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ABSTRACT

Evaporation based thin film coating processes are ubiquitous in fields such as organic electronics,
dye coatings, and the pharmaceutical industry. Based on experimental observations of enhanced
thin film alignment during meniscus guided coating (MGC), a molecular dynamics simulation was
developed to describe the thin film formation that occurs due to the interplay of evaporation and
fluid dynamics. The process of solvent evaporation from solution is first examined, which leads to
the formation of a solid thin film after evaporation is complete. Next, a MGC process was
simulated by introducing a flow profile to the evaporative system. Through this, we gain insight to
how molecules respond and reorient in the presence of a flow profile. These results indicate that
both the evaporation and the flow profile have a hand in orienting small molecules in a thin film
during the MCG process. Combining experimental techniques with simulations help enhance
understanding of the forces that are significant in molecular aggregation during coating
processes.
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INTRODUCTION

Crystallization is an important processing step that is utilized in multiple fields, including
pharmaceutical, food, and organic electronics industries.'® Crystallization is dependent on
molecular assembly and molecular densification, which precede crystal nucleation and growth.*
Many innovative and novel techniques for solution mediated crystallization have been developed
to control crystal polymorph, morphology, and habit. Some of these technologies include
antisolvent and supercritical CO, based crystallization, spray drying, inkjet printing, microfluidic
crystallization, and meniscus guided coating (MGC).>® MGC processes are particularly promising
and have gained attention for solid thin film formation of small molecules and polymers, due to
the ease of scaling up the process and the ability to create thin films with uniform morphology.8?°

MGC techniques have been used to create thin films of polymers and organic
semiconductors for organic photovoltaics, organic electronics and optoelectronics, and
pharmaceutical applications.®-'" For example, MGC has facilitated control over crystal structure
and morphology in organic semiconductors, where device performance is dependent on the
formation of single crystal domains to achieve high charge transport.'? Demonstrating precise
control over crystal properties is also relevant in oral thin film pharmaceutical formulations, where
active material needs to dissolve and become active on a rapid timescale.’™ Guthrie et al.
described the thin film morphology, crystallization behavior, and polymorphism of glycine and
acetaminophen using MGC.8 For glycine, metastable (a and B) polymorphs were reproducibly
isolated as a function of thin film coating parameters and film thickness. Horstman et al. performed
a similar study using aspirin and ellipticine as the molecules of interest, and also noted the ability
to control crystal morphology and polymorphism as a function of processing parameters.®

It is essential that we relate how the parameters used in MGC techniques impact thin film
formation and crystallization, as it will be instrumental in enhancing control over thin film formation

and crystallization processes in multiple fields. During MGC, a solution/solute mixture is spread
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as a thin layer upon a substrate, with coupled thermal control to achieve evaporative
crystallization. A combination of meniscus geometry, thermal gradients, concentration gradients,
and fluid flow contributes to directing thin film formation and crystallization in small molecules.®
Recent studies in microfluidic systems have shown that fluid flow and shear can affect the final
crystallization morphology.''5 Similar to microfluidic geometries, length scales on the order of
microns are present during MGC film deposition, indicating that fluid flow and shear could also be
highly relevant to crystallization and solid thin film formation, thus prompting study of the
significance of coupled evaporation and fluid flow during MGC. Thus far, there is not a study that
provides comprehensive molecular length scale understanding of the combined effects of fluid
flow and evaporation on molecular assembly. 617

It is assumed that the evaporation rate, coupled with fluid shear, influences the
supersaturation and molecular orientations, which then impacts the crystallization behavior of the
small molecules. However, the system is difficult to simulate with simple models, due to the
simultaneous momentum, mass and thermal gradients, as well the solidification process of solute
phase transformation into a solid (amorphous or crystalline thin film). Therefore, most of the
understanding of small molecule flow coating processes comes from observation and formation
of empirical relationships between processing conditions (temperature, concentration, deposition
speed, etc.) and desired film characteristics. Le Berre et al. provided an empirical relationship
combined with a system mass balance to explain the film thickness dependence on the coating
conditions.'® Empirical relationships between solvent boiling point and film quality were developed
by Janneck et al.”® Joshi et al. developed an analytical model to describe film drying and
aggregation of colloids during a meniscus guided coating method.?® These models help to inform
experimental work, however, mechanistic understanding of how to fundamentally describe
molecular assembly and crystallization in a flow coating process has not been developed.

Computational techniques can be utilized in conjunction with experiments to obtain a
deeper understanding of how flow coating techniques form thin films of small molecules. Park et
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al. used COMSOL Multiphysics (a partial differential equation solver) to describe meniscus guided
printing in thin films of conjugated polymer materials.?" While this work describes thin film
formation, the modeling technique is limited in its ability to describe the molecular orientations
within the resulting film. Mohommadi et al. used molecular dynamics (MD) simulation to describe
polymer alignment in meniscus guided coating.??> However, the behavior of a high molecular
weight conjugated polymer differs from the behavior of a small molecule in solution and during
solidification. In fact, polymers and other macromolecules are frequently added to solutions as
flow stabilizers, explicitly because they impact the viscosity and flow profile of the solution.?3

In this work, we develop a MD method to understand the molecular behavior of a simple
small molecule, glycine, during a meniscus guided coating process. Thin films of glycine are
fabricated experimentally using MGC, which are found to have varying degrees of crystal domain
alignment, quantified using degree of polarization. A molecular dynamics simulation was
developed to provide a platform for interpreting experimental observations at the molecular length
scale. We produced a simulation set-up that can describe molecular aggregation during fluid
evaporation and is capable of incorporating fluid flow effects. Further, after introducing a periodic
shear at the fluid surface, we observed molecular aggregation and alignment that differs from the
molecular assembly that occurs with evaporation alone. These results are consistent with
experimental observations of what occurs during the MGC process. By changing the evaporation
rate, we observe that molecular aggregation is sensitive to the rate of solvent removal. Moreover,
the film deposition rate (as controlled by the coating speed) appears to have a significant impact
on the alignment and orientation of glycine molecules in the final film. Developing a platform that
can provide a molecular understanding of thin film assembly in coating processes will supplement
our ability to design films with tunable properties. Working towards achieving a close match
between experimental and computational results will allow us to design processes to control
molecular assembly, and achieve a deeper understanding of thin film formation for multiple

applications.



MATERIALS AND METHODS
Solution Shearing Thin Films

Glycine (98.5% purity, Sigma-Aldrich) solutions were prepared at a concentration of 10
mg mL" in ultrapure water. Solutions were filtered through a 0.2 um syringe filter prior to use.
Silicon wafers were cut into approximately 1 cm? pieces and were cleaned with toluene, acetone,
water, and isopropyl alcohol. The substrates were dried with pressurized air to remove residual
solvent and particulate matter on the surface. Wafers were then UV-ozone treated (Bioforce
UV/Ozone ProCleaner Plus) for 10 minutes to create a sterile and hydrophilic surface. Through
this, solvent surface wetting is enhanced and coffee ring effect is minimized.

An in-house built MGC equipment was used to fabricate the thin films. UV-ozone treated
wafers were placed on a heated stage, set to a controlled temperature (T = 60 — 90 °C), with a
vacuum applied to hold the substrate to the stage. A vacuum line fixed the coating blade above
the wafer substrate. After pipetting a droplet (20 pL) of glycine solution between the substrate and
coating blade, the blade was translated at specified speeds (0.3 — 1.3 mm s') to create a thin
layer of solution on the silicon substrate. As the solvent dried, a thin film of glycine was created
on the substrate. Dropcast control samples were created through dropping 50 pL of glycine
solution on a cleaned, and UV-ozone treated wafer.

Thin film characterization

After films were created, thickness was measured using a Zygo NewView 730 white light
interferometer.’® A Zeiss Axio Imager A.1 optical microscope with two polarizers oriented
orthogonally produced linearly polarized light for characterizing thin film alignment and isotropy.
Films were imaged using a Zeiss Axiocam 503 Color camera. The thin films were rotated
incrementally under the cross polarizers to determine the relationship between sample orientation
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and optical activity. This was quantified using the degree of polarization (DOP), which can
describe alignment in a thin film.2425
The degree of polarization is defined as:

DOP = Imax - Imin

Lnax + Imin
where I,,,,, is the maximum observed intensity and I,,,;,, is the minimum observed intensity of light
that passes through the aligned film. The image intensity was quantified using the measure
function in ImagedJ, which provides an average pixel intensity count for the image to determine
Lpin @nd L. A DOP near 1 corresponds with an aligned thin film while a DOP closer to 0

indicates that the film is more isotropic.

Atomistic Modeling and Computational Method

The simulation was designed to match experimental conditions as closely as possible,
with respect to understanding how fluid flow, shear, and solvent removal can impact the
aggregation of glycine. All molecular dynamics simulations were performed with LAMMPS.?6 The
timestep was set as 0.5 fs.

The solution consists of 812 molecules of glycine described by the AMBER potential which
were evenly dispersed in 7920 molecules of water described by SPC/E model.?”-2° The initial
location of the molecules was random to ensure that there was good mixing. The non-bonded van
der Waals interactions between atoms were reproduced by the Lennard-Jones potential while the
Coulomb interactions were calculated by PPPM method with a root mean of 0.0001.3° The system
contained 33,600 atoms in total, allowing for statistical conclusions to be drawn by looking at the
average behavior of the ensemble.

Experimentally, the thin film is formed on top of a silicon wafer. A layer of silicon described
by the Tersoff potential with the thickness of 1.6 nm and the lattice orientation of <1 0 0> was

designated as the lower bound of the simulation box (at z = 0 nm).3"



The size of the simulation box was set as 4.59 nm in x (length) direction, 4.78 nm in y
(width) direction and 18.00 nm (thickness) direction, respectively. A Periodic boundary condition
was applied in the length (x) and width (y) directions while a non-periodic boundary condition was

applied in the thickness (z) direction.

Evaporation and solvent removal

Initially, the system was relaxed in canonical (NVT) ensemble for 2 ns to reach equilibrium
at 383 K. Next, to simulate the evaporation process of the solvent water molecules, water
molecules at the top surface of the solution were artificially removed from the system every 4 ps.
The evaporation region thickness was determined as the van der Waals equilibrium distance
between water molecules, namely 0.32 nm. Several evaporation rates of 1.25, 2.5, 3.75, and 15
molecules ps™' were controlled by fixing the number of water molecules deleted at each time. The
evaporation process took 2 - 7 ns. Similar simulation approaches are used to investigate the
molecular morphology and self-assembly guided by rapid evaporation.3233
Introducing fluid flow

During thin film coating, material is deposited on the substrate through horizontal
translation of a coating blade across the surface. This was explored in the simulation by
introducing a shear on the top surface of the molecules. In micro-canonical (NVE) ensemble, a
constant speed in x-direction was exerted on the solution molecules at the top surface (air/liquid
interface) across the periodic boundary. To ensure relaxation, the temperature was maintained at
383 K by rescaling the kinetic energy of the solution. After 1 ns, a stable velocity profile in x-z
plane can be developed. Through this, the intent is to determine what impact the fluid flow has on
molecular assembly in an evaporative environment. The flow velocity of 0, 200, 400, 600, and
800 m s*' was chosen to match the Reynolds number in experimental setting with the Reynolds
number in the simulation.

RESULTS AND DISCUSSION



Thin films were fabricated from aqueous glycine solutions using dropcasting and a MGC
technique. Briefly, dropcasting produces a thin film by pipetting the aqueous glycine solution onto
a silicon substrate with a controlled temperature, where evaporation results in the crystallization
of glycine (Figure 1a). The films produced using dropcasting demonstrate isotropic crystal growth.

In MGC, as in dropcasting, evaporation is used to control crystallization. However, at the
start of the process, a coating blade is held steady on top of the substrate (Figure 1b). After a
droplet of the solution is placed on the substrate, capillary action pulls the liquid between the
substrate and the blade, which is translated above along the substrate at a controlled speed.
Evaporation and crystallization occur at the meniscus developed during this process, and
produces a thin film. The controlled crystal growth of the sheared samples creates films with
significantly different optical properties and surface morphology, compared to the samples

created using dropcasting.

A Dropcast (isotropic) thin film

Evaporation
Heated stage Silicon substrate Droplet Solid thin film
coalescence

B Meniscus guided (aligned) thin film

Coating blade

Heated stage  Silicon substrate Fluid meniscus Solid thin film

Figure 1: a) Dropcasting uses evaporation control to change the crystallization process, and creates films
with isotropic morphology. b) Meniscus guided coating uses evaporation control and fluid flow to create a
meniscus where coupled evaporation and flow occurs, resulting in crystallization with alignment of crystals
in the thin film.

Dropcasting provides limited control over the crystallization process. From polarized optical
microscopy (POM) images (Figure 2a), it is clear that as the temperature is increased, the size
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of the individual crystal grains increases. We hypothesize that the change in grain size is related
to the evaporation timescale, such that nucleation is dominant in the slow evaporation conditions
while growth is favored in the fast evaporation condition (Sl Figure 1, 2). Grain sizes for samples
dropcasted at 60 and 70 °C were 194 + 59 ym and 254 + 65 ym respectively. The grain sizes
were larger at higher dropcasting temperatures of 80, 90 and 100 °C, with the average measured

sizes reaching 747 + 334 um, 622 + 228 ym and 695 + 334 um (Sl Figure 2). The optical
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Figure 2: a) Polarized optical microscopy images of dropcast thin films at 60, 80, and 100 °C. As films
are rotated under the polarizer, the orientations with maximum and minimum overall image intensity are
shown. The scale bar is 400 um for all images. b) The degree of polarization for dropcast films is low for
all conditions, with higher temperatures having slightly higher DOP. The y-axis ranges from 0 - 1 to
reflect the upper and lower bound of the DOP.

properties of the film were characterized using degree of polarization (DOP), defined in materials
and methods and the SI. The DOP has a theoretical range of values between 0 (no alignment)
and 1 (perfect alignment). The degree of polarization did not significantly change with processing
temperature for dropcast samples (Figure 2b). We observe that the grain size of the crystals
increases with increasing temperature, but that the thin film itself does not have a measurable
change in the degree of polarization. Based on this, the dropcast films are characterized as
isotropic across the length scale of the substrate and the evaporation rate is an important factor

in changing grain size within the films.



MGC was then used to fabricate thin films, incorporating directed fluid flow in addition to
evaporation. Coating speeds ranged from 0.3 — 1.3 mm s-" with the substrate heated up to 90 °C.
From previous studies, these conditions are ideal for creating smooth thin films.2 The POM images
demonstrate the drastic difference in grain size and alignment for the samples created using MGC
(Figure 3a). For slow coating speeds, the crystal domains are wide and long; almost the entire
film exhibits brightness at the same time (Imax is high) while in the whole film is dark (Imin is low)
when the sample is rotated. As the coating speed increases to 0.7 mm s-!, the domains become
narrower and begin to show misalignment. For the fastest coating speed used in the study, 1.3
mm s-!, the images show shorter and narrower domains in the coating direction, relative to the
samples formed at a coating speed of 0.3 mm s-'. For the fast coating condition, the film intensity
of upon rotation is similar, indicating that Imaxand Inin are converging to similar values, causing the
DOP to approach 0 (Sl Figures 5, 6). The films fabricated at slow coating speeds are composed
of large domains compared to the films fabricated at faster speeds, which show more defects and
smaller crystal domains. The presence of more defects at the faster coating speed is attributed to
the increased nucleation in thinner films, breaking up otherwise coherent crystal domains.

DOP was quantified for solution sheared samples, created at 90°C (Figure 3b). We
observe that when the processing speed is slow (0.3 mm s'), the thin film has a high DOP (0.57
+ 0.06) while the films created at faster speeds (1.3 mm s') have a much lower degree of
polarization (0.06 £ 0.02) similar to the values obtained for the dropcast samples created at 90 °C
(0.11 £ 0.03).

In addition to optical characterization, grazing incidence X-ray diffraction (GIXD) was used
to probe the crystal orientation and alignment in thin films (Sl Figure7). GIXD corroborates the
optical results, showing that meniscus guided coating creates conditions to produce aligned
crystals: at slower coating speeds, films are more aligned compared to the faster coating

condition.
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Changing the coating speed controls the deposition of material from the meniscus,
impacting the crystallization of glycine in the film. The experimental conditions utilized in this work

provide reproducible film morphology and thickness (ranging from 30-120 nm, Sl Figure 4) as a
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Figure 3 a) Polarized optical microscopy images of thin films created at 90 °C and 0.3, 0.7, and 1.3 mm

s™'. As the coating speed is increased, the films exhibit less redirection of the cross-polarized incident

light. The slow coating speed produces films where Imax and Imin are drastically different. Scale bar is 400

um and is the same for each image. Arrows demonstrate the shearing direction. b) The degree of

polarization shows a dependence on shearing speed, with fast coating speeds having lower DOP.
function of coating speed, indicating film growth was in the evaporative regime (Sl Figure 3, Sl
Figure 4)."® In the evaporative regime of MGC, the evaporation timescale and thin film deposition
(and crystallization) timescales are similar, facilitating aligned crystal growth.

Experimental work alone is limited in the ability to draw detailed conclusions about how
molecules crystallize in an aligned manner during flow coating. Manipulating a processing
condition (e.g. coating speed) and characterizing film response (e.g. degree of polarization) is an
inefficient process. Therefore, there is a motivation to understand how flow parameters and flow
profiles facilitate molecular alignment. Developing a platform that provides molecular insight to
thin film assembly processes with coupled evaporation and flow fields can supplement our
understanding of complex coating processes, at length scales not accessible by experimental

approaches.
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Differences between dropcast crystallization and MGC based crystallization were used to
inform the design of a model where molecular dynamics can help clarify how molecular
aggregation and assembly occurs in response to evaporation and fluid shear. Experimental
results showed that the incorporation of flow with evaporation improves thin film alignment.
Therefore, we hypothesize that matching the approximate Reynolds number (Re) when
translating experimental work is necessary (Supplementary Information) to capture the
importance of fluid mechanics that occur in a coating process. The aim of developing a molecular
dynamics model is to gain understanding of the mechanisms of alignment in response to shear
flow profiles.

Evaporation of the solvent (water) was modeled using a molecular dynamics approach.
The region of interest was chosen as the region where crystallization is actively occurring in
experiments (Figure 4). This was translated to a model where a silicon substrate bounds the
lower z-axis, and a glycine/water mixture was layered on top of the substrate. Finally, solvent
removal was restricted to occur at the top surface, in order to better model the evaporation
process (Figure 4a). Solvent molecules were allowed to exit the system at specified rates, in

order to model a constant evaporation rate.
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A snapshot of the evaporation process shows that the initially well-dispersed system (t =
0 ns) transforms to a glycine only system after 6.55 ns (Figure 4 b,c). The intermediate timepoints
demonstrate enrichment of glycine molecules at the top interface. Plotting the density profile as a
function of distance from the substrate, it is clear that removing solvent from the top surface results
in aggregation and densification of the glycine molecules at the interface (Figure 4c). Similar
phenomena were observed at different evaporation rates (Sl Figure 8). This result mirrors the
experimental formation of thin films, where it is commonly observed that solidification occurs at

the air-liquid interface.3+3%
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Figure 4: a) Evaporation was developed in simulation with a water/glycine solution with water exiting
the system from the top boundary of the simulation box. b) During simulation progression, water
molecules are removed from the system, resulting in preferential aggregation of glycine at the top
surface. ¢) The simulation produces a densified, solid glycine film.

After the solvent molecules were completely removed, the orientation of the glycine
molecules remaining in the system is stable, which is indicated by the evolution of the potential
energy of the system and a density profile that does not change with time (Sl Figure 9). In glycine,
unique bonding motifs can be used to track molecular orientation. The carbon-carbon (C-C) bond
is unique and can be used to identify a statistical distribution of the direction that the glycine

molecules are pointing. Therefore, for each glycine molecule, the angles between the direction of

the C-C bond (schematic in Figure 5a) and coordinate axes (6x_cc, 0y-cc, and 8,_¢c) after
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evaporation were recorded and plotted on a surface, with the z-direction pointing normal to the
substrate (x-y) plane.

We observe that fast removal of solvent from the system results in less order relative to
slow removal of solvent. In Figure 5b, the slowest evaporation case shows several “hot spots”
where many glycine molecules preferentially are aligned with the C-C bonding axis pointing in a
direction perpendicular to the substrate (i.e., z-direction, cos(6, — CC) =0). The P heatmap
denotes the probability density, and is calculated by the number of glycine molecules with a
specific pointing direction normalized by the total number of glycine molecules. In other words,
the value at the surface for P sums as unity.

These results show that as solvent removal rate is decreased, glycine molecules are more

oriented. For the fast evaporation condition (15 molecules ps), the resulting glycine film is more
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Figure 5: a) Schematic of the orientation characterization. b) Changing evaporation rate during
simulation was used to determine the ideal condition for observing glycine aggregation and the extent
of orientation in the final film. The C-C bond orientation in glycine is shown by the orange arrow in the
glycine molecule. Slow evaporation (1.25 molecules ps™') produced more ordered glycine during
simulation. c) Degree of Alignment (DOA) decreases with the evaporation rates. d) Same information
can be reflected by the glycine molecule orientations collapsed to x, y and z directions at different
evaporation rates.

disordered, indicated by the lowered probability of alignment across the surface for faster
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evaporation rates in (8, — CC) (Figure 5b). However, when the evaporation rate is slowed down
to (1.25 molecules ps™') the glycine molecules begin to exhibit an ability to orient along the z-axis
(Figure 5b). The spatial characterization of the C-C bond orientation suggests these orientations
along z-axis result from the interaction between the substrate and glycine molecules (Sl Figure

10). To quantitatively describe the alignment of the glycine molecules from their orientations and

compare with the DOP from experiments we define the degree of alignment (DOA) as DOA = %

where N,,; and N respectively denote the number of C-C bonds oriented in the most popular
direction, and the total number of glycine molecules. The direction has a tolerance of 18, leading

360°
tolerance

2
to Ndl-r=( ) = 400 directions to be considered in calculations. A DOA near 1

= 0.0025

Nair

corresponds with perfect molecular alignment while a low DOA approaching

indicates isotropic molecular orientations, as with the DOP measurement. This provides similar
measures for comparison of trends between experiment and simulation.

Figure 5¢ shows that a higher evaporation rate suppresses the DOA slightly, which is
consistent with the orientation distribution as seen in Figure 5b. To further elaborate the change
in the orientations of the glycine molecules due to the variation in evaporation rate, we project the
3D orientations into 1D orientations, namely the angle between the C-C bond in each glycine
molecule and the x, y and z-axes (Figure 5d). Increasing the evaporation rate decreases the
orientation of glycine molecules in z-direction, as marked by the black arrow. However, from the
experimental dropcast DOP study (Figure 2), we observe that there is only a small change in the
effective order in the thin film MGC (Figure 3). We hypothesize that the alignment observed in
the MD simulations are analogous to local ordering, which are not observable in the large-scale
domains studied using optical microscopy.

Since crystallization is a process that requires both densification and long-range order of
molecules, the slow evaporation simulation is the best approximation of an evaporation based
molecular aggregation, as fast evaporation simulations do not achieve a high degree of order.
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The goal is to develop a simulation that can demonstrate the ability of the fluid flow to orient
molecules alongside the evaporative process of creating an ordered solid. Therefore, we chose
to proceed with simulating the effects of fluid flow using the slow evaporation condition (1.25
molecules ps™' removed). Meniscus guided coating techniques, such as MGC, rely on capillary
forces to create a meniscus between the substrate and the coating blade. The fluid in contact with
the top blade moves at the same speed as the blade while the fluid at the substrate can be
approximated as having a no-slip condition, and is stationary.3¢ Since crystallization proceeds at
the air-liquid interface where the solvent molecules are leaving the system, the region of interest
remains the same as the evaporation only simulation.

Figure 6a demonstrates the stable velocity profile along z-direction when a flow at
different velocities is applied at the top surface of the simulation box. Figure 6b shows several
snapshots in the presence of the velocity profile. Visually, both the water and glycine molecules
initially on the left side of the simulation box are tagged as black and snapshots of the simulation
show the evolution of the flow profile. Driven by the shear flow, after 10 ps, the marked particles
in the top layer has traveled a full period of the box in x-direction, entering the system from the
other side, while the particles closer to the substrate has traveled a limited distance due to the
non-slip layer attached to the substrate. Consequently, the marked profile is extended by multiple
periods in x-direction. Water (solvent) molecules were removed from the simulation at a rate of
1.25 molecules ps™ with the periodic shear present in the system.

After all solvent molecules were removed, the C-C bond direction of the glycine molecules
was characterized to study the alignment of the solid thin film (Figure 7). The direction of the
shear flow is marked by the arrows in the schematic in Figure 7a. As shear is introduced, we
observe that the direction of the glycine molecule alignment changes, as seen by the shift in the
position of the hot spot on the orientation map (Figure 7b). We attribute this molecular

reorientation as a response to the flow profile introduced in the simulation. For the fast flow case
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(400 m s') we observe that the hot spot matches the flow direction, namely the positive x-

direction.
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Figure 6: a) Velocity profile along z-direction in the presence of a flow applied at the top interface. b)
Snapshots at different moments when the flow at the top interface is at 400 m s™.

The change of the alignment orientation can also be reflected by monitoring the DOA in
two specific orientations (Figure 7¢), namely the alignment orientation in the absence of shear
flow orientation 1 (6x_cc = 0, 68,,_¢¢c = 90° and 6,_.c = 90°) and in the presence of a shear flow
with high velocity 400 m/s , termed orientation 2 (6,_¢c = 90, 8,_¢c and 8,_¢c = 0°)), as marked
in Figure 7b. The increasing and decreasing DOAs at a faster speed in orientation 1 and 2
demonstrate the change of the orientation of the glycine molecules. Moreover, in Figure 7d, the
shear flow in x-direction (i.e., 6,_cc = 0, 6,_¢cc and 6,_cc = 90°) leads to the alignment of the C-
C bond in the direction of the flow. At a higher evaporation rate, a higher velocity is needed to
change the orientation of the C-C bonds to align with the flow direction (SI Figure 11). Therefore,
we see that the evaporation and fluid flow can both introduce alignment within the solid thin film.

The simulation work demonstrates that when an evaporative process exists in the
presence of continuous shear velocity, glycine molecules in the velocity field are able to orient

and respond to the flow. This is reflected in the experimental work through the alignment of
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crystalline domains in the direction of shearing

polarization.
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Figure 7: In the presence of a continuous flow profile, after solvent removal is complete, the orientation
of glycine molecules is plotted. For all cases, water molecules are removed at a rate of 1.25 molecules
ps™'. a) schematic of the orientation characterization in the presence of a shear flow. In b), carbon-carbon
bond direction for all glycine molecules is displayed, with simulated coating speeds of 0, 200 and 400 m
s™1. ¢) Higher velocity of the shear flow forces the shift of the alignment orientation. d) 1D orientations of
the alvcine molecules at different shearina flow velocities.

CONCLUSIONS

In this work, the ability to create aligned thin films of glycine using MGC was demonstrated.

We found that MGC improves the ordering of molecules to create aligned crystalline domains.

The degree of alignment was characterized using the DOP, which showed that films created at

slow coating speeds exhibit more alignment relative to the films created at faster coating speeds.

The observed experimental trends are likely generalizable across many molecular systems, and

are consistent with previously reported results regarding tunable alignment obtained using thin

film coating platforms.37-3 Further, the DOP characterization technique is widely applicable to

characterize the degree of alignment or isotropy within a thin film sample. The experimental
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results were used to design a molecular dynamics simulation to model the evaporation and the
fluid flow that occurs during MGC.

From the simulation, we observed that changing the evaporation rate can produce
different molecular aggregation trends. Fast evaporation resulted in a highly random arrangement
of glycine molecules while slowing the evaporation down facilitated molecular aggregation in the
x-y plane of the substrate. This corroborates experimental results, where evaporation rate was
significant in changing observable grain size of dropcast thin films. This suggests that the
evaporation rate is significant in producing order during thin film crystallization.

Next, a flow profile was introduced to the simulation to understand how MGC is able to

contribute to molecular alignment and the formation of aligned domains. The DOA parameter was
used to characterize the molecular orientation of glycine, showing that changing the coating speed
changes the preferred directionality of the ensemble of glycine molecules. This observation holds
true across experimental and simulation. This suggests that the flow is able to influence the motion
of glycine in solution and that after evaporation, the thin film exhibits order that is dependent on
the flow profile.
Multiple experimental works report that molecular alignment is sensitive to evaporation and fluid
flow. We are only just beginning to use sophisticated simulations to understand the underlying
phenomena that facilitate the observed alignment. This work presents the foundations of bridging
experimental observations with a tangible understanding of molecular-level ordering that occurs
in MCG processes. Future work will be focused on understanding and modeling phase
transformations that occur in glycine and other organic molecules during MGC. Because modeling
can provide transient descriptions of film formation, modeling can be coupled with existing
techniques, such as in situ grazing incidence x-ray diffraction and in situ optical microscopy and
spectroscopy for enhanced mechanistic understanding.3%4

SUPPORTING INFORMATION
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Supporting information further describes thin film characterization, degree of polarization

measurements. developing and validating the molecular dynamics simulation.
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