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Abstract

The optoelectronic properties and device performance of organic semiconducting polymers relies
on a delicate interplay of material chemical structure, noncovalent solid-state interactions, and
processing conditions. However, screening, understanding, and optimizing the relationships
between these parameters for reliably fabricating high performance organic electronics is an
arduous task requiring significant time and resources, often hindering the development of new
technologies that address contemporary socio-economic and environmental challenges. Towards
addressing this limitation, we report the usage of a robotically automated device fabrication and
characterization platform capable of producing organic field-effect transistors (OFETSs) through
the solution processing and subsequent blade-coating of various m-conjugated semiconducting
polymers. Named “Polybot”, this automated platform is capable of high-throughput fabrication
and electronic measurements of OFETs, allowing for mass acquisition and subsequent analysis of
data to uncover novel material property relationships for further refinement of rational chemical
design and processing conditions. To demonstrate the prowess of this platform, this work
investigates novel hydrogen bonding containing diketopyrolopyrrole (DPP)-based polymer for
thin film blade-coated OFET fabrication. Through high-throughput fabrication of analysis,

interesting data trends were analyzed, namely control over the extent of anisotropic charge



mobility (ranging from a anisotropy ratio of 1 to over 690) can be observed in thin films. The
materials and resulting films were thoroughly characterized using a combination of techniques
including cryo-electron microscopy, polarized UV-Vis spectroscopy, atomic force microscopy
(AFM), X-ray scattering, and polarized optical microscopy to understand the role of processing
conditions in solid-state and electronic properties of these organic semiconductors. Overall, these
findings demonstrate that the use of automated fabrication and characterization platforms can
provide valuable insights into optimization and uncovering the potential of novel electroactive
materials, ultimately leading to new avenues and insights towards designing high performance

next generation technologies.

Introduction

Organic semiconductors, particularly n-conjugated polymers, have become an established
platform for designing next-generation soft technologies for biomedical, advanced manufacturing
and energy production.'™ The diversity and effectiveness of electroactive materials stem from the
broad spectrum of molecular structures achievable through careful chemical design and processing
methods. These tailored approaches enable the production of materials with specific
characteristics, including fluorescence, mechanical flexibility, self-healing features, and
compatibility with environmentally-friendly solvents.>® Particularly, the constant evolution of
donor-acceptor conjugated polymers has resulted in material designs that have surpassed the
performance of amorphous silicon, with charge carrier mobilities now surpassing 10 cm?V~'s! in
organic field-effect transistors (OFETs). Although significant advancements have been made, the

intricate interplay among chemical design, materials processing, and thin film morphology for

high-performance organic electronics is not fully comprehended. Moreover, it has been



consistently shown through past literature that each aspect of the device fabrication process is

crucial for developing high-quality, stable organic electronics.®!°

When investigating from the perspective of chemical design, the strategy of side-chain
engineering, where the solubilizing alkyl groups typically required on these polymers to ensure
solubility in common organic solvents are synthetically modified, has become the de facto
approach for modulating the optoelectronic, solid-state and mechanical properties of conjugated
polymers.'"!'? To advance conjugated polymer research, researchers have extensively adopted an
Edisonian approach—characterized by extensive trial-and-error experimentation. This has led to
the exploration of various side-chain motifs, including ligands, perfluorinated groups,
oligosiloxanes, and natural product derivatives.'3"'® These design elements have been integrated
into the chemical structures of high-performance conjugated polymers with the aim to enable
desirable properties to the materials, including stretchability, self-healing, and environmentally-
friendly processability.'>!7-2° In addition to these, there has been an increasing tendency for
utilizing hydrogen bond containing side chains as they have shown to help promote solid-state
self-assembly, enhance mechanical properties, enable intrinsic self-healing, and alter solubility
and processing conditions of the semiconducting polymers.?'?3 Furthermore, the incorporation of
hydrogen bonding moieties can impact the optoelectronic properties of conjugated polymers, thus

offering additional avenues for materials design.?**

Despite the many instances of
semiconducting polymers that incorporate hydrogen bonding moieties, the core effects of these
components on materials processing and the overall bulk properties of the polymers are not

completely understood.?® Additionally, there is a vast, unexplored potential in optimizing these

hydrogen bonding interactions. Exploring this area by characterizing and identifying the new



properties that emerge from various solution processing techniques, present a significant

opportunity for materials discovery and organic electronics optimization.?’

The transitionary mindset when moving from a chemical design space to the material
processing and device engineering space invokes some unique challenges. Thanks to years of
synthetic and computational advances, designing promising chemical structures and simulating the
properties of individual polymer chains with novel designs has become quite feasible. However,
predicting their processability and behavior in electronic devices remains a significant challenge.
This difficulty arises from the multitude of factors that play a role in what is known as device
optimization. These numerous parameters make it complex to foresee how these materials will
perform in practical applications.?® Optimizing organic materials for more performant organic
electronics relies on a complex yet delicate interplay of chemical structure design, solvent
processing selection, and choice of device fabrication technique, and fabrication environment.?*~
31 In this context, the use of automation for device fabrication offers some unique advantages,
namely the faster screening of coating conditions (i.e., blade coating velocity and substate
temperature) as well elimination of human variance during device fabrication. Thus, through
automated processing and device fabrication, it can be possible to investigate and ultimately
understand the parameters involved with the electronic performance of conjugated polymers and

truly understand the full capabilities of material synthetic design.
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Figure 1. A) Representative workflow of the automated device fabrication and data
measurement/acquisition of the Polybot platform for OFET devices. A polymer design of choice
is dissolved in a suitable solvent, where a two-dimensional study is conducted based on blade-
coating, where annealing temperature and blade-coating speed are selected for by the robotic Al.
Through automation, the devices are fabricated and analyzed to look at charge carrier mobility of
the resulting polymer thin films. B) The automated workflow of Polybot for the fabrication and
electrical measurement of bottom-gate bottom-contact OFETs. Solutions of polymer are pre-
prepared at 10mg/mL and then integrated into the robotic platform. Pre-patterned n-doped silicon
substrates with gold electrodes are cleaned by the robot, followed by heating to a specific
temperature that is less than the boiling point of the specific solvent, specifically CHCI3 in this
experiment. Upon reaching a temperature chosen by the robot’s Al, the polymer solution is then
deposited and subsequently coated across the substrate using an OTS-functionalized blade that
moves at a velocity chosen by the robot’s Al. The substrate then has its charge carrier mobility

measured by the robot using a probe station, which is subsequently analyzed as a mobility value
in both the parallel and perpendicular directions to the blade coating vector.




Herein, we report the use of a unique automated platform, so-called “Polybot” investigate
the influence of hydrogen bond driven self-assembly on the processing of semiconducting
polymers, and to explore and better understand their impact on the materials electronic properties
in OFETs. More precisely, this work focuses on a DPP-based conjugated polymer with side chains
moieties that can generate intermolecular hydrogen bonding, processed through automated blade-
coating from a solution (Figure 1b). A diverse set of processing conditions were systematically
varied, specifically focusing on adjusting substrate temperature and blade-coating speed. This
approach facilitated the collection of a large dataset of charge mobility measurements from the
fabricated OFETs. The analysis of these measurements provided insights into a range of electronic
phenomena and performance characteristics. A key finding from this high-throughput
experimental approach was the ability to control the degree of anisotropic charge transport in the
OFETs by carefully altering the fabrication conditions. This control over anisotropic charge
transport led to a more in-depth examination. Selected thin films, produced under specific
conditions that demonstrated varied degrees of anisotropic charge transport, were extensively
analyzed to explore, and understand the relationship between the solid-state properties of the
materials (arising from the chosen fabrication conditions) and their anisotropic charge transport
behaviors. Notably, through evaluation of polarized optical microscopy, grazing-incidence wide-
angle X-ray scattering (GIWAXS), and polarized UV-vis spectroscopy, it was found that factors
such as crystallinity, amorphous chain alignment and dipole transition alignment in the hydrogen
bond containing polymer can be directly correlated to the degree of anisotropic charge transport
observed in correlated devices, providing a potential future avenue for designing low-cost
technologies where anisotropic characteristics are relevant such as sensors, displays and optical

communication. Ultimately, our results show that using a high-throughput experimentation by



varying device fabrication conditions, particularly substrate temperature and blade coating velocity
can result in vast changes in electronic performance of materials while also resulting in uncovering
novel electronic properties, moving closer to the discovery of the full potential of a functional

polymer.
Results and Discussion

For this work, amide-containing conjugated polymers were used due to several key
reasons. First, amides can be synthetically easily. Furthermore, previous work from our group and
others demonstrated that, when incorporated in small molar fractions, amide functional groups can
have significant impact on semiconducting polymers, particularly on charge transport and
mechanical properties.*?3 Notably, amide-containing side-chains have been shown to intrinsically
induce pre-aggregation of semiconducting polymers in solution, often resulting in the formation
of well-defined solid-state morphologies upon deposition.?® This feature is particularly desirable
for blade-coating since the formation of such aggregates can result in highly aligned polymer
chains in thin films, thus leading to enhanced mechanical properties and electronic performance.
Currently, strategies to induce pre-aggregation in the solution state for blade-coating has involved
investigating parameters such as the use of nucleation agents, co-solvent blending, sonication,

solution and UV-induced degradation, and specialized equipment and substrates.**3>

Automating a blade-coating experiment involves careful consideration of various logistical
aspects. First, the selection and setup of appropriate equipment are crucial; this includes choosing
a reliable robotic arm or automated system capable of precise movements for measuring and
transport of coating solutions to the desired substrate. The automation process also requires the
development of a well-defined workflow, including the pre-preparation of coating materials,

loading, and unloading of pre-patterned substrates, and careful control of fabrication conditions



such as temperature blade-coating velocity. Finally, integration of electronic probes capable of
carrying automated electronic measurements, in this case hole charge carrier mobility, are also a

necessity to fully realize the workflow.
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Figure 2. Polybot automated platform used for the processing and characterization of OFETs. A)
Chemical structure of the hydrogen-bond containing DPP conjugated polymer. B) Simulation of
the robot stations and tools used for the OFET workflow C) Actual image of the real station D)
Zoomed vile of the coating station E) Zoomed view of the OFET film after blade coating.



As shown in Figure 2b and Figure 2¢, the Polybot platform is composed of six key
hardware components for automating the experimental workflow. The gripper robotic arm (1)
serves as the main transport mechanism of the platform and is responsible for the bulk of the
automated workflow; through this n-doped silicon substrates with pre-patterned gold electrodes
are moved from the substrate rack to the blade coating station (5), which is equipped with a heating
mantle to heat the substrate to a selected temperature by the robot, which a limitation being placed
on the software to ensure that the temperature is not within 5°C of the boiling point of the solvent,
in this case CHCls. Next, the gripper moves to the vials of pre-prepared solutions from the solution
rack which are subsequently transferred to the vial holder (2), upon which they are uncapped.
Following this, the gripper moves to the pipette rack (3) to attach itself with a disposable pipette
tip, which then moves to the uncapped vial in the vial holder to draw a set amount of polymer
solution from the vial and is then moved to the blade-coating station to dispense the solution on
the substrate functionalized with a phenyltrimethoxysilane (PTS) monolayer which then coats the
solution at a velocity determined by the robotic platform (Figure 2d) on the final substrate (Figure
2e). Simultaneously, the gripper arm moves back to the vial holder to re-cap the vial to mitigate
excessive solvent evaporation. Finally, the coated substrate is picked up by the gripper and moved
to the electronic characterization station (6), upon which tungsten probes are placed in contact with
the substrate to measure device characteristics through the recording of current-voltage and output
characteristic curves. It is to note that as shown in Figure 2e, the pre-patterned gold electrodes are
specifically designed to measure device characteristics both parallel and perpendicular to the
direction of blade-coating, as it has been demonstrated in previous reports that significant
differences in the charge mobility can be observed based on the measurements taken with respect

to the vector of the coating direction. Upon completion of measurements and data storage, the



robot moves the substrate back to the substrate-holding rack and the OTS-functionalized blade is
cleaned with a toluene (jet integrated into the blade coating apparatus) to remove any residue on
the blade for the next experiment cycle. The entire workflow experiment is carried out in a sealed
plastic box with a door and an inlet of argon gas to work under inert atmosphere as much as
possible. Upon completion of the set determined number of experimental cycles (or complete use
of solution), the gripper moves the capped vial back to the vial storage rack. Furthermore, all
experiments are formed are replicated in duplicate to ensure accuracy and reproducibility. Through
this automated workflow, over 30 separate workflow experiments (60 in total) were run within 48
hours, demonstrating the power of automation to uncover a large experimental space within a time

and cost-effective manner.

To explore the experimental capabilities of the Polybot platform, we selected two key
variables for analysis, i.e., the substrate coating temperature and the blade velocity, through a
constrained random sampling method/ controlled design of experiments method. The temperatures
were varied from 30 to 50°C in increments of 5°C, while the blade velocity was adjusted from 0.5
to 50 mm/s with a step of 0.5 mm/s. Our selection was strategically biased towards higher
temperatures, given the increased solubility of the polymer at these ranges, and towards lower
blade speed, as previous experiments have shown these conditions to favor film uniformity. By
doing so, the robot was able to screen for a variety of blade-coating conditions to generate a
significant body of data for investigating the charge mobility of the hydrogen-bond containing

polymer in relation to the device fabrication conditions, as visualized in Figure 3.
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Figure 3. Experimental visualization of the 30 different experimental conditions (circles)
regarding the blade-coating of P1 ran through the Polybot Interface. A) 3D (top) and 2D (bottom)
surface response of the Average mobility towards the experimental conditions. B) 3D (top) and
2D (bottom) surface response of ratio of perpendicular to parallel mobility towards the
experimental conditions. The linear interpolate module from SciPy library was used to interpolate
the scattered data onto a uniform grid. The grids are color-coded based on the average mobility
and perpendicular to parallel mobility ratio respectively.

First, device characteristics were evaluated. Directly performed by Polybot, transfer and
output curves were measured for all devices, with representative curves shown in Figures XX and
XXX. The charge carrier mobility was extracted from the transfer curves through linear fitting of
Ips'? vs. Vs in the saturation regime using Ipssay=(WC/2L) tisa(Vi — Vin)?. Since some of the
transfer curves exhibited slight non-linearity, a slope of Ips? vs. Vs from approximately Vs = -

15V to -55V was used to avoid over- or underestimation of mobilities.>® Charge carrier mobility

Perp/Para ratio



was measured in two directions, parallel and perpendicular to the direction of blade-coating to
understand the anisotropic implications with the coating technique. Furthermore, the average
charge mobility, calculated from both perpendicular and parallel charge mobilities, was also
evaluated to provide a comprehensive view of the electronic properties of the semiconducting

materials in thin films.

Towards obtaining an overall view of the electronic properties of the polymer, the impact
of temperature and blade-coating based processing on the overall average mobility, the average
thin film mobilities were 3D and 2D mapped as shown Figure 3A. Through the high-throughput
experimentation, we observed that higher average mobility values were displayed at coating speeds
that ranged from 10 mm/s to 20 mm/s and at elevated temperatures, with the highest average
mobility value being measured at 0.0151 cm?V-!s™!, occurring at 10mm/s at a temperature of 50°C.
Conversely, the lower range of mobilities observed were at coating speeds beneath the 10mm/s
range (such as 0.00166 cm?V-!s"! at 6.5 mm/s), and between 25-35 mm (such as 0.000666 cm?V-
sl at 30 mm/s). It is noted that with blade-coating, the velocity at which the coating occurs
significantly impacts factors such as chain alignment and film crystallinity, all of which play a role
in charge transport, but the optimal speed can be unique for each material, thus automated high
throughput screening is advantageous for optimizing this processing parameter.?’-3” More broadly,
it was also noted that higher substrate temperatures, closer to the boiling point of CHCI3, also
resulted in higher mobilities, but this trend was not as defined. However, it was observed that small
changes in coating temperature, such as the difference between 45°C and 50°C, resulted in
generally higher mobility values on average, indicating that electronic performance of the thin
films are significantly sensitive to temperature conditions. While the reasoning for this requires

further investigation, it is known that hydrogen bond driven self-assembly is sensitive to



temperature changes, which could be a contributing factor to this observation.*® Thus, further
analysis would entertain exploring smaller temperature shifts (i.e. 1°C ranges instead of the 5°C
used for this experiment) for further optimization and understanding of thin film electronic
properties. Overall, the average mobilities obtained from the blade-coated experiments fall within
the range of previously reported BGBC films, ranging in magnitude from 107 to 107 cm?V-'s!,
with a comprehensive list of these values shown in Table S2. Furthermore, these values agree with
previously reported amide containing DPP polymers previously reported by our group and others.
3941 While there are few examples of other hydrogen bond containing polymers that led to higher
performance in OFETs, it is important to note that the value obtained through Polybot have been
measured under ambient conditions in absence of a controlled environment, which is known to
significantly impact the magnitude of mobilities.*

By meticulously analyzing the data obtained from these experiments, particularly when
placing special attention to the results obtained under different coating speed at elevated
temperatures, we observed a significantly broad range of anisotropy in charge mobility measured,
providing hints at a potential direct influence of the hydrogen bond-containing sidechains. Defined
as the ratio in charge carrier mobility between the parallel blade-coating direction to the
perpendicular one, charge mobility anisotropy is a particularly desirable characteristic in organic
electronics due to its contribution to directionally enhanced mechanical and optoelectronic
properties. This trait is especially valuable in the fabrication of large transistor arrays, where it
plays a crucial role in minimizing parasitic current leakage between adjacent arrays. Effective
control of this leakage is essential for the optimal performance and durability of these devices,

making anisotropic properties a key focus in advancing organic electronic technologies.



When investigating the charge carrier anisotropy of the films, as depicted in Figure 3B, it
was observed that higher anisotropy occurred at lower coating speeds, particularly under 10 mm/s,
indicating that lower velocities favor greater alignment within the hydrogen containing polymer
system, as per Table S2. Notably, the highest anisotropic ratio measured in the set of experiments
at 690.60 (0.004519 cm?V-'s! in the parallel direction versus 6.54E% c¢m?V-!s! in the
perpendicular direction) occurred at a coating speed of 1mm/s at a temperature of 45°C, further
demonstrating that at lower speeds, greater alignment can occur due to kinetic trapping effects,
thus resulting in more directional mobilities.** However, it was noted that at a coating speed of 0.1
mm/s as per Table S1, no significant anisotropy was observed, indicating that even lower speeds
might not be beneficial for chain alignment. This could also be potentially attributed to the
volatility and vapor pressure of CHCI3 resulting in poor film quality and evaporation as the blade
moves, thus future work can look at investigating higher boiling point solvents to mitigate these

effects and further analyze sub-1 mm/s coating speeds.
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Figure 4. Visual data extrapolation of data and tends associated with elevated coating temperatures
within the Polybot. In the experimental space analyzed by the robot, charge anisotropy was
discovered as an important phenomenon that arise from the blade-coating of the hydrogen bonding
containing polymer.

Interestingly, a correlation between substrate coating temperature and anisotropic
electronic properties was also observed. On average at elevated temperatures, as highlighted in
Figure 4, it was found these higher ranges, namely 45°C and 50°C, would more consistently result
in anisotropic charge transport values, particularly at coating speeds beneath 10 mm/s. This is
consistent with previous reports that suggest that higher temperatures can induce crystallization
and alignment effects in extended conjugated and hydrogen bond containing systems, which when
combined with suitable blade coating speeds can result in self-assembled and highly aligned

morphologies.** However, it was observed that at higher coating speeds, these elevated



temperatures proved no correlation to charge anisotropic character, indicating there are limitations
to temperature induced effects within this polymer system with regards to anisotropy. A possible
explanation for this observation is the combination of elevated temperatures in conjunction with
the higher speeds of the blade might provide sufficient force to disrupt the hydrogen bonding
interactions associated with the amide motif, resulting in the hydrogen bonding no longer
contributing to anisotropic alignment.

Overall, this observed anisotropic phenomenon indicates that the presence of moieties
capable of generating intermolecular hydrogen bonding, when combined with a meticulous
processing optimization, can allow for the controlled formation of a well-defined nanoscale
morphology in the solid-state without relying on additives, elaborate processing conditions, or the
use of complex solvent systems or blends, which are traditionally required to achieve chain
alignment.?' Furthermore, the potential for controlling both the degree of electronic performance
as well as alignment through simple processing conditions afforded by a material’s intrinsic
chemical properties, namely hydrogen bonding, opens the door for applications for applications
where materials with multifunctional properties and domains are required, such as artificial skin
and augmentation.*

Using Polybot for screening a variety of parameters, and through selection of specific
results, we further investigated trends for understanding the implication of hydrogen bond
containing side chains on electronic properties, particularly in this case charge anisotropy and
understand the role of structural property relationships. Notably, out of the 30 conditions, 6
conditions exhibited were selected for further analysis that showed a large range of charge carrier

anisotropy, with these ratios ranging from 1 to over 690, as shown in Table 1. These particular



conditions warranted looking at the thin film properties to understand the attributes that contribute

to charge carrier anisotropy.

Table 1. 6 selected conditions for Polybot that exhibit a range of anisotropic charge charrier
characteristics that were discovered during the automated experimental workflow. Hole mobility
(un) expressed in units of cm?V-'s™!,

Condition Velocity Temperature ~ Mobility Mobility Ratio Optical
Number Dichroic
(mm/s) (€ (Parallel) (Perpendicular) (Para/Perp) Ratio
1 10 50 0.015092 0.01434 1.052442 0.960997
2 9.5 50 0.010593 0.008191 1.293133 1.091078
3 10 40 0.006466 0.002459 2.630079 1.20054
4 9 50 0.012071 0.001328 9.090423 1.259301
5 0.9 30 0.00977 0.000308 31.76544 1.334722
6 1 45 0.004519 6.54E-06 690.6067 3.640845

To probe for the influence of solvent selection on processing of the hydrogen bond
containing polymer, cryo-electron microscopy (cryo-EM) was utilized.*’” This technique was used
to directly probe for the solution state aggregation of the polymer, and the results are depicted in
Figure 4A. Samples were prepared from a 10 mg/mL chloroform solution of the polymer, which
was flash frozen at -170°C, upon which images were taken of the polymer solution aggregates. It
was observed that polymer in chloroform aggregates into particle-like domains when dissolved,
which could potentially be attributed to intermolecular hydrogen bonding.*® Notably, the formation
of these aggregates in solution is often sought after for blade-coating applications towards
generating anisotropic solid-state structures in thin films, both for enhancing electronic and
thermomechanical performance.*>>° These observations suggest that the combination of hydrogen

bonding structure in combination with chloroform solvent complimented each other in developing



the charge anisotropic phenomena associated with blade-coating. These results were further
complemented by FTIR analysis of drop-casted films of the polymer as shown in Figure SX, which
was shown to have a split peak centered at roughly 3300 cm™!, which correlates to the N-H
stretching of the amide containing side chains, which can be attributed to both the bonded and non-

bonded amide through intermolecular hydrogen bonding.

Following this analysis, characterizations on the films themselves were conducted to look
at the solid-state material properties. One of the simplest ways to quantify degree of film alignment
i1s by measuring the optical dichroic ratio from optical absorption measurements acquired in
directions parallel and perpendicular to the direction of blade coating. Thus, cross polarized UV-
vis was carried out on PTS-modified glass substrates that were coated using the Polybot with
conditions identical to those used in measuring OFET carrier mobility of the 6 selected conditions

of increasing anisotropy.
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Figure 4. A) Cryo-EM image of polymer in 10mg/mL CHCI3 at 2um. B) UV-Vis dichroic ratio
of conditions 1-6. C) POM Image of Condition 1 and Condition 6 of thin films perpendicular to



coating direction. D) GIWAXS of Condition 1 and Condition 6 perpendicular and parallel to
coating direction.

The degree of alignment of the polymer backbones within the overall thin film structure
can be quantified using the dichroic ratio of the maximum absorbance between the polarized light
parallel (0°) and perpendicular (90°) to the blade coating direction. Notably, as shown in Figure
4B which contains a plot of optical dichroic ratio vs the processing condition number, there is a
trend between increasing dichroic ratio and anisotropic charge transport, which is more elaborated
upon in the Table S1 and Figure SX. These observations indicate that polymer chain alignment
plays a role in the observed electronic properties of the materials. Furthermore, increasing
anisotropic conditions were consistently observed to have higher absorbance in the parallel blade
coating direction, implying that the polymer chains align preferentially in direction of blade

coating rather than perpendicular to it.>!

To further clarify if anisotropic related chain alignment played a role in the electronic
properties of the 6 selected conditions, polarized optical microscopy (POM) was performed on the
thin films of the 6 samples to determine any variance in the optical birefringence, which can
provide a qualitative measure of polymer chains alignment in conjugated polymers and other
organic semiconductors, with conditions 1 and 6 which showed the lowest and highest degree of
charge anisotropy show in Figure 4C-D respectively.>? This phenomenon is correlated to the
electric polarizability and transition dipole moment of the conjugated m-electron system being
parallel to chain direction, thus readily being able to interact with polarized light for visual
observation. At 90° polarized light (aligned to the direction parallel to the blade-coating), a trend
was observed with increasing long-range alignment that could be positively correlated to higher

degrees of charge anisotropy, as shown in Figure 4C-D (and further evidenced in Figure SX).



Condition 6 exhibited the highest degree of alignment when observed under POM, further
indicating that alignment in the thin film plays a role in electronic anisotropic properties.’*>* In
compliment to this, atomic force microscopy (AFM) of the 6 conditions was also undertaken as
shown in Figure SX. Interestingly, no notable trends or aligned fibers, typical morphologies
associated with anisotropic charge transport, are observed in the selected conditions. Nonetheless,
conditions 5 and 6 were observed to exhibit nondirectional fibrous morphologies as shown in
Figure SXE and Figure SXF, indicating that the formation of microstructures in the thin film

morphology does contribute to anisotropic electronic character observed in conditions 5 and 6.

To further get insight on the nanoscale morphology, grazing incidence wide-angle X-ray
scattering (GIWAXS) was used to probe for the crystallinity of the thin films both parallel and
perpendicular to the blade coating direction of the 6 conditions, as shown for Conditions 1 and 6
for Figure 4D and in Figure SX. Notably, as charge anisotropy increases, particularly with
Condition 6, higher order peaks g, peaks appear more prominently in the direction parallel to blade
coating in comparison to the directions perpendicular to blade coating, indicating that crystallinity
shows more prominence in the longer ranger of order across the blade coating direction, which is
consistent with other reports of aligned conjugated polymer thin films.>®> Furthermore, arcing is
seen in the parallel direction in comparison to the perpendicular one, indicating a broader
distribution of crystallites across the long-range order, which is also consistent with other reports
of aligned polymer films and indicates that the potential fibers along the parallel blade coating
direction have significant size distribution.***® Nonetheless, these results indicate that thin film
crystallinity has a correlation with anisotropic charge transport in the hydrogen bonding based
system, and that through careful screening of processing conditions, it is possible to control film

crystallinity as well as other solid-state properties.



Conclusion

In conclusion, an automated blade-coating robotic platform was utilized to screen and
analyze a variety of conditions for a hydrogen bonding containing DPP-based conjugated polymer.
Using an automated high-throughput OFET fabrication platform, a wide range of processing
conditions were investigated that varied both substrate temperature and blade-coating velocity
towards measuring charge transport in both the parallel and perpendicular direction to blade-
coating. Upon analysis of 30 different device fabrication conditions, it was possible to determine
relationships between blade coating velocity and substrate temperature and electronic
performance. Furthermore, through analysis of comparing electronic performances parallel and
perpendicular to the direction of blade-coating, additional trends were discovered that
demonstrated the possibility of controlling the degree of which charge carrier anisotropy occurred
within the material, providing a potential avenue for fine tuning the electronic properties and solid-
state morphology of the conjugated polymer. Furthermore, through these experiments, it was
possible to uncover a processing condition with a substrate temperature of 45°C and a blade-
coating speed of 1 mm/s that led to a very high anisotropic charge transport with a ratio as high as
690. In understanding the implications of these findings, 6 key conditions whose anisotropic
charge transport ratios varied between 1 and 690 were selected and subsequently characterized for
solid-state analysis. By using techniques such as GIWAXS, polarized UV-Vis and POMs it was
found that the anisotropic electronic properties of the films were qualitatively and quantitatively
correlated to the thin film crystallinity, amorphous regions, and dipole transition alignment,
ultimately revealing a positive correlation with long-range polymer chain alignment and charge
transport anisotropy. Overall, these observations are indicative that by using automation to screen

for a wide range of processing conditions, it is possible to investigate novel interactions such as



hydrogen bonding in conjugated systems and thoroughly investigate their full potential, such as in

this case where it can act as a powerful tool for inducing chain alignment and anisotropic charge

transport. Future work will look at investigating other hydrogen bonding systems as well as further

optimization of electronic performance towards developing next generation technologies through

automated fabrication.
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