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ABSTRACT: Dynamic surfaces play a critical role in
templating highly ordered complex structures in living systems
but are rarely employed for directing assembly of synthetic
functional materials. We design ion gel templates with widely
tunable dynamics (Tg) to template solution-coated conjugated
polymers. We hypothesize that the ion gel expedites polymer
nucleation by reconfiguring its surface to facilitate cooperative
multivalent interactions with the conjugated polymer,
validated using both experimental and computational
approaches. Varying ion gel dynamics enables large modu-
lation of alignment, molecular orientation, and crystallinity in
templated polymer thin films. At the optimal conditions, ion-
gel-templated films exhibit 55 times higher dichroic ratio (grazing incidence X-ray diffraction) and 49% increase in the relative
degree of crystallinity compared to those templated by the neat polymer matrix. As a result, the maximum hole mobilities
increase by factors of 4 and 11 along the π−π stacking and the backbone directions. Intriguingly, we observe a synergistic effect
between the gel matrix and the ionic liquid that produces markedly enhanced templating effect than either component alone.
Molecular dynamics simulations suggest that complementary multivalent interactions facilitated by template reconfigurability
underlie the observed synergy. We further demonstrate field-effect transistors both templated and gated by ion gels with average
mobility exceeding 7 cm2 V−1 s−1.

KEYWORDS: conjugated polymer, printed electronics, solution coating, responsive surfaces, dynamic templates, morphology control,
ion gel

■ INTRODUCTION

Solution-processable semiconducting polymers received an
upsurge of interest during recent years given their wide range
of potential applications in printed electronics, energy-
harvesting/storage devices, and chemical, mechanical, and
biological sensors.1,2 It has been widely reported that the
electronic characteristics of conjugated polymers are highly
sensitive to morphological parameters across all length
scales.3−8 Therefore, various approaches have been used to
control multiscale morphology such as versatile meniscus-
guided coating (MGC) techniques,9−17 molecular design
strategies,18,19 and substrate surface treatments.17,20−27 Under-
standing the role of surfaces in directing conjugated polymer
assembly is particularly important. In contrast to conventional
bulk polymer processing from the melt, conjugated polymers
are usually solution-cast on substrates to form thin-film
devices. Previous studies have identified the importance of
specific substrate−polymer interactions,26,27 substrate−poly-
mer lattice matching (epitaxy),28 surface energy,17,29,30 and

topology20−22 to controlling the morphology of conjugated
polymer thin films. However, the role of substrate dynamics is
rarely studied or exploited. In fact, prior works on surface-
directed assembly of conjugated polymers have almost
exclusively focused on static, rigid surfaces, whose templating
effects are usually weak for structurally complex macro-
molecular systems that exhibit large degrees of disorder and
conformation dynamics. Among the few dynamic substrates
reported are viscoelastic polymer surfaces31 and liquid
surfaces.32−35 It has been shown that by controlling polymer
dielectric surface viscoelasticity, crystalline grain size in vapor-
deposited pentacene thin films can be significantly modu-
lated.31 Moreover, nonvolatile liquid substrates were employed
as passive free surfaces to facilitate processing of aligned
conjugated polymer thin films.32−35 We also reported ionic-
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liquid (IL)-infused nanoporous surfaces that can reconfigure
their surface structure so as to expedite crystallization and
assembly of conjugated polymers during MGC.15 However,
liquid surfaces do not offer adjustable surface properties for
systematic modulation of multiscale morphology critical to
establishing the structure−property relationship. Overall, there
are rarely any general approaches that can systematically
modulate the morphology of conjugated polymers across all
length scales during solution printing and coating.
In our recent work, we demonstrated the concept of

dynamic templating for directed assembly of conjugated
polymers using IL-infused nanoporous surfaces, which are
compatible with solution coating and printing.15 We showed
that the IL can self-optimize its interactions with conjugated
polymers by rearranging its surface structure to reveal favorable
binding sites. Such template reconfigurability markedly
enriches the conjugated polymers near the template and can
potentially expedite polymer crystallization and assembly.
In this work, we first report polymer gels as dynamic,

reconfigurable templates for directing multiscale assembly of
conjugated polymers during MGC. Dynamic templates are
defined as surfaces that promote crystallization by reconfigur-
ing their surface to enhance interactions with the assembling
media. Gel-based dynamic templates offer widely tunable
template dynamics (esp. the glass-transition temperature) by
varying the liquid-to-polymer matrix ratio. Specifically, we
construct an ion gel composed of an IL and a physically cross-
linked polymer matrix as dynamic templates. Ion gels can
further serve as a high-capacitance dielectric in transistor
devices. By tuning the ion gel dynamics, we are able to
drastically modulate conjugated polymer in-plane alignment,

crystallinity, and out-of-plane orientation. The compound
effect of these enhanced morphological characteristics led to an
order of magnitude increase in the carrier mobility measured in
the field-effect transistor (FET) geometry. Surprisingly, we
observe a synergistic effect between the IL and the gel matrix,
which led to an exceptional polymer chain alignment and
crystallinity, outperforming the neat IL and the gel matrix. On
the basis of our molecular dynamics (MD) simulation studies,
we attribute this synergistic phenomenon to the complemen-
tary multivalent interactions of the IL and polymer matrix with
the conjugated polymer: while IL cations interact with the
conjugated backbone, the polymer matrix preferentially
interacts with the nonpolar alkyl side chains. We hypothesize
that these complementary multivalent interactions, facilitated
by rapid template reconfigurability, enhance conjugated
polymer crystallization by lowering the nucleation barrier.
Although ion gels have been extensively studied as high-
capacitance dielectric layers for thin-film transistors (TFTs),
they have not been used for large modulation of conjugated
polymer morphology before. We further demonstrate the
bifunctionality of the ion gel as both the dynamic template and
the high-capacitance dielectric to attain high-performance
organic TFT devices.

■ RESULTS
Dynamic Template Fabrication and Characteriza-

tions. On the basis of our previous work,15 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
([EMIM][TFSI]) can effectively template the crystallization
of two donor−acceptor (D−A) conjugated polymers because
of fast reconfigurability of its ions and strong ion−π

Figure 1. Ion gel dynamic templates of tunable dynamics for semiconducting polymer solution coating. (A) Schematic (not to scale) of MGC on
the ion gel dynamic template. The arrow indicates the coating direction. Molecular structures of [EMIM][TFSI] IL, e-P(VDF:HFP) polymer
matrix, and conjugated polymers (DPP-BTz and PII-2T) are depicted. The ion gel composition is tuned from 0 to 100% in terms of IL wt % shown
in the inset. (B) Representative DSC traces as a function of IL wt % in the ion gel templates. All templates exhibited a single Tg within the
temperature range scanned, and the data were recorded during the second heating cycle after removing prior thermal history in the first cycle. (C)
Influence of IL content on the glass-transition temperature of the templates compared to the “Fox equation”. The Fox equation relates ion gel Tg at
a specific composition of wIL (IL wt %) and wpolymer (polymer wt %) to their Tg values in pure phases (Tg,IL and Tg,polymer) through the following
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interactions. Therefore, [EMIM][TFSI] was employed as the
IL for ion gel fabrication in this work. For the polymer matrix,
we chose elastic polyvinylidene fluoride-co-hexafluoropropy-
lene (e-P(VDF:HFP)) with a 55:45 VDF to HFP molar ratio
and a low glass-transition temperature (Tg) of around −20 °C.
e-P(VDF:HFP) was previously used as a high-capacitance
dielectric layer in FETs36 and also as a dynamic polymer matrix
for ion-gel-based self-healing ionic conductors.37 Ion gels were
prepared by dissolving both the IL and the polymer matrix in a
cosolvent (acetone), and the resulting solution was spin-cast
on glass or silicon substrates (see the Experimental Section).
The thickness of resulting ion gel films was within the 1−2 μm
range.
Two high-performing solution-processable D−A polymers

were selected for this study. We chose a high-performing
diketopyrrolopyrrole-benzotriazole (DPP-BTz)12,18 copolymer
as the main system and tested the generality of our
observations using an isoindigo-alt-bithiophene-based polymer
(PII-2T).15,17 We deposited conjugated polymer thin films
from chloroform (CF) solution on ion gel templates via MGC,
which mimics the physics of roll-to-roll printers (Figure 1A).
We verified experimentally that [EMIM][TFSI], e-P-
(VDF:HFP), and their ion gels are practically immiscible
with the polymer ink solution during fast MGC. The

composition of the ion gels varied from 20 to 90 wt % IL in
order to establish the relationship between template properties,
conjugated polymer thin-film morphology, and charge trans-
port properties.
To evaluate template composition-dependent bulk dynam-

ics, we carried out differential scanning calorimetry (DSC) to
obtain bulk glass-transition temperatures (Tg(b)). Tg for
amorphous polymer films thicker than ∼100 nm is very
similar to Tg(b)

38 and quantifies the ensemble-averaged
polymer chain segmental dynamics and ionic motion. The
resulting DSC thermograms are shown in Figure 1B. The Tg of
e-P(VDF:HFP) (0 wt % IL) was measured as ∼−20 °C,
consistent with the previous report,36 and the Tg of neat
[EMIM][TFSI] (100 wt % IL) was determined to be −93 ± 3
°C, also consistent with the literature.39,40 Progressively
increasing the IL content of the ion gel from 0 wt %
monotonically decreases the Tg(b), thereby increasing the
template dynamics possibly through enhancing the segmental
motion of the polymer matrix (Figure 1C). The measured
Tg(b) followed the prediction of the Fox equation41 very well
(dashed line in Figure 1C). We acknowledge that the surface
glass-transition temperature (Tg(s)) can substantially deviate
from Tg(b), specifically in the presence of conjugated polymer
solution, yet it remains challenging to measure Tg(s) directly.

Figure 2. Characterization of ion gel bulk vs surface composition. (A) Schematic of ATR−FTIR spectroscopy and (B) absorbance spectra of ion
gels as a function of pregel IL wt %. In the inset, the peaks ascribed to IL’s anion (SNS antisymmetric vibration at W = 1025−1075 cm−1) and
cation (C−H vibration of the imidazolium ring at W = 3100−3170 cm−1) are depicted, which were used to estimate the IL content in the bulk ion
gel. (C) Schematic of XPS and (D) high-resolution spectra of the O (1s) and N (1s) regions as a function of pregel IL wt %. (E) Estimated gel IL
wt % in the bulk vs surface. Ion gel’s bulk composition is comparable to that of the pregel solution, while the surface (in vacuum) is enriched with
the e-P(VDF:HFP) polymer matrix.
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Nonetheless, we expect Tg(s) to follow the same trend as
Tg(b) across the template series.31,42

Next, we characterized the bulk and surface chemical
composition of ion gel films by attenuated total reflectance
Fourier transform infrared (ATR−FTIR) spectroscopy (Figure
2A,B) and X-ray photoelectron spectroscopy (XPS) (Figure
2C,D), respectively. ATR−FTIR spectra normalized with the
radiated volume (depth of penetration ∼2 μm) are
summarized in Figure 2B, showing a monotonic increase in
the intensity of IL characteristic absorption peaks with
increasing IL content in the pregel solution. Two regions are
magnified in the inset: the peaks at the 3100−3170 cm−1

wavenumber range correspond to C−H vibration in the cation
imidazole ring and signals at 1010−1080 cm−1 are attributed to
anion SNS antisymmetric vibrations.43 There are clear peak
shifts in both selected regions (Figure S1) because of the
change in chemical environments of corresponding vibrations,
suggesting strong interactions between the IL and the polymer
matrix. We analyzed peak areas in both regions to quantify the
actual IL content in the ion gel film and found that it is
comparable to the IL content in the pregel solution (Figure
S2). To further determine the surface composition of ion gels,
we carried out XPS (penetration depth <10 nm) which
measures the surface elemental composition of ion gels in
vacuum. From high-resolution XPS spectra of O (1s), N (1s),
and S (2p) core-level signals (Figures 2D and S3), we
estimated the surface IL content summarized in Figure 2E.
This result indicates that the surface composition of the ion
gels is comparable with the bulk composition at low to
medium pregel IL content of ≤50 wt % but deviates from the

bulk composition when the pregel IL content exceeds 50 wt %
(Figure S4). Specifically, the gel IL content plateaus at ∼60 wt
% despite continuous increase of pregel IL concentration; such
surface enrichment of e-P(VDF:HFP) may be related to the
minimization of surface energy because of lower surface energy
of the polymer matrix compared to that of the IL. Similar to
FTIR chemical shifts, XPS binding energies varied with the
pregel IL content, suggesting significant interactions between
[EMIM][TFSI] and eP(VDF:HFP) at the ion gel surface
(Figure S5). It should be noted that XPS measurements were
performed under high vacuum (P < 1 × 10−9 Torr). Given the
dynamic properties of ion gel templates, we expect the ion gel
surface composition to change upon exposure to the ink
solution during MGC, shown via contact angle measurements
below.
To further investigate ion gel interfacial properties during

MGC, solvent (CF) dynamic contact angle measurements
were carried out on various templates, revealing rapid
adaptability of IL-rich templates (80 and 90 wt %) to CF
exposure. Figure S6A,B summarizes the time-dependent
contact angle measurements, suggesting that polymer-rich
(<50 wt % of IL) and IL-rich (≥50 wt % of IL) templates
exhibit two different evaporation behaviors. Droplet evapo-
ration on polymer-rich templates occurred initially at constant
wetting radius (Rw) with pinned triple-phase contact line,
followed by moving contact line mode featuring constant
contact angle (θ) and decreasing Rw. Toward the end of
droplet evaporation, both θ and Rw decrease with the moving
contact line. In contrast, for IL-rich templates, only pinned
contact line mode was observed. The CF droplet on neat IL

Figure 3. Macro- and mesoscale morphology of DPP-BTz films coated on various dynamic templates. (A) C-POM images. The orientation of
crossed polarizers is denoted as crossed arrows, and the single arrow shows the coating direction. All scale bars are 100 μm. With increasing IL
content in the template, stronger birefringence effect is observed in templated DPP-BTz thin films. Upon rotation, the whole C-POM image
uniformly varies in intensity, which indicates that the film is highly aligned at the macroscale. (B) Tapping-mode AFM height images with 2 μm
scale bars, showing increase in domain size with the increase of IL content in the template. (C) Normalized absorption spectra of polarized UV−vis
spectroscopy, where the sign ∥ (⊥) denotes the film orientation when the coating direction is parallel (perpendicular) to the axis of the polarizer.
(D) Polarized UV−vis dichroic ratio (black) and C-POM intensity difference (red) as a function of the IL content in the template. The
birefringence is calculated as the difference between the average intensities when the film is oriented 45° vs 0° with respect to the polarizer axis
(Figure 3A). Error bars were obtained from at least 10 measurements on each sample.
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showed a unique evaporation behavior with very low contact
angle to begin with and was not pinned to the template at any
instance. Remarkably, CF contact angles on 80 and 90 wt %
templates showed a rapid change during the first 500 μs of the
measurement, decreasing by 40 and 30%, respectively. We
ascribe this phenomenon to the enriching of IL at the ion gel
surface upon contact with CF, which is further supported by
MD simulations (discussed below). Although 50−90 wt %
templates showed comparable surface composition under
vacuum (Figure 2E), their interfacial properties differ upon
exposure to CF because of higher reconfigurability of 80 and
90 wt % ion gels. We also measured receding contact angles of
CF on various templates (Figure S6C,D), which fell within a
narrow range of 6−11° and showed only slight template
dependence; this implies that during MGC, the dependence of
evaporation rate on the template is minor, as evidenced by
similar film thicknesses measured (shown later).
To evaluate our hypothesis that IL enrichment at the ion gel

surface underlies the rapid change in the contact angle upon
exposure to CF, we investigated the ion gel interfacial
properties via MD simulations with full atomic details. First,
we validated the ion gel structure by calculating the bulk ionic
conductivity from MD simulations and comparing it to the
experimental values obtained from impedance spectroscopy
(Figure S7A−C). Next, we characterized the ion gel interfacial

structure upon exposure to vacuum versus CF. As shown in
Figure S8A,B, the ion gel structure remains invariable after 240
ns of contact with vacuum. However, the IL concentration at
the ion gel surface increases dramatically upon exposure to CF.
We further quantified this observation by calculating [EMIM]-
[TFSI] ion distribution orthogonal to the ion gel surface
(along the z-coordinate of the simulation box), summarized in
Figure S8C. These results clearly show that IL ions move to
the ion gel surface to interact with CF, leading to >43%
broadening of ion distribution along the z-coordinate. For
more details on MD simulation studies, see the Supporting
Information.

Template-Induced Multiscale Morphology of Con-
jugated Polymers. We next characterized thin-film morphol-
ogy to understand how substrate dynamics and chemistry
impact conjugated polymer crystallization and assembly. We
quantified polymer chain alignment, molecular orientation
ordering, and degree of crystallinity using a variety of
techniques including cross-polarized optical microscopy (C-
POM), atomic force microscopy (AFM), polarized ultra-
violet−visible spectroscopy (UV−vis), and grazing incidence
X-ray diffraction (GIXD).
First, we performed C-POM to qualitatively compare the

effect of various substrates on DPP-BTz and PII-2T thin film
in-plane alignment and global crystallinity as well as device

Figure 4. Quantification of DPP-BTz molecular packing, orientation, and crystallinity via GIXD. (A) GIXD patterns for films coated on various
templates, measured with the incidence beam parallel and perpendicular to the coating direction above the critical angle. (B) Normalized intensity
of the DPP-BTz π−π stacking (010) peak as a function of polar angle χ and substrate in-plane rotation angle φ for films deposited on templates
with 0, 80, and 100% IL; the films were transferred to OTS-treated SiO2 prior to the measurement. Data were acquired at various in-plane rotation
angles of the substrate: φ = 0° (parallel), 30°, 60°, and 90° (perpendicular) in terms of the coating direction relative to the incident beam. Peak
intensities were normalized by the exposure time and the irradiated volume to allow direct comparison among various films. Insets illustrate the
inferred crystallite orientation. (C) Normalized edge-on π−π stacking peak area as a function of gel IL wt % for scans parallel and perpendicular to

the coating direction. (D) GIXD dichroic ratio as a function of IL content in the template calculated from R A
A
Per

Par
= , where APer (APar) is the

normalized area of edge-on π−π stacking peak perpendicular (parallel) to the coating direction. (E) rDoC obtained by integrating the π−π stacking
peak intensity over χ and φ for templates with 0, 80, and 100 wt % IL. Error bars are due to the standard errors of (010) peak areas from multipeak
fitting.
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scale morphology (Figures 3A and S9). The higher the
normalized optical birefringence of the printed polymer film,
the greater its degree of alignment and/or crystallinity (for
more details, refer to our previous studies15−17). We quantified
C-POM birefringence by calculating the average intensity
difference of samples oriented 0° and 45° relative to the
polarizer axis. The films coated on polymer-rich substrates
were barely birefringent, and with the increase of template IL
content, the birefringence was significantly increased. Surpris-
ingly, DPP-BTz films coated on 80 and 90 wt % IL templates
exhibit birefringence even higher than the 100 wt % neat IL
(Figure 3D). We observed such consistent trend for PII-2T
films with even more pronounced maximum birefringence at
80 and 90 wt % IL templates (Figure S9D). Elevating the
coating temperature further enhances DPP-BTz thin film in-
plane alignment (Figure S10).
Followed by C-POM measurements at the macroscale, we

used AFM to characterize conjugated polymer film mesoscale
morphology such as fibril/domain size and orientation. AFM
height images for DPP-BTz (Figure 3B) and PII-2T films
(Figure S9B) showed a significant increase in crystallite size
compared to films coated on polymer-rich (∼10 nm) and IL-
rich templates (∼1−10 μm). We measured the film thickness
by AFM for both conjugated polymers (Figure S11), which
was essentially invariant across the entire spectrum of template
compositions. This observation is consistent with the receding
contact angle measurements (Figure S6C,D). Similar film
thickness allows us to directly compare film morphologies
across the template composition range.
To quantify polymer chain alignment, we carried out

polarized UV−vis spectroscopy and again observed a non-
monotonic trend pointing to the synergy between the IL and
the polymer matrix in enhancing the templating effect. Figure
3C summarizes normalized UV−vis absorption spectra for the
templated DPP-BTz films, with the polarized light parallel and
perpendicular to the coating direction. Higher absorbance in
the perpendicular configuration informs that the polymer
backbone is preferentially oriented perpendicular to the
coating direction, given that the transition dipole usually has
the largest component along the long axis of the polymer
backbone.12,44,45 The degree of in-plane alignment substan-
tially enhanced with the increase of the IL content in the ion
gel, quantified by the 0−0 vibronic peak dichroic ratio, RUV−vis
= Iper/Ipar (Figure 3D). For DPP-BTz, RUV−vis was 1.9 ± 0.1 for
the neat polymer matrix e-P(VDF:HFP) and had an increasing
trend reaching the value of 6.6 ± 0.2 for 90 wt % IL templates.
The IL-coated film had an RUV−vis of 5.1 ± 0.6, which further
confirms the synergistic templating effect of the IL and
polymer matrix. It should be considered that RUV−vis provides a
lower bound to the degree of alignment depending on polymer
chain curvature and its solid-state conformation.44,45 PII-2T
UV−vis characterizations (Figure S9C,D) essentially showed
the same effect; the overall lower dichroic ratios were
attributed to twinned crystalline domains reported previously
as well.15 Overall, the UV−vis dichroic ratio follows the same
trend as that of CPOM birefringence, both showing
pronounced and systematic modulation of conjugated polymer
in-plane alignment by tuning template dynamics and
composition and a surprising synergetic effect. Besides dichroic
ratio, we observed a blue shift of the 0−0 peak position from
873 to 846 nm and a decreasing 0−0/0−1 peak ratio in the
perpendicular spectra of DPP-BTz with increasing IL content
of the template (Figure S12); both suggest enhanced H-

aggregation resulted from stronger interchain π−π interac-
tions.46 This observation is consistent with increased domain
size from AFM measurements and higher degree of ordering
inferred from the GIXD study discussed below.
We next used GIXD (Figure S13) to characterize molecular

packing, relative degree of crystallinity (rDoC), in-plane
alignment of crystalline domains, and out-of-plane crystallite
orientation distribution. GIXD measurement unveiled a
dramatic molecular orientation transition from predominantly
“face-on” to mostly “edge-on” in DPP-BTz films with
increasing IL content in the template (Figure 4A). Polymers
coated on the polymer-rich substrates exhibited a well-defined
face-on π−π stacking diffraction (010) along with pronounced
in-plane lamellar stacking peaks, visible up to (300), in both
parallel and perpendicular directions. For IL-rich templates, the
polymer backbone was preferentially oriented “edge-on” and
perpendicular to the coating direction, and out-of-plane lamella
peak was easily discernible up to (500). We observed the most
intense edge-on π−π stacking peak and correspondingly the
weakest face-on peak intensity for the 80 wt % ion gel and not
the neat IL. To quantitatively express the orientation
distribution of crystalline domains, we extracted pole figures47

using the procedure described in our previous reports.11,17 In
Figures 4B and S14A, (010) and (200) peak intensities are
plotted as a function of the polar angle χ and the in-plane
rotation angle of the substrate, φ, at IL contents of 0, 80, and
100 wt %. In these figures, the “face-on” crystallites are
described by the (010) peak at χ = 90° and the (200) peak at χ
= 0° and the “edge-on” crystallites by the (010) peak at χ = 0°
and the (200) peak at χ = 90°. The pole figures quantitatively
validated the molecular orientation transition described above.
Notably, the population of 80 wt % edge-on crystallites is
significantly higher than 100 wt % neat IL-templated films.
Figure S14B,C summarizes DPP-BTz stacking distances, full
width at half-maximum (fwhm), and geometrically normalized
peak area. The lamellar stacking distance increased by up to
3% comparing IL-rich templates with the neat polymer matrix.
To verify the generality of this molecular orientation transition,
we characterized PII-2T via GIXD (Figure S15A−C) and
observed a similar phenomenon. The lamellar stacking distance
in PII-2T films increased with increasing “edge-on” population
as well. Such “face-on” to “edge-on” orientation transition
accompanied by increased lamellar stacking distance suggests
that IL-rich ion gel dynamic templates enhanced conjugated
polymer self-interactions so as to expedite their crystallization;
this is in contrast to strong conjugated polymer−substrate
interactions in the case of polymer-rich templates of slower
dynamics/higher Tg. Enhanced conjugated polymer self-
interactions may have originated from highly enriched
conjugated polymer concentration near effective dynamic
templates shown in our previous work.15

We now turn our attention to in-plane alignment inferred
from the pole figure. From Figure 4A,B, most conditions
exhibit more intense edge-on π−π stacking peak in the
perpendicular scans (φ = 90°) than in the parallel scans (φ =
0°), verifying UV−vis data that the polymer backbone
preferentially oriented perpendicular to the coating direction
for edge-on crystallites. The normalized edge-on π−π peak
area comparing parallel scans with perpendicular scans
indicated that the maximum in-plane anisotropy occurred at
the 80 wt % IL content (Figure 4C). We quantified the in-
plane alignment using the dichroic ratio defined as RGIXD =
A⊥/A∥, where A⊥ and A∥ are the normalized edge-on π−π
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stacking peak area with the incidence beam perpendicular and
parallel to the coating direction, respectively. The highest
RGIXD, corresponding to the film coated on the 80 wt % IL,
exceeded 55 which is over 50 times higher than RGIXD for the
neat e-P(VDF:HFP) template (Figure 4D). This extraordinary
enhancement in the in-plane alignment of crystalline domains
is consistent with C-POM and UV−vis results. The
significantly higher anisotropy from GIXD measurements
suggests that the crystalline domains are driving the overall
alignment of the polymer backbone. A similar trend was
observed for PII-2T films (Figure S14D), albeit with lower
degree of anisotropy because of twinned domains. Most
interestingly, conjugated polymer films coated on neat IL had
lower degree of alignment compared to 80 wt % and/or 90 wt
% IL ion gels, which once again signifies the synergistic

templating effect of the IL and the polymer matrix consistent
with C-POM and UV−vis observations.
We further performed a quantitative analysis on the rDoC of

the conjugated polymer thin films by integrating the
normalized, geometrically corrected peak intensities over χ
and φ (Figure 4E). We found that the rDoC of thin films
templated by the 80 wt % IL template was ∼50% higher
compared to the neat polymer template and was even 26%
higher than the neat IL case. It is worth mentioning that such a
drastic improvement in the polymer degree of alignment and
crystallinity is not achievable simply by varying the coating
conditions or the choice of solvent. Such enhanced rDoC is
consistent with our hypothesis that IL-rich ion gel dynamic
templates enhanced conjugated polymer crystallization
through promoting polymer self-interactions.

Figure 5. DPP-BTz morphology-dependent charge transport properties in FET devices. Schematic of (A) parallel and (B) perpendicular BGTC
device configuration with 8 nm thick molybdenum oxide (MoO3) and 35 nm thick silver (Ag) as source and drain electrodes, OTS-treated 300 nm
thick SiO2 dielectric layer, and doped silicon gate terminal. (C) Apparent hole mobility measured in parallel and perpendicular directions with
respect to the coating direction as a function of template composition, extracted from the saturation regime at VDS = −100 V. In the inset, in-plane
mesoscale morphology is depicted, highlighting highly aligned and crystalline semiconducting polymer films coated on IL-rich ion gels, leading to
high-performance OFETs. (C,D) Representative transfer and output curves corresponding to films coated on templates with (D) 0 and (E) 80% IL
parallel and perpendicular to the coating direction. The gate current (IGS) is plotted as blue scatters to assess the leakage current.

Table 1. Summary of the Key FET Parameters for DPP-BTz Devices

parallel Perpendicular

substrate IL wt % μapp (max) (cm2V−1 s−1) log (Ion/Ioff) Vth (V) μapp (max) (cm2V−1 s−1) log (Ion/Ioff) Vth (V)

0 0.20 ± 0.01 (0.22) 5.4 ± 1.0 −10.7 ± 1.3 0.23 ± 0.01 (0.24) 5.4 ± 2.3 −6.5 ± 1.8
20 0.04 ± 0.01 (0.05) 5.0 ± 2.3 −19.7 ± 1.1 0.06 ± 0.01 (0.08) 4.8 ± 1.2 −18.7 ± 0.7
35 0.07 ± 0.01 (0.08) 5.0 ± 2.2 −16.3 ± 1.1 0.21 ± 0.03 (0.31) 5.8 ± 2.1 −14.0 ± 0.6
50 0.14 ± 0.02 (0.19) 5.2 ± 1.1 −16.2 ± 1.3 0.64 ± 0.10 (0.91) 5.5 ± 2.1 −16.7 ± 0.8
65 0.20 ± 0.02 (0.28) 6.2 ± 2.5 −13.2 ± 1.7 0.69 ± 0.07 (0.89) 5.5 ± 1.9 −15.0 ± 1.7
80 0.49 ± 0.05 (0.62) 6.7 ± 2.6 −16.3 ± 0.8 1.52 ± 0.01 (1.98) 3.7 ± 0.6 −13.2 ± 0.9
90 0.70 ± 0.06 (0.88) 5.5 ± 1.9 −13.0 ± 2.2 1.97 ± 0.14 (2.37) 4.0 ± 0.4 −16.2 ± 0.9
100 0.57 ± 0.07 (0.89) 4.0 ± 1.2 −8.2 ± 1.2 2.01 ± 0.18 (2.76) 3.6 ± 1.4 −11.8 ± 1.1
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Morphology-Dependent FET Performance. To estab-
lish the morphology−charge transport property relationship,
we measured charge carrier mobilities by fabricating FETs.
Overall device performance was significantly improved for
devices coated on IL-rich dynamic templates as a result of
enhanced alignment and rDoC. To quantify the preferred
charge transport pathway and anisotropy, we fabricated
bottom-gate, top-contact (BGTC) FETs with the channel
length parallel and perpendicular to the coating direction
(Figure 5A,B). The as-coated polymer films were transferred to
ODTS-treated SiO2/Si substrates to allow direct comparison
among different film morphologies (see the Experimental
Section for fabrication details). The apparent hole mobilities
(μapp) were extracted from the transfer curves measured in the
saturation regime and summarized in Figure 5C. The
characteristic transfer and output curves comparing the devices
coated on templates of 0 and 80 wt % IL are shown in Figure
5D,E (all transfer and output curves are summarized in Figure
S16). Table 1 summarizes the key FET parameters. Most
transfer curves are free from “kinks” commonly observed in
high-performance devices. The average reliability factor in
FETs was calculated to exceed 50%.48

Figure 5C presents a systematic enhancement of μapp with
increasing IL content in the dynamic templates, with the
average μapp increased from 0.2 ± 0.1 to 0.7 ± 0.1 cm2 V−1 s−1

parallel (along π−π stacking) and from 0.2 ± 0.1 to 2.0 ± 0.2
cm2 V−1 s−1 perpendicular (along conjugated backbone) to the
coating direction, compared to neat-polymer-templated
devices. We attribute such significant enhancement in hole
mobilities to boosted in-plane alignment and increased degree
of crystallinity in films coated on IL-rich templates.
Interestingly, best performing devices were fabricated from
IL-templated films with μapp exceeding 2.8 and 0.9 cm2 V−1 s−1

along the backbone and π-stacking directions, despite higher
in-plane alignment and crystallinity in 80 wt % ion-gel-
templated films. This could be associated with bimodal “face-
on” and “edge-on” crystallite orientation distribution in IL-
templated films, compared to dominantly “edge-on” orienta-
tion in 80 wt % ion-gel-templated films. It was shown in some
cases that bimodal orientation yielded superior mobility

possibly because of the formation of three-dimensional
conduction pathways.49−51

Furthermore, we observed favorable charge transport along
the polymer backbone in highly aligned films. Charge transport
anisotropy (RFET = μper/μpar) strongly depends on polymer
chain alignment, and while RFET is more than 3 for IL-
templated films, it is almost unity for the neat polymer matrix-
templated films. The extent of charge transport anisotropy is
substantially lower than in-plane alignment quantified by UV−
vis and X-ray.12,14,15,52 This is not surprising because charge
transport is limited by grain boundaries, chain ends, and at
times amorphous domains, which were not accounted for in
ensemble-averaged degree of alignment and crystallinity.
We also tested charge transport properties of PII-2T films

templated by the ion gel series (Figure S17). With increasing
IL content in the ion gel, μapp remained similar in the parallel
direction (along π−π stacking) within the range of error but
increased to peak at the 80 wt % IL content in the
perpendicular direction (along the conjugated backbone) to
a value more than 4 times than that at 0 wt % IL. Larger
crystallite size, higher degree of alignment, and crystallinity in
IL-rich ion-gel-templated PII-2T films significantly improved
charge transport along the polymer backbone. However, twin
boundaries perpendicular to coating (Figure S9) may be the
limiting factor hindering charge transport along the π−π
stacking direction. Figure S18 summarizes transfer, output, and
gate voltage-dependent saturation hole mobility for best
performing devices at each condition. Again, most transfer
curves were free of kinks with calculated reliability factor more
than 50% for the whole series. We note that no exhaustive
effort was spent on optimizing the device performance as the
primary focus is on morphology−device property relationship
in this study. Table S2 summarizes the key FET parameters.

Demonstrating Dual Functionality of Ion Gels as
Dynamic Templates and Gate Dielectrics. It is well-
demonstrated that ion gels are great candidates for gate
dielectrics in printed electronics, given their solution
processability, high capacitance, fast polarization response,
and optical transparency.53−55 The high capacitance of ion gel
dielectrics is attributed to the formation of electrical double

Figure 6. High-performance OECT devices using an ion gel as both the dynamic template and the gate dielectric layer. (A) Schematic of the
BGTC device configuration with silver (Ag) as the source and drain electrode, 80 wt % IL ion gel as the dielectric layer, and indium−tin−oxide
(ITO)-patterned glass as the gate terminal. Representative (B,C) output and (D,E) transfer curves of corresponding devices with the channel
length parallel (B,D) and perpendicular (C,E) to the coating direction. A saturation current more than 9 mA is obtained at VGS = −2.5 V and VDS =
−1.5 V as a result of dynamic-template-enhanced film morphology and high capacitance of the ion gel. Hysteresis is evident between the forward
and reverse traces consistent with previous reports implementing ion gels as the dielectric layer. Apparent hole mobility (extracted from the
saturation regime) as high as 12.5 (6.0) cm2 V−1 s−1 was measured perpendicular (parallel) to the coating direction. The average on/off ratios for
the devices parallel and perpendicular to the coating direction are (3.0 ± 2.0) × 104 and (7.5 ± 2.0) × 105. The average threshold voltages for
parallel and perpendicular devices are −0.72 ± 0.14 and −0.88 ± 0.11 V, respectively.
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layers (EDLs), which enables high-performing transparent
transistors operated at low voltage. Above, we demonstrated
comprehensively the use of ion gels as dynamic templates for
enhanced morphology and electrical properties of conjugated
polymer thin films. Next, we combine these advantages with
the exceptionally high capacitance of ion gels for the
fabrication of high-performance ion-gel-gated organic electro-
chemical transistor (OECT) devices. We used 80 wt % IL ion
gels to prepare BGTC devices with DPP-BTz as the
semiconducting layer. Device configuration is depicted in
Figure 6A, and the corresponding optical microscopy image is
shown in Figure S19A (see the Experimental Section for
fabrication details). Typical output and transfer characteristics
are shown in Figure 6D,E, measured with the channel length
parallel (along π−π stacking) and perpendicular (along
conjugated backbone) to the coating direction. Output curves
exhibited excellent gate modulation of the drain current, and at
high VDS, IDS clearly becomes saturated. The saturation current
is close to 10 mA at low VGS = −2.25 V and VDS = −1.5 V, a
direct result of high charge carrier mobility in exceptionally
ordered DPP-BTz and the high capacitance of ion gels.
Transfer characteristics show linear dependence of |ISD|

1/2 as a
function of VGS in the saturation regime, with low gate leakage
current which is approximately 3 orders of magnitude lower
than the drain current at VGS > Vth (Figure S19B,C). On the
basis of previous works, ion gel capacitance measured by
impedance spectroscopy strongly depends on frequency.53,55,56

To accurately calculate charge carrier mobility, we measured
the specific capacitance of the employed dielectric layer using
quasi-static capacitance measurements as a frequency-inde-
pendent method (Figure S20). We calculated the capacitance
of a 2 μm thick 4:1 wt ratio [EMIM][TFSI]:e-P(VDF:HFP)
dielectric layer to be 29 ± 2 μF/cm2 from more than 10

independent devices, which is in good agreement with
frequency-dependent measurements reported previously for
[EMIM][TFSI]-based ion gel dielectrics, extrapolated to the
zero-frequency limit.54−57 We note that the capacitance at the
zero-frequency limit is most relevant to our case. Correspond-
ingly, the apparent hole mobilities in the saturation regime
averaged 3.5 ± 1.0 and 7.2 ± 1.3 cm2 V−1 s−1 in the parallel
and perpendicular directions, respectively (Figure S19D−G).
The μapp is calculated rigorously by averaging the hole mobility
over the entire hysteresis loop to avoid overestimations.48 It
should be noted that the gate current leakage is rather large
(Figure 6D,E) and off-current increases after continuous
measurements (Figure S19F). These phenomena are attributed
to ion gel high ionic conductance and ion movement toward
the semiconductor layer upon consecutive measurements.58−60

For parallel and perpendicular devices, the IDS to IGS ratios are
(6.6 ± 1.3) × 102 and (3.0 ± 0.3) × 103, respectively, within
the range that μapp is extracted.

■ DISCUSSION

As discussed above extensively, our multiscale morphology
characterizations revealed a synergistic effect between the IL
and the polymer matrix in IL-rich ion gels. As a result,
conjugated polymer alignment and crystallinity were improved
significantly beyond the levels achieved using either the neat IL
or the neat polymer templates. Compared to 100 wt % IL-
templated thin films, the in-plane alignment for DPP-BTz films
deposited on 80−90 wt % IL templates is ∼28% higher
determined by C-POM birefringence and polarized UV−vis,
the “edge-on” π−π stacking peak is twice as intense, and the
rDoC exhibited a ∼27% increase from GIXD analysis. We
hypothesize that this phenomenon is attributed to synergistic
multivalent interactions of the two components of the ion gel

Figure 7. MD simulations investigating the interactions between the ion gel and DPP-BTz. (A) Representative snapshot illustrating the interaction
between the ion gel template and DPP-BTz oligomer. (B) Snapshot of the simulated system illustrating the synergistic interaction between
[EMIM][TFSI] and e-P(VDF:HFP) with the DPP-BTz oligomer. The black line indicates the periodic simulation box. (C) Number of [EMIM]+

and [TFSI]− ions and e-P(VDF:HFP) chains within a distance of 5 Å from the DPP-BTz tetramer as a function of simulation time. Decoupling the
contribution of the IL and polymer matrix in the overall interaction implies that IL and e-P(VDF:HFP) simultaneously interact with DPP-BTz at
the ion gel interface. (D) Contact frequency of the conjugated backbone and the side chains of DPP-BTz with VDF and HFP blocks of e-
P(VDF:HFP). The contact frequency is calculated by counting the total number of frames that have molecular contact between the individual parts
of DPP-BTz and e-P(VDF:HFP), normalized by the total number of frames that have contact between DPP-BTz and e-P(VDF:HFP). A contact is
counted if the minimum distances between the partial structures of DPP-BTz and e-P(VDF:HFP) are less than 5 Å. The error bars on the contact
frequency were determined by dividing the simulation trajectories into three blocks and calculating the standard deviation of the block average
contact frequencies.
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with the conjugated polymer, facilitated by rapid adaptability
of the ion gel template evident from contact angle measure-
ments and MD simulations. We believe that the synergy in the
multivalent interactions arises from complementary chemis-
tries of IL and e-PVDF-HFP, which associate with different
“binding sites” of the conjugated polymer. Such cooperative
multivalent interactions have been studied extensively in other
areas.61−63

To test this hypothesis and to gain further insights on the
intermolecular interactions, we carried out MD simulations on
the CF solution of the DPP-BTz oligomer in contact with the
ion gel template (Figures 7A and S21A). Consistent with our
previous work,15 the conjugated oligomer formed a concen-
trated layer near the ion gel surface with >8 times the
distribution probability relative to the bulk solution (Figure
S21B). This is a result of strong interaction between DPP-BTz
and the ion gel template. We next turned our attention to the
role of ion gel components in the binding process. Simulation
snapshots (e.g., Figure 7B) clearly show that both [EMIM]-
[TFSI] and e-P(VDF:HFP) interact with the conjugated
molecule. This is quantified in Figure 7C by calculating the
number of species in contact with DPP-BTz at each time. As
expected, the IL (esp. the cation) interacts significantly
stronger than the polymer matrix. However, most importantly,
this result shows that the IL ions and the polymer matrix
interact simultaneously with the conjugated molecule,
signifying the synergistic enhancement in the overall
interaction.
In addition, from simulation snapshots, we noticed that e-

P(VDF:HFP) does not line up with the oligomer backbone
and mainly interacts with the alkyl side chains. We evaluated
this observation by calculating the contact frequency between
the polymer matrix blocks and the conjugated molecule
(Figure 7d). Notably, e-P(VDF:HFP) interacts with alkyl side
chains almost two times stronger than with the conjugated
backbone. This is opposite to the IL, which mainly interacts
with the conjugated core demonstrated by 1H NMR
measurements.15 In conclusion, the complementary chem-
istries of IL and e-P(VDF:HFP) in the ion gel enable
multivalent binding with the conjugated polymer. Specifically,
the IL interacts with the conjugated backbone via electrostatic
and ion−π interactions and e-P(VDF:HFP) interacts with the
alkyl side chain via van der Waals interactions. The outcome of
such complementary multivalent binding is a synergistic
templating effect induced by the ion gel that outperforms
both neat phases.

■ CONCLUSIONS
In summary, we designed ion gel dynamic templates of widely
tunable dynamics with Tg spanning from −20 to −93 °C by
varying the ion gel composition. Although surface-sensitive
XPS characterizations showed that the IL content on the ion
gel surface did not exceed ∼55 wt % in vacuum, dynamic
contact angle measurements demonstrated that the ion gel
surface composition can adapt within <500 μs in response to
the ink environment. These results were further verified by
MD simulations, showing 43% increase in surface IL content
upon exposure to the solvent. Next, we systematically
modulated conjugated polymer thin-film morphology during
solution coating by tuning the ion gel template composition
and therefore dynamics. Our comprehensive multiscale
morphology characterizations of ion-gel-templated DPP-BTz
thin films showed that as the IL content of the ion gel increases

from 0 to 80−90 wt %, the film exhibited 4.6 times higher
birefringence and 3.5 times higher and 50 times higher UV−vis
and GIXD dichroic ratios, respectively, indicating improved in-
plane alignment. At the same time, the rDoC increased by
almost 50%. Moreover, the out-of-plane molecular orientation
transitioned from “face-on” to “edge-on”. We infer that such
drastic morphology change is due to enhanced conjugated
polymer self-interactions and expedited crystallization as the
ion gel dynamics increases. The compound effect of higher
degree of alignment and crystallinity for films coated on IL-rich
ion gels led to significantly improved apparent hole mobility
along both the polymer backbone (from 0.3 to 2.8 cm2 V−1

s−1) and the π-stacking direction (from 0.3 to 1.1 cm2 V−1 s−1),
compared to devices templated by the neat polymer matrix.
Finally, we also employed the ion gel template as a high-
capacitance dielectric layer to attain TFTs with average
apparent hole mobility as high as 11.8 cm2 V−1 s−1 along the
conjugated backbone. Throughout the study, we used a second
conjugated polymer PII-2T to ensure the generality of the
dynamic templating effect. For both polymer systems, we
observed a surprising synergistic effect that there exists an
optimal IL to polymer matrix ratio of the ion gel, which
outperformed both the neat IL- and the neat polymer matrix-
based templates. Through MD simulations, we elucidated that
such synergy between the IL and the polymer matrix could
arise from their cooperative multivalent binding with the
conjugated polymers. We anticipate that our novel dynamic
templating method and mechanistic insights will help enable
exquisite morphology control for high-performance printed
electronics and other functional soft matter.

■ EXPERIMENTAL SECTION
Dynamic Template Preparation and Characterizations. We

prepared ion gel dynamic templates by codissolving the IL,
[EMIM][TFSI] (≥98%; purchased from Solvionic), and e-P-
(VDF:HFP) with the VDF to HFP molar ratio of 55:45 (Dyneon
Fluoroelastomer FE purchased from 3M Company) in room-
temperature acetone (Optima grade, Fisher Scientific) stirring for
>3 h to fully dissolve. The weight ratio between e-P(VDF:HFP) and
acetone was kept at 1:8, and [EMIM][TFSI] weight was adjusted
accordingly based on the desired mixing ratio. The clear and
homogeneous solution was spin-coated on Corning glass substrates at
2000 rpm for 1 min using on-the-fly-dispensing method.64 The
substrates were then left to dry overnight at 80 °C in an inert
environment (nitrogen glovebox). All obtained films were transparent,
and their thickness was 1−2 μm (estimated by tapping-mode AFM
measurements and optical microscopy). Thus, we believe none of the
microstructural and morphological transitions would depend on the
template film thickness. Substrates with neat IL defining the surface
chemistry were prepared with the same procedure reported in our
previous work.15

Thermal transition measurements were conducted using Q20 (TA
Instruments) differential scanning calorimeter from −90 to 15 °C at
cooling/heating rates of 10 °C·min−1 with argon as the carrier gas.
Samples weighing ∼4−8 mg were prepared by drop-casting the
solution on a glass substrate, annealing to remove the solvent for >24
h, and transferring the films to a sealed hermetic aluminum pan for
measurements by pealing them off. FTIR spectroscopy was conducted
using a Nicolet iS5 FTIR spectrometer at ambient temperature on
elastomer-IL hybrid films, spin-cast on silicon substrates with different
weight ratios in the range of 500−4000 cm−1 with a wavenumber
resolution of 1 cm−1 (step size of <0.5 cm−1). XPS data were obtained
via a Kratos Axis Ultra XPS system (Krato Analytical Ltd.) under high
vacuum (1 × 10−9 Torr) with a monochromatic Al Kα X-ray source
(14 kV, 10 mA). Incidence angle was set at 90°, resulting in
penetration depth <10 nm. High-resolution XPS spectra were
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obtained at a constant pass energy of 40 eV, a step size of 0.1 eV, and
an exposure time of 400 ms. Peak analysis and deconvolution were
performed with CasaXPS software. For sessile contact angle
measurements, the known volume of the CF sessile droplet was
gently placed on the substrate, and evaporation was monitored in an
experimental cell avoiding external air flow perturbations. The droplet
evaporation was recorded using a digital camera, and after image
processing geometrical parameters were estimated as a function of
time using drop shape analyzer software (DROPimage Rame-́hart).
Receding contact angle measurements were carried out using a
microsyringe with a stainless steel flat needle, and quasi-static contact
receding contact angle was measured while the droplet volume was
shrinking.
Conjugated Polymer 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-octylnonyl)-2,1,3-benzotriazole] (DPP-BTz) (Mn = 176
kg·mol−1 and PDI = 2.5) and PII-2T (Mn = 118 kg·mol−1 and PDI =
2.5) were synthesized as reported before.12,15,17,18 DPP-BTz (PII-2T)
solution was prepared by dissolving the polymer semiconductor in
anhydrous CF (Macron ACS grade) at 5.0 (7.5) mg/mL and stirred
until a clear homogeneous solution was obtained. Semiconducting
polymer thin films were deposited onto substrates by a MGC method
using an ODTS-treated Si blade.15 The MGC setup involves a
stationary substrate and a moving blade, with ink solution sandwiched
in between. The blade was tilted by 8°, with the blade edge set 100
μm above the substrate surface for the film deposition process. The
substrate temperature was fixed at 25 °C, and the speeds of the blade
were 0.25 and 0.5 mm/s for depositing DPP-BTz and PII-2T,
respectively.
For C-POM, AFM, and GIXD measurements, the as-coated

polymer films were transferred to the ODTS-functionalized silicon
wafer with 300 nm thermally grown SiO2 by the following procedure.
First, the ODTS-treated substrate was brought in contact with the as-
coated film by placing it inversely atop. After establishing the interface
contact, the whole sandwiched structure was immersed in an
orthogonal solvent (acetonitrile) that is capable of dissolving an ion
gel template but keeping the conjugated polymer film intact.
Meanwhile, an external force was imposed on the ODTS substrate
fixing the sandwiched structure. After 12 h, the film was completely
transferred, and the ODTS substrate with a conjugated polymer film
atop was immersed in a fresh acetonitrile bath for another 12 h to
remove remaining residuals. Finally, the ODTS substrate with the
transferred film atop was dried with nitrogen gas and stored in an
inert glovebox overnight to remove the remaining acetonitrile. This
generic transfer method allows for direct comparison across the series
of substrates and avoids the active layer of the semiconductor being
doped by the template.
Thin-Film Morphology Characterizations. We visualized

polymer films using a Nikon Ci-POL optical microscope to observe
birefringence under crossed polarized light. To quantify birefringence
as a function of template IL content, we measured the average
intensity of several random cross sections within each image to
calculate its brightness. Then, we calculated the intensity difference of
the film when coating direction was oriented 0° versus 45° with
respect to the polarizer axis. Larger values correspond to higher
birefringence of the polymer film. The sample was centered on a
microscope stage so that the obtained images correspond to the same
area, while the stage was rotated. Tapping-mode AFM measurements
were carried out using an Asylum Research Cypher instrument
(Asylum Research) to compare the mesoscale morphologies and
measure the semiconducting layer thickness. Solid-state transmission
UV−vis spectroscopy measurements were recorded at room temper-
ature on an Agilent Cary 60 UV−vis spectrometer, with the incident
light polarized vertically via a broadband sheet polarizer. The as-
coated films on various templates were scanned within the wavelength
of 400−1000 nm after subtracting background. Samples were rotated
relative to the coating direction to determine polymer chains. GIXD
was performed at the small-/wide-angle X-ray scattering beamline 8-
ID-E at the Advanced Photon Source (Argonne National Laboratory)
with an X-ray wavelength of 1.14 Å (Ebeam = 10.92 keV), with a two-

dimensional Pilatus 1M detector for data collection.65 For GIXD
measurements, all semiconducting polymer films were transferred to
ODTS-treated Si substrates with native oxide (keeping all substrate’s
background diffractions invariant) and scanned in a helium chamber,
with a 278 mm sample-to-detector distance. The incidence angle was
0.14°, and the exposure time was 10 s. Each sample was scanned at
various in-plane rotation angles, φ, by rotating the substrate with
respect to the incidence beam (Figure 4) by 0°, 30°, 60°, and 90°. φ is
defined as 0° (90°) when the coating direction is oriented parallel
(perpendicular) to the incident beam. Data analysis was performed
with the software GIXSGUI, which includes correction for the
polarization of the synchrotron X-ray beam, detector nonuniformity,
and sensitivity.65,66 Partial pole figures were constructed by extracting
π−π stacking peak (010) intensities as a function of the polar angle, χ
(binned into 9 sectors from 10 to 88°) to analyze out-of-plane
crystallite orientation distribution as well as rDoC. To calculate the
peak intensities, precise manual multipeak fitting was performed using
Igor Pro software (WaveMetrics) on the intensity versus q curve
obtained from each segment along the χ axis to deconvolute the π−π
stacking peak from the amorphous ring, SiO2 scattering, and the
ODTS peak. The peak intensity was automatically normalized
because the irradiated volume remained the same across the samples
by keeping the film area and thickness constant throughout substrate
series (sample dimension was larger than the beam footprint). The
edge-on π−π stacking peak and the in-plane lamella stacking peak
were obtained from a sector cut between −88° < χ < −83°. Face-on
π−π stacking peak and the out-of-plane lamella stacking peak were
obtained from a sector cut between −15° < χ < −10°. The π−π
stacking peak was fitted with a Lorentzian function to obtain the
diffraction parameters including peak position and area and fwhm.

Device Fabrication and Electrical Characterization. After
transferring the semiconducting DPP-BTz and PII-2T films to highly
n-doped Si (gate) with an ODTS-functionalized 300 nm SiO2 layer
(dielectric), BGTC FET configuration was fabricated by thermally
evaporating 8 nm molybdenum oxide (MoO3) and 35 nm silver (Ag)
electrodes (source and drain) onto the polymer films via a shadow
mask. XPS measurements showed no detectable IL residual within the
top 10 nm of the polymer surface15 where charge transport in FETs
occurs. The channel length (L) was 47 μm, and the channel width
(W) was 840 μm. All electrical measurements were performed in a
nitrogen environment using a Keysight B1500A semiconductor
parameter analyzer. The apparent hole mobilities were calculated
from the saturation region (VDS = −100 V) of transfer curves by the
equation

I
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L
V V

2
( )

i
DS

app
G th

2
μ

= −

where IDS is the drain−source current, Ci is the capacitance of the
dielectric (11 nF/cm2 for the ODTS-treated 300 nm SiO2 dielectric),
VGS is the gate voltage, μapp is the apparent mobility, and Vth is the
threshold voltage. W and L are the channel width and length of the
transistors. Transfer characteristics were measured by sweeping from
0 to −100 V and back at the rate of 40 mV·s−1. The average data were
calculated from the analysis of more than 10 independent devices.

To fabricate OECTs with ion gels as the dielectric layer,
polymer:IL solution was spin-coated, with the same condition
described above, on patterned ITO/glass substrates. Next, the
substrate was heated at 80 °C in a nitrogen glovebox overnight to
physically cross-link the gel template. A 10 mg/mL DPP-BTz solution
was coated atop serving as the semiconducting layer. Silver electrodes
with an 80 nm thickness were thermally evaporated on the
semiconducting layer via a shadow mask with a channel width and
a length of 3750 and 45 μm, respectively. We only used silver as the
source/drain electrode to minimize the electrode deposition time in a
thermal evaporator and to avoid any damage to the soft ion gel
dielectric/conjugated polymer interface that can lead to inferior TFT
performance. Relatively large thickness of electrodes was used to
ensure electrode connectivity, despite polymer film cracks ascribed to
DPP-BTz high degree of crystallinity. The deposition rate was
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increased to 2 nm·s−1 for the same reason. The same instrumentation
and measurement environment were used as explained above.
However, source and drain terminals were connected using gold
microwires in order to avoid short circuit by breaking into the
semiconducting layer. The drain current was measured while
sweeping VGS from 0 to −1.5 V at a constant VDS = − 1.5 V. The
hole mobility of the transistors was calculated in the saturation regime
similar to devices with the ODTS/SiO2 dielectric layer. The device
showed a reasonable ON/OFF current ratio of ∼104 to 105.
Quasi-Static Capacitance−Voltage Measurements. Quasi-

static capacitance−voltage (QSCV) measurements were conducted
using a conductor/dielectric layer/conductor structure wherein
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PE-
DOT:PSS) and Ag were used as the top and bottom electrodes,
respectively, and ion gel template with 4:1 [EMIM][TFSI]:e-
P(VDF:HFP) served as the dielectric layer. Silver electrodes were
thermally deposited on glass substrates, and after IL:polymer solution
was spin-coated on the substrate, 3.0−4.0 wt % high-conductivity
grade PEDOT:PSS (Sigma-Aldrich) water solution was drop-cast on
the ion gel, forming the top conductive layer. Overlapping area was
measured by optical microscopy and later used for capacitance
measurements. Upon sweeping the bias applied to the top contact
from negative to positive voltage, capacitance was increased and then
decreased in an almost symmetric manner to positive and negative
carrier accumulations, respectively. A Keysight B1500A semi-
conductor parameter analyzer automatically measured the leakage
current (Ileak) before and after the QSCV measurements and
subtracted it out before reporting the final value. The capacitance
was measured at ΔV/Δt = 0.1 and 0.2 V s−1 with voltage ranging from
−3 to 3, −2 to 2, and −1 to 1 V, and results were independent of scan
rate or voltage range. The quasi-static C is calculated from the
measured current divided by the constant voltage change and area,

C I t
A V

= Δ
Δ . We note that ion gel dielectric capacitance is thickness-

independent because of EDL formation.
MD Simulations. All the MD simulations were set up using the

AMBERTools14 and performed with full atomic details using the
AMBER18 software package67 and the general AMBER force field.68

For all simulations, we began with an initial random configuration
generated by the Packmol package69 and then subjected the system to
a long equilibration prior to the data collection and analysis. The e-
P(VDF:HFP) polymer matrix was modeled as a triblock copolymer
c h a i n w i t h 3 0 VD F u n i t s a n d 3 0 H F P u n i t s
((VDF)15(HFP)30(VDF)15). The simulated DPP-BTz oligomer
included 4 monomer units with their alkyl chains shortened to 1/3
of the original lengths given the constraints on the simulation box size.
The starting structures of the individual molecules were drawn using
the Maestro70 and optimized by its built-in function. The modeled 80
wt % ion gel surface structure was validated by comparing the
calculated ionic conductivities of the modeled ion gel and the neat ILs
with the experimental data obtained from electrochemical impedance
spectroscopy. All the simulations were performed with periodic
boundary conditions in three dimensions using an integration step of
2 fs. For the simulation on the ion gel under vacuum, the system was
maintained in constant-temperature and constant-volume (NVT)
ensemble. For the simulations on DPP-BTz/CF and the ion gel
templating substrate, each system was maintained in constant-
temperature and constant-pressure (NPT) ensemble. For more
details, see the Supporting Information.
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