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ABSTRACT: Interfacial out-of-plane molecular orientation critically influences
the electronic performance of organic semiconductor thin films. The appearance
of a lyotropic liquid crystalline (LC) mesophase during solution coating of
conjugated polymers may directly determine the interfacial out-of-plane
molecular orientation. However, a lack of studies on the packing structure of
the liquid crystalline mesophase and its evolution to the solid state impedes the
general understanding of the molecular orientation transformation from the
liquid crystalline mesophase to solid-state thin films. This work addresses this
unanswered question using poly[[2,5-bis(2-octadecyl)-2,3,5,6-tetrahydro-3,6-
diketopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-(2-octylnonyl)-2,1,3-benzotriazole]
(DPP-BTz) as a model compound. From near-edge X-ray adsorption fine structure spectroscopy and grazing incidence wide-angle
X-ray scattering (GIWAXS) measurements, we observe distinct edge-on orientation at the top interface compared to a primarily
face-on orientation in the bulk in solution-coated DPP-BTz thin films. Interestingly, the interfacial orientations in thin films are
strongly correlated with those of the lyotropic liquid crystalline mesophase of DPP-BTz appearing during solution coating.
Specifically, the LC mesophase adopts an edge-on orientation near the air−liquid interface and a face-on orientation in the bulk
liquid layer. The multiscale structure and interfacial orientation of the mesophase are characterized by solution-state small-angle X-
ray scattering and in situ GIWAXS measurements. We attribute the edge-on LC orientation at the top interface to surface energy
minimization of alkyl side chains with air, while the anisotropic broad LC orientation distribution in the bulk arises from twisted
molecular packing in the LC mesophase. The out-of-plane molecular orientation is preserved in the LC mesophase and is carried
over to the solid-state thin film, creating the distinct edge-on interfacial alignment at the thin-film top surface.

■ INTRODUCTION

Solution-processable conjugated polymers have been inten-
sively studied as candidates for next-generation electronics
owing to their rich chemical diversity and superior properties
for fabricating lightweight, flexible, and high-performing
electronic devices. As a fabrication method adaptable to
industrial-scale manufacturing processes, meniscus-guided
coating enables deposition of conjugated polymers with
abundant tunable coating conditions. Much effort has been
dedicated to designing conjugated polymers and optimizing
solution coating methods to attain desirable thin-film
morphologies and charge transport properties.1,2 Out-of-
plane molecular orientation serves as a critical factor
determining organic electronic device properties, through
modulating the ionization potential of organic semiconductor
(OSC) thin films and electronic coupling at the OSC
heterojunctions.3−5 Mixed “face-on” and “edge-on” molecular
orientations in conjugated polymer thin films may also
contribute to high charge carrier mobilities through the
creation of three-dimensional charge transport pathways.6,7

Many methods have been adopted to tune the out-of-plane
molecular orientation of organic semiconductors, which can be

categorized into two groups: tuning molecular interaction and
applying an external field. Tuning molecular interactions
includes tuning molecular self-interaction, molecule−solvent
interaction, and/or molecule−substrate interaction by molec-
ular design,8,9 solution choice,10,11 substrate modification,12,13

and postdeposition processing.14 Electric or magnetic fields
have also been used to tune molecular orientation and
alignment.15,16 While most of these studies have focused on
characterizing or tuning molecular orientation, few have
investigated how the assembly process resulted in the observed
molecular orientation in the first place. Further, understanding
how interfacial orientation differs from the ensemble average
across the film thickness is imperative but understudied. Such
lack of fundamental understanding severely impedes our ability
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to control molecular orientation and interfacial properties by
rational design.
Here, we focus on drawing a link between solution-state

assembly and the resulting solid-state molecular orientation
and interfacial morphology. We are particularly interested in
how the presence of a lyotropic liquid crystal mesophase in
solution mediates molecular orientation and alignment in thin
films. Thermotropic liquid crystalline conjugated polymers
have been investigated in the past few decades for which
thermal annealing is commonly used to induce LC phase
transformation for enhancing charge transport properties.17−19

Lyotropic conjugated polymers have come to the attention of
the field only recently despite their direct relevance to solution
processing. Conjugated polymer systems that are reported to
show lyotropic liquid crystalline behavior include PCDTPT/
PCDTBT,20−22 P(NDI2OD-T2),

23 P3ATs,24−27 and DTFP-
based polymers28,29 However, most of the donor−acceptor
conjugated polymers do not have reported lyotropic LC
phases.20,21 Specifically of relevance to this work, there is rarely
(if any) a report on the lyotropic LC behavior of
diketopyrrolopyrrole (DPP)-based donor−acceptor polymers.
In our recent work, we observed lyotropic LC mesophases in
two widely studied donor−acceptor conjugated polymer
systemspoly[3,3′-bis(4-decyl-1-tetradecyl)-6,6′-bis(thienyl-
5-yl)-isoindigo] (PII-2T) and poly[[2,5-bis(2-octadecyl)-
2,3,5,6-tetrahydro-3,6-diketopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-
(2-octylnonyl)-2,1,3-benzotriazole] (DPP-BTz).30 We found
that the relative torsional backbones of PII-2T and DPP-BTz
are conducive to form chiral twist−bent nematic phases;
planarization of the polymer backbone by printing flow
eliminates the twist−bent mesophase to result in drastically
enhanced alignment in printed films.30 Aside from our work,
in-plane alignment of lyotropic conjugated polymers has been
previously studied by multiple groups.21,23,28 With regard to
out-of-plane molecular orientation, Trefz, Ludwigs, and

colleagues found that solution-coated lyotropic P(NDI2OD-
T2) exhibits a distinct edge-on orientation at the film surface,
whereas the bulk film can be either face-on or edge-on
depending on the blade coating temperature.23 Despite these
thorough studies, the evolution of LC phase molecular
orientation and its relationship with thin-film interfacial
molecular orientation has yet to be discussed. Additionally,
for the few studies on lyotropic LCs, the structure of the LC
phase has been rarely reported, which impedes the under-
standing of how the LC structure carries over to the film.
In this work, we study a high-performance donor−acceptor

conjugated polymer DPP-BTz and observe a distinct interfacial
molecular orientation in solution-coated thin films directed by
the structure of a liquid crystalline mesophase. Controlling
crystallinity and in-plane alignment of DPP-BTz using
innovative solution coating techniques has been recently
reported.31,32 This work particularly focuses on understanding
the out-of-plane molecular orientation of DPP-BTz in
relationship to the structure of its lyotropic liquid crystalline
phase, which has not been previously studied. Characterized by
grazing incidence wide-angle X-ray scattering (GIWAXS) and
near-edge X-ray adsorption fine structure (NEXAFS) spec-
troscopy, DPP-BTz molecules show edge-on orientation at the
top interface while assuming a preferential face-on orientation
in the bulk film. We discovered a lyotropic liquid crystalline
mesophase of DPP-BTz appearing at the meniscus front during
solution coating and characterized its molecular and mesoscale
structure using small-angle X-ray scattering (SAXS) and in situ
GIWAXS measurements during solution coating. Based on our
proposed liquid crystalline structure, we elucidate that DPP-
BTz liquid crystals have a preferred face-on orientation in the
bulk of the liquid layer and a predominantly edge-on
orientation at the top air−liquid interface in the meniscus.
Upon further solvent evaporation, the liquid crystalline
mesophase transfers its structural characteristics into dried

Figure 1. Solution coating of DPP-BTz thin films and speed series on SiO2 substrates. (a) Schematic of meniscus-guided coating of DPP-BTz
conjugated polymers. (b) Cross-polarized microscopy images of DPP-BTz thin films coated on SiO2 substrates at 0.5, 2, 10, and 100 mm/s coating
speeds. The arrows indicate the coating direction. The cross refers to the orientation of the polarizer and the analyzer of the microscope. (c)
Correlation between coated film thickness and coating speed. The black squares are experimental data, and the dotted lines are from data fitting to
determine the thickness−coating speed relationship in the evaporation and Landau−Levich regimes.
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polymer films, preserving the out-of-plane molecular orienta-
tion distribution. Studying the lyotropic liquid crystalline
behavior of conjugated polymers provides new opportunities in
understanding the complex conjugated polymer assembly
during processing, which in turn enables modulating the
structure and properties of conjugated polymers at the
molecular level.

■ RESULTS
In this study, we adopted meniscus-guided coating
(MGC)30,33,34 to deposit DPP-BTz thin films at different
speeds onto various substrates from 10 mg/mL chlorobenzene
solution at an elevated substrate temperature of 80 °C (Figure
1a). A series of substrates were tested with surface energies
ranging from 20.5 to 52.2 mN/m to establish the generality of
LC-guided interfacial orientations. The substrate surface
chemistries tested include OTS, PVDF-HFP, PTS, PVP:HDA,
and bare SiO2 (see the SI experimental section for full names).
We will first discuss results on SiO2 substrates followed by
comparison across all substrates. On SiO2 substrates, we varied
coating speeds from 0.5 to 100 mm/s to cover both the
evaporation regime and the Landau−Levich regime.35 The
optical microscopy images of the thus-coated DPP-BTz thin
films are shown in Figure 1b, with the coating direction
oriented 0 and 45° with respect to either the polarizer or the
analyzer to observe birefringence and to infer alignment of
crystalline domains. The birefringence between the 0° and the
45° image indicated moderate in-plane alignment within the
coated film. The extent of interfacial in-plane alignment is
further quantified by NEXAFS measurements and will be
discussed later. The atomic force microscopy (AFM) measure-
ments at the cross section of the films show decreased and then
increased film thickness, indicating crossing of coating regimes
with increasing coating speed (Figure 1c).35 The low-speed
evaporation regime is governed by mass transport from
evaporation-driven capillary flow, where the film thickness
decreases with the increasing coating speed. The high-speed
Landau−Levich regime is dominated by viscous-force-driven
convective flow, where film thickness increases with coating
speed. In this case, the transition coating speed is 2 mm/s with
the lowest film thickness at 8.9 nm. Both the evaporation
regime and the Landau−Levich regime exhibit power-law
dependence of the film thickness with coating speed. The
power-law exponents in the evaporation regime and the
Landau−Levich regimes are −1.44 and 0.37, respectively, both
deviating from the corresponding theoretical values of −1 and
0.67.35 The difference between experiment and theory may
result from the nonideal conditions during solution coating,
such as partial wetting and stick-slip instability,36 Marangoni
flow,35 skin-layer formation,33 and dependence of assembly
pathways (and therefore viscosity) on coating regimes.30

We performed a partial pole figure analysis from the
GIWAXS 2D scattering patterns to quantitatively analyze the
out-of-plane molecular orientation of DPP-BTz polymers in
the thin film. Measurements of the top interface and the bulk
film are differentiated by varying the incident angle of the X-
ray beam, 0.04° for interfacial measurements and 0.14° for
bulk measurements. The 0.14° incident angle is slightly above
the critical angle for total reflection at the polymer−air
interface, yielding a penetration depth of the complete film
thickness, while the shallow 0.04° incident angle gives a
penetration depth of 5−8 nm, approximately 3−4 molecular
layers.37,38 The GIWAXS 2D patterns for the top interface and

the bulk film coated at 0.5 mm/s are shown in Figure 2a,b. The
(100) lamellar stacking peak is analyzed to construct the partial

pole figures and quantify the out-of-plane polymer orientation
in the crystalline domains. The (100) peak is chosen because it
has high intensity and narrow peak width in the χ = 0−90°
range compared to the (010) peak and is less affected by the
“missing wedge” after geometric correction, as shown in the
GIWAXS patterns in Figure 2a. The partial pole figures are
obtained by plotting the (100) lamellar peak intensity from 1°
sector cut profiles on the geometrically corrected scattering
patterns within the range of 4 < χ < 82°. We note that a narrow
sector cut is essential for capturing the sharp change of
intensity near the pole and horizon (Figure 2a). For the (100)
lamellar stacking peak, the intensity near χ = 0° corresponds to
edge-on crystallites and the intensity near χ = 90° corresponds
to face-on crystallites. The peak intensities are normalized to
the 0−1 scale for direct comparison of the polymer
orientations across different coating speeds and interfaces/
bulk films.
As shown in Figure 2, the pole figures at 0.5, 2, and 100

mm/s represent the thin-film out-of-plane orientation in the
evaporation, transition, and Landau−Levich regimes, respec-
tively (complete set of pole figures in Figure S1). At the top
interface, a sharp rise of intensity near χ = 0° reveals the
presence of edge-on crystallites, with the highest population
observed at the highest coating speeds of 50−100 mm/s.
However, in the bulk film, a sharp increase in intensity is
observed near χ = 90° corresponding to face-on crystallites.
The highest intensity at χ = 90° for the bulk film appears at a
coating speed of 4 mm/s, in the neighborhood of the transition
regime. Overall, from the pole figure analysis, we observe
distinct edge-on crystallites residing at the top interface of the
film, as compared to the predominance of face-on crystallites in

Figure 2. Two-dimensional (2D) grazing incidence X-ray scattering
patterns for films coated at 0.5 mm/s and partial pole figure results for
films coated at 0.5, 2, and 100 mm/s for the (a) top interface and (b)
bulk film. Measurements are taken with the incident beam
perpendicular to the coating direction. (c) Out-of-plane 2D
orientation parameter from GIWAXS measurements at various
coating speeds.
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the bulk of the film. The degree of out-of-plane orientation
from GIWAXS measurements is quantified in terms of the 2D
orientation parameter S2D = 2⟨cos2 γ⟩ − 1, where γ is the tilt
angle of the conjugated backbone with respect to the substrate
(Figure 2c).31,39,40 Within a scale of S2D between −1 and 1, S =
1 indicates a completely edge-on orientation, S = 0 indicates an
isotropic orientation, and S = −1 indicates a completely face-
on orientation. Detailed calculation of S2D is included in the
Supporting Information. S2D from GIWAXS of top interfaces
and the bulk film reside in the range from −0.6 to 0,
corresponding to a preferred face-on orientation, with a
moderate coating speed dependence. The S2D of the top
interface is closer to zero (less face-on) compared to S2D of the
bulk, due to the emergence of edge-on crystallites at the top
interface. The S2D values for the top interface and the bulk film
meet at 4 mm/s in the neighborhood of the transition regime,
where the film is as thin as 12.8 ± 0.7 nm, possessing a
relatively homogeneous out-of-plane molecular orientation.

The GIXD measurements with the incident angle below the
critical angle are not truly surface sensitive, as the X-ray
penetration depth is still 5−8 nm. This is reflected by S2D
values close to those of bulk films. We employed NEXAFS
spectroscopy to obtain the out-of-plane molecular orientation
of the topmost molecular layer. Incident-angle-resolved
NEXAFS measurements with a polarized X-ray beam are
used to probe the K-shell electron C 1s−π* resonance and
collect angle-dependent absorption spectra. Because the
transition dipole moment of the C 1s−π* resonance is
orthogonal to the conjugated plane, the orientation of the
conjugated polymer backbone is determined by analyzing the
C 1s−π* intensity obtained from multiple tilt angle θ scans
(Figure 3a). Unlike GIWAXS, NEXAFS measurements do not
distinguish crystalline or amorphous regions but instead give
an averaged molecular orientation information with contribu-
tion by all polymers.

Figure 3. Angle-resolved NEXAFS measurement illustration and results. (a) Illustration of NEXAFS measurements of the DPP-BTz polymer with
the incident angle θ using a polarized X-ray beam. The angle between the transition dipole moment of the DPP-BTz molecule with respect to the
substrate normal is α. Angle-resolved NEXAFS spectra with the X-ray beam parallel and perpendicular to the coating direction at (b) 0.5 mm/s and
(c) 100 mm/s are shown. Calculated (d) dichroic ratio of in-plane alignment and (e) out-of-plane 2D orientation parameter from NEXAFS
measurements at various coating speeds.
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Tilt-angle NEXAFS scans are performed at incident angles
20, 40, 55, 70, and 90°, with the incident X-ray beam both
parallel and perpendicular to the coating direction. NEXAFS
measurements are operated under the partial electron yield
mode, probing the top 3 nm of the thin film (∼1 molecular
layer). Figure 3b,c shows example spectra of tilt-angle
measurements on films coated at 0.5 and 100 mm/s with the
X-ray beam both parallel and perpendicular to the coating
direction. The complete set of NEXAFS spectra from 0.5, 2, 4,
and 100 mm/s films is included in Figure S2. For quantitative
analysis, the intensity of the C 1s−π* resonance peak at 285
keV is analyzed. At 0.5 mm/s, the angle-resolved NEXAFS
scans are similar in parallel and perpendicular measurements,
with increasing intensity from 20 to 90°. On the other hand, at
2, 4, and 100 mm/s, the angle-resolved spectra from parallel
scans nearly overlay across the range of angles scanned, but
spectra from perpendicular scans show significant angle
dependence. The difference between parallel and perpendic-
ular scans arises because the intensity variation of the C 1s−π*
resonance depends on the relative alignment between the
polarized X-ray beam and the transition dipole moment
(TDM) of the molecule. In an aligned film, the maximum
degree of TDM variation occurs in the direction orthogonal to
the polymer backbone, where TDM is parallel to the substrate
for the edge-on backbone and normal to the substrate for the
face-on case. Therefore, a minimum angle-dependent signal in
parallel measurements and a significantly angle-dependent
signal in perpendicular measurements indicate a preferred in-
plane polymer backbone alignment along the coating direction.

The dichroic ratio calculated by =
−
+

° °

° °
DR

I I

I INEXAFS
90 ,perp 90 ,par

90 ,perp 90 ,par

increased from 0 to 0.78 for films coated at 0.5−100 mm/s
(Figure 3d). This indicates an increasing degree of in-plane
alignment with increasing coating speed at the top interface.
We further extracted out-of-plane molecular orientation

from the angle-resolved NEXAFS spectra in perpendicular
measurements. The strongest resonance signal occurred when
the linearly polarized X-ray beam aligned with the TDM of the
C 1s−π* resonance. We observed the strongest C 1s−π*
intensity at θ = 90°, which indicated a predominant TDM
orientation parallel to the substrate, or equivalently a primarily
edge-on orientation of the polymer at the very top molecular
layer. Across all experimental conditions tested, we observed
increasing C 1s−π* intensity with increasing incident angle θ
(Figure S2), indicating that DPP-BTz at the film surface adopts
a preferential edge-on orientation. We further evaluated the 2D
orientation parameter S2D to quantitatively express the
molecular orientation in the topmost layer. Due to the biaxial
alignment of DPP-BTz in thin films, calculation of S2D requires
angle-resolved NEXAFS spectra from both parallel and
perpendicular measurements.41 Fitting parameters are obtained
from the intensity of the C 1s−π* resonance and the average
out-of-plane orientation ⟨cos2 α⟩ in terms of the TDM tilt
angle α with respect to the substrate normal (details in the
Experimental Section). We obtained S2D values in the range of
0.53−0.68 (Figure 3e), confirming a preferential edge-on
orientation. S2D only slightly increases when varying the
coating speed from 0.5 to 100 mm/s, showing a very weak
speed dependence. We believe that the molecular orientation
in the topmost layer is dictated by interfacial properties, not by
processing conditions, as discussed later.
The combined out-of-plane 2D orientation parameter S2D

from both GIWAXS and NEXAFS measurements are shown in

Figure 4a (tabulated in Table S1). It is clear that S2D values
from GIWAXS measurements (−0.65 to 0.07) for the top

interface and bulk film indicate preferential face-on orientation
of crystallites, while S2D values from NEXAFS measurements
(0.53−0.68) at the very top interface suggest favorable edge-on
orientation of the backbone. The large discrepancy between
the top-surface S2D values from GIWAXS (−0.56 to 0.07) and
NEXAFS (0.53−0.68) is likely due to different penetration
depths of the X-ray beam (5−8 vs ∼3 nm). In other words,
near-surface GIWAXS measurements have significant contri-
butions from the bulk film. Inferring from the above S2D
analysis, we illustrate the out-of-plane molecular orientation
distribution shown in Figure 4b: the polymers adopt an edge-
on orientation at the very top interface of the thin film, while
the bulk films consist of face-on crystallites, agreeing with
literature findings.23,37,42

Additionally, we fabricated field-effect transistor devices to
measure the hole mobility at the top and the bottom interface.
We constructed top gate bottom contact (TGBC) devices for
top interface measurements and bottom gate top contact
(BGTC) devices for bottom interface measurements (Figure
5a,b). The field-effect mobility μsat is calculated from the
transfer curves in the saturation regime. Devices with their
channel length parallel and perpendicular to the coating
direction are fabricated to evaluate the charge transport
anisotropy, which is defined by μpar over μperp. The character-
istic transfer and output curves comparing TGBC and BGTC
devices and the extracted top and bottom interface mobilities
are shown in Figure 5a,b. The majority of the charge transport
mobility at the top interface is higher than that at the bottom
interface. The highest hole mobility at the top interface
(TGBC) reaches 0.57 cm2/(V·s), compared to 0.011 cm2/(V·
s) for the bottom interface (BGTC) (Figure 5c,d). However,
because different dielectrics are used for the top interface (440
nm polymethyl methacrylate) and the bottom interface (300
nm SiO2) device fabrication, mobility values from the two
interfaces are not directly comparable.
While the absolute mobility values are not comparable,

charge transport anisotropy can be compared between top and
bottom interfaces. The charge transport anisotropy is
calculated as A = μpar/μperp and is shown in Figure 5e. The
top interface exhibits significantly higher hole mobilities in the
parallel direction, yielding a high charge transport anisotropy
compared to the bottom interface. The highest mobility

Figure 4. Out-of-plane 2D orientation parameter and the
corresponding morphology. (a) Combined plot for the 2D orientation
parameter S2D calculated from GIWAXS and NEXAFS measurements.
(b) Illustration of the out-of-plane molecular orientation of DPP-BTz
thin films from various coating speeds. The rectangles represent a side
view of DPP-BTz crystallites viewed down the polymer backbone.
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anisotropy of A = 14.7 at the top interface occurs at 4 mm/s,
which is consistent with the highly aligned polymer backbone
at the top interface. The bottom interface shows very low or
almost no charge transport anisotropy, with the highest
anisotropy A = 2.3 at 0.5 mm/s. The dichroic ratio of charge
transport i s ca lculated from the anisotropy as

= −
+DR A

Atransport
1
1

to compare with the dichroic ratio of

polymer backbone alignment from NEXAFS. For charge
transport, DR = 1 indicates charge transport only along the
coating direction and DR = −1 indicates a charge transport
completely orthogonal to the coating direction. As shown in
Figure 5f, the trend of the charge transport dichroic ratio
closely follows that from NEXAFS. Both dichroic ratios are
close to zero at 0.5 mm/s and increase with speed at 2 and 4
mm/s, which suggests faster charge transport along the
polymer backbone at the top interface, agreeing with our
previous work.33 The increasing backbone alignment with
coating speed from NEXAFS is attributed to the increase of the
extensional strain rate at the top interface of the meniscus.30 At
100 mm/s, while the top surface is still highly aligned as
indicated by NEXAFS, the contribution of polymer morphol-
ogy to mobility is likely more than 1 molecular layer, leading to
the discrepancy between mobility and the alignment dichroic
ratio.
After determining the solid-state out-of-plane molecular

orientation of DPP-BTz thin films, we probed the solution-

state structure using cross-polarized microscopy and in situ
microbeam GIWAXS to understand the evolution of the DPP-
BTz assembly process when the film is drying to correlate the
solution-state structure with the film morphology. We first
recorded the top-view meniscus movement under cross-
polarized microscopy. Interestingly, we observed the appear-
ance of a birefringent blue band at the front of the meniscus
(Figure 6a). The birefringent blue band traces the movement
of the meniscus as shown in Supporting Video 1, which
belongs to the highest concentration region of the meniscus.
This is because the solution concentration increases rapidly
from the bulk to the triple-phase contact line due to solvent
evaporation,30 reaching the critical concentration for the
appearance of the lyotropic liquid crystalline mesophase. We
note that optical birefringence was used to infer the liquid
crystalline (LC) mesophase for conjugated polymers in
previous reports.23,30 To determine the presence of the LC
mesophase and its concentration range, DPP-BTz solution in
chlorobenzene at a high concentration was made and inspected
under a cross-polarized microscope (Figure 6b). We found that
vibrant birefringence under cross-polarizers in the entire
solution attributed to the bulk LC mesophase was visible at
100 mg/mL, as compared to no LC texture from 10 and 60
mg/mL. One signature of the LC mesophase is its
birefringence when rotating the sample (Supporting Video
2). Therefore, we deduce that DPP-BTz undergoes isotropic-
to-mesophase transition during solution coating when
chlorobenzene continuously evaporates and the polymer
concentration approaches 100 mg/mL. The structure and
the orientation of the LC mesophase may influence the final
out-of-plane orientation of the conjugated polymer in the thin-
film state, which we discuss in detail below.
We determine the molecular-scale structure of LC and its

orientation distribution during solution coating to correlate
with thin-film morphology by performing in situ microbeam
grazing incidence wide-angle X-ray scattering (μGIWAXS)
measurements during solution coating of DPP-BTz on SiO2
substrates with the incident X-ray beam perpendicular to the
coating direction. The data from perpendicular measurements
is representative of the entire film at the specific coating
condition studied (0.5 mm/s); Figure S3 shows that similar
out-of-plane molecular orientation distributions are obtained
from both parallel and perpendicular measurements in thin
films coated at this condition. In μGIWAXS, the X-ray beam is
focused with an X-ray focusing capillary into a width of 40 μm,
yielding high spatial resolution during in situ X-ray measure-
ments without compromising the signal-to-noise ratio.43 In the
scattering video, a broad transient halo centered at q = 1.45
Å−1

first emerges from the horizon and forms a complete ring.
Subsequently, this halo disappears as the π−π stacking peak
and the lamellar stacking peaks emerge (Supporting Video 3).
Figure 6c comprises time-lapsed snapshots of the scattering
video showing the background, the rise of the transient halo,
the complete transient halo, and the appearance of stacking
peaks when the halo disappears. To better visualize and analyze
the in situ μGIWAXS data, an intensity−time−q plot is
constructed for coating of the DPP-BTz solution at 0.5 mm/s,
highlighting evolution of important peaks including the
transient halo, the (100) lamellar stacking peak, the (010)
π−π stacking peak, and the amorphous peak (Figure 6d). The
broad transient halo (q of 1−2 Å−1) appears around 3 s and
disappears at 4 s after the coating blade passed the beam,
followed by the rise of the (100) peak (q = 0.22 Å−1), the

Figure 5. Field-effect transistor device configuration, saturation
regime transfer curves, and output curves for (a) top interface and
(b) bottom interface charge transport characteristic measurements.
Charge carrier mobilities at the (c) top interface and (d) bottom
interface with the transport direction parallel and perpendicular to the
coating direction. (e) In-plane charge carrier mobility anisotropy
calculated by the ratio of parallel versus perpendicular mobility at the
top and the bottom interface. (f) Comparison of the mobility dichroic
ratio with the in-plane alignment from NEXAFS measurements at the
top interface.
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(010) peak (q = 1.75 Å−1), and the amorphous peak (q = 1.44
Å−1) after 4 s. A transient halo also appears when coating pure
chlorobenzene solvent on the substrate (Supporting Video 4).
However, the scattering intensity is 30 times weaker than the
case of coating DPP-BTz chlorobenzene solution. Because an
LC mesophase is observed at the meniscus front during
solution coating (Figure 6a), the scattering intensity is
expected to have contributions from the LC mesophase in
this q range. We anticipate that the average π−π spacing in the
LC phase is close to that in the amorphous phase due to
rotational disorder, which we have shown in our previous
work.30 To validate this point, we make the normalized
intensity−time−χ plot to determine the intensity distribution
of the transient peak over the χ angle (Figure 6e). Such a plot
can help differentiate the anisotropic scattering of the LC
mesophase (χ angle dependent) from the isotropic scattering
of the solution (χ angle independent). The polar angle χ on
the scattering pattern is defined as χ = 0 for the vertical and χ =
90° for the horizontal direction. In the intensity−time−χ plot
for coating of the DPP-BTz solution, the intensity of the
transient peak at its maximum has an anisotropic distribution
across χ = 0−90°. The intensity is high in the χ = 0−50° range
and decreases in the range χ = 50−85°, and then, a sharp peak
appears near χ = 90°. This indicates that the species
contributing to the transient halo scattering has preferential
out-of-plane orientation distribution in contrast to the pure
solution with isotropic scattering intensity (Figure S4a). A
more direct comparison by plotting the line-cut at the
maximum intensity from the intensity−time−χ plot is shown

in Figure 6f for pure solvent vs. DPP-BTz solution. The
chlorobenzene data is noisy because of the low intensity of
pure solvent scattering but still shows homogeneous
distribution over χ. Meanwhile, the DPP-BTz solution coating
intensity distinctly decreases in the range χ = 50−85°, leaving
an overall high intensity in the range χ = 0−50° and a sharply
peaked intensity at χ = 90°. We believe that solvent and
solvated polymer aggregates contribute to isotropic intensity
distribution in the transient peak, but the LC mesophase with a
preferred out-of-plane orientation gives rise to the anisotropic
intensity distribution. The origin of the χ angle-dependent
intensity with a higher intensity in the low χ range and the
sharp intensity peak near χ = 90° will be analyzed in the
Discussion section.
We further characterized the mesoscale structure of the LC

mesophase using solution SAXS (Figure S5). We observed a
broad peak centered at 0.191 Å−1 in the background-subtracted
SAXS 1D profile for both 10 and 100 mg/mL DPP-BTz
solutions (Figure S5a). We attributed this structure factor to
loose lamellar stacking with a d-spacing of 32.9 Å compared to
a lamella stacking of 28.7 Å in solid thin films (Figure S5b−d;
detailed discussion in the Supplementary Note). Further, the
rising intensity at the low q region indicates the presence of
preaggregates for both 10 and 100 mg/mL solutions (Figure
S5a). Thus, we infer that the loose lamella stacking occurs
inside the preaggregates.

Figure 6. Microscopy and in situ GIWAXS measurements of liquid crystalline DPP-BTz. (a) In situ cross-polarized microscopy of the meniscus
during solution coating of 10 mg/mL DPP-BTz in chlorobenzene solution on SiO2 substrates at 80 °C with 1 mm/s coating speed. (b) Cross-
polarized microscopy images of the bulk liquid crystalline mesophase of DPP-BTz in chlorobenzene with 10, 60, and 100 mg/mL concentrations at
80 °C. (c) Evolution of scattering peaks from in situ μGIWAXS measurements during solution coating of 5 mg/mL DPP-BTz at 0.5 mm/s at 70 °C
on SiO2 substrates. The same conditions apply to (d−f). (d) Intensity−time−q plot with χ = 0−90°. This plot shows the evolution of peaks with
respect to time across the range of q values. Peak locations are determined from this plot. (e) Normalized intensity−time−χ plot for q = 0.8−0.95
Å−1. This plot shows the χ angle-dependent intensity distribution of the transient halo centered at 1.45 Å−1 evolving with time. The q range is
selected to be q = 0.8−0.95 Å−1 instead of near 1.45 Å−1 to avoid the effect of gap in the detector on scattering intensity. The y-axis time scales in
(d) and (e) are the same for direct comparison. (f) Dependence of the transient halo scattering intensity on the χ angle comparing the cases of the
neat chlorobenzene solvent (black dashed line) and the 5 mg/mL DPP-BTz solution (red solid line).
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■ DISCUSSION

Based on the thin-film NEXAFS data, in situ μGIWAXS data,
and solution-state SAXS data, we propose the DPP-BTz liquid
crystalline structure and the mechanism by which the LC
mesophase determines the interfacial orientation in the solid
thin film. Figure 7a−c summarizes the molecular and
mesoscale structural features of the LC mesophase. We infer
from SAXS results (Figure S5) that the LC mesophase
comprises preaggregates rather than dispersed single polymer
chains. As the solution concentration increases during solvent
drying, the volume density of polymer aggregates crosses a
critical threshold to form a “colloidal” liquid crystal phase. The
aggregates exhibit both loose π−π and lamella stacking
internally. The average π−π spacing is obtained from the q
value of the transient halo at q = 1.45 Å−1, which gives an
average d-spacing of 4.33 Å (Figure 6c). This value is
comparable to the average π−π spacing in the amorphous
phase and is substantially larger than the π−π stacking distance
of 3.63 Å (q = 1.73 Å−1) in crystalline domains. The loosely
associated π planes in the LC phase eventually evolve into
close π−π stacking when the film solidifies. The average
lamella spacing in the LC phase is 32.9 Å, which evolves into a
closer lamella stacking at a spacing of 28.7 Å when solidified
into a thin film. At the same time, paracrystalline disorder
drastically reduces from the LC phase to the solid state, as
evidenced by peak sharpening (Figure S5).
The orientation distribution of the LC mesophase can be

inferred from the anisotropic intensity distribution of the π−π
stacking ring over χ from in situ μGIWAXS measurements
(Figure 6f). The scattering intensity near χ = 0 is contributed
by face-on backbones in the LC mesophase. The intensity near
χ = 90° can be contributed together by the edge-on LC
mesophase and the Yoneda peak, a distinct feature of grazing
incidence scattering.44 The majority of LCs in the bulk adopt a
moderate face-on orientation,39 resulting in a higher intensity
at χ = 0−50°. Meanwhile, the LC at the very top interface may

adopt an edge-on orientation. However, its scattering intensity
may be buried by the Yoneda peak near χ = 90° in Figure 6f.
After elucidating the LC structure and orientation in the

meniscus, we correlate the out-of-plane orientation of the LC
mesophase with the orientation in thin films during the process
of solution coating and drying (Figure 7d). The lyotropic LC
mesophase forms at the front of the meniscus when the critical
concentration is reached (between 60 and 100 mg/mL) by
solvent evaporation during solution coating of DPP-BTz from
chlorobenzene. Because of surface energy minimization, alkyl
chains prefer to stick out of the air−liquid interface, leading to
edge-on orientation of the mesophase at the top interface. The
LC mesophase in the bulk liquid layer may adopt a twisted
backbone conformation and a chiral helical assembly found in
our previous work.30 The chirality of the mesophase is
validated by solution-state cyclic circular dichroism (CD)
spectroscopy measurements (Figure S6). The twisted, helical
structure may hinder rapid crystallization in the bulk that
favors edge-on crystallites. Both the twisted backbone and the
slow crystallization kinetics may result in the broad intensity
distribution at χ = 0−50° in Figure 6d and a moderate face-on
orientation. When the solvent further evaporates, the edge-on
LC evolves into edge-on crystallites at the top surface of the
dried polymer film, while the face-on LC evolves into face-on
crystallites in the bulk of the film. Overall, the crystallization
process of DPP-BTz undergoes an isotropic−mesophase−
solid-thin-film transition, where the out-of-plane orientation is
predetermined by the LC mesophase before evolving into
crystallites.
Similar LC-induced out-of-plane orientation distribution in

films has been previously reported for discotic small-molecule
LCs.45 Interestingly, many of the conjugated polymers with
distinct out-of-plane orientation and in-plane alignment at the
top interface versus in the bulk film have a liquid crystalline
phase, including P3HT,27,46 DPP-BTz,30,31 P(NDI2OD-
T2),23,37 PCDTPT,20,41 etc. There could be a link between
distinct interfacial out-of-plane molecular ordering and a
liquid-crystal-mediated assembly pathway for conjugated

Figure 7. Schematic of the liquid crystal structure and the link between solution- and solid-state interfacial orientations. (a) DPP-BTz polymer
backbone with DPP (yellow bars) and BTz (green bars) units. (b) Illustration of molecular-scale structural features within the aggregate that
constitutes the liquid crystal mesophase, with average polymer backbone spacing of 4.33 Å and lamella layer distance of 32.9 Å. (c) Twist−bend
aggregates forming the LC mesophase. The polymer backbone is along the aggregate long axis. The blue arrow in the cross section of the aggregate
indicates the direction of lamellar stacking. (d) DPP-BTz assembly through the liquid crystalline mesophase with distinct out-of-plane orientation
at the top vs in the bulk film. The yellow rectangles represent the side view of the polymer backbone.
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polymers. The liquid crystalline phase is directional and
dynamic and may facilitate rapid molecular reorientation in
response to surface properties during the short time scale of
printing.

■ CONCLUSIONS

In summary, we have observed that the formation of the liquid
crystalline mesophase governs the out-of-plane molecular
orientation distribution in DPP-BTz thin films deposited
using meniscus-guided solution coating. As revealed by
GIWAXS and NEXAFS measurements, DPP-BTz exhibits an
edge-on orientation at the top interface of the film, while
adopting a face-on orientation in the bulk film. We discover a
lyotropic liquid crystalline mesophase at the meniscus front
during solution coating by microscopy and utilize X-ray
measurements to elucidate the packing structure of the LC
mesophase. Solution SAXS and in situ μGIWAXS during
coating suggest a lamella spacing of 32.9 Å and a π−π spacing
of 4.33 Å, respectively. From μGIWAXS, we also found an
anisotropic intensity distribution of the 4.33 Å ring (q = 1.45
Å−1) over χ, where high intensity is observed at χ = 0−50°
(weakly face-on LC) and a sharp peak appears near χ = 90°
(highly edge-on LC). The lamella and π−π associations in the
LC mesophase evolve into lamellar and π−π stacking in the
polymer crystallites. Further, the out-of-plane orientation of
the LC mesophase directly determines that in the dried film.
By revealing a mesophase-mediated assembly pathway and
linking the LC phase structure with the thin-film morphology,
we enrich our knowledge of conjugated polymer-phase
transformation under the evaporative assembly process.
Furthermore, our new mechanistic insights can inform
strategies to control out-of-plane molecular orientation at
interfaces, which is a key parameter modulating the device
performance of transistors, solar cells, biosensors, and the
effectiveness of molecular doping.

■ EXPERIMENTAL SECTION
Materials. Poly[[2,5-bis(2-octadecyl)-2,3,5,6-tetrahydro-3,6-

diketopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-(2-octylnonyl)-2,1,3-benzo-
triazole] (DPP-BTz) (Mn = 177 kg·mol−1 and PDI = 2.6) was
synthesized as reported before.47 The molecular weight of DPP-BTz
was measured by GPC in chlorobenzene at 40 °C. Octadecyltri-
chlorosilane (OTS, ≥90%), phenyltrichlorosilane (PTS, ≥97%),
poly(4-vinylphenol) (PVP, Mw = 25 kg mol−1), and 4,4′-
(hexafluoroisopropylidene)diphthalic anhydride (HDA, 99%) were
purchased from Sigma-Aldrich. PVDF-HFP with the VDF-to-HFP
molar ratio of 55:45 (Dyneon Fluoroelastomer FE) was purchased
from 3M Company. All chemicals were used as received.
Conjugated Polymer Thin-Film Preparation. DPP-BTz

solution for thin-film printing was prepared by dissolving the
conjugated polymer at 10 mg/mL in chlorobenzene and stirred at
40 °C until a homogeneous solution was obtained. DPP-BTz thin
films were deposited onto the substrates by a meniscus-guided coating
method using an ODTS-treated SiO2 blade.

33 The setup included a
stationary substrate and a motor-driven blade with the solution
sandwiched in between. The blade was set with a tilt angle of 8° and a
gap of 100 μm above the substrate for coating of polymer thin films.
The substrate temperature was fixed at 80 °C, and the coating speed
was between 0.5 and 100 mm/s.
X-ray Characterizations for Thin-Film and Liquid Crystalline

Phase. Static-state grazing incidence wide-angle X-ray scattering
(GIWAXS) was performed at beamline 8-ID-E at the Advance
Photon Source at the Argonne National Laboratory. Data were
collected on a two-dimensional Pilatus 1M detector with an X-ray
beam energy at 10.9 keV. Data collection, extraction, and processing

were performed with the GIXSGUI package written for Matlab.48

Experiments were carried out in a vacuum chamber at room
temperature with the incident X-ray angle at 0.14° for bulk film
measurements and at 0.04° for surface measurements. Top surface
measurements were performed on as-cast films on the substrates.
Partial pole figures were constructed by obtaining the intensity of the
(100) lamellar stacking peak with respect to the χ angle to study the
out-of-plane distribution of the crystallites. The (100) lamellar
stacking peak was fitted with a Gaussian function to obtain the peak
area and was multiplied with sin(χ) at the corresponding χ angle for
geometric correction. The pole figures were normalized for cross-
sample comparison.

In situ μGIWAXS was performed at former beamline D1 at the
Cornell High Energy Synchrotron Source. Data were collected on a
two-dimensional Pilatus 200k detector with an X-ray beam energy at
12.7 keV. The X-ray microbeam was focused by a single-bounce X-ray
capillary and was 40 μm in width to ensure high special resolution
during measurement. A meniscus-guided coating setup was installed
at the beamline. The blade was tilted at 15°, and the stage
temperature was set at 70 °C. The DPP-BTz solution was made in
chlorobenzene at the concentration of 5 mg/mL. The solution coating
speed was controlled between 0.1 and 0.5 mm/s. The recording rate
of the diffraction pattern was up to 50 frames per second, with an
exposure time of 0.02 s.

NEXAFS spectroscopy measurements were performed at the Soft
X-ray beamline at the Australian Synchrotron.49 Data was acquired
using the partial electron yield mode with the photoelectrons emitted
from the sample detected using a channeltron detector. Data was
analyzed using QANT,50 with further details of analysis methods
provided elsewhere.51

Two-Dimensional (2D) Orientation Parameter Calculation.
We calculated the 2D out-of-plane orientation parameter from both
GIWAXS and NEXAFS measurements with the following equa-
tion:31,39,40

γ γ= ⟨ ⟩ = ⟨ ⟩ −S cos 2 2 cos 12D
2 (1)

where γ is the angle between the polymer conjugation plane and the
substrate normal. In this case, S = 1 indicates a completely edge-on
orientation of the molecules, S = 0 indicates an isotropic orientation,
and S = −1 indicates a completely face-on orientation. We used the
2D orientation parameter because of the ease of evaluating the out-of-
plane orientation on the −1 to 1 scale.

For GIWAXS measurements, the averaged out-of-plane orientation
of the biaxially aligned crystalline materials is given by52,53

∫
∫

γ
γ γ γ γ

γ γ γ
⟨ ⟩ =

π

π

I

I
cos

( )cos ( ) sin( )d

( ) sin( )d
2

GIWAXS
0

2

0 (2)

Partial pole figures were constructed by recording the (100) peak
intensity at different χ angles; in this case, the value of χ equals the
value of γ. Moreover, because the geometric corrected pole figure
intensity is already multiplied with sin(χ), the sin(χ) in the numerator
and the denominator in the above equation is removed. Therefore,
⟨cos2 γ⟩ can be calculated from the results of the pole figures:
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where i is the specific data point in the partial pole figures for each
condition.

For NEXAFS measurements, the intensity of the C 1s → π*
resonance is dependent on the incident angle θ, assuming a zero-
degree molecular pretilt angle:41

θ θ= +I A B( ) sin ( )2 (4)

where A and B are the fitting parameters obtained from measurements
with a set of incident angles. Because the DPP-BTz thin films are
biaxially aligned, tilt-angle NEXAFS measurements were performed
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with the incident beam parallel and perpendicular to the coating
direction, giving Apara, Bpara, Aperp, and Bperp from fitting.
After obtaining the fitted parameters, the theoretical total intensity

from NEXAFS can be calculated:

= + + − +I A A
P
P

B B
3
2
( )

3 1
2

( )tot para perp para perp (5)

where P is the polarization factor of the incident X-ray beam and P =
1. The averaged out-of-plane orientation from the NEXAFS can be
calculated:

α⟨ ⟩ =
+ −A B P

I
cos

(1 1/ )2
NEXAFS

perp para

tot (6)

where α is the angle between the π* TDM and the substrate normal.
Because the π* TDM is orthogonal to the conjugated plane
orientation, and γ in eq S1 is defined as the angle between the
conjugated plane with the substrate normal, the calculated S2D from
⟨cos2 α⟩NEXAFS need to be multiplied with −1

α= − −S (2 cos 1)2D, NEXAFS
2

NEXAFS (7)

The calculated 2D orientation parameters are listed in Table S1.
Field-Effect Transistor Device Fabrication. Top gate bottom

contact (TGBC) and bottom gate top contact (BGTC) field-effect
transistors were fabricated with DPP-BTz thin films to measure hole
mobility at the top and bottom interfaces, respectively. For TGBC
devices, 35 nm Ag source/drain electrodes were thermally evaporated
onto 300 nm SiO2 substrates, followed by coating of DPP-BTz thin
films. PMMA 80 mg/mL in n-butylacetate solution was prepared and
filtered and then spin-coated at 2000 rpm with 500 rpm for 60 s on
the DPP-BTz thin films as the dielectric layer. Another layer of 35 nm
Ag was evaporated on top of the 450 nm PMMA layer as gate
electrodes. BGTC devices were prepared by evaporating 35 nm Ag
source/drain electrodes on the DPP-BTz thin film coated on 300 nm
SiO2 substrates. All device measurements were performed with the
Keysight B1500A semiconductor parameter analyzer under a nitrogen
environment. The field-effect mobilities were calculated in the
saturation region of the transfer curves by the equation

= −μI V V( )WC
LDS 2 G T

2i , where IDS is the drain-source current; W and
L are the conduction channel width and length, respectively; Ci is the
capacitance of the dielectric layer (11 nF/cm2 for the 300 nm SiO2
layer and 6.8 nF/cm2 for the 450 nm PMMA layer); μ is the apparent
mobility; VG is the gate voltage; and VT is the threshold voltage.
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