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DESIGN, SYSTEM, APPLICATION

Substrate surface properties are critical to determining the electronic properties of conjugated
polymer (CP) thin films deposited atop during solution coating. Thus, it is necessary to better
understand the role of substrate-ink interfacial properties in multiscale assembly and rationally
engineer the surface characteristics accordingly. Herein, we lay out a general design rule for
dynamic-template-directed crystallization of CPs that enable fabricating highly aligned and
crystalline thin films over large area. By directly quantifying the enthalpy of polymer adsorption
to the templates we demonstrate that both template dynamics and chemistry drastically modulate
the interactions between template and CP. Stronger template-CP interactions facilitate nucleation
and expedite the subsequent polymer crystallization process. Resultantly, templates with the
highest enthalpy of absorption exhibit superior solid-state characteristics including higher
molecular order, domain size and crystallinity as well as improved charge transport mobility.
These findings provide fundamental insights on the importance substrate-polymer interactions
during solution printing of CP thin films. Our developed design rules have broad implications
beyond printed electronics given the critical role of interfaces in guiding assembly of various

functional materials.
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ABSTRACT

The multiscale morphology and device performance of printed semiconducting polymers are
highly sensitive to the substrate/ink interfacial properties during solution coating. There is an
urgent need of general design rules correlating substrate properties and conjugated polymer (CP)
morphology, which do not yet exist. Dynamic surfaces are particularly promising for templating
highly crystalline and highly aligned conjugated polymer thin films shown in recent works. Herein,
we implement the dynamic-templating method using a series of liquid-infused nanoporous
substrates as a tool to study the impact of template reconfigurability and chemistry on multiscale
morphology of conjugated polymer thin films, using a high performing donor-acceptor polymer
(DPP-BTz) as a model compound. By quantifying enthalpy of adsorption, we demonstrate that the
strength of template-CP interactions directly measures the effectiveness of dynamic surfaces in
promoting conjugated polymer crystallization and alignment. We further show that enthalpy of
interactions increases by enhancing template dynamics and are sensitively modulated by template
chemistry. Specifically, increasing template-CP interactions leads to larger domain size and higher
degree of crystallinity in templated conjugated polymer thin films prepared by meniscus-guided
solution coating. This observation validates our hypothesis that dynamic templates function by
promoting nucleation of conjugated polymers. We also demonstrate that such dynamic-template-
dependent morphology is independent of coating speed. Notably, the enhanced morphological
properties modulate the charge carrier mobility in field-effect transistors (FETs) over an order of
magnitude reaching hole mobility of 2.8 cm?V-!s'l. This work is a significant step towards
establishing general guidelines on how substrate-ink interfacial properties influence morphology

and performance of solution coated CP thin films.
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DESIGN, SYSTEM, APPLICATION

Substrate surface properties are critical to determining the electronic properties of conjugated
polymer (CP) thin films deposited atop during solution coating. Thus, it is necessary to better
understand the role of substrate-ink interfacial properties in multiscale assembly and rationally
engineer the surface characteristics accordingly. Herein, we lay out a general design rule for
dynamic-template-directed crystallization of CPs that enable fabricating highly aligned and
crystalline thin films over large area. By directly quantifying the enthalpy of polymer adsorption
to the templates, we demonstrate that both template dynamics and chemistry drastically modulate
the interactions between template and CP. Stronger template-CP interactions facilitate nucleation
and expedite the subsequent polymer crystallization process. Resultantly, templates with the
highest enthalpy of absorption exhibit superior solid-state characteristics including higher
molecular order, domain size and crystallinity as well as improved charge transport mobility.
These findings provide fundamental insights on the importance substrate-polymer interactions
during solution printing of CP thin films. Our developed design rules have broad implications
beyond printed electronics given the critical role of interfaces in guiding assembly of various

functional materials.
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INTRODUCTION

Semiconducting polymers demonstrate great potential for fabricating next generation of flexible
electronics including transistors!-2, solar cells*-4, displays® and sensors®’. The main advantage of
conjugated polymers (CPs) is their solution-processability and low-cost large-area manufacturing.
Electronic properties of solution-coated CP thin films are highly sensitive to morphological
properties from molecular to device scale®-!°. However, it is challenging to control CP multiscale
assembly during non-equilibrium high-throughput solution coating. Traditionally, surface-induced
crystallization facilitated by heterogenous nucleation is implemented as an effective strategy to
control polymer nucleation and growth!!-!2. In particular, substrate interfacial properties play a
critical role in guiding crystallization of solution-coated CPs'*'# and it has been suggested that

thin films often nucleate from the substrate-ink interface!>-!7.

Surface topology and chemistry are the most studied parameters that influence thin film
multiscale assembly during solution coating'3. Modulating surface nanostructure!® and
roughness!®-?% influence solution wetting and/or evaporation behavior which alters crystalline
domain size and ordering. On the other hand, surface chemistry primarily impacts CP
crystallization via substrate-solvent and substrate-CP interactions, which further dictate the
wetting and evaporation behavior. As an example, out-of-plane molecular orientation of poly(3-
hexylthiophene) (P3HT) crystallites can be controlled effectively via substrate chemistry?!->2. It
has been suggested that strong interactions between P3HT backbone and substrate aliphatic or
aromatic functional groups lead to “face-on” stacking. While polar surfaces induce dominantly
“edge-on” orientation. Several investigations reported on improving in-plane molecular ordering

of donor-acceptor (D-A) CP thin films using surface functionalizations?>->4. Recently, we studied
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the interplay between the substrate surface energy (ysy) and diketopyrrolopyrrole (DPP)-based CP
multiscale crystallization?>. We found that as ygy decreased from 67 to 20 mN.m"! via surface
treatment, in-plane alignment and relative degree of crystallinity systematically increased. We
further developed a generic free energy model for heterogeneous nucleation suggesting that
decreased nucleation energy barrier of lower ygy is responsible for enhanced crystallization. This
trend was validated by Lee et al. wherein they obtained higher alignment and larger crystalline

domains of solution-coated DPP-based CPs on substrates with lower ygy?*.

In addition to surface topology and chemistry, the important role of substrate dynamics is
increasingly recognized, but remains under-explored. Marks et al. observed that the grain size of
pentacene film can be controlled by polymer dielectric viscoelastic properties during vapor
deposition?S. They found that at high temperatures, surpassing the surface glass transition
temperature (Tg), highly mobile polymer chains significantly increased pentacene nucleation
density and disrupted formation of large crystalline grains. However, on rigid substrates grains
became larger with increasing temperature. In a series of papers, floating film transfer (FFT)
method was implemented to attain alignment in CP thin films by spreading the solution on passive
liquid templates such as hydrogen-bonded and ionic liquid?®-?°. Typically, in these works the
polymer is annealed to high temperatures (up to transition temperature for liquid crystalline
polymers). Authors proposed that highly mobile free surface of liquid substrates facilitated
rearrangement of polymer chains into a more ordered structure. However, such mechanism has not
been validated and it remains unclear how substrate dynamics and chemistry influence the
assembly and reorganization of CP. Recently, we introduced the dynamic templating method
unveiling the essential role of surface reconfigurability and CP-substrate interactions in the

assembly process®?, which is fundamentally different from FFT. We proposed that interactions
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between a dynamic template and CPs can be promoted by reconfigurable surface exposing its
favorable interacting sites. This enhanced interaction lowers the polymer nucleation barrier and
expedite crystallization by adsorbing CP to the dynamic template interface. Resultantly, solution-
coated CP thin films exhibited exceptional degrees of alignment and crystallinity not attainable

using any known rigid (static) substrate.

In this work, we further investigate the critical role of template interactions with CP to derive
design rules for dynamic-template-directed assembly during solution coating. To achieve this goal,
we implement 5 different liquid templates of varying dynamics and chemistry including hydrogen-
bonded and ionic liquids. DPP-BTz is used as a high-performance CP to evaluate the templating
effect during meniscus-guided solution coating. The enthalpy of adsorption of DPP-BTz from
solution onto dynamic template is directly measured using isothermal titration calorimetry (ITC).
Our results demonstrate that both template dynamics and chemistry are essential for favorable
interaction with the CP. To study the interplay between the substrate properties and thin film
multiscale morphology, we perform comprehensive characterizations combining atomic force
microscopy (AFM), cross-polarized optical microscopy (C-POM), UV-vis spectroscopy (UV-Vis)
and grazing incidence X-ray diffraction (GIXD). Our results show that the polymer multiscale
morphology is drastically modified by increasing template-CP interactions regardless of coating
speed and final film thickness. Enhancing surface reconfigurability of hydrogen-bonded liquids
leads to improved molecular order and relative degree of crystallinity. The highest molecular order,
domain size and crystallinity are observed from IL-templated films that exhibit the highest
enthalpy of absorption. The resultant charge transport mobility reaches 2.8 cm?V~!s™!. Our
findings provide rational guidelines for designing substrate-ink interfaces during large-scale

solution-coating.
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RESULTS AND DISCUSSION

Dynamic template design for polymer thin film fabrication. We employ a
diketopyrrolopyrrole based D-A polymer, DPP-BTz, as a model semi-crystalline conjugated
polymer (CP) given its high performance®!-32. DPP-BTz films are fabricated from chloroform
solution via a meniscus-guided coating (MGC) technique which mimics the physics of high-
throughput roll-to-roll printers?* 3% 33 (Figure 1) (see the Experimental section for MGC details).
We choose two groups of liquid templates to obtain insight into the role of substrate dynamics and
chemistry during solution coating. The first group includes two hydrogen-bonded liquids with
comparable chemistry and drastically different dynamics (evaluated later): ethylene glycol (EG)
and glycerol (GLY). The second group contains a series of ILs with different chemistry and
comparable dynamics to EG. ILs are comprised of a bis(trifluoromethanesulfonyl)imide (TFSI)
anion paired with three different cations of the families of ammonium (N4111), pyrrolidinium
(PYR) and imidazolium (BMIM) with comparable alkyl chains. The chemical structures of the
investigated templates are shown in Figure 1. Both hydrogen-bonded liquids and ILs can
potentially interact strongly with the D-A polymer conjugated backbone through dipole-rt or ion-
n forces. We construct dynamic templates by infiltrating liquids in nanoporous anodized aluminum
oxide (AAO) membrane supported by glass substrates. High capillary force induced by AAO
nanopores ensures template compatibility with MGC and presence of a liquid-wetting layer to
direct polymer crystallization’. We confirmed experimentally that all templates are practically

immiscible with the CP solution in the short time frame of coating.
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Figure 1. Schematic of meniscus-guided coating of DPP-BTz films on a series of dynamics
templates. Dynamic templates are fabricated from infiltrating various liquids in AAO nanoporous
membranes supported on glass substrates. The liquids include ethylene glycol (EG), glycerol (GLY), and
1-butyl-3-methylimidazolium bistriflimide ([BMIM][TFSI]), 1-butyl-1-methylpyrrolidinium bistriflimide
([PYR][TFSI]) and 1-butylammonium-1,1,1-trimethylammonium bistriflimide ([N4111][TFSI]).
Molecular structures of DPP-BTz CP (blue) and dynamic templates (yellow) are shown in the inset.

Schematic illustration of the MGC is not to scale.

Evaluating template-CP interactions for establishing design rules. For establishing template
design rules, we hypothesize that the effect of the dynamic template directly scales with the extent
of template-CP interactions, and that faster template dynamics acts by promoting template-CP
interactions. We first compare template dynamics via orientational relaxation time (,,;) estimated

3nV,

effS . .
T;f. In this equation n

from the Stokes-Einstein-Debye (SED) hydrodynamic theory343>: ., =
is viscosity, V. is the effective molecular volume and ¢ is a factor which is a function of
hydrodynamic boundary conditions (stick or slip). Table S1 summarizes the estimated t,,; values
relative to EG for all templates. This analysis reveals significantly slower dynamics of GLY

compared to EG and ILs, which is not surprising given its high viscosity3-37. The estimated relative

T,ro¢ agrees with the reported orientation relaxation time®®. All three IL templates exhibit
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comparable 7,,; on the same order as that of EG. The ultrafast dynamics of the selected ILs is

demonstrated by previous experimental measurements (7,,, <nanoseconds)3*-4!.

We next quantify the interaction between DPP-BTz and various templates by isothermal titration
calorimetry (ITC). ITC traditionally is used for directly measuring binding energetics in biological
reactions**-*3 and recently its application has extended to macro- and nano-molecular systems*+46,
However, this is the first time that this technique is implemented for measuring semiconducting
polymers interaction with substrate. We choose single-injection ITC#’, shown in Figure 2a, to
mimic a drop-casting experiment. During this experiment, CP solution is titrated onto the dynamic
template and the released heat from the solution-template interaction is measured (AHy,p,,). Next,
solvent titration enthalpy change (AHy,,) is measured in the exact same manner. Subtracting AHgy
from AHy,j,, would result in the net CP-template interaction enthalpy change (AH,.). Figure Sla-c
present the raw heat rates and measured enthalpy changes for all templates. Figure 2b summarizes
AH,, suggesting favorable interaction with DPP-BTz (AH,<0) for all hydrogen-bonded liquids
and ILs. The AH, from titrating polymer solution on EG is ~2 times higher than that of GLY
despite comparable chemistry of the two templates. We attribute this to faster dynamics of EG that
enable rapid surface reorganization to maximize its favorable interactions with DPP-BTz in the
solution environment. AH,,; values for ILs are significantly larger than EG. This is not surprising
since IL cations can interact strongly with the conjugated polymer backbone via electrostatic forces
and ion-7 interactions proved by molecular dynamic simulations and 'H NMR measurements?°.
Within the IL series, BMIM exhibit the strongest affinity to DPP-BTz with ~2 times higher AH,,¢;

compared to N4111 and PYR.
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Figure 2. Quantify the interaction between DPP-BTz and dynamic templates using isothermal
titration calorimetry (ITC). (a) Schematic illustration of sample and reference cells before and after
titrating the DPP-BTz solution on the dynamic templates. The strength of interaction is proportional to the
net heat released during the titration. (b) Enthalpy of interaction between DPP-BTz and various templates
calculated from the difference between the heat released during the titration of polymer solution and the

neat solvent.

Conjugated polymer multiscale morphology characterizations. DPP-BTz films are
fabricated via MGC over a wide range of coating speeds (v) spanning from 0.10-100.00 mm.s-'.
We adjust film thickness (%) to be comparable across the substrates by slightly varying solution
concentration (C) at a specific v (Figure 3a). This implies that the evaporation rate (Qcyap) in the

evaporation regime should be different on various templates given the mass balance equation*®:
C . . . . .
Qevap = WiV —1, where solution density (p) and film width (L) are fixed. Figure 3b-c summarizes

our Q.4 calculations using this relationship. The fastest Q.,q, values are obtained when coating
on IL templates, which are 25% and 50% higher compared to coating on EG and GLY,
respectively. These results are qualitatively consistent with solution-substrate enthalpy of
interactions measured via ITC (Figure S1c). This is because stronger solution-template interaction

is correlated with higher work of adhesion which decreases the solution-template interfacial free
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energy (Ysomution-tempiate)” - Based on Young’s equation™, lower ysousion-tempiaze COrresponds to smaller

contact angle which leads to higher evaporation rate.

We postulate that stronger template-CP interactions increase polymer concentration at substrate-
solution interface during MGC, shown by MD simulations in our previous work3’. This
phenomenon potentially decreases the free energy barrier to heterogenous nucleation and expedites
CP surface-induced nucleation. Thus, CP crystallization would be enhanced and depending on the
coating regime flow-induced unidirectional alignment can be improved. We test this hypothesis
by characterizing solution-coated DPP-BTz thin film multiscale morphology via AFM, C-POM,
UV-vis spectroscopy and GIXD. Primarily, we focus on the influence of template properties on

the thinnest films coated at 1.00 mm.s"!. The effect of coating speed will be discussed at the end.

(a) (b) GLY® EGV N4111A PYR® BMIME (C)
. Evaporatiu:l Landau-Levich 754 ' . ‘Qeva;t 1' T =
£ ' 1 ; _':n hC =——v~ z 1.0 + + 1
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@ £57 e ]
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Figure 3. Quantifying evaporation rate from coating speed-dependent thickness measurements. a)
DPP-BTz film thickness, h, as a function of deposition speed ranging from 10-140 nm measured by AFM.
Evaporation and Landau-Levich regimes can be characterized at low and high coating speeds, respectively.
(b) h.C! vs. v'! plot with the corresponding linear fit dashed lines. The slope in this plot is proportional to
evaporation rate. (c) Corresponding normalized Q.. across various templates. These results reveal higher

evaporation rate on templates with stronger interaction with the DPP-BTz solution.

After fabricating DPP-BTz films via MGC on different templates they are transferred to

octadecyltrichlorosilane (ODTS)-modified silicon substrates to enable direct morphology and
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device comparison. We prob mesoscale topology of DPP-BTz thin films in direct contact with the
template by AFM. Figure 4 shows AFM height images exhibiting semi-crystalline domains
perpendicular to the coating direction. Domain size increases as the template-CP interaction
becomes stronger. Film thickness is fixed at 10+1 nm which is estimated to be 3-4 molecular
layers. GLY-coated films have significantly smaller domains compared to films coated on EG and
ILs due to its slower template dynamics. BMIM- and PYR-templated films have the largest
domains exceeding several microns in width corresponding to their strong interaction with DPP-
BTz. Such drastic difference in morphology persisted across the entire coating speed (film

thickness) series as discussed later.

,‘} t“;i !

x..\k&gl

K l‘ . w'.,

Figure 4. Atomic force microscopy for obtaining DPP-BTz film meso-scale morphology and
thickness. Tapping mode AFM height images of DPP-BTz films obtained by MGC at 1.0 mm.s*!' on various
dynamic templates. All scale bars are 1 pm. Crystalline domain size is the largest on BMIM and the

minimum on GLY.

Next, we investigate macroscale morphology and polymer backbone orientation using C-POM
(Figure 5a) and UV-vis spectroscopy (Figure 5b) demonstrating highly aligned films obtained
from more dynamic templates. Regarding C-POM, an uniaxially aligned film exhibits the
maximum (minimum) brightness when the polymer backbone is oriented 45° (0° or 90°) with

respect to the cross-polarizer axis. The difference in brightness comparing images oriented 0° and
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45° relative to the coating direction is defined as the optical birefringence which is a measure of
the extent of alignment. Figure 5a shows that GLY-coated DPP-BTz films are almost isotropic
while films deposited on EG and IL dynamic templates are uniaxially aligned. We quantify the
extent of polymer chain alignment from C-POM birefringence and UV-vis dichroic ratio. To
quantify the C-POM images birefringence, we use “Image J” image analysis software>!. We extract

the mean intensity values for images taken parallel (Iy) and 45 degrees rotated (I4s) with respect to

45 _ J0

Jo

the coating direction and calculate the anisotropy using intensity difference= . Although image

brightness and the value of I are a function of thickness, intensity difference is independent of film
thickness by definition. Figure 5c¢ compares C-POM birefringence for different substrates.
Intensity difference for isotropic GLY-templated films is close to 1 and exceeds 2 for EG- and ILs-

coated films given their anisotropy.

Page 14 of 37



Page 15 of 37

Molecular Systems Design & Engineering

(a) GLY
. I
(b) GLY

EG

1.0 Per

0.5 Par

Abs

0.0350 750 1000 i i

Wavelength (nm)

© of T T " h
é—’g"é”e
5.1 ¥ L o
mu ':o" o
0 *" 1

N4111-
PYR1

BMIM -

Figure 5. Macroscale morphology and alignment of DPP-BTz films. (a) Cross-polarized optical
microscopy images of DPP-BTz films coated at 1.0 mm.s*!. Crossed polarizers orientation is shown as
white crossed arrows and the red single arrows show the coating direction (all scale bars are 100 wm). Upon
rotating samples, the whole C-POM image illuminates indicating a uniform uniaxial macroscale alignment.
(b) Normalized absorption spectra of polarized ultraviolet—visible spectroscopy comparing DPP-BTz films
oriented parallel (red) and perpendicular (black) to the coating direction. (c) C-POM intensity difference

(black) and Ryy.y;s (red) values calculated for DPP-BTz films coated on template series. C-POM intensity

Va4
]

difference is calculated from the following equation: where 145 and I are the average intensities when

the film is oriented 45° vs. 0° with respect to the polarizer axis shown in Figure 5a. Ryy.,; is calculated
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from the ratio of 0-0 vibrational peak intensity perpendicular (I,;) and parallel (I,,) to the coating direction,

I per
Ruv.vis= I
par

To further evaluate preferential orientation of the polymer backbone and the extent of macroscale
alignment, we perform polarized UV-vis spectroscopy measurements. Upon applying linearly
polarized light, the maximum (minimum) absorbance is observed as the transition dipole moment
(TDM) align with (is transverse to) the polarizer vector. For CPs TDM have the largest component
along the backbone3>>*. Polarized UV-Vis measurements reveal that the polymer backbone is
preferentially oriented perpendicular to the coating direction for films coated on ILs and EG, but
the GLY-templated films are isotropic. We further quantify the degree of alignment using the 0-0
vibrionic peak dichroic ratio (Ryy.yis) (Figure 5¢). Ryy.yis is defined as the ratio between 0-0 peak
absorbance perpendicular and parallel to the polarizer. Ryy.s for GLY is ~1 as expected but
exceeded 2.5 for the EG and IL templates due to better alignment, consistent with C-POM results.
It should be noted that Ryy.y;s provides a lower bound to the degree of backbone alignment since
TDM is not necessarily aligned with the backbone depending on its curvature®> 3. Moreover, the
highest Ryy.yis (> 8) is obtained at lower coating speeds (0.1-0.25 mm.s™!) which will be discussed

later.
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Figure 6. GIXD analysis of DPP-BTz thin films coated on various substrates. (a) GIXD micrographs
of DPP-BTz thin films coated on various templates with the incident beam oriented parallel (||) (¢=0°) and
perpendicular (L) (¢= 90°) to the coating direction. DPP-BTz films are transferred to ODTS-treated SiO,
prior to the measurement. (100) peak intensity and azimuthal spread in parallel and perpendicular scans are
not similar due to the deviations from idea edge-on stacking. (b) Geometrically corrected intensity of DPP-
BTz n—n stacking (010) peak as a function of pole angle y and substrate in-plane rotation angle ¢.
Measurements are performed at different in-plane rotation angles of the substrate: ¢= 0°, 30°, 60° and 90°
with respect to the incident beam. Path length corrected intensity is obtained from a sector cut on GIXD
image with -88°<y<-83° at ¢=0°, 30°, 60° and 90°. Peak intensities are normalized by the irradiated volume
to allow direct comparison among various films. Dominant crystallite orientation is shown in the insets.
‘Face-on’ crystallites are described by the (010) peak at y=90° and the (100) peak at y=0°, and the ‘edge-

on’ crystallites by the (010) peak at y=0° and the (200) peak at y3=90°. (c) Relative degree of crystallinity

(tDoC) for various templates calculated from: rDoC « [ %f%sin (Z)I(Z' (p)dldgp. Standard errors are

calculated from (010) peak area multipeak fittings. (d) GIXD dichroic ratio (Rgxp) calculated from Rgixp

Aper

Apar’

where Aper (Apar) is edge-on nt-n stacking peak perpendicular (parallel) to the coating direction. (e)

lustration of morphology model inferred from GIXD and AFM shown in Figure 4.

We next employ GIXD to resolve DPP-BTz thin film molecular packing and quantify relative
degree of crystallinity (rDoC). Analyzing n-n stacking peaks further reveal higher crystallinity of
DPP-BTz films coated on templates with stronger interaction with the CP. Figure 6a shows GIXD
micrographs scanned parallel and perpendicular to the coating direction. GLY-coated films exhibit
weak isotropic n-n stacking. However, films coated on EG and ILs exhibit well-defined edge-on
n-n stacking peaks (010). To quantitatively analyze the orientation distribution of m-crystallites,

we extract pole figures® following procedures described in our previous report?*. Figure 6b shows
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n-n stacking peak (010) intensities as a function of the polar angle y and the in-plane rotation angle
of the substrate, ¢. We infer from these figures that GLY-coated films adopt a bimodal distribution
of edge-on and face-on crystallites with weak n-r diffractions. However, films coated on EG and
ILs exhibit sharp peaks characteristic of ‘edge-on’ orientation. We further calculate the relative
degree of crystallinity (rDoC) of DPP-BTz thin films by integrating the geometrically corrected
peak intensities over x and ¢ (Figure 6¢). Increasing the strength of template-DPP-BTz interaction
lead to higher relative degree of crystallinity. For films deposited on EG rDoC is >53% higher
than GLY-templated films. BMIM-coated films have the highest rDoC value, >30% higher
compared to those of EG, N4111 and PYR. This observation is consistent with the largest domain

size for BMIM-coated films probed by AFM (Figure 4).

Regarding the polymer in-plane alignment, except isotropic GLY-coated films, we observe
strong edge-on m-m stacking peaks in the perpendicular scans. Thus, the polymer backbone is
preferentially oriented orthogonal to the coating direction as inferred from UV-vis data. We
quantify this anisotropy via GIXD dichroic ratio (Rgixp) described as the ratio between normalized
edge-on n-n stacking peak perpendicular and parallel to the coating direction. Figure 6d plots Rgixp
values comparing all templates. For films deposited on EG, Rgixp is >8.3 times higher than GLY
representing a dramatic enhancement in polymer film alignment due to increased template
dynamics of EG vs. GLY. We observe the highest Rgxp for N4111 (Rgxp=13.9+1.4) and not
BMIM. We ascribe this to increased population of edge-on m-crystallites for BMIM-templated
films in all directions even parallel to the coating direction (obvious from ¢=0° sin(y)I(y, ¢)) due
to its higher rDoC. Figure 6e summarize the suggested molecular packing within aggregated

fibrillar domains across the template series.
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Coating speed-dependent multiscale morphology. To evaluate the generality of our
observations, we further investigate the influence of coating speed on template-directed multiscale
morphology of DPP-BTz thin films. Coating speed (v) is modulated from 0.10 to 100.00 mm.s™!
covering both the evaporation regime and the Landau-Levich regime*® (Figure 3a). After
transferring the polymer films from liquid templates to ODTS substrates, the mesoscale
morphology of DPP-BTz film directly in contact with templates is characterized by AFM (Figures
S2 and 7a). The largest domains are observed on BMIM-templated films, whereas the GLY-coated
films don’t exhibit clearly defined fibril structures and domains. While this trend is clearer in the
evaporation regime (<1 mm.s™!), it persists across the entire range of coating speeds studied (Figure
7a). Interestingly, even in the Landau-Levich regime (100.00 mm.s!), the mesoscale morphology
is sensitive to the choice of template, indicating that the template-induced crystallization
outcompetes that from the ink-air free surface. At this condition, the crystallite size of IL-templated
films is as large as 10 um, compared to 1-2 um for EG-templated films and sub-micron domains
on GLY. This observation is further confirmed via high magnification C-POM images (Figure 7b).
In addition, C-POM images brightness (intensity) increase in the following order:
GLY<EG<PYR~N4111<BMIM. Higher C-POM image brightness is ascribed to higher relative

crystallinity of IL-templated films which is further verified by GIXD measurements.

GLY
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Figure 7. Meso-scale morphology of DPP-BTz films obtained in Landau-Levich regime. (a)
Tapping-mode AFM height images (1 um scale bars) and (b) high magnification C-POM images of DPP-
BTz film coated on various templates at 100 mm.s"'. The arrow indicates the coating direction. Even at this

high coating speed the meso-scale morphology of CP film is sensitive to template properties.

Speed-dependent C-POM (Figure S3) and UV-vis (Figure S4) results reveal printing-regime-
dependent in-plane alignment. At low speeds (0.10-0.50 mm.s™') solvent evaporation at the three-
phase contact line induces nucleation. Thus, film growth follows the receding meniscus resulting
in aligned domains (evaporation regime). C-POM intensity difference (Ryy.yis) for EG films is 7-
22 (3-4) times higher than GLY films in this regime (Figure 8). In-plane alignment is comparable
for EG and ILs with maximum C-POM intensity difference and Ryy.y;s exceeding 33 and 8 for
films printed at 0.1 mm.s"! on N4111. However, in the Landau-Levich regime (100 mm.s™") viscous

force becomes predominant and produces isotropic domains.
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Figure 8. Comparing macroscale alignment of DPP-BTz films coated in the evaporation vs.
Landau-Levich regimes. Intensity difference from C-POM (black) and Ryy.,;s (red) values calculated for

DPP-BTz films coated on template series at 0.10 and 100 mm.s™.
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We then employ GIXD to characterize out-of-plane molecular orientation distribution and
determine the relative degree of crystallinity in the evaporation (v=0.1 mm.s*") and Landau-Levich
regime (v=100.00 mm.s!) (Figure 9 and Figure S5-6). Pole figure analysis shows preferential
edge-on packing for all cases. Films coated at 0.1 mm.s™! exhibit a broader out-of-plane orientation
distribution than thinner films coated at 1.00 mm.s"! which may arise from increasing importance
of bulk nucleation as opposed to template-induced nucleation for thicker films. The in-plane
alignment of m-crystallites (Figure S5b) is consistent with the trend observed from C-POM and
UV-vis at 0.1 mm.s"!. Specifically, the average GIXD dichroic ratio (Rgixp) increases from 1.4+0.2
to 12.1+£2.4 comparing GLY with EG, and the maximum value is observed for N4111 being
13.9£1.4. In addition, we observed that the full width at half maximum (FWHM) of the n-n
stacking peak is almost 48% larger on GLY compared to the other templates at 0.1 mm.s"! (Figure
S5c). This can be attributed to lower crystalline order and/or smaller domain size in GLY-
templated films due to slow template dynamics. n-n stacking distance only slightly varies across

the templates (3.62+0.02 A) (Figure S5d).

We next estimate rDoC for films coated at 0.1 and 100.00 mm.s™! from their corresponding pole
figures (Figure 9a-d). Once again, our analysis confirmed that CP films exhibit higher crystallinity
on templates with stronger interactions with DPP-BTz. Films coated on BMIM are >200% more
crystalline compared to EG, PYR and N4111 at 0.1 and >30% at 100 mm.s*'. Overall, our
characterizations demonstrate that across a wide range of coating speed (and film thickness)
template dynamics and chemistry can influence multiscale morphology significantly. This

dependence is consistently correlated with the strength of template-CP interaction (Figure 2b).
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Figure 9. GIXD analysis of templated DPP-BTz thin films comparing evaporation and Landau-
Levich regimes. Geometrically corrected intensity of DPP-BTz n—n stacking (010) peak (I (;(, (p) and
corresponding estimated rDoC for the series of templates coated at (a, b) 0.10 and (c, d) 100.00 mm.s!.

Measurements are performed at ¢= 0° and 90° for films coated at 0.10 mm.s*!' and the rDoC is roughly

estimated from: rDoC « f g f %sin (D1 ( V2 ¢)d yd . However, because the film coated at 100.00 mm.s™ is

isotropic (based on C-POM and UV-vis) we estimate the rDoC value only from the ¢= 0° measurement

from: rDoC o [ gsin (PI(pdy. Standard errors are calculated from (010) peak area multipeak fittings.

Corresponding GIXD micrographs are represented in Figures S5a and S6.

Morphology-Dependent Field-Effect Transistor Performance. Finally, we establish
morphology-charge transport relationship in DPP-BTz films by fabricating FET devices parallel
and perpendicular to the coating direction (Figure 10a-c). Device configuration is depicted in
Figure 10a and fabrication details are described in the Experimental section. Representative
transfer, output and gate voltage (Vg)-dependent plots are summarized in Figure S7-S9. FETs

fabricated from DPP-BTz films templated on ILs exhibit the highest average apparent hole
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mobility (p.pp) due to their stronger interactions with CP (Figure 10c). For polymer films coated
in the evaporation regime, Wy, is predominantly larger perpendicular to the coating direction. This
excludes GLY-coated films at 0.25-1.00 mm.s"! given the lack of anisotropy and low crystallinity.
More efficient charge transport perpendicular to the coating direction is mainly explained by faster
charge transport along polymer backbone facilitated by enhanced in-plane molecular alignment,
larger domains (less grain boundaries) and higher rDoC. The highest performing device is obtained
from BMIM-templated films coated at 1.00 mm.s™! with active channel orthogonal to the coating
direction. Transfer and output characteristics for the corresponding p-channel device is shown in
Figure 10b with p,p,, exceeding 2.8 cm?V-!s-l. This is >5 times higher than p,,, parallel to the
coating direction. Such charge transport anisotropy is not surprising given the high in-plane
alignment of the polymer backbone. Films coated in the Landau-Levich regime (100 mm.s™!) show
Happ less than 1.0 cm?V-!s-! with no charge transport anisotropy. At this condition, the p,,, values
on IL-coated films are almost an order of magnitude higher than EG, and EG p,y, 1s >5 higher than
GLY. These results agree with the trend observed from crystallite size analysis and rDoC for the

100 mm.s"! coating speed.
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Figure 10. (a) Bottom-gate top-contact OFET device. (b) Highest performing device obtained from DPP-
BTz film printed at 1 mm.s"! on [BMIM][TFSI] dynamic template. On/off ratio and threshold voltage are
2.9x10*and -18.8 V, respectively. (¢) Comparing apparent mobility of DPP-BTz OFET devices with active
channel perpendicular and parallel to the coating direction across a wide range of speeds on various

templates.

CONCLUSION

In conclusion, we establish that template-conjugated polymer interactions quantified by the
enthalpy of adsorption. Interactions strength can serve as a unifying metric to gauge the
effectiveness of dynamic templates in directing crystallization and assembly of conjugated
polymers. Such template-conjugated polymer interactions are sensitive to both template dynamics
and chemistry. To investigate the role of surface reconfigurability, we choose glycerol and
ethylene glycol hydrogen-bonded liquids due to their similar chemistry and drastically different
dynamics. Directly measuring template-conjugated polymer interactions using isothermal titration

calorimetry (ITC) verifies that faster dynamics of ethylene glycol result in ~2 times stronger
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interaction with the polymer compared to glycerol. Such difference in the strength of interactions
directly impact solution-coated thin film morphology. Comparing DPP-BTz films coated on
ethylene glycol vs. glycerol, AFM showed >10 times increase in semi-crystalline domain size, and
C-POM and UV-vis demonstrated improved macroscopic alignment by up to 22- and 4-times.
Moreover, GIXD demonstrates up to 3-fold higher relative degree of crystallinity and long-range
order of semi-crystalline domains formed on ethylene glycol. Combination of these morphological
changes results in up to an order of magnitude improvement in FET charge transport mobility.

These results persist in the whole coating speed range from 0.1-100.00 mm.s™!.

To further elucidate the role of template chemistry, we select 3 ILs with different cations and
comparable dynamics with ethylene glycol. ILs AHjeraction measured by ITC is higher than
ethylene glycol (N4111<PYR<BMIM). Consequently, semi-crystalline domain size observed
from AFM and relative degree of crystallinity measured by GIXD are increasing with stronger
template-polymer interactions. This trend is preserved in field-effect transistor device performance
and IL-templated films exhibit highest charge transport mobility with the best-performing devices
templated on BMIM. The observed trend is independent of coating speed and printing regimes,
indicating that dynamic template plays a critical role in polymer crystallization regardless of

coating conditions.

Based on these results we propose favorable interactions between conjugated polymer and
template as a design rule for dynamic template-directed assembly. To enhance template-
conjugated polymer interactions, not only should the template have functional groups to interact
strongly with the conjugated polymer, but also its dynamics should be fast enough within the
coating time-frame to interact effectively with the assembling polymer through surface

reconfiguration. Compound effect of these two criteria leads to strong affinity of conjugated
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polymer with the template as to enrich polymer molecules near the template interface. This
phenomenon decreases the free energy barrier to nucleation, expedites nucleation and ensuing
crystallization process. Our results establish the significant importance of substrate interfacial
properties to semiconducting polymer crystallization during solution coating and printing as this

important class of functional materials ripens for commercialization.

EXPERIMENTAL METHODS

Isothermal Titration Calorimetry measurements. ITC experiments were carried out using a
Nano ITC Low Volume isothermal titration calorimeter (TA Instruments) at 298 K and data were
extracted from NanoAnalyze software. Data was analyzed using Origin software. The accuracy of
the instrument was verified by measuring water-water titration enthalpy before each series of
measurements. Reaction cell was rigorously cleaned in two steps: 1-Cleaning the cell with series
of NaOH, Formic acid and DI water, and 2-Rinsing the cell by isopropanol, chloroform and
acetone. The cell was heated to 60°C to evaporate all residual solvents. Next, 50 uL of the liquid
template was injected to the reaction cell and reference cell. We waited for 15 minutes to make
sure the liquids descend completely to the bottom (30 minutes for higher viscosity glycerol), no
residual liquid is stuck to the cells wall and avoid bubbles. Then 50 uL of 2 g.L-! DPP-BTz solution
in chloroform was loaded to the injection syringe and mounted on the ITC instrument. We set the
temperature to 298 K and the instrument thermal power was monitored until baseline returned to
the initial value. We started all titration experiments with a 0.25 pL to avoid bubbles in the main
experiment. After 30 minutes, 3 uL of the DPP-BTz solution was titrated on the liquid template.
We then recorded heat flow as a function of time (uJ.s!) for 60 minutes and repeated the

experiment at least 3 times for each template. The average area under the curves was used to
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calculate the adsorption heat of DPP-BTz to the template after subtracting the similar single-

injection of pure solvent.

Substrate preparation. Semi-solid dynamic templates served as substrates compatible with
large-scale solution coating. Dynamic templates were constructed by infiltrating nanoporous
anodized aluminum oxide (AAO) Whatman® Anodisc membranes (purchased from Sigma-
Aldrich) with various liquid templates supported by glass substrates. AAO had 200 nm pore size
and its diameter was 1.3 mm. Hydrogen-bonded liquids include glycerol (GLY) (99.6% ACS-
grade purchased from Fisher Scientific) and ethylene glycol (EG) (99.8% anhydrous purchased
from Sigma-Aldrich). Bistriflimide-based ionic liquids (99%) were purchased from loLiTec Ionic
Liquids Technologies Inc. and stored in nitrogen glove box prior to use as received. ILs include 1-
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][TFSI]), 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([PYR][TFSI]) and 1-butylammonium-

1,1,1-trimethylammonium bis(trifluoromethylsulfonyl)imide ([N4111][TFSI]).

Meniscus-guided coating for conjugated polymer thin film fabrication. The semiconducting
polymer, 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) (M,=176 kg.mol! and PDI=2.5) was
synthesized as previously reported®? and used as received. We prepared DPP-BTz solution by
dissolving the polymer in anhydrous chloroform (Macron ACS grade) on a stirring hot plate at
50°C until obtaining a clear homogeneous solution (> 2 hours). DPP-BTz thin films were deposited
onto templates by meniscus-guided coating (MGC)?3 30, The MGC setup included a stationary
substrate and a moving dewetting coating blade, with polymer solution sandwiched in between.
The blade was tilted 8° and blade-substrate gap was fixed at 100 pm. All films are deposited at

substrate temperature of 25 °C with varying coating speed of 0.10-100 mm.s!. Solution
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concentration was modulated between 2.0-3.0 g.L"! to obtain comparable film thickness across all
substrates. After coating DPP-BTz films on liquid/AAO hybrid substrates, they were transferred
to octadecyltrichlorosilane (ODTS) functionalized silicon wafer with 300nm thermally grown
Si02 by simply bringing the substrate in contact with the film. ODTS-modified substrate served
as mutual substrate for morphology characterizations and device fabrication enabling direct
comparison across substrates (see previous reports?® 30 for ODTS modification details). After
removing the AAO membrane, the transferred films were subsequently immersed in acetonitrile

for at least 5 minutes to remove the residual liquids.

DPP-BTz thin film multiscale morphology characterizations. We used a Nikon Ci-POL
optical microscope to visualize the as-fabricated polymer thin film microstructure and assess
uniaxial alignment under cross-polarized light. Birefringence was quantified using Image J
analysis software’!. Meso-scale morphology of the film in direct contact with template during
MGC was characterized using tapping mode Asylum Research Cypher atomic force microscope.
Film thickness was measured using AFM height image cross-sections. Polarized UV—Vis
absorption spectra were collected at room temperature on an Agilent Cary 60 UV-Vis
spectrophotometer, with and without the incident light polarized vertically by a broadband sheet
polarizer. Measurement data was obtained using the as-coated films on the template/AAO/glass
structure after subtracting the background within the wavelength of 400-1000 nm. Grazing-
incidence X-ray diffraction (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 1.6871 A (Bpeam=7.35 keV), at a 208 mm sample-to-detector distance®’. A two-
dimensional Pilatus 1M detector was used for data collection. The incidence angle was 0.14° and

the exposure time was 10-30 s. During the measurement, the samples were placed in a helium
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chamber, with a 228-mm sample-to-detector distance. Each sample was scanned at various in-
plane rotation angles (@) by rotating the substrate with respect to the incidence beam by 0°, 30°,
60° and 90°. Herein, ¢ is defined as 0° when the film coating direction is oriented parallel to the
incident beam. Data analysis was performed with the software GIXSGUI, which included a
correction for the polarization of the synchrotron x-ray beam>% 8, The edge-on n-n stacking peak
and the lamella stacking peak were obtained from a sector cut between -88°<y<-83° and -10%<y<-
5° respectively from the geometrically corrected image. Partial pole figures were constructed by
extracting (010) m-r stacking peak intensities as a function of the polar angle y (13-88° binned
into ~5° increments) to analyze domain orientation distribution, as well as relative degree of
crystallinity. To accurately calculate the peak intensities, multipeak fitting was performed with
Igor Pro on the intensity vs. q curve obtained from each 5° segment along the y axis. The purpose
was to deconvolute the n-rt stacking peak from the amorphous ring, SiO, scattering and the ODTS
peak. The peak intensity and area thus obtained were further normalized by the film thickness and
beam irradiated area on the films. The background diffractions of all substrates were also carried
out under the same condition. The n-w stacking peak was fitted with a Lorentzian function to obtain

the peak position and peak area for determining n-rt stacking distance and dichroic ratio. The peak

area was further normalized by the irradiated volume to allow comparison across samples.

Conjugated polymer FET fabrication and electrical characterization. We fabricated bottom-
gate top-contact FETs by transferring the as-coated DPP-BTz semiconducting polymer film to a
highly n-doped Si (gate) with thermally grown 300 nm SiO, modified by ODTS (dielectric layer)
to minimize interfacial charge traps®. Silver source and drain electrodes of 45 nm thick were

thermally evaporated onto the polymer films through a shadow mask. The channel length (L) was
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47 um and channel width (W) was 840 um. All electrical measurements were performed in a

nitrogen environment using a Keysight BIS00A semiconductor parameter analyzer at room

eqe, . . . . Wciﬂa
temperature. The field-effect mobilities in the saturation regime were calculated from Ips = —; s

(Ve — V)2, where Ipg is the drain-source current, C; is the dielectric capacitance per unit area (11
nF/cm? for ODTS-treated 300 nm SiO, dielectric), Vg is the gate voltage, u is the apparent carrier
mobility, and Vr is the threshold voltage. Average data were calculated from analysis of at least

10 independent devices.
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Substrate-conjugated polymer interaction strength serves as a unifying metric to gauge the
effectiveness of dynamic templates in directing crystallization.



