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ABSTRACT: The orientation of crystallites (face-on or edge-on,
in regard to the plane of the substrate) in semicrystalline
conjugated polymer thin films has a significant impact on charge
transport properties of such thin films. It has been observed in a
number of conjugated polymers where predominantly face-on
orientation in the as-cast film can transition to edge-on upon
cooling from the melt (melt-annealing). However, why and how
do face-on crystallites transition to edge-on during melt-annealing
remain unclear. To answer these fundamental questions, we
designed and synthesized a random copolymer (RP-3T) by
inserting unsubstituted terthiophenes into regioregular poly(3-
hexylthiophene)s. RP-3T shows a predominantly face-on orienta-
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tion in an as-cast film but transitioning to an almost exclusively edge-on orientation upon annealing at 190 °C, a temperature below
the T,, (194 °C). Through a detailed investigation on changes in the microstructure and orientation of crystallites in RP-3T with
annealing temperature, we find that face-on crystallites in RP-3T start to disappear at 170 °C (notably lower than the T,,), while
edge-on crystallites continue to grow as the annealing temperature increases toward the T. This finding provides a reasonable
explanation for the transition of face-on orientation to edge-on orientation during thermal annealing in RP-3T, in particular, at a

temperature below the T,

B INTRODUCTION

Compared with inorganic semiconductors, organic semi-
conductors, particularly conjugated polymers (CPs), have
distinctive advantages including light weight, tunable opto-
electronic properties, and potential for roll-to-roll production
on flexible substrates.'* Indeed, CPs have been intensively
investigated in the field of organic electronics including organic
photovoltaics (OPVs)® and organic field-effect transistors
(OFETs).° For both OFETs and OPVs, high mobilities of
charge carriers are required to maximize the device perform-
ance. Thus, a significant amount of effort has been devoted to
understanding the factors that would affect the charge
transport in CPs, in particular, as thin films—the typical
physical state of CPs in both OPVs and OFETs.”””

Previous efforts have revealed that charge transport in CP-
based thin films is significantly affected by several morpho-
logical parameters such as crystallinity, chain packing distances
in crystalline domains, connectivity between crystalline
domains via tie chains, and orientation of crystallites.'’
Among these, the orientation of crystallites is considered to
have a significant impact on charge transport in a given
direction (e.g., vertical vs horizontal to the substrate plane)."'
This is because in crystalline domains of CPs, intermolecular
charge transport occurs along the 7—7 stacking direction but is
forbidden along the lamellar packing direction due to the
insulating side chains.'” Therefore, it is believed that a
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predominantly edge-on orientation of crystallites, where the
m—n stacking direction is parallel to the substrate plane, is
advantageous for horizontal/lateral charge transport (e.g., in
OFETs); in contrast, a predominantly face-on orientation,
where the 77— stacking direction is perpendicular to the
substrate plane, is beneficial for vertical charge transport (e.g.,
in OPVs).'?

The specific orientation (edge-on, face-on, or mixed) that
CPs adopt on a substrate can be influenced by a number of
factors, including intrinsic properties of CPs (e.g., chemical
structure, molecular weight, degree of regioregularity, etc.) and
extrinsic—often processing-related—factors (e.g., solvent,
annealing, surface properties, etc.).'’ For example, the
pioneering work by Sirringhaus et al. revealed that the
orientation of crystallites in poly(3-hexylthiophene) (P3HT)
can vary depending on the degree of regioregularity and the
molecular weight of P3HT."" The authors observed that the
regioregular P3HT with a low molecular weight showed a
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Figure 1. (a) Chemical structures and (b) DSC thermograms of P3HT and RP-3T. (c) GIWAXS patterns of as-cast and melt-annealed films of
P3HT and RP-3T. The insets in (c) represent mixed, face-on, and edge-on orientations for the P3HT as-cast film, RP-3T as-cast film, and melt-

annealed film of both polymers, respectively.

predominantly edge-on orientation, whereas the regioirregular
P3HT with a high molecular weight displayed a predominantly
face-on orientation.""

For the more prevalent donor—acceptor (D—A) polymers, it
has been observed that alteration of donor moieties,'*">
tailoring of backbone coplanarity,'® and modulation of
intramolecular noncovalent interactions' "'
drastic change in the orientation of crystallites. Furthermore,
varying the side chains of such CPs can also change the
orientation of the crystallites.'”>" Apart from these intrinsic
properties of CPs, extrinsic factors such as solvent,”*’ spin-
coating speed,”* film coating method,”™*’ and surface
properties of the substrate”® ™" have been reported to have
an impact on the crystallite orientation of CPs.

Interestingly, it has been found that the face-on or mixed
orientation of crystallites in CP-based thin films can transition
into the edge-on orientation upon annealing above the melting
temperature (T,,) of the CP, followed by subsequent cooling
(ie, “melt-annealing”). In one example, Bao and co-workers
reported that P3HT films, which had a mixed orientation upon
solution casting, adopted a strong edge-on preferential
orientation after melt-annealing.31 In another example, Salleo
and co-workers observed that poly{[N,N’-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-
bithiophene)} (N2200) underwent a change in the predom-
inant orientation from face-on to edge-on upon melt-
annealing.32 Moreover, similar behaviors (i.e., face-on to
edge-on upon melt-annealing) have also been observed in
other CPs**™** and even small molecules.*® It was thought that
such re-orientation possibly occurred due to heterogeneous
nucleation of edge-on crystallites upon cooling from the
melt,*"** yet why and how face-on crystallites transition to
edge-on during melt-annealing have not been clearly under-
stood. In the case of N2200, Brinkmann and co-workers
showed two different polymorphs—different by the stacking
mode of the naphthalenediimide and bithiophene units—
could explain the face-on to edge-on transition upon thermal
annealing,””” yet the exact reason for the observed transition
of the orientation direction was not clearly addressed.

can result in a
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To address these fundamental questions, one needs to
identify and investigate CPs that would adopt a predominantly
face-on orientation as spun (and then would transition to edge-
on orientation upon melt-annealing). Although N2200 would
be a good candidate per the study by Salleo and co-workers, we
chose to focus on more representing thiophene-based CPs
because thiophene-containing CPs are ubiquitous and there is
a wealth of knowledge about morphologies of thiophene-based
CPs.”'*%* 1n addition, polythiophenes can be synthesized
via the Grignard metathesis (GRIM) polymerization that
allows an excellent control of molecular parameters such as the
degree of regioregularity”’ and molecular weight.""** How-
ever, designing such special polythiophenes to achieve a
predominantly face-on orientation is not straightforward.
Searching for inspiration for molecular design, we noted an
earlier work by Zhang et al. where the authors reported that
the number of unsubstituted thiophene units between two
diketopyrrolopyrrole (DPP) units played an important role in
determining the crystallite orientation in DPP-based CPs.'*
Importantly, the authors suggested that a higher side chain
density, enabled by using a smaller number of unsubstituted
thiophene units in between the substituted DPP units, would
hinder regular lamellar packing along the out-of-plane direction
and lead to the m—face parallel to the substrate, ie., face-on
orientation.

Aiming to achieve polythiophenes adopting a face-on
orientation as spun for our investigation, we introduced
unsubstituted terthiophene (3T) units into P3HT in a random
manner (RP-3T in Figure la), anticipating that the resulting
random configuration would also disrupt regular lamellar
packing perpendicular to the substrate, and consequently, the
polymer chains would preferentially adopt a face-on
orientation. For comparison, we also synthesized regioregular
P3HT. Both polymers were synthesized to have similar degrees
of regioregularity and molecular weights, to minimize the
interference of such intrinsic properties of polymers in
interpreting the observed difference in the orientations of
crystallites between these two polymers.

Probing the initial texture and molecular packing of both
polymers in as-cast films using grazing incidence wide-angle X-
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ray scattering (GIWAXS) (Figure lc) indicated that RP-3T
indeed showed a predominantly face-on orientation, whereas
P3HT had the mixed orientation with the edge-on orientation
being dominant. However, the initial orientation in both P3HT
and RP-3T as-cast thin films transitioned to almost exclusively
edge-on upon melt-annealing (Figure 1c). Given that RP-3T
showed a stark difference in the orientation upon melt-
annealing, i.e., from predominantly face-on to almost
exclusively edge-on, RP-3T presented itself as an ideal system
to carry out our proposed investigation. Through a systematic
and detailed study (vide infra), we found that the re-
orientation of crystallites occurred in RP-3T from the initial
face-on orientation to the mixed orientation and finally to the
edge-on orientation as the annealing temperature increased
toward the T, of RP-3T; in fact, face-on crystallites began to
disappear at 170 °C, a temperature below the T, of RP-3T,
while edge-on crystallites continued to grow with an increased
annealing temperature. Further data showed that edge-on and
face-on crystallites have different packing distances, which
presumably lead to more stable edge-on crystallites and
therefore induce the re-orientation from face-on orientation
to edge-on orientation.

B RESULTS AND DISCUSSION

Synthesis and Characterization. P3HT and RP-3T were
synthesized via GRIM polymerization (see details in the
Supporting Information). Specifically, RP-3T was synthesized
by copolymerizing the 3-hexylthiophene (3-HT) monomer
with the 3T monomer. The monomer feed ratio for RP-3T was
12: 1 (3-HT:3T), aiming to have 20 mol % of unsubstituted
thiophenes in the conjugated backbones of RP-3T since
addition of ~30 mol % of unsubstituted thiophenes could
considerably lower the crystallinity of resulting polythio-
phenes.” The actual molar ratio of incorporated unsubstituted
thiophene was 22.8 mol %, calculated from the integration of
aromatic protons in the '"H NMR spectra (Figure S1). This
indicates that 3T monomers were well incorporated into the
conjugated backbone of P3HT, likely in a random fashion.
Importantly, the incorporation of 3T monomers does not seem
to disturb the regioregularity of the conjugated backbone,
according to the 'H NMR spectra. The degrees of
regioregularity for the synthesized P3HT and RP-3T were
96.2 and 97.1%, respectively (Table 1), determined by

Table 1. Regioregularity, Molecular Weights, Dispersity,
and Thermal Properties for P3HT and RP-3T

polymer  regioregularity (%) M,? (D) TP (°C) T,  (°C)
P3HT 96.2 16,800 (1.07) 194 228
RP-3T 97.1 15,200 (1.38) 151 194

“Number-average molecular weights measured by GPC with
chlorobenzene eluent using a calibration curve of polystyrene
standards. bCrystallization temperature. “Melting temperature. T,
and T, are the exothermic and endothermic peak temperatures,
respectively, measured using DSC.

comparing the integration of a-methylene protons of the
hexyl group of the head-to-tail configuration (2.70—2.85 ppm)
and the head-to-head configuration (2.55—2.65 ppm) in the
"H NMR spectrum (Figures S1 and $2).#

The molecular weights and dispersities of the polymers were
determined by gel permeation chromatography (GPC) using
polystyrene standards as calibrants. The two polymers have
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similar molecular weights (Table 1), eliminating the potential
complication of having different molecular weights in
interpreting morphology. We note that RP-3T has a higher
dispersity than P3HT, which can be attributed to some
premature termination of chain propagation due to the limited
solubility-induced precipitation of some polymers when more
than two 3T monomers were attached successively to the
growing chain end.

To evaluate crystallinity, the polymers were investigated
using differential scanning calorimetry (DSC). The T, and
crystallization temperature (T.) are summarized in Table 1.
P3HT shows distinct endothermic and exothermic peaks in the
second heating and first cooling curves, corresponding to the
melting and crystallization processes, respectively (Figure 1b).
RP-3T has lower values of T,, and T, and the endothermic/
exothermic peaks are much less distinct when compared to
those of P3HT, indicating that RP-3T has a lower degree of
crystallinity than P3HT, likely due to the random insertion of
unsubstituted thiophenes.*>*°

As-cast and melt-annealed films of the polymers were
characterized using GIWAXS to study their initial morpholo-
gies and changes in the morphologies upon melt-annealing. As
shown in Figure lc, the GIWAXS pattern of as-cast P3HT
shows out-of-plane (h00) and (010) peaks, corresponding to
out-of-plane lamellar packing and 7—r stacking, respectively.
This observation indicates a mixed orientation in the as-case
film of P3HT. However, the melt-annealed film of P3HT
shows a preferential edge-on orientation, which is very similar
to what Bao et al. previously observed.”" Surprisingly, the as-
cast film of RP-3T shows a completely different GIWAXS
pattern (Figure 1c), where strong out-of-plane (010) and in-
plane (100) peaks appear, indicative of a preferential face-on
orientation. Our earlier work indicates that the random
insertion of unsubstituted monothiophene (1T) units into
P3HT did not lead to a preferential face-on orientation;*’
hence, it may be inferred that 3T units, distributed randomly in
the conjugated backbone of RP-3T, can more effectively hinder
out-of-plane lamellar packing during fast film formation via
spin-coating, and a face-on orientation would thus be
preferentially achieved.'* Interestingly, the melt-annealed film
of RP-3T displays a completely different GIWAXS pattern:
strong out-of-plane (h00) and in-plane (010) peaks, indicating
an almost exclusively edge-on orientation (Figure 1c). This
suggests that molten amorphous chains would crystallize into
edge-on crystallites upon cooling from the melt as previously
observed in other CPs.”'™*° Since the as-cast film of RP-3T
showed a predominantly face-on orientation as spun and
transitioned to an edge-on orientation after melt-annealing
(Figure 1c), we chose RP-3T as the “model” polymer to
further investigate the changes in microstructures and the
orientation of crystallites in its thin film with the annealing
temperature.

Investigating the Microstructure and Orientation of
Crystallites with Annealing Temperature via GIWAXS.
Experimentally, the RP-3T films (coated on a bare Si wafer via
spin-coating) were annealed at a predetermined temperature
(80—190 °C) for 10 min and cooled back to room temperature
under an ambient condition and then characterized using
GIWAXS (see the Experimental Section for the detailed film
preparation condition). Compared to the as-cast film, the
intensity of all peaks becomes stronger when the RP-3T film
was annealed at 80 °C (Figure 2a). As the annealing
temperature increases, for example, at 110 °C, the annealed
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Figure 2. (a) GIWAXS patterns of the RP-3T as-cast film and annealed film at various temperatures. (b) Schematic illustration of the re-orientation
of crystallites in RP-3T from predominantly face-on to mixed and then to a predominantly edge-on orientation with increasing annealing
temperature. Plots of the normalized population of the crystalline domains with an edge-on or face-on orientation obtained from (c) the lamellar
(100) and (d) 7—7 stacking (010) peaks from RP-3T annealed films as a function of annealing temperature. The normalized population (100) was
obtained by integrating the intensity of the peak (y = 0—30° in regard to the surface normal for edge-on and y = 60—90° for face-on) from the
geometrically corrected pole figure for the (100) peak shown in Figure S3b and being normalized in regard to the highest value; the normalized
population (010) was obtained by integrating the intensity of the peak (¥ = 60—90° for edge-on and y = 0—30° for face-on) from the geometrically
corrected pole figure for the (010) peak shown in Figure S3b and being normalized in regard to the highest value. The highest normalized
population in the data set was arbitrarily assigned with a value of 1.0.

film starts faintly, showing higher-order (h00) peaks in both
out-of-plane and in-plane directions. At 150 °C, the intensity
of all peaks becomes even stronger and the in-plane (010) peak
starts to appear. These observations indicate the growth of
both edge-on and face-on crystallites, resulting in the mixed
orientation. The edge-on crystallites likely grew from
aggregates with the 7—x stacking direction being parallel to
the substrate that were nucleated upon initial spin-coating at
room temperature since heterogeneous nucleation occurs more
readil;r than homogeneous nucleation during cold crystalliza-
tion." However, such aggregates were not shown in the
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GIWAXS pattern of the as-cast RP-3T film due to lack of long-
range order.*® Further ramping up the annealing temperature,
the intensity of out-of-plane (010) and in-plane (h00) peaks
starts to weaken at 170 °C and they nearly disappear at 190
°C. In the meantime, the intensity of out-of-plane (400) and
in-plane (010) peaks keeps increasing as the annealing
temperature increases to 190 °C. These changes in GIWAXS
patterns with increasing annealing temperature clearly show
that the re-orientation of crystallites occurs in RP-3T from
predominantly face-on to mixed and then to a predominantly
edge-on orientation as the annealing temperature increases

https://doi.org/10.1021/acs.chemmater.1c00946
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Table 2. FWHM and q Values of (100) and (010) Peaks in Out-of-Plane and In-Plane Directions in the GIWAXS Patterns of
RP-3T Films as a Function of Annealing Temperature®

out-of-plane direction

in-plane direction

annealing

temperature (100) peak? (010) peak? (100) peake (o10) peak?
) FWHM (A) ¢, (A) FWHM(AY) q.(A) FWHM(AY) gy (A) FWHM(AY) gy (A"

no annealing -e 0.409 0.227 1.658 0.070 0.396 -f -f
150 0.115 0.401 0.108 1.689 0.024 0.387 f S
160 0.091 0.401 0.099 1.689 0.021 0.387 -f 1.642
170 0.042 0.406 0.092 1.685 0.021 0.387 0.198 1.631
180 0.025 0.406 0.083 1.679 0.020 0.385 0.161 1.622
190 0.023 0.405 f f f 0.389 0.122 1.622

“Corresponding to the lamellar packmg of edge-on crystallites.
lamellar packmg of face-on crystallites.

Correspondlng to the 7—7 stacking of face-on crystallites. “Corresponding to the
Correspondmg to the 7—7 stacking of edge-on crystallites. “The corresponding peak is hindered by beam

stop shadowing. SThe corresponding peak is not evident, either too weak or too wide. #Edge-on crystallites consist of out-of-plane lamellar packing
and in-plane 7—7 stacking (shaded), and face-on crystallites consist of in-plane lamellar packing and out-of-plane 7—7 stacking (unshaded).

(Figure 2b). It should be noted that the re-orientation of
crystallites in RP-3T is already completed before the whole
film is melted; by contrast, previously, it was considered that
re-orientation possibly occurs due to heterogeneous nucleation
of edge-on crystallites at the interface upon cooling from the
melt and cannot be achieved upon annealing below the T,,,.*"**

To investigate the re-orientation behavior of crystallites in
RP-3T, we constructed pole figures for the lamellar (100) and
n—x stacking (010) peaks (Figure S3a) and further quantified
the relative population of crystallites with a particular
orientation y, the polar angle, for (100) and (010) peaks
from RP-3T annealed films (Figure $3b).* The relative
population of the crystallites was obtained by performin,
geometrical correction, sin(y)I(y), on the pole figures."”*
Furthermore, we were able to obtain the normalized
population of the crystalline domains with an edge-on or
face-on orientation for (100) and (010) peaks separately from
RP-3T annealed films as a function of annealing temperature
(Figure 2¢,d). Specifically, we integrated the intensity of the
peak from Figure S3b and normalized the values in regard to
the highest value, which was arbitrarily assigned with a value of
1.0. We defined the edge-on crystallites as crystallites with their
lamellar stacking direction (100) oriented 0—30° in regard to
the surface normal (and 60—90° for face-on crystallites).
Similarly, in the case of the 7—x stacking direction (010), we
defined the edge-on crystallites as the ones oriented 60—90° to
the surface normal (and 0—30° for face-on crystallites) (see
Figure S4 for further elaboration).

The normalized population of edge-on crystallites, deter-
mined from (100) peaks (Figure 2c) or (010) peaks (Figure
2d), gradually increases with increasing annealing temperature.
On the other hand, the normalized population of face-on
crystallites, determined from (100) peaks (Figure 2c) or (010)
peaks (Figure 2d), starts to decrease at 170 °C and continues
the trend to near zero as the annealing temperature increases
to 190 °C. These observations confirm that face-on crystallites
start to disappear at around 170 °C. We suggest that at
elevated temperatures (170 °C and above), face-on crystallites
destabilize and the polymer chains most likely enter the
surrounding amorphous regions, yet there could be some
polymer chains in face-on crystallites that directly add to
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neighboring edge-on crystallites, i.e., Ostwald ripening. At the
same time, edge-on crystallites grow by predominantly
consuming amorphous chains until the temperature reaches
the T,,.

Furthermore, the full width at half maximum (FWHM) of
the out-of-plane (100) and in-plane (010) peaks gradually
decreases with increasing annealing temperature (shaded
columns in Table 2). This result suggests an increase in
coherence length and/or a decrease in paracrystalline disorder
in edge-on crystallites.'” On the other hand, the disappearance
of the out-of-plane (010) peak and the drastic weakening and
widening of the in-plane (100) peak at 190 °C are indicative of
a decrease in the number and the size of face-on crystallites
(Figure SS). These observations further support that re-
orientation occurs because face-on crystallites disappear, while
edge-on crystallites continue to grow as the annealing
temperature increases toward the T,.

We also characterized P3HT films using GIWAXS with
increasing annealing temperature to investigate the changes in
the orientation of crystallites. As shown in Figure 3, the
intensity of out-of-plane (h00) peaks gradually increases with
increasing annealing temperature; furthermore, the out-of-
plane (010) peak disappears and the arc-shaped (100)
scattering peak becomes considerably weakened upon
annealing at 220 °C, a temperature slightly below the T, of
P3HT (228 °C). These observations suggest that face-on
crystallites in P3HT thin films also disappear before the whole
film is melted.

Investigating Re-orientation Mechanisms upon An-
nealing via NEXAFS. While GIWAXS is mainly sensitive to
crystalline domains only, the complementary near-edge X-ray
absorption fine structure (NEXAFS) provides information on
the average orientation of chains in both crystalline and
amorphous domains.””*" Specifically, chain orientation can be
quantified using the dichroic ratio, R = (Ioge — Ipe)/ (Ioge + Ie),
where I and Iy are, respectively, the NEXFAS peak
intensities at incident angles of 90° and 0°°' R can vary
from +0.7 to —1, where a more positive R indicates more edge-
on orientation, and a more negative R indicates more face-on
orientation.”’ We then applied NEXAFS to probe the P3HT
and RP-3T films annealed at various temperatures, with the
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Figure 3. GIWAXS patterns of P3HT as-cast, 150 °C, 200 °C, and
220 °C annealed films. Yellow arrows indicate the disappearance of
the out-of-plane (010) peak and weakening of the arc-shaped (100)
peak upon annealing at 220 °C.

NEXAFS spectra and R values shown in Figure S6 and Table
S1, respectively.

As shown in Figure 4, the R values of P3HT films annealed
at different temperatures are all positive, meaning that the

0.3
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A

© 1_' — more
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® random
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Figure 4. Dichroic ratios of P3HT and RP-3T films measured via
NEXAFS spectroscopy as a function of annealing temperature. The
annealing temperature of 25 °C means no thermal annealing applied.

average chain orientation in the P3HT films, for both
crystalline and amorphous domains, is edge-on over the entire
annealing temperature range. As the annealing temperature
increases to 240 °C in the case of P3HT, the R value increases
slightly; this indicates the increase in edge-on orientation
character, corroborating the GIWAXS data. In the case of RP-
3T, the as-cast film (25 °C) and 110 °C annealed film show
similar R values around —0.25, which can be attributed to the
predominantly face-on orientation of crystallites. As the
annealing temperature increases from 110 °C to 160 °C, the
R value increases (albeit still negative), indicating that there are
more amorphous chains that turn into edge-on crystallites than
into face-on crystallites, which results in the mixed orientation
with the face-on orientation still being dominant. As the
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annealing temperature further increases from 160 to 180 °C,
the R value rapidly increases into a positive value; this is likely
because face-on crystallites start to disappear in this temper-
ature range, whereas edge-on crystallites continue to grow
(Figure 2¢,d). The R value finally reaches to its highest value as
the annealing temperature reaches 200 °C (ie., melt-
annealing), indicating the disappearance of most of face-on
crystallites and the sustained growth of edge-on crystallites.
Examining the Impact of Surface and Interface on
the Re-orientation. Data from GIWAXS and NEXAFS
establish that crystallite re-orientation occurs in RP-3T thin
films with increasing annealing temperature toward the T,
The changes in the microstructures and orientation of
crystallites in RP-3T thin films also affect the surface
morphologies of the thin films. The surfaces of the as-cast
and 140, 170, and 190 °C annealed RP-3T films were probed
using atomic force microscopy (AFM) (Figure 5). The as-cast

Figure 5. AFM height images of as-cast and 140, 170, and 190 °C
annealed films of RP-3T.

film exhibits a root mean squared (RMS) roughness of 0.64
nm. As the annealing temperature increases to 190 °C, the
RMS roughness considerably increases to 1.35 nm, which can
be attributed to the increasing re-orientation of crystallites
from face-on to edge-on and the increase in the coherence
length of out-of-plane lamellar packing.”'

It is generally believed that the kinetically formed texture
during the fast spin-coating process can change into another
texture with the lowest surface energy upon thermal
annealing;'® furthermore, the earlier study by Zhang et al. on
DPP-thiophene copolymers suggested that edge-on orientation
is the lowest energy configuration, while face-on orientation is
a kinetically trapped metastable state.'* Thus, it can be inferred
that the edge-on crystallites would have a lower surface energy
than the face-on crystallites. Applying these assumptions to our
case would mean that the surface energy of the RP-3T film
would decrease with increasing annealing temperature (since
the amount of edge-on crystallites in the RP-3T film increases
with increasing annealing temperature). We then measured the
surface energy of the as-cast and 140, 170, and 190 °C
annealed RP-3T films via contact angle measurement;
however, all films exhibited similar surface energies (Figure
S7). This result indicates that the difference in surface energy
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between edge-on and face-on orientations would only play a
minor role (if any) in the observed transition from face-on to
edge-on upon thermal annealing in the case of RP-3T.

Another factor that is believed to affect molecular packing
and orientation is the polymer/substrate interface.” To
investigate the possible impact of such an interface on the
re-orientation observed in the case of RP-3T, we further
applied GIWAXS to characterize RP-3T films coated on two
additional substrates, bare glass (surface energy of bare glass:
63.9 mJ/m?)*> and PEDOT:PSS-coated glass (surface energy
of PEDOT:PSS: 71.65—73.43 m_]/mz);53 all such films were
annealed under the same condition used to prepare otherwise
identical films on Si wafers (surface energy of Si wafer: 54.1
mJ/m?).”* GIWAXS patterns of these films show a very similar
tendency (i.e., face-on crystallites start to disappear at 170 °C,
inducing the re-orientation of crystallites from face-on
orientation to edge-on orientation) as we observed for RP-
3T films on Si wafer (Figure S8). This result suggests that the
polymer/substrate interface is not the major factor that induces
the re-orientation in RP-3 T.

Implication of the Difference in Packing Distances
between Edge-On and Face-On Crystallites. Although the
re-orientation of crystallites from face-on to edge-on upon
melt-annealing was previously observed in other CPs,>' ™ a
unique feature in the case of RP-3T is that the re-orientation is
achieved before the whole film is melted. As discussed earlier,
this observation suggests that a kinetically trapped metastable
state (i.e., face-on orientation) can transition to a more stable
state (i.e., edge-on orientation) upon thermal annealing below
the T,,. Previously, it has been believed that such transition is
driven by lower surface/interface free energies of edge-on
crystallites;Sl’32 however, we found that surface/interface free
energies have a minor impact on the re-orientation in RP-3T.
Instead, it is plausible that edge-on crystallites are structurally
more stable than face-on crystallites in RP-3T.

We note that most studies on probing crystallite orientation
in semicrystalline CPs have not given much attention to the
differences in packing distances between edge-on and face-on
crystallites. Interestingly, we found that in RP-3T films
annealed at any temperature investigated, the lamellar packing
distances (dq,) in edge-on crystallites are shorter (up to 0.84
A) than those in face-on crystallites (Figure 6a). Furthermore,
n—n stacking distances (dy;o) in edge-on crystallites are longer
(up to 0.13 A) than those in face-on crystallites (Figure 6b).
These results indicate that the chain packing in RP-3T is
tighter along the out-of-plane direction than along the in-plane
direction. These differences in packing distances (lamellar and
n—7 stacking) between edge-on and face-on crystallites imply
that the intermolecular interactions are different in these two
types of crystallites, e.g., stronger van der Waals interactions
between hexyl side chains (due to the shorter lamellar packing
distances up to 0.84 A) for edge-on crystallites and stronger
n—7 stacking interactions between conjugated backbones (due
to the shorter 7—7 stacking distances up to 0.13 A) for face-on
crystallites. Considering that face-on orientation is a kinetically
trapped metastable state, while edge-on orientation is a more
stable state, we speculate that stronger van der Waals
interactions between hexyl side chains in edge-on crystallites
would play a more important role in determining the stability
of crystallites than stronger 7—7 stacking interactions between
conjugated backbones in face-on crystallites in RP-3T.
Although we do not currently understand the underlying
reason for the different packing distances between edge-on and
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Figure 6. Plots of (a) dyy (lamellar packing) and (b) dy (7—7
stacking) as a function of annealing temperature for edge-on and face-
on crystallites in P3HT.

face-on crystallites in RP-3T, it should be noted that our P3HT
and other CPs that show the re-orientation of crystallites from
face-on to edge-on upon melt-annealing also exhibit tighter
packing distances along the out-of-plane direction than those
along the in-plane direction.”’ ™ More simulation/exper-
imental works are required to further explain the difference in
packing distance and its implications.

B CONCLUSIONS

The copolymer RP-3T, where unsubstituted terthiophene
(3T) units are inserted into the regioregular P3HT in a
random manner, offered a model system to investigate the re-
orientation of crystallites from face-on to edge-on upon melt-
annealing, an intriguing phenomenon that has been previously
shown in a number of CPs. The accumulated data with RP-3T
suggest a complete picture as follows. The initial dominating
face-on crystallites in the as-cast film grow with the annealing
temperature until ~170 °C, at which the face-on crystallites
begin to disappear and the polymer chain would enter the
surrounding amorphous region or migrate to edge-on
crystallites. In the meantime, the edge-on crystallites also
grow in the entire annealing temperature range. As the
annealing temperature increases further to 190 °C, most of
face-on crystallites disappear and the only remaining
crystallites are edge-on. Thus, this picture offers a reasonable
mechanism on how a thin film morphology with preferential
face-on orientation transitions to predominantly edge-on
orientation as the annealing temperature increases toward
the T,,. Furthermore, our study reveals that edge-on crystallites
have shorter lamellar packing distances than face-on
crystallites, which could lead to the more stable edge-on
crystallites and, hence, the re-orientation. Nevertheless, further
study is needed to address another fundamental question: why
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the chain packing is tighter along the out-of-plane direction
than along the in-plane direction. Finally, we want to
emphasize that our interpretation, based on obtained
experimental data, could only apply to systems where similar
experimental data are observed.

B EXPERIMENTAL SECTION

General Experimental Details. All chemicals were purchased
from commercial sources (Sigma-Aldrich, Fisher, Acros, etc.) and
were used as received except when specified. Anhydrous THF was
prepared using a J.C. Meyer solvent dispensing system. The specific
synthetic procedure is shown in the Supporting Information. 'H
nuclear magnetic resonance (NMR) measurements were recorded
with a Bruker DPX spectrometer (500 MHz) FT NMR system.
Molecular weights were determined by size exclusion chromatography
with SHIMADZU LC solution with chlorobenzene eluent at a flow
rate of 1.0 mL/min. Molecular weight and dispersity data are reported
relative to 580—200,000 g/mol poly(styrene) standards. Differential
scanning calorimetric (DSC) measurements were performed using a
PerkinElmer Pyris 1 DSC instrument under a N, atmosphere at a
heating and cooling rate of 10 °C/min. The surface morphology was
scanned by an atomic force microscope of VEECO Dimension 3100
equipped with Nanoscope V (ver. 7.0). The film thicknesses were
recorded by a profilometer (Alpha-Step 200, Tencor Instruments).

Film Preparation (on the Si or Glass Substrate). P3HT and
RP-3T solutions (S mg/mL) in chloroform were prepared. Si or glass
substrates were rinsed with deionized water, acetone, and isopropyl
alcohol, followed by a 1S min UV-ozone treatment. The polymer
solutions were spin-coated on a substrate at 500 rpm for 60 s to give a
thin film with a thickness of 60 to 70 nm. The films were annealed at a
predetermined temperature for 10 min and cooled back to room
temperature under an ambient condition.

Film Preparation (on the PEDOT:PSS/Glass Substrate). An
RP-3T solution (5 mg/mL) in chloroform was prepared. Glass
substrates were rinsed with deionized water, acetone, and isopropyl
alcohol, followed by a 15 min UV-ozone treatment. PEDOT:PSS (20
mg/ mL) in deionized water was spin-coated on a glass substrate at
3000 rpm for 30 s, followed by thermal annealing at 140 °C for 10
min. Then, the polymer solutions were spin-coated on a
PEDOT:PSS-coated substrate at 500 rpm for 60 s. The films were
annealed at a predetermined temperature for 10 min and cooled back
to room temperature under an ambient condition.

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS)
Measurements. GIWAXS experiments were carried out with a
sample-to-detector distance of 212 mm and an X-ray radiation beam
energy of 10.26 keV. The incidence angle for the X-ray beam was set
to 0.12°. The diffraction patterns were collected with a Rayonix 2D
MARI6S image plate. The GIWAXS measurements were carried out
in a vacuum chamber.

Near-Edge X-ray Absorption Fine Structure (NEXAFS).
Carbon K-edge (Cls) collection was performed in total-electron-
yield mode with a beam energy of 350 eV. The spectra were collected
at four incidence angles with respect to the surface plane (30°, 45°,
55° and 70°). The Cls NEXAFS raw data were normalized with
respect to the carbon concentration by their intensity at 324 eV.
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