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ABSTRACT: Dynamic-template-directed assembly is a promising method to
enhance molecular ordering and electronic properties of solution-coated
polymer semiconductor thin films over a large area. In this work, we establish
that multicomponent dynamic templates of complementary chemistries can
promote polymer crystallization through cooperative multivalent interactions.
We investigate this phenomenon using a combination of templating substrates
including a fluoropolymer, a hydrogen-bonded liquid, and an ionic liquid
(IL). Template-dependent multiscale morphology is studied by a
comprehensive set of characterization techniques to understand how introducing diverse chemical moieties modulates
polymer assembly. Our results clearly confirm synergistic effects between components of complementary chemistries
constituting the dynamic template. The relative degree of crystallinity is improved by 50−150% for films deposited on
multicomponent dynamic templates compared to their neat constituents. In addition, macroscopic alignment is increased
significantly (2−5 times) compared to single-component templates. As a result, highly anisotropic charge transport is observed
with apparent hole mobilities up to 3.6 cm2 V−1 s−1. In contrast, such a synergistic effect is not observed when using a
multicomponent dynamic template of comparable chemistries (i.e., IL and polymerized IL). We elucidate the origin of this
synergistic effect by using attenuated total reflectance Fourier transform infrared spectroscopy and isothermal titration
calorimetry. When the dynamic template comprises two or more components interacting with complementary binding sites on
the conjugated polymer (CP) (esp. backbone vs side chain), the template−polymer interactions is significantly enhanced
compared to the sum of single component contributions. These results provide valuable insights into surface-directed CP
crystallization during large-area solution coating. Template dynamics is rarely studied and represents a new opportunity for
guiding assembly of soft functional matter.
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■ INTRODUCTION

Conjugated polymers (CPs) are increasingly attracting interest
for their promising applications in flexible and wearable
electronics during the past decade.1 This is because of their
light weight, mechanical flexibility, and cost-effective fabrica-
tion techniques.2,3 Optoelectronic properties of printed CP
thin films depend strongly on multiscale morphology
parameters.4−8 However, it is highly challenging to control
all these parameters at once during high-throughput solution
coating methods. As a result, printed CP thin films often suffer
from low degrees of multiscale molecular ordering, leading to
deteriorating electrical properties. Some of these parameters
include molecular packing and paracrystallinity, mesoscale
domain morphology, and macroscale polymer chain align-
ment.9,10 Many variables could influence the CP assembly
during solution coating such as molecular design,8,11,12

deposition methods and conditions,13−16 and substrate surface
properties.17−22 Specifically, substrate−polymer interactions
play a critical role in the CP assembly and can offer the

opportunity for multiscale morphology control across various
molecular systems and processing conditions.17,18,23 Modulat-
ing substrate−CP interactions by controlling surface chem-
istry17,18,22 and nanoscale topology19,24,25 has led to significant
degrees of control on printed thin film ordering. Our recent
works show that dynamic templates in the form of liquid-
infused nanoporous media and polymer gels can drastically
enhance polymer crystallization and alignment through
promoting template−polymer interactions.23,26,27 We define
dynamic templates as substrates that facilitate crystallization by
rearranging their surface structure to increase substrate-
assembling media interactions. Template dynamics is a
parameter seldom investigated and represents a new
opportunity for guiding assembly of soft functional matter.
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Multivalent interaction is a key to many biological
processes28 and the assembly of complex supramolecular
structures.29,30 Multivalent binding is often cooperative as one
binding event preconfigures subsequent binding events as to
significantly reduce the entropic penalty of multivalent
binding;31 the overall effect is a much stronger interaction
than the sum of pair-wise interaction.32 Therefore, multivalent
systems have been designed to guide an assembly of highly
ordered structures not attainable from their monovalent
counterparts.33,34 Recently, we developed ion gel dynamic
templates and observed an unexpected synergistic effect
between components of ion gel dynamic templates promoting
crystallization of CPs, outperforming templates of neat
constituents.27 Based on computational and experimental
results, we ascribed this phenomenon to the complementary
multivalent interactions of dynamic templates with CPs
facilitated by rapid template reconfigurability. However, this
hypothesis has not been tested. Further, it remains unclear
what is required for multicomponent dynamic template to
exhibit such synergy and whether this synergistic phenomenon
is general.
In this work, we seek to directly validate the aforementioned

hypothesis and to show generality of the mechanism of
cooperative multivalent binding by testing a range of neat,
binary, and ternary dynamic templates well beyond binary ion
gels. Distinct from our previous work,27 we further develop
quantitative metrics of such synergistic phenomenon through
measuring enthalpy of adsorption and develop molecular level
understanding of the template−polymer interactions through
spectroscopic studies. Specifically, by employing diverse
chemical moieties, we expand multicomponent dynamic
templates design introducing complementary binding sites
for CPs to promote its crystallization. Templates are
constructed from the combination of an ionic liquid (IL), a
hydrogen-bonded liquid and a fluoropolymer (FP). To
investigate the influence of the dynamic template on the CP
thin film morphology, we carry out comprehensive character-
izations including cross-polarized optical microscopy (C-
POM), atomic force microscopy (AFM), ultraviolet−visible
spectroscopy (UV−vis), and grazing incidence X-ray diffrac-
tion (GIXD). We observe significantly enhanced in-plane
alignment and crystallinity of CP thin films when combining
templates of complementary chemistries as compared to their
neat counterpart. The corresponding organic field-effect
transistors exhibit apparent hole mobilities reaching a value
of up to 3.6 cm2 V−1 s−1. To elucidate the observed synergistic
phenomenon, we perform attenuated total reflectance Fourier
transform infrared (ATR−FTIR) spectroscopy to validate the
multivalent nature of template−CP interactions. We further
perform isothermal titration calorimetry (ITC) to show that

multivalent interactions lead to enhanced enthalpy of
adsorption of the CP on multicomponent dynamic template.
We hypothesize that stronger template−polymer interactions
due to multivalent binding promote nucleation and expedite
the crystallization process leading to the observed enhance-
ment in thin film morphology. We believe this methodology is
potentially applicable to other template-directed assembly
processes beyond organic electronics.

■ RESULTS AND DISCUSSION

Substrate Design. We studied substrate-dependent
crystallization of a high-performing semi-crystalline diketopyr-
rolopyrrole (DPP)-based D−A polymer (DPP-BTz).11,14 The
CP thin film was deposited from the chloroform solution via
meniscus-guided coating (MGC). MGC is used to resemble
roll-to-roll printer characteristics17,23,35 (Figure 1). Dynamic
templates included neat and blends of a FP e-P(VDF:HFP), a
hydrogen-bonded liquid ethylene glycol (EG) and an IL
[EMIM][TFSI], whose chemical structures are depicted in
Figure 1. These template components comprised of different
chemical moieties were selected to provide different means of
interactions with DPP-BTz through dipole−nonpolar, dipo-
le−π, and ion−π interactions, respectively. Because of distinct
chemistries, we surmised that different template components
interact with different moieties of DPP-BTz, which we later
validated by ATR−FTIR. Liquid templates [EG, IL, and their
binary mixtures (EG:IL)] were constructed by infiltrating them
in nanoporous AAO membranes supported by glass substrates
to ensure their compatibility with MGC.23 Gel templates
including a neat FP, binary FP:IL, and ternary FP:EG:IL were
prepared by spincoating from acetone solutions on plasma-
treated glass substrates. It should be noted that we were unable
to fabricate stable EG:FP templates because EG and the FP
were not fully miscible.

Template-Dependent Multiscale Morphology of
Coated Thin Films. Next, we characterized DPP-BTz thin
film morphology to uncover the role of template composition
in guiding crystallization during solution coating. We analyzed
degree of alignment, crystallinity, and preferred molecular
orientation over multiple length scales using the combination
of C-POM, UV−vis, AFM, and GIXD.
Figure 2a summarizes C-POM images showing an enhanced

optical birefringence of DPP-BTz thin films by diversifying the
template chemical composition. In agreement with our
previous reports and inferred from UV−vis and GIXD results
(discussed later), the orientation of polymer backbone was
perpendicular to the coating direction. Therefore, the C-POM
images obtained with the coating direction oriented 0° (45°)
relative to the crosspolarizer axis would be the darkest

Figure 1. Dynamic templates of complementary chemistries for CP MGC. Schematic of MGC on the dynamic templates (not to scale). The arrow
indicates the coating direction. Molecular structures of DPP-BTz CP, e-P(VDF:HFP) (FP), ethylene glycol (EG), and [EMIM][TFSI] (IL) are
depicted.
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(brightest) images. To quantify thin film anisotropy from C-
POM birefringence, we calculated the normalized average

intensity difference of samples from I I
I

45 0

0

− , where I0 (I45) is the

average intensity of the image taken parallel (and 45° rotated)
with respect to the coating direction. Polymer films with higher
degree of alignment and/or crystallinity exhibited larger
intensity difference, when comparing films of the same
thickness. Figure 2b summarizes the template-dependent C-
POM birefringence, showing that FP-templated DPP-BTz
films were almost isotropic (1.1 ± 0.1), whereas films coated
on EG (6.5 ± 1.1) and IL (10.3 ± 0.5) dynamic templates
were highly aligned. The optical birefringence was further
increased for films deposited on multicomponent dynamic
templates compared to their neat constituents with the
maximum intensity difference of 20.1 ± 1.4 corresponding to
the ternary template. This trend consistently appeared locally
evident from images obtained at higher magnifications (Figure
S1). We ascribe the increase in C-POM birefringence to higher
alignment and/or crystallinity of CP thin films deposited on
multicomponent dynamic templates. Correspondingly, AFM
images (Figure 2c) show that FP-templated films were
comprised of tiny fibers exhibiting no alignment, whereas the
rest of the films consisted of aligned fiber domains of hundreds
of nanometers in width. Interestingly, from neat to binary and
ternary dynamic templates, the voids between the fiber
domains significantly decreased in both size and area density,
suggesting increasing domain width and expedited domain
growth rate transverse to the fiber long axis on multi-
component dynamic templates. We also determined the film
thicknesses via AFM measurements to be in the range of 70 ±
5 nm across the template series (Figure 2d). Thus, film
thickness would not interfere with our multiscale morphology
analysis.
We next confirmed the superior in-plane alignment of CP

films deposited on multicomponent templates via polarized
UV−vis measurements. This technique also revealed polymer
conformation change coupled with enhanced in-plane align-
ment. Figure 3a summarizes the normalized UV−vis
absorption spectra for the solution-coated DPP-BTz thin

Figure 2. DPP-BTz thin film macroscale and mesoscale morphology
analysis via C-POM and AFM. (a) C-POM images with the coating
directions (single arrows) parallel and 45° rotated relative to the
crosspolarized light. The direction of the crossed polarizers is shown
using crossed arrows. All scale bars are 100 μm. Employing
multicomponent dynamic templates enhanced DPP-BTz thin film
birefringence. As we rotate the sample under C-POM, the image
intensity uniformly changes which indicates that the film is highly
ordered macroscopically. (b) The normalized average intensity
difference dependent on template composition. This value is
proportional to the birefringence of the polymer film and is
independent of thickness because it is normalized by I0. The cracks
were excluded in the image analysis. (c) Tapping-mode AFM height
images of solution-coated DPP-BTz thin films. The arrows indicate
coating direction and scale bars are 1 μm. (d) Template-dependent
film thickness determined from crack cross sections within the DPP-
BTz thin films.

Figure 3. UV−vis measurements of substrate-dependent DPP-BTz thin films. (a) Normalized polarized UV−vis absorption spectra of DPP-BTz
films coated on single- and multi-component dynamic templates measured when the film coating direction is parallel “∥” (blue) or perpendicular
“⊥”(red) to the axis of the polarizer. (b) (0−0) peak dichroic ratio as a function of template composition. (c) 0−0 peak position and (d) 0−0 to
0−1 vibronic peak ratio as a function of template composition measured with the coating direction parallel (blue) and perpendicular (red) to the
polarizer axis.
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films, while the polarizer axis oriented parallel and
perpendicular to the coating direction. Greater perpendicular
absorbance spectra suggested that polymer backbones
assemble orthogonally to the coating direction. This is because
the largest component of the optical transition dipole is
expected to be along the long axis of the conjugated
backbone.14,36,37 The in-plane alignment of the CP thin film
was quantified by the 0−0 vibronic peak dichroic ratio
comparing the intensity of the polarized UV−vis spectra
parallel (Ipar) and perpendicular (Iper) to the coating direction:
RUV−vis = Iper/Ipar. As expected RUV−vis was close to unity (1.5 ±
0.1) for the neat FP-templated films and significantly increased
on dynamic templated films reaching 5.3 ± 0.4 and 6.3 ± 0.8
for EG and IL templated films, respectively. All three
multicomponent dynamic templates exhibited higher RUV−vis
compared to the neat templates with the ternary system having
the highest value of 8.2 ± 0.5. It is important to note that
RUV−vis would result in lower limit for the degree of alignment
because the polymer chain might be slightly curved in solid-
state even for rigid DPP-based CPs.36,37 These results further
confirm the synergy between components of the binary and
ternary templates and allude to the role of multivalent binding
in promoting CP crystallization. Concurrent with the enhanced
uniaxial in-plane alignment by enriching template chemistry,
we observed signatures of enhanced H-aggregation in
perpendicular and J-aggregation in the parallel scans. In the
perpendicular (parallel) spectra the 0−0 peak position
exhibited a blue (red) shift from 874 to 850 nm (879 to 889
nm), and 0−0/0−1 peak ratio changed from 1.2 to 0.9 (1.3 to
2.0).38 Overall, UV−vis measurements suggest higher in-plane
alignment in films coated on multicomponent templates. How
can multicomponent dynamic templates induce domain
alignments in CP films? We hypothesize that multicomponent
dynamic templates enhance interactions with CPs via multi-
valent interactions (discussed below). Such enhanced inter-
actions would enrich CPs near the template surface23 thereby

expediting nucleation of polymer fibers. The earlier the
nucleation, the longer the polymer fibers would grow and
the easier they will be aligned by the printing flow; we reported
printing flow induced alignment of CPs in earlier works.35,39 In
other words, we ascribe the polymer alignment to the
compound effect of enhanced polymer nucleation on multi-
component dynamic templates and coating-flow-induced
alignment of nucleated polymer fibers.
We further showed that complementary chemistry is

necessary for observing such synergy in multicomponent
systems by using a polymerized IL (PIL) with imidazole
pendant group tethered to the backbone.40 The PIL structure
is shown in Figure 4a, which has a glass transition temperature
comparable to the FP (∼−20 °C) and chemistry comparable
to IL. Because of similar chemistry between PIL and IL, the
PIL:IL mixture served as a negative control for the FP:IL,
which exhibit complementary chemistry between the FP with
highly polar groups and IL with ionic moieties. C-POM images
for DPP-BTz films printed on template series with varying PIL
to IL ratio is summarized in Figure 4b. In contrast to the FP:IL
case that showed higher birefringence and UV−vis dichroic
ratio than the neat IL template, we observed no synergy
between PIL and IL. Specifically, when PIL was mixed into IL,
both optical birefringence (Figure 4c) and UV−vis dichroic
ratio (Figure 4d) monotonically decreased with an increase in
the PIL content or a decrease in the IL content. In comparison,
when the FP was added into IL, both optical birefringence
(Figure 2b) and UV−vis dichroic ratio (Figure 3b) increased
instead. This observation suggests that it is necessary for the
multicomponent templates to have complementary chemical
moieties interacting with the assembling CP to exhibit
synergistic templating effects.
Next, we used GIXD to assess template-dependent in-plane

and out-of-plane molecular orientation within crystalline
domains of the polymer thin film. Our π−π stacking peak
analysis demonstrated that the highest relative degree of

Figure 4. DPP-BTz thin film morphology coated on PIL:IL binary templates. (a) PIL molecular structure. (b) C-POM images with the coating
directions oriented at 0 and 45° with respect to the crosspolarized light. The scale bars are 100 μm. Crossed arrows show the orientation of the
crossed polarizers. (c) The average intensity difference extracted from C-POM images and (d) UV−vis dichroic ratio as a function of template
composition. No synergy is observed for the PIL:IL binary template, regardless of IL wt %.
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crystallinity (rDoC) and alignment was obtained using the
multicomponent dynamic templates. Figure 5a summarizes the
GIXD diffraction patterns measured parallel and perpendicular
to the coating direction across template series. The
corresponding π−π and lamellar stacking distances are
shown in Figure S2. FP-templated films exhibited preferential
“face-on” orientation, whereas films coated on dynamic
templates show predominantly “edge-on” stacking. We next
extracted pole figures to quantify the orientation distribution of
π-crystallites (Figure 5b). We plotted the geometrically
corrected, thickness-normalized π−π stacking peak (010)
intensities as a function of polar angle (χ) and substrate in-
plane rotation angle (φ). These pole figures demonstrated that
FP-templated films adopted a “face-on” orientation and were
almost isotropic in-plane. On the other hand, all films coated
on dynamic templates exhibited “edge-on” orientation and
pronounced in-plane alignment. We further calculated the
rDoC of DPP-BTz thin films by integrating the geometrically
corrected peak intensities over χ and φ17 (Figure 5c).
Compared to neat templates, the rDoC values for films coated
on binary dynamic templates were increased by >62%. Further
enriching the template chemistry, using ternary template,
enhanced rDoC by up to 150% compared to the neat
templates. This observation is consistent with the trend
observed from C-POM birefringence (Figure 2); both indicate
that multicomponent dynamic templates have higher crystal-
linity.

Besides crystallinity, we also quantitatively compared in-
plane alignment dependent on template composition. For
dynamic templates, an “edge-on” π−π stacking peak was
stronger for perpendicular scans. This corresponds to the
preferred backbone alignment orthogonal to the coating
direction (observed from UV−vis as well). To quantify the
in-plane molecular alignment, we compared the normalized
peak areas of “edge-on” (83° < χ < 88°) π−π stacking peak
with the incidence beam parallel (A∥) and perpendicular (A⊥)
to the coating direction and calculated the GIXD dichroic
ratio: RGIXD = A⊥/A∥ (Figure 5d). From neat to binary
dynamic templates, RGIXD drastically increased from 8.4 ± 2.0
(EG) and 13.3 ± 3.0 (IL) to 37.5 ± 6.2 (IL:EG) and 29.7 ±
8.2 (IL:FP). The highest value was obtained from films coated
on the ternary dynamic templates to yield RGIXD = 50.6 ± 7.5,
corroborating the C-POM and UV−vis results. Higher RGIXD
compared to RUV−vis is because GIXD only probes the
crystalline domains and not amorphous portions of the film;
besides, UV−vis gives the lower limit of the alignment as
discussed previously. At qxy ≈ 1.15 and 1.52 Å−1 we observed
two peaks, ascribed to the backbone repeat unit,14 which
progressively became more intense from the neat to multi-
component templates. This may have also arisen from
enhanced molecular ordering and reduced paracrystalline
disorder that produced constructive interference from the
backbone repeat units. In summary, as chemical composition
of the template became more diverse, molecular ordering of

Figure 5. GIXD characterizations of DPP-BTz films coated on various templates. (a) GIXD diffraction patterns with the incidence beam parallel
(top) and perpendicular (bottom) to the coating direction. (010) and (200) peaks are labeled. (b) Geometrically corrected intensities of π−π
stacking (010) peaks as a function of the polar angle (χ) and substrate in-plane rotation angle (φ) for films deposited on different templates. We
transferred DPP-BTz films to ODTS-treated SiO2 to directly compare across templates. We carried out the measurements at φ = 0° (parallel), 30°,
60°, and 90° (perpendicular). (c) rDoC obtained by integrating the π−π stacking peak intensity over χ and φ. Error bars are from (010) peak
multipeak fitting. (d) GIXD dichroic ratio of “edge-on” π−π stacking peaks for DPP-BTz polymer thin films dependent on the template chemical
composition. FP-coated films were isotropic in-plane (RGIXD ≈ 1), whereas dynamic template-coated films were highly anisotropic (RGIXD ≫ 1).
Ternary template showed the highest RGIXD exceeding 50.
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the solution-coated DPP-BTz thin films improved in terms of
both crystallinity and alignment.
Morphology-Dependent Field-Effect Transistor Per-

formance. We fabricated field-effect transistors to establish
the interplay between the CP thin film morphology and charge
transport properties. Overall, we observed superior and
anisotropic charge carrier mobilities for highly ordered films.
Bottom-gate top-contact FETs were fabricated with the active
channel oriented parallel and perpendicular to the coating
direction (Figure 6a). We transferred solution-coated DPP-

BTz films to ODTS-SiO2/Si substrates chosen because of their
low interfacial trap densities41 to allow direct morphology
comparison across templates (see Methods for fabrication
details). The favorable carrier transport direction is quantified
by apparent hole mobilities (μapp) in the saturation regime
measured parallel and perpendicular to the coating direction
(Figure 6b). The representative transfer, gate voltage (VGS)-
dependent μapp, and output plots and key FET parameters are

summarized in Figure S3 and Table S1. Transfer curves did not
show nonideal “kinks” reported for high-performing devices,42

and the average reliability factor43 was >65.5%.
Figure 6b shows that μapp values increase >2 times from FP-

templated films to EG-templated ones in both parallel and
perpendicular directions. FETs fabricated from DPP-BTz films
deposited on ILs and multicomponent dynamic templates
exhibited much higher μapp compared to those of FPs and EG.
Highest average hole mobility of 2.75 ± 0.11 cm2 V−1 s−1 and
largest charge transport anisotropy of 5.53 ± 0.47 were
obtained from films deposited on the ternary template. The
average hole mobility was higher perpendicular to the coating
direction than parallel, indicating that the preferred hole
transport is intrachain. The highest measured μapp surpassed
3.61 cm2 V−1 s−1. Increase in charge carrier mobility is mainly
attributed to enhanced crystallinity and in-plane alignment. It
should be noted that μapp values in the current work are not
comparable to our previous publication27 because thin film
morphology and thickness are not the same because of
modified solution coating conditions.

Quantifying Template−CP Interactions. Our compre-
hensive multiscale morphology analysis showed that as
template chemistry become enriched, DPP-BTz thin film
molecular ordering significantly increased. We hypothesize that
this is a result of enhanced CP−template interactions by
adding complementary chemical moieties to the dynamic
template. Stronger CP−template interactions can expedite
polymer crystallization by promoting surface-induced nuclea-
tion. To test this hypothesis, we carried out ATR−FTIR
spectroscopy and ITC. We used ATR−FTIR to investigate
whether various chemical moieties present different binding
sites to the CP; this serves to validate the multivalency of the
CP−template interactions and to elucidate the role of
complementary chemistries. We employed ITC to quantify
the CP−template interactions in terms of enthalpy of
adsorption of the CP onto the template.

Figure 6. Charge transport property characterizations using FET
configuration. (a) FET device schematic with bottom-gate top-
contact configuration with the conductive channel parallel (∥) and
perpendicular (⊥) to the coating direction. (b) Template-dependent
μapp extracted from saturation regime at VDS = −100 V. At least 10
devices were measured from which the standard deviation is
calculated.

Figure 7. ATR−FTIR spectroscopy to quantify specific interactions between DPP-BTz and templates. Absorbance spectra of DPP-BTz (a) alkyl
side chain CH2 symmetric and asymmetric stretching and (b) backbone CC asymmetric stretching and their corresponding peak shift as a
function of template composition. Characteristic peaks are chosen to have the least interference from peaks of other components. (c) Schematic of
molecular structures of DPP-BTz and template components illustrating that the FP mainly interact with the alkyl side chains while EG and IL
interact with the conjugated backbone.
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Samples for ATR−FTIR were prepared by blending the
DPP-BTz solution and each template to the level of saturation
and then forming a film by drop casting (see Experimental
sections for sample preparation details). The full spectra for
measured samples are summarized in Figure S4. First, we
focused on two regions in the DPP-BTz spectrum: (i)
symmetric and asymmetric CH2 stretching peaks (2850−
2925 cm−1) associated with the alkyl side chains (Figure 7a)
and (ii) asymmetric CC stretching peaks (1543−1546
cm−1) of the conjugated backbone44 (Figure 7b). While side
chain CH2 stretching peaks were shifted to higher wave-
numbers in the presence of FPs, other templates had negligible
influence on the peak shape and position. Contrarily, the
backbone CC peaks were shifted to lower wavenumbers for
all templates except the FP. These observations suggest that
the FP mainly interact with the CP side chains but EG and IL
interact with the conjugated backbone (Figure 7c). Next, we
turned our attention to the characteristic absorption peaks of
the templates to understand which specific chemical moieties
were engaged in their interaction with the CP (Figure S5a−d).
We observed that chemical moieties involving electronegative
atoms in the FP and EG (fluorine and oxygen) experienced
peak shifts. Based on Figure S5, FP CF2 stretch (1130−1180
cm−1) and EG O−H stretching peak (3300−3310 cm−1)45

showed clear peak shifts. In addition, IL cation imidazole C−H
(3105−3165 cm−1) and IL anion SNS peaks (1030−1055
cm−1) moved to higher frequency showing favorable
interactions of both charged species of IL with the CP;46

however, the extent of peak shift is much less for anion
compared to that of cation. It should be noted that the extent
of peak shift is irrelevant to these results because we cannot
control the amount of template miscible with the CP solution.
These peak shifts were ascribed to the change in chemical
environments of corresponding stretching modes due to
favorable interactions between templates and the CP. In
summary, ATR−FTIR measurements inform favorable inter-
action between DPP-BTz alkyl side chains and FPs and strong
interaction between DPP-BTz conjugated backbone with EG
and IL. We hypothesize that employing multicomponent
dynamic templates of complementary chemistries can enhance
template−CP interactions through multivalent binding.
We then employed ITC to directly measure DPP-BTz

adsorption enthalpy (ΔHnet) to the template which is a direct
measure of the strength of interactions. Similar to our recent
work,26 a single-injection experiment was used where one drop
of DPP-BTz solution is spread onto the template. ΔHnet was
determined by subtracting the released heat on titrating DPP-
BTz solution and pure solvent on various templates (Figures 8
and S6). All templates exhibited favorable interactions with
DPP-BTz (ΔHnet < 0). As expected, IL has the strongest
interaction among the neat templates, given the strong
interactions between the IL cation and the CP backbone
through electrostatic forces and ion−π interactions inferred
from FTIR in this work and from MD simulations and 1H
NMR measurements in our previous work.23 The interaction
between DPP-BTz and multicomponent dynamic templates is
much stronger than the neat templates (>45% higher ΔHnet
compared to IL). We attribute this to introduce comple-
mentary sites for template−CP binding suggested by ATR−
FTIR measurements. As a result of stronger interaction, the CP
would concentrate near the dynamic template leading to a
lower free energy barrier to nucleation and expedited
crystallization process. This result is consistent with our

observations that the extent of molecular ordering in films
printed on multicomponent dynamic templates was signifi-
cantly higher than the neat templates. It should be emphasized
that, herein, template reconfigurability plays a vital role in
maximizing favorable interactions and promoting CP crystal-
lization.23,26

■ CONCLUSIONS
In conclusion, we designed dynamic templates capable of
strong multivalent interactions with CP molecules during
large-area solution coating. This was achieved by diversifying
active binding sites involved in CP−surface interactions by
employing multicomponent dynamic templates of comple-
mentary chemistries. The multicomponent templates studied
included neat or mixture of a FP, a hydrogen-bonded liquid
(EG) and an IL. We studied the template-dependent
multiscale morphology of solution coated DPP-BTz thin
films using a combination of C-POM, UV−vis, AFM, and
GIXD. Our results suggested that DPP-BTz films coated on
multicomponent templates had significantly higher degree of
crystallinity and alignment compared to their neat counterparts
with maximum values obtained on the ternary template. DPP-
BTz films deposited on the ternary template exhibited over
two-fold increase in C-POM birefringence (intensity difference
> 21) and 4-fold increase in the GIXD dichroic ratio (RGIXD >
51). UV−vis showed a significantly improved in-plane
alignment with RUV−vis reaching 9 in DPP-BTz thin films
coated on multicomponent templates. GIXD was also used to
determine rDoC showing the maximum value for the ternary
template which was >150% higher than single-component
templates. As a result of superior molecular ordering of
dynamic-templated films, hole mobilities measured in field-
effect transistors exceeded 0.9 and 3.6 cm2 V−1 s−1 when active
channels oriented parallel and perpendicular to the coating
direction. Highest average mobilities and charge transport
anisotropy were observed in films coated on the ternary
dynamic templates. We attribute the higher molecular order of
DPP-BTz thin films coated on multicomponent dynamic
templates to stronger template−polymer interactions owing to
multivalent binding, which we validated via a combination of
ATR−FTIR and ITC. ATR−FTIR measurements showed that
the FP mainly interacts with the alkyl side chains of DPP-BTz
while EG and IL interactions is predominantly through the
conjugated backbone. We further used ITC to directly quantify
CP−template interactions and observed the highest enthalpy
of binding of DPP-BTz on multicomponent dynamic

Figure 8. ITC measurements to quantify the interaction between
DPP-BTz and dynamic templates. We calculated the net enthalpy of
adsorption (ΔHnet) from subtracting the released heat during titrating
the neat solvent from that of polymer solution. The strength of
template−CP interactions is proportional to ΔHnet.
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templates. This validated our hypothesis that multicomponent
dynamic templates with complementary chemistries serve to
enhance CP−template interactions. We reason that strong
multivalent interactions reduce the DPP-BTz nucleation-free
energy barrier, which result in an expedited crystallization
process. The synergy between faster crystallization and flow-
induced alignment during MGC led to improved degree of
alignment and crystallinity of solution-coated CP thin films.
This concept can potentially be applied to direct molecular
assembly of other systems beyond organic electronics, because
of the significance of interfacial properties during crystal-
lization.

■ EXPERIMENTAL METHODS
Dynamic Template Preparation. We constructed liquid

templates by infiltrating nanoporous membranes supported by glass
substrates to form a semi-solid substrate compatible with large-scale
solution coating as described in previous reports.23,26 The pore size
and diameter of AAO membranes were 200 and 1.3 mm, respectively.
Liquid templates include ethylene glycol (EG) (99.8% anhydrous
purchased from Sigma-Aldrich), 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) (≥98% purchased
from Solvionic), and EG:IL binary template. Both EG and IL were
stored in a nitrogen glovebox prior to use as received. The EG:IL
binary template was prepared by mixing 20 wt % EG and 80 wt %
[EMIM][TFSI] for >3 h at room temperature before infiltrating in
AAO supported by glass substrates.
To prepare ion gel dynamic templates, we first dissolved the

polyvinylidene fluoride-co-hexafluoropropylene e-P(VDF:HFP) with
VDF to a HFP molar ratio of 55:45 (Dyneon Fluoroelastomer FE
purchased from 3M Company) in acetone (Optima grade, Fisher
Scientific) at room temperature stirring for >3 h. Next, we added IL
or EG:IL mixture to the e-P(VDF:HFP) solution and stirred for >2 h
to ensure full dissolution. e-P(VDF:HFP) and acetone weight ratios
were fixed at 1:8. For binary and ternary gel templates [EMIM]-
[TFSI], EG weight was controlled to make a 1:9 weight ratio of e-
P(VDF:HFP)/[EMIM][TFSI] (FP:IL) and a 1:2:7 weight ratio of e-
P(VDF:HFP)/EG/[EMIM][TFSI] (FP:EG:IL). We used on-the-fly-
dispensing method47 to spin cast the resulting solution on plasma-
treated glass substrates at 2500 rpm for 1 min. We dried the substrates
overnight without further annealing in the nitrogen environment. We
avoided annealing the ternary templates at high temperatures to avoid
evaporation of EG from the ternary templates. PIL was synthesized as
previously reported.40

CP Thin Film Fabrication. Poly[[2,5-bis(2-octadecyl)-2,3,5,6-
tetrahydro-3,6-diketopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-(2-octylnon-
yl)-2,1,3-benzotriazole] (DPP-BTz) (Mn = 176 kg·mol−1 and PDI =
2.5) was synthesized as reported before.11,14 DPP-BTz was dissolved
in anhydrous chloroform (Macron ACS grade) to prepare 5.0 mg·
mL−1 solution. To ensure that all the polymers are dissolved, the
solution was stirred >3 h until a clear homogeneous solution was
obtained. A MGC method was used to cast DPP-BTz thin films with
details reported before.23 The substrate temperature was fixed at 25
°C and the speed of the blade was set at 0.25 mm·s−1. We confirmed
experimentally that all templates were practically immiscible with the
CP ink solution during the fast solution coating process.
For C-POM, AFM, and GIXD measurements, as-coated polymer

films were transferred to ODTS-functionalized silicon wafer with 300
nm thermally grown SiO2 by the following procedure (see previous
reports17,23 for ODTS modification details). For films coated on
dynamic liquid templates, first, the CP/liquid/AAO hybrid was placed
upside down on the ODTS substrate. Then, plenty of an inert liquid
(EG) or deionized water was added on the top to enforce the CP film
attachment to the ODTS substrate. After >5 min the AAO membrane
was delicately removed and the transferred films were subsequently
immersed in acetonitrile for at least 5 min to remove the residual
liquids. For FPs and gel templates, we followed the method
established in our previous work.27 Therefore, ODTS-modified SiO2

was the common substrate for direct comparison of all morphology
and device characterizations.

DPP-BTz Thin Film Morphology Characterizations. A Nikon
Ci-POL crossed polarized optical microscope was used for visualizing
DPP-BTz thin films and observing the optical birefringence. Samples
were centered on a microscope stage so that the obtained images
correspond to the same area while the stage was rotated. To quantify
the polymer film alignment, we calculated the normalized average
intensity difference by comparing the intensity of C-POM images
oriented parallel and 45° rotated relative to the polarizer axis using
“ImageJ” software.48 Solid-state transmission UV−vis spectroscopy
measurements were carried out at room temperature via an Agilent
Cary 60 UV−Vis spectrometer. The incident light was polarized
vertically via a broadband sheet polarizer. As-coated films on various
templates were scanned within the wavelength of 400−1000 nm
followed by manually subtracting template background spectra. To
determine polymer chain alignment, UV−vis spectra were recorded
with the coating direction parallel and perpendicular to the polarizer
axis. Tapping mode AFM measurements were carried out using an
Asylum Research Cypher instrument (Asylum Research) to assess the
solution-coated DPP-BTz thin film mesoscale morphology and
determining the corresponding film thickness. GIXD was performed
at the small-wide-angle X-ray scattering beamline 8-ID-E using the
Advanced Photon Source (Argonne National Laboratory) with an X-
ray wavelength of 1.6871 Å (Ebeam = 10.92 keV) at a 208 mm sample-
to-detector distance.49 For further details on GIXD measurements
and data analysis refer to previous reports.17,23,26,27

FET Fabrication and Electrical Characterization. We
fabricated bottom-gate top-contact FETs by transferring the as-coated
DPP-BTz thin films (semiconducting layer) to a highly n-doped Si
(gate) with thermally grown 300 nm SiO2 modified by ODTS
(dielectric layer) to minimize interfacial charge traps.41 Source and
drain electrodes included 8 nm thick MoO3 and 35 nm thick silver
that were thermally evaporated onto the CP films through a shadow
mask. The channel length (L) was 47 ± 2 μm and width (W) was 840
± 15 μm. All measurements were performed in the inert environment
of a nitrogen glove box (room temperature) via a Keysight B1500A
semiconductor parameter analyzer. The field-effect hole mobilities
(μapp) in the saturation regime were calculated from

I V V( )
WC

LDS 2 GS th
2i app= −

μ
, where IDS is the drain−source current, Ci

is the dielectric capacitance per unit area (11 nF/cm2 for ODTS-
treated 300 nm SiO2 dielectric), VGS is the gate voltage, μ is the
apparent carrier mobility, and Vth is the threshold voltage. At least 10
independent devices were used to obtain average μapp values.

FTIR Spectroscopy. FTIR measurements were conducted using a
Nicolet iS5 FTIR spectrometer at ambient temperature in the range of
400−4000 cm−1 with a wavenumber resolution of 1 cm−1 (step size of
<0.5 cm−1). Samples were prepared by mixing the neat single-
component templates or acetone solution of various multicomponent
templates with chlorobenzene solution of 5 g·L−1 DPP-BTz for >3 h
while stirring. We added the DPP-BTz solution in excess to make sure
we capture CP characteristic peaks reliably. As the level of miscibility
for each solution was different, we then stopped stirring the solutions,
allowed the mixture to settle, and extracted the homogenous
(completely mixed) solution for the sample preparation. Then, we
drop cast the resulting solution on a gold-coated corning glass
substrate and heated up the samples at ∼50 °C to completely remove
the residual solvent. The outcoming template−CP blend film was
stored in an inert environment (N2) and used for the final
measurements. It should be noted that extra care was taken to
ensure that samples are not exposed to ambient conditions in order to
prevent appearance of additional peaks (possibility due to water and
CO2 adsorption and sample degradation) in the final spectra. The
major peaks were identified using OMNIC software (Nicolet
Instruments Corp.), and when fitting was necessary to find the
peaks center, Igor Pro software was employed.

ITC Measurements. ITC experiments were carried out using a
Nano ITC Low Volume isothermal titration calorimeter (TA
Instruments) at room temperature. The data were extracted from
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NanoAnalyze software and analyzed via Origin software. Reaction cell
was rigorously cleaned with a series of NaOH, formic acid, deionized
water, isopropanol, chloroform, and acetone and then heated to 60 °C
for >3 h to evaporate residual solvents. For liquid templates, first, 50
μL of the liquid templates was injected with a long needle into the
reaction and the reference cell. We then waited for >15 min to make
sure that the liquids descend completely to the bottom; no residual
liquid is stuck to the walls and no bubbles formed. For FPs, IL:FP,
and ternary templates, we injected their acetone solution to the cells
and controlled the amount to be comparable to liquid templates after
solvent was evaporated. To remove solvent, the cell was heated to 40
°C for >30 min. Next, 50 μL of 5 g·L−1 DPP-BTz solution in
chloroform was loaded to the injection syringe and mounted on the
ITC instrument. We started all titration experiments with a 0.25 μL to
avoid bubbles in the main experiment. After 30 min, 3 μL of the DPP-
BTz solution was titrated on the liquid template. We then recorded
heat flow as a function of time (μJ·s−1) for 60 min and repeated the
experiment at least 3 times for each template. For further details on
the experimental method and data analysis see the reference.26
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