parameters of the PSHT-P2VP block
copolymers used for the current study are tabulated in Table 1.

Small-angle and wide-angle X-ray scattering (SAXS and
WAXS)

Samples for X-ray scattering measurements were prepared by
first solvent casting a 10 wt% polymer solution onto a 1 mm thick
washer, followed by a slow evaporation of the solvent for several
days. The washer samples were then placed between two Kap-
ton® sheets to prevent sample leakage at higher temperature.
The sealed samples were annealed at 220 °C for 5 minutes to
remove any thermal history as verified by SAXS and WAXS

Table 1 Summary of the molecular characteristics of PSHT-P2VP samples

Sample” M,/g mol~', P3HT M.,/g mol, P2VP PDI fb SI transition (WAXS) Topt (SAXS)
P3HT 6800 — 1.17 0

HTVP20 6800 1600 1.27 0.20 — 220 + 5¢
HTVP29 6800 2600 1.25 0.29 190 &+ 5 210 £ 5
HTVP46 6800 5600 1.22 0.46 160 & 5 200 £ 5
HTVP57 6800 8600 1.19 0.57 140 + 5 180 £ 5
HTVP68 6800 13 800 1.16 0.68 — 160 & 5
HTVP76 6800 20 400 1.19 0.76 — 180 + 5
HTVP87 6800 41 800 1.18 0.87 — —

“ HTVP: designation of P3HT-P2VP block copolymers. Based on the "H-NMR spectrum shown in Fig. S3 of the ESIf, the regioregularity of a P3HT
block is estimated to be ~0.93. ° The volume fraction of P2VP in PBHT-P2VP calculated based on the density values of 1.10 g cm= for P3HT and of 1.14
g cm~? for P2VP. ¢ Topr of HTVP20 was estimated from the TEM measurement.
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measurements that show the disordered melt state for P3HT-
P2VP samples (see Fig. S7 in the ESIT). The melted samples were
subsequently cooled slowly to 130 °C at a rate of 1 °C min~! and
annealed at that temperature for 3 days under a high vacuum
environment (107 torr) in order to obtain the thermodynamic
equilibrium. During the slow cooling process, P3HTs in the
copolymers were allowed to crystallize in the nanostructure that
the P3BHT-P2VP adopts. The final annealing temperature of
130 °C was chosen because it is above the glass transition
temperature of P2VP such that the equilibrium can be reached.
SAXS and WAXS experiments were performed separately at the
23A1 and 13A1 endstations of the National Synchrotron Radi-
ation Research Center (NSRRC) of Taiwan. The wavelength of
the incident beam was 1.18095 A for the SAXS and 1.03051 A for
the WAXS measurements. For the temperature scan of the X-ray
spectra, the annealed samples were heated in-line with a PID
controlled heating unit to a specified temperature under a dried
nitrogen environment for 10 min before the X-ray spectra are
collected.

Transmission electron microscopy (TEM)

Samples for the bulk equilibrium morphology measurements
using TEM were annealed by following the same sample prepa-
ration procedure as that for SAXS and WAXS measurements.
The thermally equilibrated sample block was cut into thin films
of <100 nm thickness using a Reichert Ultracut microtome with
a diamond knife. The cut samples were stained by exposing them
to the vapor of iodine for 12 hours. Bright field TEM measure-
ment was performed using a JEOL 1230EX transmission elec-
tron microscope operating at 120 kV with a Gaten Dual Vision
CCD Camera on samples for the bulk morphology.

Differential scanning calorimetry (DSC)

All DSC measurements were carried out using a Perkin-Elmer
Diamond® differential scanning calorimeter equipped with an
intracooler. All samples, typically ~5 mg, were sealed in
aluminium pans for the analysis. The measurements were carried
out by first heating the samples to 220 °C at a heating rate of
10 °C min!, then keeping the samples at that temperature for
5 minutes to erase any thermal history of the samples. The
annealed samples were then cooled to 0 °C slowly at a rate of
2.5 °C min~! for the self-organization of the polymer samples.
Finally, a reheating of the sample at a rate of 10 °C min~' was
performed and the thermogram was recorded.

Optical property analysis

The UV-VIS absorption and photoluminescence (PL) measure-
ments of P3HT-P2VP block copolymers in the solid state were
conducted using a JSACO V-570 UV/VIS/NIR spectrophotom-
eter and a JSACO FP-6300 spectrophotometer at room
temperature. The excitation wavelength for the PL measure-
ments was chosen to be 380 nm aimed for P3HT absorption in
this study. The samples for the UV-VIS absorption and photo-
luminescence studies were prepared by using the same sample
preparation and annealing procedures as those for the TEM
measurements.

Results and discussion
Morphology and self-assembly behaviors

The morphology of P3HT homopolymer has been known to be
affected by their strong 7—7 interaction between the conjugated
backbones, leading to the formation of highly ordered molecular
organizations. Therefore, in addition to the enthalpic interaction
characterized by the Flory—Huggins interaction parameter, ¥,
between different constituent blocks, the phase diagram and the
molecular arrangement of P3HT-based block copolymers in the
condensed phase are therefore also affected by the Maier—Saupe
parameter (u) which characterizes the rod-rod interactions.
Since, for the current PRHT-P2VP system, the molecular weight
of the P3HT block was kept constant while the molecular weight
of P2VP block was varied, the relative strength of microphase
separation (xNoa1) to the orientational ordering between P3HT
blocks (uNp3gT) Will be accessed by changing the P2VP molec-
ular weight, where Ny is the total degree of polymerization for
the block copolymers. Here, we report the details on the
morphological investigations and structural identifications of the
thermally annealed P3HT-P2VP block copolymers with
different volume fractions by employing the combination of
TEM, SAXS, WAXS and solid state UV measurements. Shown
in Fig. 1(a), (c), (e) and (g) are the representative TEM micro-
graphs of the solvent cast HTVP20 (with 20% of P2VP),
HTVP29, HTVP68, and HTVP87 samples, respectively, before
the thermal annealing for equilibrium. The dark region in the
TEM micrograph corresponds to a P2VP domain stained with
iodine while the white region corresponds to a P3HT domain
without any iodine staining. From all of the above TEM
micrographs, a fibril structure or nanowire morphology was
observed with a decreasing number density of fibrils present in
the micrographs with an increasing P2VP fraction from HTVP20
to HTVP87. The fibril structure shows a great resemblance to
those observed in solvent-cast thin films of other P3HT based
block copolymer systems with a wide range of P3HT composi-
tions from several previous studies.'*'>?*-3® The morphology and
phase transition of the thermally annealed P3HT-P2VPs are the
current focus of this study and are presented as follows.

A. Fibril structure for ¢ = 0.2. The TEM image of the
thermally annealed HTVP20 block copolymer sample is shown
in Fig. 1(b). From the TEM micrograph, the fibril structure or
the nanowire morphology was also observed after the thermal
annealing. The nanowires appear to be orienting randomly yet
extending along its fibril long-axis for several hundred nano-
metres. The average diameter of the nanowires was estimated
from the TEM micrograph and was found to be around 16-18
nm. The corresponding SAXS spectrum for HTVP20 shows that
there is only a very shallow and barely visible scattering peak
shown in the top curve of Fig. 2(a). A calculation for the diam-
eter of the nanowires based on this scattering peak position (¢*)
also gives a characteristic structural spacing of around 20 nm,
close to the TEM measurement shown in Fig. 1(b). The obser-
vation of a nanowire structure for block copolymers containing
P3HT is not surprising since P3HT homopolymer has been
known to exhibit a fibril structure.*® As stated earlier, a similar
fibril structure has also been reported in other block copolymer
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Fig. 1 TEM micrographs of solvent-cast samples of (a) HTVP20, (c)
HTVP29, (e) HTVP68, and (g) HTVP87. Nanofibrils are clearly visible in
the above samples prepared by using just the solvent casting process.
After thermal annealing at 130 °C the above nanofibril structured
samples transform into (b) the nanofibril structure of HTVP20, (d) the
lamella structure of HTVP29, (f) the cylinder structure of HTVP68, and
(h) the sphere structure of HTVP87. The inset in (f) shows the side view of
the thermally annealed HTVP68 cylinders.

systems containing P3HT. McCullough et al. and others have
reported the presence of the fibril morphology for a solvent-cast
thin film of a rod—coil block copolymer containing P3HT.?*:3°
They have been attributing the presence of this self-assembling
nanostructure to a kinetic trapping effect that is inherent to the
solvent-casting procedure. However, the fibril morphology we
observed for HTVP20 in the current study was from bulk
samples that have been thermally treated. As described in the
Experimental section, all TEM/SAXS/WAXS/UV samples were
first solvent cast, dried in high vacuum, and heated to 220 °C to
remove any thermal history followed by annealing the samples at

130 °C for equilibrium. Therefore, both thermally annealed and
solvent cast HTVP20 samples exhibit a rather similar fibril
structure. Furthermore, the fibrillar structure of HTVP20 is
indeed thermally reversible. The copolymer self-assembles into
a fibril structure after annealing at 130 °C for 24 hours as shown
in Fig. 3(a). A decrease in the fibril length is seen as the copol-
ymer is annealed at 180 °C for 24 h (Fig. 3(b)). Fig. 3(c) shows
that the 220 °C sample exhibits a disordered structure that is free
of fibrils but a disordered region with contrast between P3HT
and P2VP in the range of ~20 to 30 nm is still visible. However,
upon cooling the sample from 220 °C, the reappearance of the
fibril structure is seen for HTVP20, shown in Fig. 3(d). There-
fore, it shows that the nanowire phase is indeed a thermody-
namically stable structure with a thermally reversible “order—
disorder” phase transition. The formation of the fibril structure
may be resulted from a unique property of P3HT that strong
m—m interactions between P3HT chains favor the formation of its
crystal structure (XRD results shown later) consisting of P3HT
all-trans stiff main chains. This crystal structure then dominates
over the microphase separation interaction between the P3HT
rod and the short P2VP coil (uNpsur > XNiowar). Although
further investigation is still needed to understand the intrinsic
property of the nanofibrillar structure, the observed morphology
supports the conclusion of the importance of the rod-rod inter-
action that favors a thermally stable nanofibrillar structure in the
current conjugated block copolymer system at low coil fraction.

B. Lamellar structure for 0.29 < ¢ = 0.57. With a wide range
of the P2VP coil fraction from ¢ = 0.29 to 0.57, the thermally
annealed P3HT-P2VP block copolymers organize into a uniform
lamellar phase. Fig. 1(d) shows the TEM image of HTVP29.
Note that HTVP29 displays a lamellar nanostructure, which is in
contrast to many coil-coil block copolymers that often exhibit
a cylindrical structure at the same volume fraction. This differ-
ence in the self-assembled nanostructure may be due to the
differences in the chain conformation of P3HT chains compared
with other random coiled polymers. The bottom three curves in
Fig. 2(a) show the SAXS patterns for HTVP29, HTVP46, and
HTVP57 with peaks located at integer multiples of its first
scattering peak position, ¢*. The presence of higher order peaks
in those curves demonstrates the existence of a macroscopically
highly ordered lamellar structure for all three block copolymers.
In particular, HTVP46 shows the first scattering peak signal at
q* = 0.04 (I/A) and another relatively weak but clearly visible
peak signal at 3¢*. The disappearance of the 2¢™* reflection for
HTVP46 indicates that the lamellar structure exhibited by
HTVP46 is nearly symmetrical. With increasing P2VP fraction
from HTVP29 to HTVP46 and to HTVP57, their first scattering
peak position ¢g* moves to a smaller angle which corresponds to
a larger lamellar long-spacing. Based on the Bragg’s law, their
measured long spacings are 13.3 nm, 14.9 nm, and 15.7 nm for
HTVP29, HTVP46, and HTVP57, respectively.

C. Hexagonal cylinders, and disorder micelles for 0.68 = ¢.
With the P2VP coil fraction = 0.68 to 0.76, the P3HT-P2VP
block copolymers self-assemble into a highly ordered hexagonal
packed phase. Fig. 1(f) shows the TEM image of HTVP68 where
the unstained white region corresponds to the P3HT domain that
forms the inner cylinder while the dark region corresponds to the

10432 | Soft Matter, 2011, 7, 10429-10442

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1sm05724c

Downloaded by National Taiwan University on 05 January 2012
Published on 23 September 2011 on http://pubs.rsc.org | doi:10.1039/C1SM05724C

View Online

1
v

HTVP20

Log(I)

HTVP29

(b)

HTVP68

Log(I)

HTVP76

| 3
M Y HTVP46
2 3
' ¥ HTVPS57 HTVP87
T | T [ T | T | T | T | T | T T | T | T | T l T | T | T I T
0.02 0.04 006 0.08 010 0.12 0.14 0.16 0.18 0.02 004 006 0.08 0.10 0.12 0.14 0.16 0.18

q (A

q (A

Fig. 2 (a) SAXS spectra for HTVP20, HTVP29, HTVP46, and HTVP57 that show the microstructure of nanofibril for HTVP20 and the lamellar
structure for HTVP29, HTVP46, and HTVP57. (b) The SAXS spectra for HTVP68 and HTVP76 of the hexagonal cylinder structure and for HTVP87 of

the spherical structure.

100nm

Fig. 3 TEM micrographs of HTVP20 annealed at different tempera-
tures. (a) The copolymer self-assembles into a fibril structure after
annealing at 130 °C for 24 hours followed by rapid quenching in liquid
nitrogen; (b) a view of the HTVP20 sample quenched from 180 °C
annealing for 24 h to liquid nitrogen; (c) a view of the disordered structure
of a HTVP20 sample quenched from 220 °C annealing for 24 h to liquid
nitrogen and (d) the reappearance of the fiber-like structure of a HTVP20
sample quenched from the melt to liquid nitrogen and annealed at 130 °C
for 24 h in a high vacuum oven.

P2VP domain that forms the outer continuous phase. The side
view of the hexagonal cylinder phase showing the column-like
structure could be found for HTVP68. As shown in the inset of
Fig. 1(f), strips with alternating light and dark contrast of

a column-like structure of the hexagonal phase are observed for
HTVP68. Note that the microstructure of the PSHT-P2VP block
copolymers containing high P2VP coil fractions resembles that of
conventional coil-coil block copolymers despite the fact that
P3HT-P2VP with low P2VP fractions are considered as more of
a rigid rod—coil block copolymer system (e.g. HTVP20 and
HTVP29). The SAXS pattern of HTVP68 shown as the top curve
in Fig. 2(b) reveals the peak position of the diffraction reflections
at ratios corresponding to ordered cylinders in a hexagonal
lattice: g/g* = 1, /3 and v/4, consistent with the corresponding
TEM measurements. Similar to HTVP68, HTVP76 also self-
assembles into a hexagonal packed phase and its structure can be
identified by SAXS, as shown in Fig. 2(b). The d-spacings as
determined from the first peak of their scattering patterns of
HTVP68 and HTVP76 are measured and found to be 14.6 nm
and 20.2 nm, respectively. The d-spacing of the hexagonal
cylinder phase increases monotonically with the P2VP fraction as
expected.

With a highest P2VP coil fraction of 0.87, we observed that the
thermally annealed HTVP87 sample exhibits a disordered micelle
or spherical phase, as shown in Fig. 1(h). The microstructure of
the HTVP87 bulk sample was also identified by using SAXS
measurements and the spectrum is shown as the bottom curve in
Fig. 2(b). In the scattering pattern, only a weak peak centered at
a value in the scattering wave vector ¢ corresponding to ~22.8
nm of the interparticle spacing of the micelles is observed. No
other higher order reflections are visible for HTVP87.

Gyroid phase and order—order/order—disorder transitions

Besides HTVP20 exhibiting a fibrillar order—disorder transition,
P3HT-P2VPs with different P2VP volume fractions also show
diverse self-assembling structures that undergo a thermally

This journal is © The Royal Society of Chemistry 2011
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reversible order—disorder or even order—order transition. The
order—disorder and order—order phase transitions of the P3HT—
P2VP block copolymers were characterized by using in-line step-
wise heating and cooling of the samples during SAXS measure-
ments. Fig. 4(a) and (c) show the effect of annealing temperature
on the scattering patterns of the lamellar structured HTVP29 and
the HCP structured HTVPG68, respectively. As the temperature is
increased to ~210 °C, the intensity of the primary peak of

HTVP29 suddenly decays while the higher order peak (2¢*)
disappears completely. Therefore, at ~210 °C there is an ordered
lamellae-to-disordered phase transformation for HTVP29.
Above 210 °C, the residual primary peak is still visible due to the
local density fluctuation of the two components of the block
copolymer in the disordered phase.*! Notably, for HTVP68 upon
heating to temperatures of about 140-150 °C we observe that the
diffraction peaks characteristic of a hexagonal cylinder structure

a
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Fig. 4 The step-wise heating SAXS spectra for (a) HTVP29 and (c) HTVP68 samples. After the samples were melted, step-wise cooling SAXS spectra
were collected for (b) HTVP29 and (d) HTVP68. The SAXS profiles observed during the heating and cooling processes demonstrate a thermally
reversible order—disorder transition. The inset shown in (c) exhibits higher order scattering peaks associated with a gyroid structure for HTVP68

annealed at 150 °C.
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vanish and a new set of peaks appear at peak ratios of v/3¢ * and
V4q*. High order scattering peaks for HTVP68 annealed at
150 °C are also seen as shown in the inset of Fig. 4(c). The
dramatic change in the scattering pattern signifies an order—order
transition (OOT) at which the block copolymers phase transform
from an ordered cylinder phase to another ordered phase with
the exact structure to be determined later. Upon further heating
above 160 °C, an order—disorder transition (ODT) was found
which is characterized by a drop in the intensity of the primary
scattering peak (v/3¢*) and the disappearance of the higher
order peak (v/4g*). If the observed nanostructures are at the
thermodynamic equilibrium, they should be reversible upon
cooling from the disordered melt. Therefore, in addition to the
step-wise heating experiment, in-line step-wise cooling experi-
ments on SAXS line for HTVP29 and HTVP68 samples from the
disordered melt were also performed. Fig. 4(b) and (d) show the
variation of SAXS spectra as a function of temperature during
the cooling process for the lamellar structured HTVP29 and the
HCP structured HTVP68, respectively. As the sample is initially
heated to 230 °C, the SAXS spectrum of HTVP29 shows only
a broad but weak primary peak, indicating a disordered phase at
this temperature. As the temperature is decreased to ~210 °C, the
intensity of the primary peak of HTVP29 suddenly increases
while the higher order peak (2¢*) begins to appear. Therefore, at
~210 °C there is a disordered to ordered lamellae transformation
for HTVP29. Additionally, for HTVP68 upon heating to
temperatures of about 190-210 °C, we observe the diffraction
peaks characteristic of a disordered state. As the temperature is
decreased to ~160 °C, a disorder to order transition (ODT) was
found due to a new set of peaks appeared at peak ratios of v/3¢ *
and v/4¢ * in the SAXS spectrum. Therefore, below 160 °C there
is a disordered phase to ordered gyroid phase transformation for
HTVP68. As the temperature is further decreased to ~130 °C,
there is an ordered gyroid structure to ordered hexagonal
cylinder phase transformation for HTVP68. On the basis of the
temperature-dependent SAXS data, we observe that the SAXS
results on the cooling process are qualitatively consistent with
those on the heating process. Remarkably, the observed micro-
structures in our study are at thermodynamic equilibrium states,
therefore, the temperature-dependent SAXS spectra are revers-
ible upon cooling from the disordered melt.

In order to fully determine the equilibrium microstructure of
this copolymer as a function of temperature, the ordered
microstructures of HTVP68 were investigated by using TEM.
The HTVP68 bulk sample was prepared by annealing it at
different temperatures followed by quenching the samples into
a liquid nitrogen bath in order to preserve the morphology
obtained at the annealing temperature. Fig. 5(b) and (c) show
that HTVP6S self-assembles into an interpenetrating phase at
150 °C and a disordered phase at 220 °C, respectively. In
particular, the new structure shown in Fig. 5(b) exhibits a four-
fold projection of a bicontinuous structure which is consistent
with a gyroid (la3d) structure typically occurring only in
a narrow range of volume fraction between a hexagonal cylinder
phase and a lamellar phase of coil-coil block copolymer
systems.**** Additionally, the inset in Fig. 5(b) shows an image of
the three-fold projections of the gyroid (Ja3d) structure of
HTVP68 equilibrated at 150 °C. Therefore, the characteristic
SAXS patterns and the corresponding TEM images demonstrate

T
100nm

100nm

Fig. 5 TEM micrographs of HTVP68 annealed at different tempera-
tures. The copolymer self-assembles into (a) hexagonal close-packed
cylinders after annealing at 130 °C for 24 hours followed by rapid
quenching in liquid nitrogen, (b) a gyroid phase (4-fold projections) after
annealing at 150 °C for 24 hours followed by rapid quenching in liquid
nitrogen, (c) a disordered phase after annealing the sample at 220 °C for
24 hours followed by rapid quenching in liquid nitrogen, and (d)
hexagonal close-packed cylinders after cooling from 220 °C and
annealing at 130 °C for 24 hours followed by rapid quenching in liquid
nitrogen. The inset in (b) shows the 3-fold symmetry pattern of the gyroid
(Ia3d) phase.

the presence of a gyroid (la3d) structure for our current
m-conjugated P3HT-P2VP block copolymer system. According
to our knowledge, this is the first example of a m-conjugated
diblock copolymer which exhibits hexagonal cylinders and
a gyroid phase through an order—order transition. The discovery
of a gyroid phase in a conjugated block copolymer system is
surprising since a gyroid phase may require domain interfaces
with high degrees of curvature. Furthermore, the existence of
a bicontinuous phase for rod—coil diblock copolymers has
neither been predicted by theories nor been observed by experi-
ments since a fully rigid-rod nature of the conjugated block was
often assumed. Remarkably, the semi-rigid nature of regiore-
gular P3HT results in the change in the chain conformation with
the P2VP molecular weight, therefore, affecting the degree of
freedom of the rotation about the interannular bond of the P3HT
block and imparting a profound effect on the self-assembling
behavior and shows a wealth of different phases.

To summarize the above result, the transition temperatures of
all the block copolymers are listed in Table 1. Note that the
HTVP68 sample has the lowest Topt, which may be resulted
from the induced instability at high temperatures for the gyroid
structure with large curvatures.**

Optical properties

The photophysical property of the P3HT homopolymer and
P3HT-P2VP block copolymers in the solid state was also
measured. Fig. 6(a) shows the UV-VIS absorption spectra of the
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Fig. 6 (a) UV-VIS absorption spectra and (b) PL spectra of P3HT and
P3HT-P2VP thin films. P3HT homopolymer (—), HTVP20 (---),
HTVP46 (— —), HTVP76 (---), and HTVP87 (---).

film samples. The UV-VIS spectra show that HTVP20 and P3HT
homopolymer have almost the same Ap.xuv value of around
557 nm. The effect of more P3HT chain aggregation is also
evident from the presence of an additional absorption shoulder
appearing at longer wavelengths around 605 nm than its Ap,x uv
in the film samples.*® The result clearly indicates that the chain
conformation of the P3HT block of HTVP20 in the solid state
exhibits a similar trans-planar conformation which favors long
conjugation lengths to that of the P3HT homopolymer.
However, the UV-VIS spectrum of the HTVP46 film shows that
its Amax,uv 1s largely blue-shifted to 520 nm compared to that of
the HTVP20 film. The shifts in the absorption maximum are
likely due to a change in the conjugation length of the P3HT
chains in the HTVP46 block copolymer film. Even though
HTVP20 and HTVP46 have the same molecular weight (M,, =
6800) in their P3HT block, the larger molecular weight of P2VP
chains in HTVP46 can presumably affect in greater extent the
chain conformation of the P3HT block since the P2VP block is in
close proximity to the P3HT chromophore that affects how
P3HT is packed in the solid state. As shown previously from
TEM and SAXS measurements, the synthesized P3HT-P2VP

block copolymer with different P2VP fractions formed different
microstructures that could lead to a different packing state of the
P3HT block, resulting in the change of the absorption charac-
teristics. Since HTVP46 shows a blue-shifted Apax uv, its P3HT
block adopts a less planar main-chain conformation in lamellae
than that of P3HT in fibrillar HTVP20. As the P2VP coil fraction
increases further from 0.46 to 0.76, we observe more blue-shifting
of the absorption maximum from 525 nm to 498 nm, indicating
that the P3HT in HTVP68 exhibits an even shorter conjugation
length than that of the lowered P2VP fraction samples. As the
P2VP fraction further increases to a value of 0.87, the absorption
peak of the P3HT-P2VP is blue-shifted to 487 nm. Therefore,
with the increasing P2VP coil fraction, there is a progressing
decrease in the absorption maximum for the block copolymer
film samples with ¢ = 0.46. In addition, photoluminescence
measurements in the solid state also show a similar trend in
Amax.pL- As shown in Fig. 6(b), there is a hypsochromic shift in
AmaxpL for all block copolymers with increasing P2VP fractions
except for HTVP20. The PL result is consistent with the UV-VIS
absorption result. In summary, from the above measurements we
can conclude that with the small P2VP coil fraction (=~0.2) the
P3HT chains adopt a trans-planar main-chain conformation that
favors a strong 7—7 interchain interaction, therefore, without
any blue-shifting of their absorptions. With increasing P2VP coil
fractions above 0.2, however, there seems to be a conformational
transformation of P3HT segments from a rod-like structure with
a long conjugation length to a chain structure with a shorter
conjugation length. This result suggests that the rigidity of the
conjugated P3HT chains can be adjusted by changing the P2VP
molecular weight of the block copolymers. Therefore, the way
P3HT blocks pack within its domain may be more complicated
than that of permanently rigid rod polymers due to the interplay
between the m—m interaction of main chain backbone and an
entropic effect associated with the flexibility of P3HT segments.
In this paper, a detailed study of the self-assembly of P3HT-
P2VP copolymers will be described in the following sections.

Molecular packing of P3HT in nanodomains. The ordered
structure of many conjugated polymers was previously found to
be closely related to the degree of dense stacking of their
conjugated main-chain backbones separated by a more disor-
dered side chain layer, resulting in the formation of solid crystal
and liquid crystalline phases at high temperatures.® Therefore,
the determination of molecular packing for conjugated chains is
needed for the purpose of constructing a complete phase diagram
for their corresponding block copolymers. In the present study,
the molecular packing of P3HT chains within the microphase
separated domains was determined by wide-angle X-ray scat-
tering and the solid state UV-VIS absorption measurement
shown in the previous section.

As shown in Fig. 7(a), we observed that the WAXS patterns of
both the P3HT homopolymer and the HTVP20 exhibit similar
diffraction peaks, which correspond to the reflections from the
crystallographic planes of (100), (200), (300) and (020) associated
with a regular form I crystal of an orthorhombic unit cell.*¢*” For
the P3HT homopolymer, its corresponding d-spacings of (100)
and (020) planes are 17.1 A and 3.8 1&, respectively. The (100)
reflection corresponds to the interlayer distance separated by the
alkyl side chain of P3HT and the (020) reflection corresponds to
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Fig.7 (a) The room temperature WAXS spectra of thermally annealed P3HT homopolymer and P3HT-P2VP block copolymers. The inset shows the
form I structure of a P3HT crystal. (b) The change in the WAXS profiles of HTVP20 is seen during a step-wise heating process.
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the distance of the stacking between the main chain layers. The
solid state UV-VIS spectra shown in Fig. 6(a) indicate that the
P3HT block of HTVP20 adopts a trans-planar main-chain
conformation which favors a long conjugation length and a large
persistence length, similar to that of the pristine P3HT homo-
polymer since both the P3HT homopolymer and HTVP20 have
almost the same UV absorption profile. Therefore, it can be
expected that the packing of P3HT blocks in HTVP20 nanofibrils
is highly ordered due to a strong attractive interaction between
P3HT main-chain backbones in comparison with the segregation
strength exhibited between P3HT and P2VP blocks for HTVP20
(UNp3aT > XNiotal)- A theoretical all-frans chain length of the
P3HT block can be obtained by multiplying the monomer unit
length (0.39 nm)*® with the degree of polymerization of P3HT
(NpsuT = 41) to give a rod length of 16 nm, which is in accor-
dance with the TEM measurement of the width of the nanowires
shown in Fig. 1(b). More importantly this result further
demonstrates that the molecular organization of P3HT chains in
nanofibrils consists of a monolayer of P3HT rods.

For higher P2VP fraction samples, the WAXS patterns of the
lamellar structured samples of HTVP29, HTVP46 and HTVP57
also exhibit (100), (200), (300) and (020) diffraction peaks,
although with reduced intensities. The solid state UV-VIS
measurements show that the Ay, uv of the block copolymers
was progressively blue-shifted with increasing PVP fractions
relative to that of the homopolymer P3HT, indicating a decrease
in the conjugation length. From the TEM measurement, we have
also found that the P3HT domain size (~7 to 8 nm) of the
lamellar structured samples is smaller than the all-trans fully
extended P3HT chains of the nanofibril structure (~16 nm).
These results combine to indicate that P3HT in the lamellar
domain exhibits a segmented rod-like chain structure which
consists of shorter rods connected by twisted thienyl units yet the
neighboring P3HT shorter rods may form crystals within their
nanodomain. The ordered crystal domains are separated by
disordered domains which harbor structural defects like chain
bends or folds.

For the cylindrical structured HTVP68 and HTVP76, only
a weak and broad (100) diffraction peak is visible in the WAXS
patterns, indicating a poor packing of P3HT segments in the
cylinder nanostructure. This may be resulted from the combined
effects of prevailing microphase separation over orientational
ordering (xNiotal > uNp3gT) With increasing P2VP molecular
weights and the two-dimensional confinement effect of the
cylinder structure on the molecular packing of P3HT chains. The
absorption maximum of the cylinder structured HTVP68 was
also significantly blue-shifted compared with that of the P3HT
homopolymer (see in Fig. 6(a)), suggesting that the P3HT blocks
in the cylindrical microstructure adopt a less planar and twisted
main-chain conformation. Therefore, from the above measured
X-ray results, for HTVP68 and HTVP76, their P3HT blocks
appear to exhibit a coil-like chain structure in the cylindrical
microstructure. It should be noted that the coil-like P3HT chains
in cylindrical domains are consistent with the presence of
a gyroid (Ia3d) phase observed at a high temperature near Topr
of HTVP68. Upon heating, the P3HT chains further coil up and
create more curvature at the P3SHT/P2VP interface. Therefore, it
is evident that at low coil fractions the P3HT in the HTVP block
copolymers can be considered as a fully rigid rod to a segmented

rod-like chain while at high coil fractions, P3HT acts as a fully
coil-like polymer chain. For the highest P2VP coil fraction, the
HTVP87 sample exhibits a fully coil-like structure with no
crystalline peak in the WAXS pattern. The corresponding solid
state UV-VIS spectrum of the HTVP87 sample shows that the
P3HT has the smallest conjugation length, and therefore,
exhibits the largest blue-shifted absorption maximum. It is
difficult to obtain an even higher degree of order of the spherical
structure of HTVP87 at higher segregation strength since the
annealing temperature of HTVP87 is close to the T, of the P2VP
block (~100 °C).

In order to further characterize the geometric confinement
effect of the nanostructure on P3HT stacking, the thermal
property of the synthesized block copolymers was measured by
using differential scanning calorimetry (DSC). The DSC ther-
mograms for P3HT homopolymer and P3HT-P2VPs are shown
in Fig. 8. For the pure P3HT homopolymer, there is an endo-
thermic peak with a low temperature shoulder appearing in the
temperature range between 180 °C and 215 °C in the DSC
thermogram, indicating a two-stage melting of P3HT segments.
The endothermic shoulder at a lower temperature of ~190 °C
appears to correspond to the reported transition of P3HT
ordered packing melting to a nematic phase and the main
endothermic peak centered at a higher temperature of ~210 °C
then corresponds to the nematic-to-isotropic phase transition.*
For HTVP20, its DSC curve shows a similar endothermic tran-
sition as that of the pure P3HT homopolymer, indicating that the
heating process also results in a series of transitions from the
well-packed smectic-like crystals to nematic and to isotropic
phases with increasing temperature. The DSC thermogram of

T
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HTVP20

Endothermic

HTVP87

0 20 40 60 80 100 120 140 160 180 200 220
Temperature (°C)
Fig. 8 DSC traces of the P3HT-P2VP block copolymers. The 2nd
heating thermograms of P3HT homopolymer, HTVP20, HTVP46,
HTVP68 and HTVP87 are shown. The dashed arrows indicate the glass
transition temperature of the P2VP block, the solid arrows show the
endothermic transition associated with the melting of the P3HT crystals,
and the hollow arrows indicate the endothermic enthalpy peak associated
with the nematic-to-isotropic phase transformation.
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HTVP46 exhibits a melting endothermic peak at lower temper-
ature than that of HTVP20. This decrease in the transition
temperature indicates that the segmented rod-like P3HT blocks
in the lamellar structured HTVP46 exhibit a less ordered packing
structure than the P3HT rods in the nanofibrillar structured
HTVP20. For ¢ = 0.68 no endothermic peak was observed in the
DSC thermogram. This may be in part due to low sensitivity of
the DSC technique and in part due to a much reduced crystal-
linity of P3HT obtained in the cylindrical and spherical micro-
structures. The above result is also consistent with the conclusion
from WAXS and UV-VIS measurements for high coil fraction
block copolymers. As a consequence, the decrease in the melting
temperature with increasing ¢ gives an indication of the relative
stability of the ordered phases in different self-assembled
structures.

The effects of temperature on the crystal structure and the
stability of P3HT chains in their nanodomain were also investi-
gated using in-line heating WAXS measurements. Fig. 7(b)
shows a representative WAXS pattern of HTVP20 as a function
of temperature and displays the diffraction peaks corresponding
to the (#00) and (020) planes. As the sample is heated to 80 °C,
changes in the diffraction patterns were observed; a shift in the
(h00) peak position to lower angles, a shift in the (020) peak
position to higher angles, an increase in the (400) reflection
intensity and the sharpening of these diffraction peaks are
simultaneously observed. The above results demonstrate that
upon melting of the alkyl side chain of P3HT chains at 80 °C
there is a reordering of the P3HT crystals in the HTVP20 sample
due to the strong w7t interaction between P3HT blocks. Upon
further heating to ~160 °C, the intensity of (4#00) and (020)
reflections starts decreasing, indicating a decrease in the lateral
ordered packing of P3HT and the loss of -7t stacking between
P3HT main chains. This result suggests the formation of a quasi-
ordered crystalline phase which was also observed in another
study for the P3HT homopolymer that at high temperature range
the 7 stacking interaction between P3HTs is not sufficiently
strong enough to maintain a perfect planarity of P3HT chains yet
the resulting twisted thiophene units were nonetheless incorpo-
rated within the less-ordered quasi-crystalline state.®® As the
temperature further increases to 200 °C, the WAXS patterns
show only a weak (100) plane, indicating only a short-range
ordering in the P3HT stacking. Therefore, at about 200 °C, the
P3HT chains in HTVP20 exhibit a quasi-ordered nematic liquid
crystalline structure.’® Upon further increasing the temperature
above 220 °C, the WAXS patterns show no visible diffraction
peaks, indicating that the P3HT chains may contain many
twisted thienyl units and exhibit a relatively short conjugation
length compared with that of the rigid-rod conformation at low
temperatures. As a result, the heating process of HTVP20 can be
viewed as converting the well-ordered P3HT crystalline phase
into the disordered state via the quasi-ordered intermediate
phase. The temperature at which each phase transition occurs for
all PSHT-P2VP block copolymer samples is listed in Table 1 and
will be discussed in the following section.

Phase diagram of P3SHT-P2VP block copolymers. Based on the
combined results of the solid-state UV-VIS, TEM, SAXS and
WAXS measurements, a detailed phase diagram of the P3HT-
P2VP system in the form of the annealing temperature versus its
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Fig. 9 The phase diagram of the P3HT-P2VP block copolymer system.
The notation is explained as follows: (Sph) sphere, (Hex) hexagonal
packed cylinders, (G) gyroid phase, (Lam) lamellae, (Sm-Lam) smectic-
like lamellae, (Nem) nematic structure, (SI transition) smectic—isotropic
transition, (SN transition) smectic-nematic transition, and (NI transi-
tion) nematic—isotropic transition.

P2VP volume fraction in the strong and weak segregation
regimes can now be constructed. As shown in Fig. 9, with a low
P2VP fraction of ~0.2, HTVP20 displays a thermodynamically
stable nanowire structure with a fully extended rigid rod struc-
ture across the width of the nanowires. With increasing
temperature, HTVP20 exhibits a smectic-like crystal-to-nematic
phase transformation at ~200 °C followed by a nematic-to-
isotropic transition at 220 °C, as indicated by the DSC and
WAXS measurements. With ¢ = 0.46, HTVP46 exhibits
a lamellae structure and its P3HT block exhibits a segmented
rod-like structure connected by twisted 3HT units, forming
a smectic-like crystal structure within its lamellar domain at low
temperature. Upon increasing the annealing temperature, the
increased thermal energy allows the more twisting structure
between adjacent 3HT units and P3HT adopts a more coil-like
structure within their lamellae structure at higher temperature.
For all the lamellar structured P3HT-P2VP samples (¢ = 0.29,
0.46, and 0.57), their P3HT smectic/isotropic transition temper-
ature was found to be lower than their block copolymer order—
disorder transition temperature. This result suggests that the
P3HT-P2VPs exhibit a smectic-lamellae structure at low
temperature, an amorphous-lamellaec structure at higher
temperature, and a disordered structure above the order—
disorder temperature. With an increasing P2VP fraction roughly
between ~0.68 and ~0.76, a hexagonal packed cylinder phase
(Hex) was observed for the PSHT-P2VP system at low temper-
atures (<140 °C). Upon heating HTVP68, there is an order—order
transformation from a hexagonal cylinder phase to a gyroid
phase (G). This gyroid phase appears in only a very narrow range
of ¢ ~0.68 since only HTVP68 but not HTVP76 exhibits this
transformation. At even higher temperatures, there is an order—
disorder transition for both HTVP68 and HTVP76. Finally,
HTVP87 exhibits a spherical or disorder micelle phase. A sche-
matic illustration showing how P3HT chains pack within the
microphase separated domains is shown in Fig. 10.

The self-assembly behavior of PSHT-P2VP block copolymers
reveals two important thermodynamic parameters including the
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Fig. 10 Schematic representation of the chain conformation of the P3HT-P2VP block copolymers in the microphase separated nanodomains as

a function of temperature and composition.

microphase segregation strength and the rod-rod interaction
between the conjugated chains that dictate their phase diagram.
For P3HT-rich samples, the rod-rod interaction acts as the
primary driving force in thermodynamics, and therefore nematic
ordering dominates the self-assembly behavior of block copoly-
mers below the isotropic state. Upon further reducing the
temperature, the anisotropic ordering induced by the attractive
forces between P3HT segments serves to modify the location of
chain transition, and subsequently the crystallization effect that
favors the formation of parallel oriented bonds leads to a nano-
wire structure instead of the usual BCC or hexagonal morphol-
ogies. With further increasing coil fractions, the presence of
microphase separated structures represents the instability of the
isotropic-nematic boundary and the self-assembly behavior of
the copolymers is mainly driven by the microphase segregation
strength. The periodic nanostructures with different composi-
tions reflect the need to minimize the interfacial energy and the
amount of stretching that both P2VP as well as the conjugated
P3HT chains must sustain in order to fill the space and maintain
a uniform segmental density. Within the self-organized nano-
structures, the equilibrium molecular packing of P3HT is further
moderated by a compromise between the confined environment
and the crystallization effect of the semi-rigid chains of P3HT. In
the lamellar nanodomains, the increasing rod-rod interaction
due to undercooling of the polymers from the amorphous
lamellar state improves the anisotropic ordering of P3HT chains,
resulting in the P3HT packing along the lamellar structural
environment driven by the crystallization process. Therefore, the
occurrence of a smectic-like phase, in which P3HT chains are

composed of shorter rods connected by twisted 3HT units, can be
attributed to the consequence of one dimensional confinement
effect on P3HT stacking. However, in the cylindrical and
spherical morphologies, parallel packing of P3HT segments
without any twisting cannot be achieved due to the high inter-
facial curvature of the P3HT/P2VP boundary. The chain archi-
tecture permits the effect of restricting anisotropic arrangement
of P3HT segments prior to crystallization and the two- and three-
dimensional nanostructures further inhibit the regular packing of
P3HT upon crystallization.

Our experimental results agree qualitatively with the theoret-
ical predictions for rod—coil block copolymer systems. However,
significant differences between phase diagrams are found.
Theory predicted that the phase diagram for a fully rigid rod—coil
block copolymer is highly asymmetrical, with the presence of
BCC and hexagonal phases in a rather high coil-rich region.'®
Furthermore, a gyroid phase was not predicted in their phase
diagram. In contrast to the thermodynamic behaviors of fully
rigid rod—coil block copolymers, the phase diagram of P3HT-
P2VP with the P2VP volume fraction above 0.4 bears more
resemblance to that of coil-coil block copolymers with confor-
mational asymmetry in which four equilibrium morphologies
have been identified: lamellae, bicontinuous gyroid, hexagonally
packed cylinders and sphere structures.> Considering the semi-
rigid nature of P3HT chains, therefore, it is not surprising that
the self-assembling behavior of the current block copolymer
system containing P3HT exhibits complicated features compared
with the previous thermodynamic calculations and simulations,
all of which assumed the rod block is a fully rigid rod. Our
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experimental results provide new insights into the semirod—coil
block copolymer system with adjustable chain stiffness for
further future simulation, computation and experiments.

Conclusions

In this study, a series of monodisperse P3HT-P2VP block
copolymers was synthesized from P2VP blocks with different
molecular weights and a P3HT block with a fixed molecular
weight. Therefore, the relative strength of the microphase sepa-
ration interaction (xMNyo) to the orientational ordering
(uNp3pT) between P3HTs for the self-assembly behavior can be
accessed by the change of the molecular weight of the copoly-
mers. Based on the UV and PL measurements, P3HT chains in
the solid state undergo a rod-to-coil transition on their main-
chain conformation with increasing P2VP molecular weights,
indicating that the transition can be facilitated by the rotation of
the single carbon-carbon bonds between adjacent 3HT units.
Subsequently, TEM, SAXS, WAXS, and DSC were used to
explore the detailed phase diagram of the semirod—coil P3HT-
P2VP system. These measurements demonstrate that for the
strong rod-rod interaction regime (uNpsgt > XNiotal), the
smectic-like nanofibril structure is a thermodynamically stable
self-assembled structure for HTVP20 with a low coil fraction. At
high temperatures, the smectic-like nanofibers undergo a liquid
crystal phase transition to a nematic state followed by the tran-
sition to an isotropic phase. The effect of strong orientational
ordering between P3HTSs can also be seen for the lamellar
structured HTVP29 since the block copolymer would exhibit
a cylindrical structure if the P3HT chains were to adopt a fully
coil-like structure at this volume fraction. With further
increasing P2VP molecular weights, the strength of microphase
separation interaction prevails over the orientational ordering of
P3HTs (xNitotar > uNpsut). Therefore P3HT chains adopt
a random coil-like structure and the corresponding block
copolymers exhibit lamellar, hexagonal, and spherical structures
which are typical for coil—coil block copolymer systems. For the
lamellae structured P3HT-P2VP, their P3HT blocks undergo
a smectic-like to amorphous phase transition below their order—
disorder transition temperatures. Additionally, a gyroid phase
which is often absent in the rod-coil diblock copolymer system
was observed upon heating a HCP structured P3SHT-P2VP. The
formation of the ordered structures can be attributed to the
consequence of energy balance associated with coil stretching,
interfacial energy and anisotropic arrangement of P3HT
segments. P3HT-P2VPs show overall features in the phase
diagram which are both different from those of coil—coil as well
as rod—coil block copolymer systems, due to the change in the
P3HT chain conformation with composition. As a consequence,
the results of this study show promises for practical uses of self-
assembling block copolymers containing poly(thiophene) since
the resulting phase diagram offers a level of structural control
that is important for future applications.
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