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ABSTRACT: Confinement of crystallites within block copolymer microdomains is a promising approach to study conjugated
polymer crystallization due to interfacial chain tethering and defined geometries. The nanoscale organization of crystallites is
often critical to determining the charge transport properties of conjugated polymers. Here, a poly(3-(2′-ethyl)hexylthiophene)-
block-poly(methyl acrylate) (P3EHT-b-PMA) system is leveraged to study the impact of confinement within cylindrical
microdomains. The crystalline P3EHT permits accessible melting temperatures and robust formation of traditional microphase-
separated morphologies, while the rubbery PMA allows the local deformations required to permit P3EHT crystallization.
Crystallites form with chains perpendicular to the diblock interface, causing domain expansion; TEM reveals that this is
accommodated in the cylindrical geometry via local deformation. Complementary SAXS/WAXS of aligned diblocks shows
preferential orientation of the alkyl chain stacks down domains. Furthermore, cylindrically confined P3EHT demonstrates a
smaller window of thermal control over crystalline perfection via isothermal crystallization conditions than homopolymer
P3EHT or block copolymer P3EHT in lamellar confinement. This work demonstrates that postcrystallization annealing is an
alternative route to generating uniformly high quality crystallites in cylindrically confined P3EHT. These results are important for
considering routes to optimizing and controlling crystallinity in nanoscale confined geometries.

■ INTRODUCTION

Conjugated polymers have been applied to light-emitting
diodes, solar cells, and transistors which rely crucially on charge
mobility.1−3 In these materials, charge mobility is highly
influenced by structural details of the resulting crystallinity
particularly crystalline orientationas influenced by factors
including confinement,4−7 processing conditions,8−12 mecha-
nism of crystallization,13−17 and details of molecular design and
architecture.14,18,19 The study of confinement within controlled
geometries and tethering of chain ends presents a unique
opportunity to template and control conjugated polymer
crystallization. In particular, microphase-separated diblock
copolymers present a model system in which confinement
geometry and curvature may be controlled to understand their
impacts upon the resulting polymer crystallization. Ultimately,
this allows us to understand more deeply the mechanism of
crystallite growth in conjugated polymers, the forces impacting
preferred crystallite growth directions, and the limits of how
curved geometries may accommodate extended-chain crystal-
lites. These details have important implications for how

conjugated polymer crystallinity can be controlled as well as
the ability of these confined crystallites to transport charge.
Conjugated polymers tend to have high melting points,

which are associated with close π-stacking which enables
interchain charge transport. However, when these conjugated
polymers are incorporated into diblock copolymer systems,
these high melting points typically cause crystallization to
dominate self-assembly.20−26 Poly(3-(2′-ethyl)hexylthiophene)
features accessible melting temperatures, while maintaining key
features of the many more extensively studied conjugated
polymers.27−30 In particular, P3EHT in block copolymers leads
to robust formation of microphase-separated morphologies and
maintains them following crystallization.31 In lamellar diblock
copolymer confinement, the P3EHT crystallite orientation is
templated relative to the diblock interface. Furthermore,
conjugated polymer chains demonstrate a driving force to
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extend upon crystallization and drive domain expansion during
crystallization.32 Surprisingly in these lamellar systems, confine-
ment does not appear to significantly impact the stability of the
resulting crystallite populations; P3EHT melting points remain
comparable to the constitutive homopolymers. Furthermore,
charge mobilities of P3EHT in diblocks measured via time-of-
flight remain comparable to those of the constitutive
homopolymers.31

Cylindrical geometries are of interest as a template for
organic photovoltaics or as a model system for controlled
charge transport in one dimension. However, these geometries
present new challenges to the confined crystallization of
conjugated polymers. While the lamellar system adopts uniaxial
symmetry in-plane (π−π and alkyl chain stacking are both in-
plane),32 the question remains of what crystallite growth
direction is preferred along the long axis of the cylinders.
Notably, in the homopolymer, long crystalline “fibrils” form
with the π−π stack along the long axis. Interestingly,
crystallization-driven self-assembly of P3HT diblocks, while
lacking the long-range order of diblocks microphase separated
in the melt, features locally fibrillar morphologies similar to the
homopolymer.17,20 By contrast, model studies of P3HT
crystallized within anodized alumina nanopores displayed
diameter-dependent orientation: at large diameters (above
120 nm), the π−π stacking was found to run parallel to the
cylinder long axis, while at small diameters (50−15 nm) the
orientation with π−π direction perpendicular to the cylinder
long axis began to predominate; the authors hypothesize that at
small diameters local nucleation from the edge of the pore walls
dominates the crystallization mechanism and results in the
change in orientation.33 However, in this case, nucleation from
the diblock interface is unexpected; since conjugated polymers
are typically characterized by strong π−π stacking interactions
that drive crystallization, it was expected that the π−π

interactions would dominate along the length of the cylinder.
Essentially, this orientation would result in a “fibril” within a
microphase templated cylinder. Importantly, the resulting
orientation is critical for determining the potential material
applications given that charge transport with crystallites is
fastest along the chain backbone and slowest in the alkyl chain
stacking direction. Furthermore, while the impact of confined
crystallization within cylindrical geometries on templated
crystallite orientation and crystallization kinetics have been
studied in traditional flexible polymers,34−37 new competing
preferences arise in conjugated systems. In the cylindrical
microdomains it is clearly impossible for all conjugated chains
both to participate in extended-chain crystallites and to orient
perpendicular to domains, raising the question of how
crystallization within the microdomains will attempt to satisfy
these conflicting demands.
The mode of crystallization and the stability of the resulting

crystallites may also be impacted by confinement.37−39 Previous
works studying the nucleation mechanism of flexible polymers
in confinement have noted either a shift from a heterogeneous
to a homogeneous nucleation mechanism or reduced degrees of
crystallinity attributed to glassy walls arresting the mobility of
tethered crystalline chains.39−43 Such shifts in nucleation
mechanism could require critical changes in material processing
conditions to achieve high quality crystallites within these
nanostructured conjugated polymers. Importantly, this dramat-
ic shift in mechanism is not necessarily expected within
conjugated polymers. Standard crystalline homopolymers are
composed of micrometer-scale spherulites; these are known to

follow a heterogeneous nucleation mechanism characterized by
one nucleation site (typically attributed to dust or other
defects) per spherulite.44 Thus, a decrease in cylinder volume
below the length scales of the typical nucleation site
distribution induces a fundamental change in nucleation
mechanism.38 By contrast, conjugated polymers readily
aggregate driven by π−π interactions. When these aggregates
are sufficiently well-ordered and large in size, they are
considered crystalline and form fibrillar crystals with
dimensions of approximately 15 nm in diameter and order of
200 nm in length; assuming a single nuclei per fibril, this result
implies a typical nucleation density on the order of the volume
of a cylindrical microdomain.12,45 Thus, it is expected that the
cylindrical microdomains will have a comparable nucleation
density to P3EHT homopolymer; a change in nucleation
mechanism is not necessarily anticipated. However, the
tethering of P3EHT chains to the edges of crystallites is
expected to, similar to the lamellar system, dramatically slow
the crystallization dynamics.
This work examines P3EHT crystallization confined within

cylindrical microdomains and seeks to understand how the shift
from lamellar to cylindrical confinement impacts the resulting
crystallinity. In particular, the impact of cylindrical geometry on
crystallite orientation is investigated, revealing thatsurpris-
inglycrystallites orient with the alkyl chain stacking direction
along the long axis and π-stacking across the short axis. Further,
lateral expansion of domains upon crystallization (despite
densification of the P3EHT) emphasizes that conjugated chains
preferentially extend upon crystallization; imaging studies via
TEM find that curved domains accommodate crystallites
composed of extended chains via local anisotropic deformation.
Finally, since the impact of confinement on the crystallization
dynamics and stability is critically important for developing
processing methods leading to property optimization, the
melting behavior is investigated as a function of time,
temperature, and degree of confinement. Crystallization
kinetics are limitedin particular at high temperatureat
small volume fractions relative to in lamellar confinement,

Figure 1. Possible ways crystalline P3EHT may be accommodated
within cylindrical microdomains. (a) P3EHT is known to form fibrils
with P3EHT π-stacking down the long axis; the orientation of crystals
in (b) would allow P3EHT to crystallize with long-range π-stacking
similar to a fibril down the center of the cylinder. The orientation in
(c) is also possible, with alkyl chain stacking down the long-axis of the
cylinder. (d) P3EHT-b-PMA cylinders in the melt easily accom-
modated relaxed P3EHT chains. P3EHT undergoes crystallization
with concurrent increase in the apparent size of cylinders. Extended-
chain P3EHT crystallites may be accommodated by (e) the entire
domain expanding, with some amorphous material excluded at the
edges, or (f) deformation of domains.
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implying a potential change of nucleation mechanism.
Importantly, while in lamellar confinement the manipulation
of crystallization temperature permits manipulation of the
degree of crystalline perfection, the range of accessible
crystallization temperatures is smaller in cylindrical confine-
ment. This work shows that despite this limited range the
P3EHT melt-recrystallization mechanism can be manipulated
to produce crystallites with high and uniform melting points via
annealing.

■ EXPERIMENTAL SECTION

Synthesis. Reagents and solvents used as received from Sigma-
Aldrich unless otherwise noted. P3EHT monomer, end-functionalized
polymer, and diblocks were synthesized as previously described.30,32

Molecular Characterization. Molecular weights and dispersity
according to PS standards were determined via gel permeation
chromatography (GPC) on a Waters instruments using a refractive
index detector and Agilent PLgel 5 μm MiniMIX-D columns (GPC
traces in SI Figure 1). THF at 35 °C was used as the mobile phase
with a flow rate of 0.3 mL/min. 1H NMR spectra were collected on a
Bruker AV-500 MHz spectrometer and on a Varian VNMRS 600 MHz
spectrometer using deuterated chloroform (Cambridge) as the solvent
with ∼1 wt % polymer. Reported molecular weights are by end-group
analysis. Densities were collected via gas pycnometry (P3EHT)32 or
are calculated from the literature (PMA46 and PS47).
SAXS/WAXS. Both aligned and isotropic samples for X-ray

scattering were prepared. Isotropic samples were melt-pressed into 1
mm thick aluminum washers at 150 °C while aligned strips were
created with a channel flow die.48 Material is initially loaded into the
center of the die (a long, flat channel with walls on either side). Upon
compressing a top part onto the channel, the sample flows out away
from the load position (in the “flow direction”) but is constrained by
the walls (“constraint direction”) in addition to the top/bottom of the
channel (“load direction”).48 Samples were isothermally crystallized
for one week within temperature-controlled ovens prior to data
collection. For annealing studies, samples were annealed overnight
following crystallization. SAXS and WAXS patterns were collected at
beamline 7.3.3 of LBNL’s Advanced Light Source (ALS) and
beamlines 1-5 and 11-3 of the Stanford Synchrotron Radiation
Lightsource (SSRL). Scattering patterns were calibrated against silver
behenate (AgBe).49 Scattering intensity is plotted versus the
momentum transfer vector q = (4π/λ) sin θ. Scattering data were
reduced using the Nika package for Igor Pro.50

TEM. Samples for TEM were prepared by melt pressing polymer at
150 °C between two sheets of Kapton or Teflon followed by
isothermal crystallization in temperature-controlled ovens for one
week. The 100 nm thick thin sections for TEM were sliced from these
samples using a Leica UC7 Ultramicrotome with FC7 cryo
attachment. P3EHT-b-PMA samples were cryomicrotomed at −25
°C and collected directly from the dry diamond knife. Thin sections
were placed on CF300 amorphous carbon coated Cu grids from
Electron Microscopy Sciences. Sections were stained by 20 min
exposure to RuO4 (2% aqueous RuO4 solution, Electron Microscopy
Sciences) vapor. Imaging was performed on an FEI Tecnai G2 Sphera
microscope operating at 200 kV.
DSC. Differential scanning calorimetry (DSC) measurements were

performed using a TA Q2000 calorimeter. Samples (2−10 mg each)
were hermetically sealed inside TZero aluminum pans. Samples in

pans were heated to 150 °C offline, held for 10 min to clear thermal
history, and then isothermally crystallized for one week in temper-
ature-controlled ovens. For annealing studies, samples were first
crystallized for one week at room temperature and then annealed
overnight at the desired temperature in temperature-controlled ovens.
Samples were heated from −20 to 150 °C at 10 °C/min to observe
both the PMA glass transition at ∼10 °C and P3EHT melting
transitions at ∼60−90 °C. Melting points varied with crystallization
and annealing conditions; glass transition temperatures and melting
points following crystallization at 65 °C are reported in Table 1.

■ RESULTS AND DISCUSSION

Three cylinder-forming diblock copolymers containing a
semiflexible P3EHT conjugated block and flexible PMA
rubbery block were utilized to study conjugated polymer
crystallization within curved geometries (Figure 1). Notably,
PMA is highly distinct from PMMA; removing the backbone
methyl group to form PMA decreases the glass transition from
∼120 to ∼10 °C. Here, the rubbery PMA block was chosen
because prior studies in lamellar-forming diblocks demon-
strated that a rubbery second block is critical for permitting the
chain reorganization necessary for crystallization (namely, local
chain extension in addition to P3EHT densification upon
crystallization).32 Interestingly, the cylinder-forming composi-
tion window studied here (minority semiflexible P3EHT;
P3EHT confined within cylinders) is favored over the opposite
composition window (majority semiflexible P3EHT). Impor-
tantly, all cylinder-forming diblocks demonstrated crystalliza-
tion with the same unit cell as homopolymer and lamellar-
confined P3EHT. Here, the cylindrical geometry imposes
unique constraints upon the crystallization. In particular, the
volume of each continuously connected region in cylindrical
geometries is clearly smaller than in lamellar confinement and is
expected to result in less stable (lower-melting) crystallites and
slower nucleation processes. Additional constraints appear
initially contradictory; from simple packing considerations, the
polymer clearly cannot both allow all chains to extend upon
crystallization and maintain a circular geometry.

P3EHT-b-PMA Forms Cylindrical Morphologies Con-
fining P3EHT. In designing block copolymers containing
functional materials for targeted morphology-dependent
applications, it is critical to consider how the relative chain
shape and stiffness of the blocks impact the resulting phase
behavior. Here, the P3EHT-b-PMA system displays asymmetric
phase behavior, strongly favoring lamellar morphologies at high
volume fractions of P3EHT (φP3EHT = 0.46 to φP3EHT = 0.67).32

Meanwhile, over a composition window from φP3EHT = 0.12 to
φP3EHT = 0.39, the system confines P3EHT within cylindrical
morphologies. P3EHT and other poly(3-alkylthiophenes) are
considerably stiffer than traditional flexible polymers with
persistence lengths on the order of 3 nm.51,52 By contrast,
poly(methyl acrylate), used here, has a persistence length of
only 0.74 nm.53 At moderate molecular weights of ∼10kDa
P3ATs display contour lengths on the order of 20 nm,

Table 1. Molecular and Morphological Characteristics of P3EHT-b-PMA Cylinder Forming Diblocks

P3EHT-b-PMA
composition Đ

φmelt,
P3EHT

contour length,
P3EHT (nm)

cylinder diameter,
melta

cylinder diameter,
crystallinea

Tg (°C),
PMA

Tm (°C), P3EHT recrystallized
at 65 °C

8.3k/14.9k 1.23 0.38 16.6 12.8 14.9 7.6 84.3

8.3k/31.2k 1.24 0.21 16.6 11.3 11.8 6.3 84.5

11.1k/20.6k 1.19 0.33 22.3 14.6 19.8 5.5 83.2
aCylinder diameters calculated from hexagonally packed cylinder geometry and melt and crystalline volume fractions. Crystalline diameter assumes a
crystalline P3EHT density of 1.10 g/cm3.
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emphasizing that the chain conformation in the melt is still
well-described by a random walk. These differences in chain
stiffness can be parametrized in terms of a conformational
asymmetry parameter, ε

ε β β= ( / )
A B

2

that describes the differences in both conformational and
volume-filling characteristics.54,55 Here, β2 = Rg

2/V, where Rg is
the radius of gyration and V is the volume of the block.
Importantly, even two polymers with chain conformations well-
described by random walk statistics but with different
persistence lengths will have considerably different volume-
filling characteristics. Thus, significant degrees of conforma-
tional asymmetry can arise purely from a difference in local
chain stiffness. Seen here, the difference in persistence length
leads to conformational asymmetry that induces the observed
composition window where curved interfaces are favored at
high fractions of the more flexible block.56−58 Importantly, the
impacts of conformational asymmetry on self-assembly should
not be confused with the impacts of liquid crystalline and
crystalline interactions. While liquid crystalline interactions can
induce smectic and nematic block copolymer phases in some
systems,59,60 and the competition between enthalpy-driven
microphase separation and crystallization can lead to
crystallization-dominated morphologies,61 the simple difference
in stiffness between chains in a molten diblockdescribed via
conformational asymmetrycan lead to significant shifts in the
composition window over which each morphology is favored.
Importantly, this behavior highlights key design rules for the

self-assembly of conjugated-amorphous block copolymers. In
particular, it highlights that chain stiffness does not merely
impact liquid crystalline and crystalline behavior. For targeting
specific morphologies in the melt it is also critical to consider
the impact of local chain conformation on the block copolymer
phase diagram. Here, we specifically examine three cylinder-
forming compositions within this window to understand the
impact of P3EHT volume fraction and crystallization
conditions on the resulting P3EHT crystallinity, finding that
cylinders promote a crystallite orientation with alkyl chain
stacking along the long axis and and at small volume fractions
results in inaccessibly slow kinetics at temperatures previously
used to manipulate the degree of crystalline perfection.
Characteristic SAXS patterns (Figure 2) identify the diblocks
which form curved interfaces; cylindrical morphologies are
further confirmed via transmission electron microscopy (Figure
3).
P3EHT Crystallization Induces Local Domain Defor-

mation. The cylindrical microdomains and initial morphology
are formed here in the melt, but ultimately the rubbery matrix
permits deformation during the course of crystallization. Similar
to lamellar morphologies, the diameter of P3EHT cylinders
clearly increases upon crystallization despite densification of
P3EHT (Table 1), emphasizing that the drive for chain
extension is a key driving force during cylindrically confined
crystallization. However, the average diameter of each cylinder
does not approach the full contour length of the P3EHT block,
indicating that either chains are not fully extended or domains
do not experience uniform deformation due to local
frustrations. Clearly, to accommodate extended conformations,
the fraction of polymer chains capable of participating in the
crystallite without completely disrupting the microdomain
morphology is limited relative to the lamellar case. In order to

directly probe the deformation and understand how domains
accommodate the chain extension, crystallites and micro-
domains were visualized via TEM. By selectively staining thin
sections of crystallized cylinder-forming diblocks with RuO4,
TEM imaging clearly defines the difference between non-
crystalline regions (where staining agent diffuses quickly) and
crystalline regions (where staining agent diffuses more
slowly).62 The difference in contrast between unstained and
selectively stained P3EHT-b-PMA is clear in SI Figure 2.
Distinguishing the actual shape of the interior crystallites is
challenging, but upon crystallization the resulting crystallites
and microdomains are clearly not perfectly round, especially in
the case (Figure 2a) of relatively high volume fractions of
P3EHT. P3EHT-b-PS cylinders, by contrast, display no such
deformation; staining and direct imaging yields no imagines of
crystallites (SI Figure 3) and supports DSC results which
demonstrate the lack of crystallinity in these systems. These
deformed microdomain shapes in P3EHT-b-PMA crystallized
cylinder-formers imply that these extended-chain crystallites are
achieved through limited local deformation of the micro-
domains. Interestingly, while some chains can easily participate
in these crystallites while maintaining a perpendicular
orientation relative to the microdomain interface, other chains
must either remain excluded or accommodate a significant
conformational bend near the microdomain interface in order
to participate in the crystallite.

Preferential Orientation of P3EHT within Cylindrical
Microdomains. The preferred orientation of the resulting
crystallites within microdomains is expected to have significant
implications for potential applications. Charge transport along
chains is fastest along the chain backbone, and charge transport
between chains is facilitated by π-stacking. Therefore, the
relative orientation of crystallites within microdomains
determines how well charge can be transported down a
domain. The incorporation of alkyl side chains in P3ATs is
typically considered a necessary trade-off between performance
and processability; while alkyl side chains permit solvent and
thermal processing of the intractable polythiophene backbone,
they are known to cause P3AT crystallites to be more resistive
along the alkyl chain stacking direction.63 While SAXS studies
establish that cylinders expand upon crystallization, and TEM
shows that this expansion is anisotropic, these studies do not
uniquely identify the preferred crystallite orientation within the
microdomains. To identify this orientation, complementary

Figure 2. Small-angle X-ray scattering shows that P3EHT-b-PMA
diblocks form cylindrical morphologies.
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SAXS/WAXS of shear-aligned materials is leveraged. The
polymer is first shear-aligned via a channel flow die.48 Shear-
aligned cylinders adopt a uniaxial symmetry as confirmed by
SAXS both perpendicular to (Figure 4a) and along (Figure 4b)

the flow direction. Complementary WAXS in these geometries
indicates that the preferential orientation of the 100 (alkyl chain
stacking) crystal direction is along the long axis of the confined
cylinders, and there is no preferred crystalline orientation at the
cylinder cross section.
This preferred orientation is initially surprising given that the

π-stacking crystal growth is commonly considered to be the
strongest direction of crystallite growth in poly(3-alkylthio-
phenes) and the driving force for fibril formation. Furthermore,
this implies that π-stacking occurs primarily across the short-
axis of the cylindrical morphologies. Notably for all diblock
morphologies the area per chain at the interfaces significantly
decreases upon crystallization due to both (1) the preference

for individual chains to extend upon crystallization and (2) the
densification of P3EHT upon crystallization. Both the π-
stacking and the alkyl chain stacking directions of the crystallite
extend perpendicular to the intersection of the P3EHT chain
with the microdomain interface. The P3EHT crystal structure
contains a fundamental asymmetry in chain−chain distance in
the two different packing directions. Assuming chains extend
across the entire domain, the average interfacial chain−chain
distance (referring to diblock chains that span the interface)
around the circumference of the cylinders is merely 0.97 nm
(corresponding to roughly twice the π-stacking distance), while
the average interfacial chain−chain distance along the long axis
of the cylinders is 2.96 nm (corresponding to approximately
double the alkyl chain stacking distance). A discussion of
calculations that arrive at these values is in the Supporting
Information. Given the chain extension and expansion along
the cylinder cross section, the system may minimize further
expansion in the cylinder diameter by localizing π-stacking
along this dimension. By contrast, symmetry prevents
crystallites confined within lamellae from having such
preferences.

Cylindrical Confinement Impacts Crystallization Dy-
namics and Crystallite Population. While crystallite
orientation and how crystallites are accommodated are critical
to the resulting material properties, confinement within
microdomains also has the possibility of impacting the resulting
crystallization dynamics and stability. By leveraging controlled
crystallization conditions and analyzing the resultant crystallite
populations by differential scanning calorimetry, we find that
confinement controls the resulting crystallite population and
nucleation processes. Under standard conditionscrystalliza-
tion at 25 °Cthe crystallite populations observed by DSC in
cylindrically confined P3EHT are immediately distinct from
those observed in either lamellar-confined or homopolymer
P3EHT. In particular, cylindrically confined P3EHT displays a
distinct “two-peak” melting behavior (Figure 6a,b), in contrast
to lamellar-confined and homopolymer P3EHT which
consistently displays “three-peak” melting. In lamellar-confined
and homopolymer P3EHT, these three peaks have been
assigned to a combination of (low melting) either a rigid
amorphous fraction or secondary crystallization and (high
melting) a melt−recrystallization process.27,28,32 Melt−recrys-
tallization processes result in several features appearing by DSC
on melting; in reality, this should be considered a melt−
recrystallization−melt process. While the recrystallization may

Figure 3. Bright field TEM demonstrates that cylindrical microdomains are formed at φP3EHT = 0.38 (a) and φP3EHT = 0.21 (b). Zoomed-in sections
highlight the visualization of crystallites via selective RuO4 staining. Upon visual inspection, domains have been deformed away from being round by
crystallization. The extent of deformation is greater in the larger P3EHT volume fraction material.

Figure 4. 2-D SAXS/WAXS of aligned cylinder-forming P3EHT-b-
PMA 8.3K/31.2K. Only 200° of WAXS was available. The 100 WAXS
peak corresponds to alkyl chain stacking; the relative orientation in (a)
shows that alkyl chain stacking occurs preferentially vertically up the
cylinders. In (b) the isotropic scattering in both SAXS and WAXS
implies that no preferential crystallite orientation occurs in the cylinder
cross section. Cylinders align along the flow direction of the channel
flow die and are perpendicular to the constraint direction.48
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be expected to create an exothermic peak, in reality melting and
recrystallization often occur simultaneously; the drop in
intensity between the initial and final melting peaks
corresponds to simultaneous melting and recrystallization,
leading to a decreased net heat flow. Studies of the melting-rate
dependence of melt−recrystallization in P3EHT help to further
clarify these effects.28 In cylindrically confined P3EHT, the
lower melting of these peaks appears to vanish with increasing
isothermal crystallization temperature (SI Figure 4) or with
controlled annealing conditions (Figure 6c), implying that it
corresponds to a less-perfect population of crystallites.
Furthermore, for processing considerations it is important to

consider the impact of confinement on the time scales of
crystallization. Notably, all P3EHT-b-PMA diblocks require on
the order of a week to fully crystallizeconsiderably longer
than the constituent homopolymer P3EHT, which only
requires ∼6 h for reaching a maximum degree of crystallinity
for the bulk material.28,32 Directly probing the crystallization

kinetics in confinement is challenging due to the long time
scales involved; however, significant insight can be gleaned by
examining several basic comparisons. In particular, P3EHT-b-
PMA cylindrically confined diblocks require considerably more
time to crystallize than the corresponding lamellar diblock with
identical P3EHT block. Furthermore, even for confined
cylinders with identical P3EHT blocks, increasing the relative
PMA volume fraction appears to further decrease the
crystallization kinetics. The question is whether this is merely
a function of slowed dynamics with increasing molecular weight
or is truly attributable to shifts in the morphology of
confinement. Interestingly, the crystallization dynamics in
cylindrical confinement at small P3EHT volume fractions
become inaccessibly slow with increasing isothermal crystal-
lization temperature above 35 °C (SI Figure 4). By contrast,
P3EHT homopolymer and P3EHT in lamellar confinement
both crystallize with accessible kinetics across a range of
temperatures from 15 to 55 °C.28,32 If the decreased kinetics
were due to slowed dynamics alone, the higher crystallization
temperatures would be expected to promote, not suppress,
crystallization in all cases. Therefore, while we expect the
crystallization kinetics can be partially attributed to slowed
dynamics, we also attribute it to a decrease in the stability of the
crystallite nuclei which grow into the resulting crystallites.
Therefore, while individual chain diffusion dynamics may play a
role in the slowed kinetics in cylindrical confinement, a
significant effect also seems to be the shift in nucleation
mechanism.
Previously in the P3EHT homopolymer and in lamellar

confinement, it has been shown that increasing the isothermal
crystallization temperature improves the resulting degree of
crystalline perfection. While this tunability is an important
processing consideration for the resulting charge transport
properties, in the cylindrically confined system it is not as
powerful: the window of accessible crystallization kinetics
becomes quite small (Tc < 35 °C, as opposed to <55 °C),
limiting the degree to which this processing strategy can
manipulate the resulting crystallites. Importantly, here it is
possible to take advantage of the ease with which these
materials exhibit “melt−recrystallization” behavior. The materi-
al is first allowed to fully form low-quality crystallites at 25 °C,
where nucleation processes are favored. Then, confined
cylinders are heated to 65 °Ca temperature at which

Figure 5. Preferred orientation of P3EHT chains within confined
cylinders. Chains are perpendicular to the diblock interface. Given fully
extended chains, the system contracts to an area of 1.43 nm2 per chain
spanning the interface (see Supporting Information for details of the
calculation). Within crystals, chains are 1.48 nm apart vertically and
0.49 nm apart horizontally. Note that the crystal structure has been
drawn for simplicity; P3EHT adopts a triclinic unit cell with a true
alkyl-stacking distance of 1.41 nm and π-stacking distance of 0.51 nm,
and the 110 best corresponds to the true π-stacking direction.14

Figure 6. Differential scanning calorimetry of P3EHT crystallized in cylindrical confinement (a) crystallized at 15 °C and (b) crystallized at 25 °C.
The weak and multimodal melting peaks on heating are evidence of poor crystallinity, and the melt−recrystallization processes on melting. (c)
P3EHT in cylindrical confinement crystallized at 25 °C followed by annealing overnight at 65 °C results in a single population of highly crystalline
domains. This approach demonstrates an alternative approach to achieving highly crystalline materials in cylindrical confinement. Directly
crystallizing in cylindrical confinement at 65 °C is inaccessibly slow.
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crystallites are stable yet could not intrinsically crystallize due to
instability of the nuclei. The resulting crystallites form a single
uniform population as observed by DSC (Figure 6c). The
melting temperature of these crystallites following annealing at
65 °C (Tm = ∼84 °C for all crystallites) is comparable to the
highly perfect crystallites of the constituent homopolymers
isothermally crystallized at 55 °C (SI Figure 5) (Tm = ∼83 °C),
which means that the final crystallites even in confinement are
highly perfect. Thus, taking advantage of mechanisms for
seeding nuclei and then improving crystallinity via annealing
steps are promising routes to attaining high-quality crystallites
when traditional crystallization routes are unsuccessful.

■ CONCLUSIONS

Here, the impact of confinement within curved microdomains
on the crystallization of conjugated polymers is investigated.
Crystallization of conjugated polymers within confinement is
impacted by a range of factors, including the interfacial
tethering due to the diblock nature of the materials, the
mechanical nature of the second block it is attached to,
nucleation properties associated with the coherence and
volume of confined polymer, and the preference for
extended-chain crystallization. This work demonstrates the
synthesis of P3EHT-b-PMA diblocks which confine P3EHT
within cylindrical microdomains and performs a detailed
investigation into how confinement within cylindrical micro-
domains impacts conjugated polymer crystallization. Impor-
tantly, it is observed that confinement templates crystallite
orientation such that the 100 (alkyl chain stacking direction)
extends down the long axis of the cylinder, while the extended
chain and π-stacking direction lie in the cylinder cross section.
These observed orientations pose a challenge, as a strategy for
templating crystallinity with a faster transport direction, i.e., π-
stacking, along the long axis of the cylinder must be developed
to use these materials as model systems for studying 1-D
transport. Furthermore, the combination of TEM and SAXS
emphasizes the local deformation that is required to
accommodate extended-chain crystallites: not only do the
cylinders expand in diameter (as measured by SAXS), but they
experience local anisotropic deformations (visible via TEM).
Importantly, these confined crystallites also display an apparent
change in nucleation mechanism, reducing the ability to tune
crystalline perfection merely via isothermal crystallization
conditions. Instead, excellent crystallinity is achieved via an
initial, accessible crystallization followed by subsequently taking
advantage of melt−recrystallization mechanisms. This work
examines the unique impacts that crystallization tethered within
cylindrical microdomains has on conjugated polymers and
highlights both the challenges and promises for achieving
additional control over functional polymer nanostructured
materials for devices or fundamental charge transport studies.
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