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Abstract

Conjugated block copolymers (BCPs) can self-assemble into highly ordered nanos-
tructures in a melt state. However, when cooled below the melting temperature, crystal
growth can disrupt the self-assembled structure and produce a poorly-ordered fibrillar
texture. We demonstrate that crystallization modes of conjugated BCPs based on
poly(3-dodecylthiophene) (P3DDT) and poly(2-vinylpyridine) (P2VP) can be tuned
through P3DDT regioregularity (RR), as this attribute controls the melting tempera-

ture and crystallization rates of P3DDT. When RR is low (70-80%), crystallization is



observed at temperatures near or below the glass transition of P2VP, so crystal growth
is largely confined by the glassy cylindrical or lamellar BCP structure. When RR is
high (94%), crystallization occurs at 40 K above the glass transition of P2VP, so there is
no longer a restriction of glassy domains. Importantly, crystal growth remains confined
by the rubbery P2VP lamellae, but breaks through the rubbery P2VP cylinders. This
morphology-dependent behavior is attributed to geometric compatibility of P3DDT
crystal growth and the self-assembled symmetry: In a lamellar phase, the P3DDT
chain orientations at the P3DDT-block-P2VP interface are compatible with crystal
growth, and both the alkyl-stacking and 7-m growth directions are unrestricted within
a lamellar sheet. In a cylindrical phase, the radial orientation of P3DDT chains at the
P3DDT-block-P2VP interface is not compatible with crystal growth, and the hexagonal
close-packed symmetry only allows for one direction of unrestricted crystal growth. Sig-
nificantly, these studies demonstrate that tuning RR of polyalkylthiophenes can open up
multiple crystallization modes with the same monomer chemistries and block lengths,
thereby decoupling the parameters that govern classical BCP self-assembly and crystal

growth.

Introduction

Conjugated polymers have unique optoelectronic properties that enable their applications
in photovoltaics, batteries, light-emitting diodes, and field effect transistors. ' When con-
jugated polymers are incorporated in a block copolymer (BCP) architecture, their utility
and functions can be enhanced by self-assembly: as examples, the formation of nanoscale
functional domains and high interfacial area can tune charge and energy transfer processes 7
or tailor mechanical responses.®? However, it is well-documented that crystallization of con-
jugated blocks can disrupt self-assembly, leading to a poorly-ordered fibrillar texture. This
behavior has been observed in conjugated-coil BCPs based on highly regioregular poly(3-

hexylthiophene) (P3HT) '®1% and poly(2,5-di(2-ethylhexyloxy)-1,4-phenylenevinylene). '*



In polyethylene-based BCPs, it is possible to crystallize polyethylene while maintaining all
or some of the self-assembled structure. This is achieved through processes termed “confined”
and “templated” crystallization. >'7 In confined crystallization, confinement is imposed in
one of two ways: the amorphous block is glassy at the crystallization temperature, producing
a physical boundary that guides crystallization within the self-assembled structure; '* 20 or
the amorphous block is rubbery at the crystallization temperature, yet the BCP is so strongly
segregated that thermodynamic barriers prevent changes to the self-assembled structure
during crystal growth.!® Templated crystallization is observed when the amorphous block
is rubbery and the copolymer is at intermediate segregation strength, so crystal growth
can distort the domains, but the overall self-assembled symmetry is preserved. 52! Finally,
polyethylene-based BCPs can also undergo a “break out” crystallization process: this is
observed when the amorphous block is rubbery and the BCP is more weakly segregated, so
crystal growth destroys the melt state symmetry. 15:22:23

Poly(3-alkylthiophenes) (P3ATs) are a popular class of conjugated polymers for funda-
mental studies of structure-property relations, * and show promise for applications in stretch-
able and wearable electronics. 82427 P3ATs and polyethylene (PE) have distinct chain confor-
mations that lead to different crystallization mechanisms. ?® P3ATs are semiflexible polymers
that adopt highly extended chain conformations in a melt state and during crystallization,
so crystal growth is largely determined by intermolecular interactions. On the other hand,
PE is very flexible and will fold during crystallization, so crystal growth proceeds by both
intra- and inter-molecular processes. Despite these differences, it is possible to engineer
P3AT-based BCPs that exhibit similar crystallization modes as PE-based BCPs. This is
usually accomplished by using bulky alkyl substituents that increase the flexibility of con-
jugated blocks and reduce the strength of their intermolecular interactions, such that the
drive for crystallization and self-assembly is more balanced. Confined crystallization has

been demonstrated with lamellar and cylindrical BCPs based on highly regioregular poly(3-
(2’-ethyl)hexylthiophene) (P3EHT) and flexible blocks such as poly(lactid acid) (PLA), #



poly(ethylene oxide) (PEO),?® poly(methyl acrylate) (PMA),?'*? and polystyrene (PS).?!
Break-out crystallization has also been documented in PSEHT-PEO BCPs when the melt-
state morphology is a gyroid, as this symmetry is not compatible with the P3EHT crystal
growth.3? Confined crystallization has also been demonstration with BCPs based on highly
regioregular poly(3-dodecylthiophene) (P3DDT) and poly(methyl methacrylate) when the
P3DDT content was low (less than ~60%), or the P3DDT block length was very high. 33:34
Otherwise, break-out of P3DDT crystals destroys the self-assembled morphology.

While systematic changes to alkyl substituents can manipulate chain flexibility and in-
teraction strength in P3ATs,? this approach will also change other attributes of the system,
including the crystal structure and intrinsic electronic properties. *® Furthermore, in P3AT-
based BCPs, the Flory interaction parameter and conformational asymmetry will vary with
the type of alkyl substituent. As an alternative, regioregularity (RR) can tune the chain
flexibility and interaction strength of P3ATs,3* and recent studies have shown that this at-
tribute can be varied systematically in both P3HT and P3DDT. '32*37 By controlling the
RR of P3AT-based BCPs, one can decouple many of the architectural and thermodynamic
parameters that control P3AT crystallization and self-assembly. This approach was first
demonstrated with P3HT-b-poly(2-vinylpyridine): highly ordered lamellar and cylindrical
BCP were observed when RR was less than approximately 80%, but crystal growth dis-
rupted self-assembly when RR was high. 3 However, highly regioregular P3HT has a very
high melting temperature (> 220°C), so it is difficult to access the melt-state morphology
and examine crystallization behavior.

Recently, we reported the synthesis and melt-state structure in a series of P3DDT- b-
poly(2-vinyl pyridine) (P2VP) materials.3” These studies are enabled by the low P3DDT
melting temperature of approximately 140°C at high RR. When RR is low (70-85%), the
P3DDT chains adopt a bilayer conformation that is typical of flexible BCPs. However,
when RR is high (94%), the P3DDT chains interdigitate in a liquid crystalline monolayer.
These behaviors are observed in both lamellar (ca. 50% P3DDT) and cylindrical (ca. 70%



P3DDT) phases. In addition to changes in persistence length that might cause a material to
transition from bilayer to liquid crystalline structure, changes in RR can also affect degree
of crystallization and melting temperature of the P3DDT block, as well as crystallization
modes within a block copolymer template. In our present work, we examine the effects
of RR on crystallization modes of P3DDT-b6-P2VP copolymers using time-resolved small
angle and wide angle X-ray scattering. All samples are cooled from a melt state to below
the crystallization temperature, and then isothermally annealed to examine crystal growth
and any changes to the self-assembled structure. We find three different crystallization
modes (Scheme 1) that are similar to the processes in PE-based materials: When lamellar
and cylindrical phases are crystallized near or below the glass transition of P2VP, which
occurs in systems with low RR, the crystal growth is confined by the block copolymer
template. However, when crystallized above the glass transition of P2VP, we observe “loose

confinement” in lamellar phases and breakout in cylindrical phases.

Melt Crystallized

(a) Lamellar

=

Phase
Low RR, T* < T, High RR, T* > T
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Scheme 1: Observed crystallization modes depend on both morphology and T* relative to
Ty, where T* is defined as the highest temperature at which crystallization is detected in
the WAXS spectrum after 2 minutes of isothermal annealing. T* is sensitive to RR. Blue
domains — P2VP.



Methods

Materials. All commercial solvents and chemicals used in this study were purchased from
Merck Co. and Alfa Aesar Co. and used as received without further purification. All P3DDT-
b-P2VP copolymers were prepared according to synthetic procedures in our previous work. 37

All of the synthetic details and characterization of RR-tuned P3DDT-b-P2VP are described

in the Supporting Information.

Sample Preparation. All P3DDT-6-P2VP copolymers were prepared for X-ray scattering
by pressing in aluminum low mass (10 pL) DSC pans. The pans were placed in open glass
vials for identification and annealed under high vacuum (10~7 Torr) at 160 °C overnight

(10-15 hr).

Small Angle/Wide Angle X-ray Scattering (SAXS/WAXS). Simultaneous small-
angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) measurements were
performed at the beamline 12-ID-B at Argonne National Laboratory. The DSC pans hold-
ing pre-annealed samples were fit into a Linkam heating stage and illuminated at normal
incidence (transmission through the film thickness) under nitrogen at temperatures ranging
from 160 °C down to 25 °C. Feedback to the temperature controller came from a thermocou-
ple embedded in the stage, and a secondary thermocouple measured the temperature at the
inserted DSC pan. Temperature stability was considered to be the point at which these two
thermocouples recorded the same value. Samples were probed with a 13.3 keV (wavelength
A = 0.093 nm) X-ray beam with a sample to detector distance of 2.3 m using a 0.1 sec expo-
sure time. The beam spot size at the sample was approximately 10 pm tall by 200 pm wide.
To avoid beam damage, the position relative to the beam was changed by 11 pm along the
vertical direction between every exposure. Scattered radiation was collected using a Pilatus
2M detector (1475 x 1679 pixels, 172 pum pixel size). The 2-dimensional (2D) scattering data

were reduced to 1-dimensional (1D) scattering curves by azimuthal integration using the



SAXSLee software. Scattering data were collected for an empty aluminum DSC pan under
nitrogen at ambient conditions to act as a background measurement. The scattering data
for samples were corrected by subtracting this background measurement. The magnitude of
the scattering vector (q) is given by ¢ = 4wsinf/\, where 26 is the scattering angle. The
g-range detected was 0.04 to 2.7 nm™. Direct beam transmission intensity was recorded with
a photodiode and was then used to calculate the sample thickness at each measurement spot
using the equation x = —In(/y/I), where x is the sample thickness at the measurement spot,
I is the direct beam intensity prior to transmission, and [ is the direct beam intensity after
transmission. The scattered intensity I, collected for each spot at the Pilatus detector was

then corrected by normalizing with the thickness z, i.e., I;/x.

Transmission Electron Microscopy (TEM). Samples were prepared for TEM by an-
nealing at 200 °C for 2 hr then slowly cooling to 160 °C and annealing for 24 hr. Samples
were then cooled to room temperature over 24 hr at a constant cooling rate of 0.09 °C/min.
(The annealing procedure for TEM samples differed from that of scattering samples be-
cause a longer annealing time enhances the cylindrical order and improves image quality.)
Samples were microtomed to ~50 nm thickness employing an RMC PowerTome-X with a
diamond knife and then stained with iodine vapor. All the TEM images were obtained using

a JEM-3011 HR electron microscope.

Results and discussion

The P3DDT-6-P2VP materials considered in this work are summarized in Table 1. All
of the synthetic details and characterization of RR-tuned P3DDT-5-P2VP are described
elsewhere®” and briefly summarized in the Supporting Information. For convenience, the
copolymers were denoted as RRX-VPY, where X is the RR of P3DDT block and Y is
the volume fraction of P2VP block. All are majority P3DDT and assemble into either

lamellar or hexagonally-packed cylindrical morphologies. Within each domain, the chain



packing depends on the P3DDT RR:3” When RR is high, the chains interdigitate in a
liquid crystalline monolayer (LC). Otherwise, the chains adopt a flexible bilayer conformation
(BL). The Supporting Information Table S1 summarizes degree of crystallinity and melting
temperatures for P3DDT homopolymers and P3DDT-b-P2VP, measured with DSC. These
data demonstrate that degree of crystallinity and P3DDT melting temperature both increase
with RR. These transitions were too weak to detect in some of the low RR samples, which
is likely associated with the slow crystallization kinetics.

The crystallization temperature for SAXS/WAXS measurements was selected based on
the rate of crystallization at a reference temperature T*, which is the highest temperature
where crystallization is detected after 2 min of isothermal annealing. We defined this ref-
erence temperature for convenience: very fast crystallization process cannot be examined
under isothermal conditions due to finite cooling rates (maximum of 20 to 30 °C/min), and
a very slow crystallization process is impractical due to time limitations at the synchrotron.
T* was determined by the following procedure: Each sample was first heated to 160 °C for
about 8 min to melt any crystals present. The sample was then cooled by a few degrees and
a measurement was taken after waiting two min at the new temperature. If there were no
crystal peaks visible, then the cooling and waiting process was repeated until the (100) crys-
tal peak for P3DDT was visible, which is the temperature T*. Values of T* for all samples
are reported in Table 2. For all cylinder-forming samples, T* was greater than or equal to
the T, of P2VP (95 °C). In the lamellar-forming samples, T* was above T, of P2VP only for
the 94% RR samples. Once T* was determined, the sample was heated again to 160°C for
at least 8 min. When the crystal peaks were no longer detected in the WAXS spectrum, the
sample was cooled to a set point of 5°C above T* and held for 1.5 min, which minimizes lag
between the set point and actual sample temperature, and then rapidly cooled to a target
temperature T¢ below T*. SAXS and WAXS data were recorded every few sec until the
intensity of the (100) peak reached a plateau.

A representative 1D plot of the scattering data from a single experiment is shown in



Table 1: Summary of Materials. RR is regioregularity of P3DDT block, determined by NMR;
N is average degree of polymerization, determined by signal intensities and mass-to-charge
ratios from MALDI-ToF for P3DDTs and SEC for P2VPs; fpayp is P2VP volume fraction,
determined by NMR; B is dispersity index, determined by SEC.

Sample Name | RR Npspptr Npovp fpave Dpsppr  Dpove
RR94-VP34 95 18 28 0.34 1.09 1.14
RR79-VP39 79 19 30 0.39 1.22 1.16
RR70-VP37 70 17 30 0.37 1.20 1.16
RR94-VP25 94 18 19 0.25 1.09 1.14
RR79-VP29 79 19 19 0.29 1.22 1.14
RR70-VP29 70 17 19 0.29 1.20 1.14

Table 2: Summary of Sample Characteristics. Structure is the self-assembled morphology in a
melt state (BL = bilayer, LC = liquid crystal), determined by SAXS measurement at 160 °C;
T.PSC and T,,PSC are the P3DDT crystallization and melting temperature, respectively,
determined by DSC. In some samples, DSC could not detect the crystallization or melting
temperature.

Sample Name | Structure  T.PS¢  T,PSC T+
RR94-VP34 LAM, LC 106.0 138.9 140
RR79-VP39 LAM, BL 77.8 128.7 85
RR70-VP37 LAM, BL - - 80
RR94-VP25 HPC, LC 108.8 1344 140
RR79-VP29 HPC, BL - - 105
RR70-VP29 HPC, BL - - 95




Figure 1. The change in color from one curve to the next indicates the time elapsed since
the first measurement was made, with the blues representing the shortest times and the
reds the longest times. In the first measurements, when the temperature of the sample
is still above the P3DDT melting temperature, the only peaks observed come from the
characteristic periodicity of the lamellar or cylindrical self-assembled structure. For example,
the short-time data in Figure 1 show the primary SAXS peak at ¢ = 0.027 A~! and three
higher order peaks at integer multiples of this value, indicative of a lamellar structure with
periodicity d = 233 A. As time progresses and the temperature stabilizes below the P3DDT
crystallization temperature, the crystalline peaks appear at high ¢ and grow over time. The
most prominent of these is the (100) diffraction peak at ¢ = 0.22 A~ that corresponds with
the dodecyl side-chain stacking direction.? 4% The two weaker peaks at ¢ = 0.44 and 0.66
A~1 are higher order multiples of the same direction, i.e., (200) and (300), respectively. In
one sample, namely RR79-VP29, a diffraction peak corresponding to the (010) direction for
pi-stacking of the thiophene rings can be observed at still higher ¢ of about 1.6 A~'. In most
cases, however, this peak is not seen, likely due to its position coinciding with the broad

amorphous halo from dodecyl side chains.

Growing Crystal Peak
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Figure 1: Scattering data for RR79-VP39. Measurements performed 75 °C (quenched from
160 °C), beginning with blue and ending with red, with 2 sec elapsed between measurements.
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The effects of P3DDT crystallization on P3DDT-b0-P2VP self-assembly were examined
by tracking the positions, shapes and integrated intensities of each SAXS and WAXS peak
as a function of time. Each peak was fit to either a pseudo-Voigt approximation (first SAXS
peak) or a Lorentzian function (all other SAXS and WAXS peaks). The trends in each
parameter were consistent for both primary and higher-order peaks, so only the primary
peak data for SAXS and WAXS are reported here. The center of each primary peak (q¢)
is used to calculate the corresponding periodicity d = 27/q;. The breadth of each peak,
which is reflected by the full width at half max A, reflects the size and extent of disorder in
each block copolymer grain (SAXS) or P3DDT crystallite (WAXS). The integrated intensity
I is proportional to the density of grains or crystallites within the samples. Three distinct
crystallization modes are observed, and are controlled by both the self-assembled morphology
and proximity of T* to the T, of P2VP (95°C).

In the first of the crystallization modes, for which T* is below the T, of P2VP, the P2VP
domains are glassy and unable to give way to growing P3DDT crystals. This behavior, re-
ferred to here as “confined” crystallization, can be seen in the crystallization of the 79% RR
lamellar sample (RR79-VP39, T* = 85°C) at 75°C (Figure 2). As crystallization proceeds, as
indicated by the increased intensity of the primary WAXS peak (I"4X%) both the lamellar
domain periodicity (d°4*%) and the the full-width half max (AS4%%) of the primary SAXS
peak remain essentially constant. This outcome demonstrates that the hierarchical organi-
zation of the lamellae is unchanged through crystallization. The variation in intensity of the
primary SAXS peak in RR79-VP39 is correlated with different sample positions. We correct
for changes in thickness among different samples positions, so the fluctuations reflect spatial
heterogeneities that are more significant in RR79-VP39 than in other samples. Though not
shown here, the confined behavior is also observed for crystallization of the 70% RR lamellar

sample (RR70-VP37) at 70°C.
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Figure 2: Change in (a) intensity of primary SAXS and WAXS peaks, (b) domain spacing
of SAXS (lamellae) and WAXS (P3DDT crystal) structure, and (c) full width half max of
SAXS and WAXS peaks for lamellae-forming sample RR79-VP39, with respect to time.

The second crystallization mode, referred to here as “loose confinement” behavior, is char-
acterized by an overall retention of the self-assembled symmetry, but with subtle changes in
average domain periodicity and grain structure as crystallization progresses. Loosely con-
fined crystallization is observed when T* is very near the T, of P2VP in the cylindrical
samples, and when T* is near or significantly above the T, of P2VP in the lamellar sample.
This behavior is shown in Figure 3 for the 94% RR lamellar and 79% RR cylinder-forming
samples: lamellar RR-94-VP34 at 140°C and cylindrical RR79-VP29 at 105°C. As crystal-

dSAXS)

lization proceeds, both samples experience changes in the domain periodicity ( and

ASAXS) "but the intensity

an increase in the full width half max of the primary SAXS peak (
of the primary SAXS peak (I°4%9) remains fairly constant. This indicates that the growing
crystals can disrupt the melt morphology, but they do not destroy it altogether. When T * is
near T, of P2VP, it is possible that slow diffusivity inhibits rearrangements in the nanoscale
structure. However, when T* is much larger T, of P2VP in the lamellar RR-94-VP34 sample,
the loosely confined behavior does not reflect a diffusion limited process. The characteris-

tics of this process are similar to the templated mode reported in rubbery PE-based block

copolymers of intermediate segregation strength. !
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Figure 3: Change in (a) intensity of primary SAXS and WAXS peaks, (b) domain spacing
of SAXS (lamellae) and WAXS (P3DDT crystal) structure, and (c) full width half max of
SAXS and WAXS peaks for cylinder-forming sample RR79-VP29, with respect to time. The
same data are shown for lamellae-forming RR94-VP34 (d, e, f).

It is interesting to note that while the domain spacing increases in the 94% RR sample
shown in Figure 3 (RR94-VP34), the domain spacing decreases in the 79% RR samples. This
can be explained by the difference in packing of the P3DDT chains between the 94% and
lower RRs. It has been previously shown that BCPs of P2VP and 94% RR P3DDT exhibit
a high degree of chain interdigitation, forming a liquid crystalline monolayer. 3™*' BCPs with
low RR, on the other hand, exhibit the bilayer chain packing that is typical of flexible BCP
systems. Crystal growth in the tightly-packed liquid crystalline monolayer may promote
further chain extension, thereby swelling the domain sizes and increasing the periodicity. *!
However, in the bilayer conformation, crystallization will increase the P3DDT density and
produce domain contraction.

The third of the observed crystallization modes is breakout, and is seen only in the

cylinder-forming sample for which T* is significantly higher than the T, of P2VP. In this

mode, the growing crystals disrupt the self-assembled morphology, as indicated by a decrease
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in intensity of the primary SAXS peaks coinciding with an increase in the intensity of the
primary WAXS peak. There is also observed, as might be expected, a concurrent change
in domain spacing and increase in full-width half max of the primary SAXS peak (Figure
4). The presence of the breakout mode is confirmed by TEM measurements. As shown
in Figure 5, the self assembled structure is preserved in all samples except the 94% RR
cylinder-forming sample: instead of the expected cylinders, this micrograph reveals small

fibril-like crystal structures.

[#a]
5
o
<
0 50 100
time (s) time (s)

Figure 4: Change in (a) intensity of primary SAXS and WAXS peaks, (b) domain spacing
of SAXS (cylinders) and WAXS (P3DDT crystal) structure, and (c) full width half max of
SAXS and WAXS peaks for sample RR94-VP25, with respect to time.
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Figure 5: Cross-sectional TEM images of (a) RR94-VP34; (b) RR79-VP39; (¢) RR70-VP3T,
(d) RR94-VP25; (e) RR79-VP29; (f) RR70-VP29. P2VP domains were selectively stained

dark by exposure to iodine vapor. The scale bars are 200 nm.

The 94% RR lamellar (RR94-VP34) and cylindrical (RR94-VP25) samples were both ex-
amined at crystallization temperatures well above the T, of P2VP, but they exhibit different
crystallization modes. There are two likely underlying causes for the distinct behaviors. The
first explanation relates to geometric frustration, as illustrated in Figure 6: In a lamellar
structure, the P3DDT chain orientations and crystal symmetry are compatible with the nat-
ural dimensions of a lamellar sheet, so crystals can grow along both the (100) alkyl-stacking
and (010) 77 stacking directions without restriction. In the hexagonal close-packed ar-
rangement of cylindrical domains, the P3DDT chains radiate out from the cylinder center.
Crystallization will therefore disrupt curvature at the P3DDT-b-P2VP interface, and the

only unrestricted direction for crystal growth is along the length of the cylinders. In BCPs
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of poly(3-(2’-ethyl)hexylthiophene) (P3EHT) and poly(methyl acrylate) in which P3EHT is
the minority block, the crystals tend to align with the (100) direction along the cylinder
axis.®? If the same holds true for the P3DDT-based BCPs, then growth along the (010)
w7 stacking direction competes with the natural hexagonal symmetry, and the maximum
crystallite size along this direction that could “fit” in the lattice is 2d, where d = 11.3 nm
for 94% RR (RR94-VP25). The second possible explanation is that the lamellar sample is
more strongly segregated than the cylinder sample. In a typical flexible BCP system, the
order-disorder transition for a lamellar-forming polymer occurs at lower values of yN than
it does for a cylinder-forming polymer, and the minimum segregation strength for confined
crystallization can vary with morphology. '® Both of these samples have relatively low values
of N, so it is possible that the state of the cylindrical sample is much closer to the order-
disorder transition than the lamellar sample. This is difficult to test experimentally, as no
order-disorder transition is detected for a cylindrical specimen (RR79-VP29) after heating
up to 240°C, so the system is either strongly segregated or the y-parameter is not sensitive
to temperature. Finally, the degree of crystallinity in RR95-VP25 (cylinders) is higher than
RR95-VP34 (lamellae), as noted in Table S1. It is unclear if this is a cause or effect of
different crystallization modes.

We note that samples with RR below 94% did not crystallize to a measurable extent
unless cooled near the T, of P2VP. Therefore, these experiments do not offer insight into the
role of a liquid crystalline monolayer (RR 94%) versus a flexible bilayer (RR 70 and 79%) on
the breakout process. Such packing effects could be interrogated by replacing P2VP with a

polymer that has a lower T, which is the subject of ongoing work.
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Figure 6: An illustration of the possible geometric explanation for the difference in crystal-
lization mode between the 94% RR lamellar and cylinder samples.

Conclusions

We examine the crystallization modes in P3DDT-b-P2VP copolymers as functions of copoly-
mer composition and P3DDT RR. All materials have a majority P3DDT composition and
assemble into ordered lamellae or cylinders when annealed above the P3DDT. As the ma-
terials are quenched below the P3DDT T,,, the crystallization process and self-assembled
morphology are monitored with simultaneous SAXS and WAXS. At T* below the P2VP glass
transition, the crystal growth is confined by the glassy P2VP domains. At T* near the P2VP
glass transition, the crystal growth perturbs the self-assembled morphology, but there is no
large-scale destruction of the lamellae or cylinders. While the characteristics of this process
are similar to the templated growth mode that is observed in other semicrystalline BCP sys-
tems, there may be diffusion barriers at these low temperatures that inhibit rearrangements
of the nanoscale domains, leading to behavior that is better described as loose confinement.
At T* well-above the P2VP glass transition, the crystallization mode depends on the BCP

morphology. In a lamellar phase, crystal growth and self-assembly can coexist. However, in
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a cylindrical phase, the crystallites ultimately break-out of the self-assembled structure. As
the lamellar and cylindrical materials have very similar molecular weights, we propose that
break-out in the cylindrical morphology is associated with mismatch between the natural
dimensions of the BCP and P3DDT lattices. It is also possible that the segregation strength
of cylinder-forming materials is not high enough for confined crystallization. Significantly,
these studies demonstrate that tuning RR of poly(3-alkylthiophenes) can open up multiple
crystallization modes with the same monomer chemistries and molecular weights. This ap-
proach can decouple the parameters that govern classical BCP self-assembly (segregation
strength x NV, volume fraction f) and interactions between conjugated blocks (Maier-Saupé
parameter u/N, persistence length L,), providing a model system for fundamental studies of

crystallization in conjugated BCP.
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