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ABSTRACT: A new class of donor—acceptor (D—A) copolymers
found to produce high charge carrier mobilities competitive with
amorphous silicon (>1 cm® V™' s7') exhibit the puzzling
microstructure of substantial local order, however lacking long-
range order and crystallinity previously deemed necessary for
achieving high mobility. Here, we demonstrate the application of
low-dose transmission electron microscopy to image and quantify
the nanoscale and mesoscale organization of an archetypal D—A
copolymer across areas comparable to electronic devices (~9
um?*). The local structure is spatially resolved by mapping the
backbone (001) spacing reflection, revealing nanocrystallites of
aligned polymer chains throughout nearly the entire film. Analysis
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of the nanoscale structure of its ordered domains suggests significant short- and medium-range order and preferential grain boundary
orientations. Moreover, we provide insights into the rich, interconnected mesoscale organization of this new family of D—A
copolymers by analysis of the local orientational spatial autocorrelations.

D ue to their solution processability, flexibility, and
synthetic tunability, conjugated polymers (CPs) have
emerged as promising materials for solar cells,' flexible
t:]isplalys,2 energy storagef' chemical sensors,” neural probes,”
and neuromorphic n:n:rrrq:n:nting.‘S In all of these applications, the
functionality and performance depend strongly on the solid-
state molecular and mesoscale organization.” Charge trans-
port requires continuous electronic coupling across all length
scales (ie., atomic to mesoscale) and consideration of
anisotropies at the molecular level.'”'" There are notable
examples of higher-order mesoscale organization and molec-
ular packing structures in polymeric systems; however, their
discovery is often serendipitous, and their roles are poorly
understood."”™”” A grand challenge in this area of materials
science is to uncover how molecular structure and processing
produce the hierarchal solid-state structures that ultimately
govern materials properties, be they optoelectronic, electro-
chemical, or even mechanical. Indeed, a detailed understanding
of the morphology has remained elusive in CPs, largely due to
the difficulty to capture intricate, complex, and heterogeneous
structures using typical materials science characterization
techniques such as electron microscopy and X-ray scattering.

Several well-performing donor—acceptor (D—A) copoly-
mers described as structurally “disordered” owing to lack of
conventional long-ran§e crystalline order exhibit large
persistence lengths.”* " This extended structure along the
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backbone direction and efficient charge transport suggest
short-to-medium range nanometer-scale structural organization
is likely both present and important. Assessing their extent of
ordering at short- and medium-range length scales (i.e., nearest
neighbors, next-nearest neighbors, and beyond, respectively) is
imperative toward a complete picture of structural hetero-
geneity. Low-dose transmission electron microscopy (TEM)
has proven to be a viable approach to characterize the local and
intercrystallite order of CP thin films from the atomic to
mesoscopic scales, #15242031 740 1 glassy materials, TEM
techniques have revealed nanometer-scale ordered clusters in a
more disordered matrix.””*'~** Beyond direct damage,
electron-beam/materials interactions have several other
practical consequences on TEM image contrast. These include
contrast reduction through damage-induced mechanical strain/
vibrations and charge fluctuations within the sample that blur
image contrast.”* With the introduction of active-pixel-
counting electron detectors, dose-fractionated TEM image
stacks under low-dose conditions offer the potential to address
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Figure 1. Molecular structure and packing properties of IDT-BT. (a) Chemical structure. (b) Optimized gas-phase geometry with side chains
omitted. The acceptor (IDT) block appears to wander; however, the entrance and exit angle of each monomer is nearly colinear. Thus, in a long
chain, a cis configuration tends to offset the chain slightly (red dashed lines) but does not radically change its direction. (c) 2D GIWAXS pattern.
Dashed arrow denotes in-plane scattering direction. (d) Single-shot FEL X-ray diffraction pattern (in transmission mode) using a nanofocus beam.

The estimated beam size is ~250 nm at full width at half-maximum.

and correct these contrast issues to improve imaging resolution
and signal-to-noise ratio."’

Here, we present an approach to low-dose, high-resolution
TEM (HRTEM) that takes advantage of the many
instrumental advances developed to study biological speci-
mens'® to reveal previously undetected structural features.
Specifically, we detect a surprising degree of short- and
medium-range order in a high-performance indacenodithio-
phene-co-benzothiadiazole copolymer (IDT-BT) whose micro-
structure is commonly referred to as “amorphous-like” based
on its broad, weak X-ray diffraction.'” Analysis reveals the
presence of locally aligned regions of polymer chains
throughout the entirety of the sample with frequent overlaps
of the domains. We leverage the vast amount of available
information to describe and quantify higher-order structural
relationships across various length scales. First, we identify and
segment self-similar regions exhibiting alignment to estimate
the size distribution of nanoscale domains and examine the
nature of short- and medium-range order. Second, we examine
the rich, interconnected mesoscale organization of IDT-BT
through estimation of the local orientational correlations. The
results agree with complementary synchrotron and free-
electron laser (FEL) hard X-ray characterization. Our results
exemplify the applicability of using low-dose HRTEM imaging
and cryo-EM-inspired analysis methods to characterize the
nano- and mesoscale organization of IDT-BT, which is
essential for further understanding the role of structure in a
new class of high-performing CPs lacking pronounced long-
range order.

Initially described by Zhang et al,,*® IDT-BT (Figure 1a) is a
prominent example of a new class of D—A copolymers lacking
pronounced long-range order,””"” yet displaying remarkable
optoelectronic properties and high charge carrier mobilities
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(210 cm? V7! §71).*7°° These properties were attributed to
nearly planar, torsion-free backbone conformations® and low
degrees of energetic disorder,” with recent evidence
suggesting the formation of excitons at close-crossing points
where chains aggregate strongly.””"’

The alkyl side chains influence solid-state macromolecular
order and play a critical role in the self-assembly process.”* In
IDT-BT, the long alkyl side chains are likely disordered,
creating regions of excluded volume around the planar
backbones that can extend above and below the rigid plane
of the backbone. Moreover, at the level of a single IDT unit,
there is a local inversion symmetry where the side chains attach
that could create significant steric hindrances. The backbone is
thought to be both highly planar and linear (Figure S1).*>>">
Importantly, rotations along the chain have unusual con-
sequences since the monomer entrance and exit angles are
approximately colinear and offset (Figure 1b). As a result, in
thin films, the molecular structure of IDT-BT along the
backbone direction is likely to present various conformational
isomers that maintain a rigid, planar rod topology. Thus, the
chain direction may wander but is not expected to bend the
chain strongly, resulting in an entropically linear/rod-like
chain.*® Combined with the sterically encumbered and unusual
local symmetry of the IDT unit in the monomer, we expect a
range of complex and potentially unconventional morphologies
may be present in the solid state. Here, #40 nm IDT-BT
samples were prepared via spin coating (1500 rpm, 60 s) from
chloroform (S mg mL™") onto silicon/SiO, substrates (Section
1, SI).

The bulk packing characteristics of IDT-BT as probed by
grazing-incidence wide-angle X-ray scattering (GIWAXS)
agree with the literature (Figure lc and Figure $2),*"*
where the most prominent feature is a single family of sharp in-
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Figure 2. Visualization of nanoscale ordering along the backbone direction in IDT-BT. (a) Schematic of the HRTEM imaging process (left), a
phase contrast HRTEM image of a 0.125 ym? region of IDT-BT (middle), and its power spectrum (right). The power spectrum shows an isotropic
ring at a spatial frequency of g ~ 0.4 A™" corresponding to the (001) reflection of the backbone (i.e., along the chain). This power spectrum is
nearly equivalent to the nanodiffraction patterns presented in Figure 1d. (b) Exploratory visualization of nanoscale features on a representative 100
nm X 100 nm region of IDT-BT. Expanded views of four bandpass-filtered 12.3 nm X 12.3 nm regions illustrate the polymer backbone
arrangement and the presence of locally well-defined backbone stacking peaks. The bandpass filter is centered at g &~ 0.4 A™" + 0.03 A~'. We note
the lack of traditional, readily interpretable structural features often encountered in semicrystalline polymers, such as alkyl- and 7-stacking, making
it challenging to directly observe structural features associated with the backbone repeat. (c) Power spectrum (left) of the HRTEM image shown in
part (b) and a lineout of an azimuthally integrated power spectrum (right). (d) Computed director field of the bottom right region of the image
shown in part (b). (e) Reconstruction of the predominant polymer orientation extracted from the computed director field. In the director field
map, short lines are drawn parallel to the direction of the observed backbone stacking peaks. These short lines are then propagated following the

local slope taken from the director field to reconstruct the predominant polymer orientation map.

plane (qu) peaks at ~0.4, 0.8, and 1.2 A™ assigned to the
infrequently observed “backbone” reflections (001), a feature
associated with the polymer repeat unit length (~1.56 nm).
Something of a misnomer, these “backbone” reflections require
precise intermolecular shifts of adjacent chains. These
directions are generally thought to be “soft” since local
tilting/slipping of neighboring chains can disrupt translational
order. The series of narrow (00l) peaks is accompanied by a
broad halo at ~1.2—1.5 A™! attributed to diffraction from
disordered side chains and comparatively weak and broad
diffraction alkyl (200) and z-stacking (010) peaks with short
coherence lengths and reduced crystallinity (Table S1).*”*
GIWAXS patterns suggest both edge-on and face-on
populations in the bulk, in contrast with polarized near-edge
X-ray spectroscopy measurements,47 indicating a nearly perfect
face-on texture in top and buried interfaces (~2 nm).”’
Scanning tunneling microscopy on submonolayer films shows
that IDT-BT is capable, under certain processing conditions, of
side-chain interdigitation and parallel alignment of local
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strands.”® Furthermore, molecular dynamics simulations of
the unit cell of IDT-BT predict side-chain interdigitation of
adjacent lamellae.”” These results suggest that traditional bulk
X-ray diffraction or spectroscopy techniques fail to fully
capture the nano- to mesoscale structure of materials lacking
long-range order such as IDT-BT.

To further investigate mesoscale heterogeneity, we con-
ducted FEL X-ray diffraction measurements using a “diffraction
before destruction” methodology™ to avoid X-ray damage
(Figure 1d). Diffraction patterns of IDT-BT were captured by
using a single, high-intensity X-ray pulse (%100 fs) focused to
~250 nm FWHM, each showing a sharp ring at ~0.4 A™' and a
broad halo at =~1.2-1.5 A7} matching well the observed
features in GIWAXS (Figure 1c). The backbone ring (001) is
mostly uniform with slight variations suggestive of a finite but
large number of crystallites contributing without discernible
local orientational order. There is some scattered intensity at g-
values below the (001) peak; however, azimuthal integration of
the data (Figure S3) does not show any feature resembling a

https://doi.org/10.1021/acsmacrolett.1c00547
ACS Macro Lett. 2021, 10, 1306—1314


https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00547/suppl_file/mz1c00547_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00547/suppl_file/mz1c00547_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00547?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00547?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00547?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00547?fig=fig2&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

peak that could be attributed to in-plane alkyl stacking of the
polymer. The data suggest that the microstructure of IDT-BT
must be probed at length scales significantly smaller than the
size of the X-ray beam to enable assessment of the mesoscale
heterogeneity.””" Toward this end, we visualize the structure
of IDT-BT with nanometer-scale resolution using low-dose
cryogenic HRTEM.

With the electron beam at normal incidence, HRTEM can
directly image in-plane diffracting features.”**® A schematic of
the HRTEM imaging setup is shown in Figure 2a, where the
imaging conditions (described in Sections 1 and 3, SI) are
optimized to image the backbone lattice spacing of IDT-BT. In
agreement with X-ray results, the computed power spectrum
over a region of 200 nm in diameter (Figure 2a) shows a
sharp diffraction ring related to the backbone repeat unit,
indicating the presence of aligned backbone sections with
overall isotropic orientation. A representative 100 nm X 100
nm region of IDT-BT, its computed power spectrum, and the
computed power spectra from smaller subregions are shown in
Figure 2b,c. Whereas the spectrum of the full region shows a
continuous ring at 0.4 A™', the spectra of individual 12 nm X
12 nm subregions exhibit discrete, well-defined peaks. Within
these subregions, the backbone peak is spotty, suggesting
relatively well-defined nanocrystalline domains that often
overlap within the small windows. We note that while it is
not possible to determine the order of the polymer along the
beam direction (through the thickness of the film), given that
we frequently observe overlapping structures, a number of
layers are presumed to exist. Moreover, we are only probing
nanocrystalline domains that have components that satisfy the
Bragg condition, and some crystalline regions may not be
imaged in this analysis, suggesting the degree of order is
underestimated.

To better visualize the local alignment of IDT-BT and show
the coupling of local chain aggregates from the nanoscale to
mesoscale, we use digital image processing methods (Sections
3 and 4, SI) and resolve the local average molecular orientation
over length scales ranging from nanometers to tens or
hundreds of nanometers. We start by visualizing a small 50
nm X 50 nm image region of IDT-BT. The director field
(Figure 2d) represents a spatial mapping of the average
direction of the polymer backbones visible in the projected
image, and it is composed of short lines drawn parallel to the
backbone direction extracted from the computed power
spectrum over small 12 nm X 12 nm regions of the film.*®
Brandley et al. have applied similar methods to map the
orientation of carbon nanotubes from scanning electron
micrographs.”’ We observe nanometer-scale regions of locally
aligned polymer chains and frequent overlapping between
regions. Using the local value of the molecular director as the
tangent vector, lines representing the predominant orientation
of the backbone are propagated to follow the slow contours of
the director field map, as shown in Figure 2e. The
reconstructed map of the polymer backbone orientation
displays the presence of nanoscale domains of aligned polymer
chains and overlapping of domains. We empbhasize that these
schematic images show the average likely direction of the
polymer backbones. The complex local structure combined
with the limited electron dose make single-chain imaging
impractical. Similar features are observed through a recon-
struction of the average polymer orientation along the
backbone direction over larger length scales (Figure 3 and
Figure S6). Whereas at short length scales ($10 nm) the
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Figure 3. Reconstruction of the predominant backbone orientation
based on an HRTEM image of IDT-BT. Small (~10—20 nm)
domains of aligned polymer chains are observed along with a highly
overlapping structure.

polymer is likely to be locally aligned and exhibit a well-defined
orientation, over larger length scales (hundreds of nanome-
ters), these regions of locally aligned backbones show an
overall isotropic orientation.

Gathering statistical information about structural features
such as domain size and grain boundaries is of interest for the
interpretation of charge transport properties in conjugated
polymers.®*" To characterize and quantify the extent of the
nanoscale domains present in IDT-BT, we develop an
algorithm to segment HRTEM images into neighboring
regions with similar polymer alignment (within +5°), and we
identify them as single domains. This angle range is chosen to
approximately match both the angular distribution of the
locally averaged domains (vide infra) and an informative
qualitative picture consistent with the level of disorder. As
shown in Figure 4a, this method spatially identifies domains
and overlaps between domains. Since larger domains will cover
larger areas of the sample, we present the cumulative area-
weighted distribution in Figure 4b. For half of the sampled
area, the domains are 220 nm. The mean value of the area-
weighted distribution (~16 nm) agrees with the estimated
coherence length (%14 nm) from GIWAXS of the (001) peak
using the Scherrer equation (Figure S10 and Table SI,
respectively). The analysis of the grain boundary angles was
performed by calculating the relative misorientation between
one domain and neighboring or overlapping domains (Figure
4c). All grain boundary orientations are observed, with a
preference for ~20° and a slighter one for ~90° grain
boundaries. Further details are provided in Section 5, SI.

The domain analysis and segmentation process also offer
new opportunities to examine order in macroscopically
isotropic samples. Stiff, rod-like polymers can have both
crystalline and liquid-crystalline-like phases.”"”*>"** Fast
scanning calorimetry measurements of IDT-BT show two
distinct endotherms upon annealing above the glass transition
temperature, indicating possible liquid-crystalline or liquid-
crystalline-like transitions.”* This liquid-crystalline-like charac-
ter is already apparent from the orientation maps (Figure 3);
however, there may be additional weak and/or broad
molecular features available. To investigate whether such
features exist for the expected in-plane alkyl feature of face-on
crystallites, we reorient the calculated power spectra of
individually segmented domains to a common backbone
orientation and compute the median (Figure S7). No
significant diffraction or diffuse scattering signal is observed
in the expected range of an alkyl peak (i.e., between 2—3 nm
and approximately orthogonal to the backbone reflection),
suggesting a lack of translational symmetry along the alkyl
direction for face-on polymer regions and thus a liquid-
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HRTEM image into regions (“domains”) of aligned backbone within +5°. The color of each domain is calculated from the median orientation of

the identified domains. The map of identified domains is overlaid with the predominant polymer orientation map shown in Figure 2e for

illustratory purposes. (b) Cumulative area-weighted distribution of domain sizes calculated across various HRTEM images, equivalent to a probed
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low A# values.

crystalline-like behavior.*””** The absence of an in-plane (100) Given that charge transport in conjugated polymers requires
peak in both the X-ray results (Figure 1) and the reoriented electronic connectivity across various length scales,'’ it is of
median power spectrum of the domains is interesting with interest to characterize the extended structural correlations in
several possible explanations. Whereas it is possible in some IDT-BT beyond the size of its domains. We choose a statistical

measure that describes spatial relationships of how locally

regions of the film that there exist face-on regions with side- aligned domains change as a function of distance (Ad) and

chain interdigitation and the formation of compact assem- misorientation (Af). The probability of finding two locally
blies,* we have yet to observe these in spin-coated thin films, aligned regions of the polymer separated by Ad and A8 follows
suggesting these events are rare or exist primarily at the the autocorrelation function

interface. If the face-on assumption of the planar polymer

backbone is correct, it is possible that IDT-BT adopts an Ceeeeeaa. L TTT TR TN
altogether different and unknown thin-film structure. This ot ottt

could include crossed-chain homoepitaxial motifs previously where f{d, 0) is a binary value indicating whether a backbone

24 25
reported by Takacs et al™ and Schulz et al,” quenched peak is present at (d, 9) Similarly, f(d +Ad 0+ Ae) is a

disorder of defects along the chain axis, or even liquid- binary value indicating whether there exists a backbone peak at
crystalline phases. Alternatively, the domains may consist of a (Ad, A0) relative to f(d, 6). The denominator term, Y f(d) X
edge-on crystallites. f(d + Ad)l, is the sum of all backbone peaks separated by Ad.
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This normalization term accounts for the fact that some
distances are more likely to occur than others on the analysis
grid. To compare the observed structural correlations in IDT-
BT relative to a sample not expected to present clustered
regions of locally aligned backbones, the autocorrelations of a
simulated sample with random backbone orientations were
calculated (representative lineout shown in Figure Sb).
Comparisons with IDT-BT are further discussed in Section 6
of the SI.

The heatmap of C(Ad, A#) and extracted linecuts for
representative distances (Figure S) highlight several structural
features of interest. For Ad < 10 nm, we observe a prevalence
for local alignment of IDT-BT within 5°, which is well in
agreement with the median value of the domain size
distribution (Section 5, SI). For Ad 2 15 nm, the
autocorrelations of IDT-BT agree with the observed C(Ad,
Af) values of the simulated sample with random orientations
(Figure S11), indicating that correlations do not typically
survive beyond ~15 nm, and the material exhibits an isotropic
behavior at these length scales. Importantly, for Ad < 10 nm,
there is a lower than random probability for regions of aligned
polymer chains to exhibit angular misorientations between =5
and 18°, suggesting an impediment for forming low-angle grain
boundaries. Reminiscent of the observed preferential grain
boundaries at 20° and 90° (Figure 4c), the heatmap z-score
of the autocorrelations (Figure S12c,d) suggests increased
likelihood for domain overlapping at these angles for Ad < 10
nm. Despite their weak signal, these features could have
profound, nonlinear implications in domain interconnectiv-
ity.u’ss We hypothesize these correlations originate from two
possible structures. Given that HRTEM images represent a
projection of the sample structure through the thickness of the
film and that IDT-BT exhibits weak order along the 7-stacking
direction (Figure 1), it is possible that IDT-BT nanodomains
are not tolerant to defects between layers and that attempts to
stack result in a relative rotation between layers that likely
maintain a common backbone reflection. Alternatively, defects
along the chain axis that maintain backbone planarity, such as a
rotation between the IDT and BT units, produce a curvature
bend that locally changes the direction of the backbone.

Our work showcases the potential of low-dose cryogenic
HRTEM and data analytics to advance our understanding of
complex, functional soft matter. We have unveiled the
nanoscale and mesoscale structure of a material often
considered “amorphous-like”, finding evidence for remarkable
short- and medium-range order and unconventional packin
structures relative to conventional semicrystalline polymers.’
By mapping the backbone spacing reflection, we have
identified nanometer-scale regions of locally aligned polymer
chains (domains) yet found no evidence for alkyl stacking in
these ordered phases, suggesting that solution-processed films
of IDT-BT exhibit aspects of liquid-crystalline behavior.
Analysis of the local orientational spatial autocorrelations
suggests that IDT-BT forms packing structures of domains at
preferential overlapping angles, which might affect electronic
transport properties. Charge transport in conjugated polymers
depends on molecular structure, chain conformation, local
aggregation, and mesoscale order. While chain rigidity is an
important factor in limiting energetic disorder,” it also likely
contributes to the development of the nanoscale and mesoscale
order we observe by HRTEM. The coexistence of charge
delocalization along the rigid backbone favored by the
molecular structure and an advantageous mesostructure
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featuring medium-range order are instrumental in enabling
the outstanding charge transport properties of IDT-BT.

This study showcases the applicability of using HRTEM to
characterize the rich, complex mesoscale structure of
conjugated polymers with unprecedented detail, shedding
light on the pitfalls of using conventional descriptors of order
and bulk characterization techniques to elucidate the complex
microstructure of materials lacking long-range order and overt
crystallinity yet exhibiting outstanding molecular order.
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