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Abstract

We demonstrate the preparation of colloidal crystals at nematic liquid crystal-air interfaces by
simultaneous photopolymerization and assembly. Polymer colloids are produced by
polymerization-induced phase separation of 2-hydroxyethyl methacrylate in the non-reactive
liquid crystal (LC) 4-cyano-4'-pentylbiphenyl (5CB) using an open-cell setup. Colloids adsorbed
to the nematic SCB-air interface form non-close-packed hexagonal crystals that cover the entire
interface area. We examine the mechanism of growth and assembly for the preparation of LC-
templated interfacial colloidal superstructures.

Introduction

Research at the intersection of interfacial and colloidal sciences has led to the development of two-
dimensional (2D) colloid assemblies relevant for applications across diverse fields, such as
chemical and biological sensing,'-* photonics,*> colloidal lithography,®” and stabilization of soft
materials.®® A variety of techniques have been developed to prepare 2D assemblies on solid
supports, including sedimentation,!%!! vertical deposition,'>!3 and spin coating.>> A limitation of
colloid assemblies formed on solid substrates is that they are prone to defects and cracks, 415
whereas assemblies at fluid interfaces can exhibit long-range order with minimal defects.!® For
colloids trapped at interfaces between two isotropic fluids (e.g. water-air®!7-18 and water-oil!*-2!),
the organization is dictated primarily by electrostatic!’?> and capillary>3* interactions.
Alternatively, liquid crystalline phases introduce additional elastic interactions that enable the
preparation of colloidal superstructures with tunable and responsive microstructures.?>*¢ Colloids
of a critical size, that are either adsorbed to LC-fluid interfaces or embedded in confined LC films,
induce director distortions which govern the ensemble structure and placement through
minimization of the global elastic energy.?’-34

The assembly of 2D colloidal crystals at nematic LC (NLC)-fluid interfaces (i.e. 2D nematic
colloids) offers opportunities to manipulate structural organization.33-3® Most commonly, colloids
trapped at NLC interfaces form non-close-packed hexagonal lattices. For example, Gharbi et al.
assembled surface-functionalized silica particles at NLC-air interfaces by aerosol deposition where
the colloidal structure (hexagonal lattices or linear chains) was controlled by varying the colloid
density and NLC thickness.?® Smalyukh et al. demonstrated the assembly of monodisperse
glycerol droplets trapped at NLC-air interfaces.*? In this system, glycerol droplets were formed by
heating the NLC layer supported on a glycerol subphase to promote diffusion of glycerol into the
isotropic LC. Upon subsequent cooling, phase separation and the isotropic-to-nematic transition
occur simultaneously producing glycerol droplets that either become adsorbed to the NLC-air
interface or settle and recombine with the glycerol subphase.#! The interfacial assembly of the
glycerol droplets was established to be governed by repulsive elastic dipole and attractive elastic-
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capillary interactions. Wang et al. explored interfacial assemblies of sulfuric acid droplets at
nematic-air interfaces and correlated the tilt of the repulsive elastic dipole on individual colloids
to a variety of lattice and chain-like structures.*? The stability of the interfacial superstructures
(maximum area of 0.1 mm?) was correlated to the total number of droplets demonstrating that
long-range attraction in the interfacial assembly arises from many-body elastocapillarity.4>-44

Interfacial nematic colloids prepared by simultaneous growth and assembly, to the best of our
knowledge, have only been studied in non-reactive systems. While in sifu polymerization within
NLCs is well established for display applications,*>:6 few examples exploit NLCs to template the
synthesis of microscopic materials such as rings,*’ nanofibers,*® and particles.** Here, we
demonstrate LC-templated growth and interfacial assembly of nematic colloids by
photopolymerization of 2-hydroxyethyl methacrylate in SCB using an open-cell setup. Polymer
colloids form by polymerization-induced phase separation and assemble into colloidal crystals at
the NLC-air interface. Systematic experiments examine colloid growth and assembly for the
preparation of large area, LC-templated colloid assemblies.

Experimental

Coating glass substrates to induce homeotropic anchoring of 5CB:

Glass slides were initially cleaned by 15 minute successive sonications at room temperature in
soap water, RO water, and acetone. The glass slides were dried at 80 °C for 20 minutes and then
further cleaned by oxygen plasma for 20 minutes. Surface coatings of trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (fluorinated silane; 97%, Sigma Aldrich) were prepared by chemical vapor
deposition in a low-pressure desiccator for 1 hour at room temperature. Alternatively, surface
coatings of octyltrichlorosilane (OTS; 97%, Sigma Aldrich) were prepared by immersing glass
slides into a 20 mM solution of OTS in heptane (Fisher Chemical) at room temperature for 30
minutes then rinsing with methylene chloride and drying with nitrogen.

Coating glass substrates to induce planar anchoring of 5CB:

Glass slides were initially sonicated with soap water at 60°C for 30 minutes and then rinsed with
RO water followed by isopropyl alcohol. The glass slides were dried at 80°C for 20 minutes. A
final cleaning was performed using a 10 minute UV-ozone treatment. A precursor solution (SE610,
Nissan) was spin coated onto the glass slides at 1500 rpm for 30 seconds. The samples were then
cured by heating at 80 °C for 1 minute and then at 250 °C for 60 minutes. Lastly, the resulting
polyimide coating was rubbed uniaxially 5 times with velvet to induce oriented planar anchoring.

Photopolymerization of 2-hydroxyethyl methacrylate in 5CB:

Reaction solutions were prepared by first mixing 2-hydroxyethyl methacrylate (HEMA; 99%,
Sigma Aldrich) and photo-initiator 2-hydroxy-2-methylpropiophenone (HMP; 97%, Sigma
Aldrich) at a 10:1 v/v ratio. This precursor solution was then mixed with 4-cyano-4'-
pentylbiphenyl (5CB; 98%, Sigma Aldrich). All chemicals were used as received. The
homogeneous reaction solutions were pinned in copper TEM grids (G50-Cu, Electron Microscope
Science) supported on glass slides functionalized to control the SCB anchoring condition. A small
droplet (1 pL) of the reaction solution was added to each TEM grid, with the excess volume being
removed by a glass capillary (10 pL, Drummond Scientific Company). The thickness of the liquid
layer was ~40 um, measured by optical profilometry (Zygo, NewView 7300). All samples were
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annealed at 40 °C for 10 minutes to remove possible defects. This sample setup, in which the SCB-
precursor mixture was in contact with air, is referred to as the “open-cell” system. “Closed-cell”
refers to experiments in which the reaction solution was sandwiched between two glass slides
using the TEM grid as a spacer. Photopolymerization was carried out at room temperature by
exposing samples to ultraviolet (UV) light at either low power (1.2 mW/cm? at 254 nm; Analytik
Jena US Model UVP UVGL-55; samples positioned 4 cm below the light) or high power (30
mW/cm? at 254 nm; Oriel Instruments Model 97434; samples positioned 1 cm below the light).
Substrate temperature variations were less than 3 and 6 °C for the low and high power UV systems,
respectively.

Sample Characterization:

Samples were imaged immediately after photopolymerization using optical microscopy (Zeiss
Axioimager M2m). Solution compositions as a function of experiment time (evaporation only or
UV exposure) were measured by '"H NMR spectroscopy (Bruker Avance 500) using acetone-d6
(99.8%, Acros Organics) as the solvent. For structural analyses of the interfacial colloid assemblies,
optical microscopy images were first converted to binary images. Colloid positional and
orientational order was analyzed using MATLAB (additional details provided in the
Supplementary Information). Optical profilometry (Zygo NewView 7300) was used to measure
the thickness of the liquid pinned in the TEM grids (5x magnification) and image the colloids
adsorbed to the 5CB-air interface using a cylindrical fit for the baseline correction (50x
magnification).

Results and Discussion

Prior to studying photopolymerization in open-cell SCB mixtures, we characterized the initial
phase (isotropic or nematic) of the reaction solutions at room temperature (Figure S1). Reaction
solutions comprising of 5SCB, HEMA monomer, and HMP photo-initiator were pinned in TEM
grids supported on glass slides functionalized with a fluorinated silane to induce homeotropic
anchoring (Figure 1a). Nematic 5SCB has homeotropic anchoring at both the air interface and the
substrate surface producing a homogeneously perpendicular director through the thickness of the
thin film. Neat 5CB is a well-known thermotropic LC with a nematic-to-isotropic transition
temperature of 33°C, which decreases with decreasing 5CB concentration in solution.% 3!
Decreasing the SCB concentration (increasing the monomer concentration) leads to a nematic-to-
isotropic transition between 91-94 vol% 5CB. Reaction solutions with <91 vol% 5CB are
isotropic due to the nematic-to-isotropic transition occurring below room temperature.

We examined photopolymerization in open-cell systems that were initially either nematic or
isotropic. Photopolymerization was performed by exposing samples to low power UV light (1.2
mW/cm?) and the resulting polymer morphology was imaged by optical microscopy (OM).
Systems with an initial nematic phase (C2cg = 95 vol%) remained nematic throughout the entire 3
hour UV exposure, although no polymer structure was observed by OM due to the low final
polymer concentration (Table S1, Figure S2). Systems initially in the isotropic phase (C8cg = 85
vol%) remained isotropic and produced polydisperse colloids after a 20 minute UV exposure. A
large population of colloids were observed at the air interface (Figure 1b), although colloids were
also dispersed throughout the entire thickness of the solution. PHEMA is insoluble in 5CB,
therefore the colloids form by polymerization-induced phase separation.’® Increasing the UV
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exposure time led to an isotropic-to-nematic transition between 20 minutes and 1 hour due to a
decrease in the monomer concentration associated with both polymerization and monomer
evaporation (Figure S2). After the isotropic-to-nematic transition, a non-close-packed hexagonal
assembly of monodisperse colloids (Figure 1c¢) was assembled over the entire interface area.
Optical profilometry confirmed the polymer colloids are pinned to the SCB-air interface (Figure
S3). After a 3 hour UV exposure, all colloids were either incorporated into the assembly at the air
interface or settled randomly onto the bottom substrate due to gravity; there were no colloids
suspended in the bulk SCB. The PHEMA nematic colloids at the air interface did not maintain
their organization when the system was heated above the nematic-to-isotropic transition
temperature to 35°C (Figure 1c inset). In the isotropic phase, the colloids aggregated due to
capillary attraction;’>3 no change in the aggregated structure was observed when the system was
cooled back to the nematic phase. The formation of ordered colloid assemblies at the air interface
by polymerization-induced phase separation requires the nematic phase to induce organization.

PHEMA nematic colloids at the SCB-air interface prepared by in situ photopolymerization (Figure
Ic) resemble assemblies of pre-formed colloids deposited at nematic-air interfaces.’** We
characterized the organization of the nematic colloids covering the entire interface area (i.e.
confined) using metrics commonly used throughout the broader scientific community studying
colloidal crystals (Figure 2, Table S2).3° For all samples, the majority of colloids had six nearest
neighbors. Lindemann disorder parameters (a), calculated based on the distribution of nearest
neighbor distances (NND), are less than the melting criteria of 0.1 for analysis areas of 135x135 p
mZ2demonstrating local positional order. Additionally, radial distribution functions (RDFs)
assessing positional correlations consistently contain multiple peaks reaffirming the assemblies
have short-range positional order. Local orientational order was quantified by the local
orientational bond order parameter relative to 6-fold symmetry (yg). The average 6-fold bond
orientational order parameter, (), for all colloids was > 0.69 and the fraction of orientationally
ordered colloids (f¢), classified by g > 0.70, varied between 0.57 to 0.90. The normalized
hexatic domain size (Ag), representing the average domain size relative to the average NND, was
determined by orientational correlation functions to range from 17 to 45. When the analysis area
was increased to 340x340 um? (corresponding to 66% of the total interface area), larger variations
in colloid spacing result in a values up to 0.13 due to the coexistence of colloidal crystals;>
however, the orientational order is similar to the small area analyses. The compilation of these
analyses indicates that the short-range positional and orientational order of the interfacial nematic
colloids prepared by photopolymerization is comparable to 2D colloidal crystals produced by
alternative fabrication methods.>?

Repulsive interactions between the interfacial PHEMA colloids that result in the formation of non-
close-packed assemblies with colloid spacings (4-6 pum) several times larger than the colloid
diameter (1-2 um) are due to elastic distortions in the nematic director around each
colloid.3>39:4042.56 5CB has planar anchoring on PHEMA, and a point defect boojum was observed
at the south pole of colloids adsorbed to the air interface (Figure 3a). Assemblies exhibiting
clustering of colloids in certain regions of the interface (i.e. unconfined) were produced when using
substrates prepared and stored in ambient conditions for ~24 hours before the experiment (Figure
3b). The long-range attraction between colloids is attributed to a many-body elastic capillary
attraction which was originally theoretically described by Pergamenshchik®** and recently
experimentally observed by Wang et al.*> Colloid assemblies filling the entire interface area of the
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420x420 pm?> TEM grid (i.e. confined) were consistently formed using substrates prepared
immediately prior to photopolymerization (Figure 3c¢). Colloidal crystals were also observed to
fill large interface areas of ~1.8 mm? (Figure 3d, Table S3).

Prior works established that colloid spacing at nematic-air interfaces increases with increasing
colloid size, which is also qualitatively observed in our system (Figure S4 and Table S4).4057
Quantifying changes in the colloid size during photopolymerization is below the resolution of OM;
therefore, we assessed colloid growth by analyzing the change in NND and colloid count between
2 and 3 hour UV exposures for both confined and unconfined assemblies. For confined assemblies
which fill the entire square-cell of a TEM grid (Figure 3c), the NND increased by 3 + 2% and the
colloid count decreased by 6 + 3% suggesting no significant change in the number of colloids in
the interfacial assembly. We attribute these relatively small changes in NND and colloid count to
subtle drift at the nematic-air interface and the confining boundaries of the TEM grid restricting
assembly expansion, thus preventing detection of colloid growth. For unconfined assemblies
which do not occupy the entire TEM cell (Figure 3b), the colloid count within the analysis area
decreased by 22 + 5% corresponding to an increased NND of 12 + 3%. Significant expansion of
unconfined assemblies between 2 and 3 hour UV exposure suggests continued colloid growth
during which there was no significant change in the local positional or orientational order.
Alternatively, unconfined colloid assemblies prepared by a 2 hour UV exposure showed no
significant change in the assembly structure during a subsequent 1 hour aging without UV light
(colloid count decreased by 5 + 5% and NND increased by 3 + 2%), which confirms colloid
growth with continuous UV exposure.

To examine the effect of polymerization kinetics on the preparation of interfacial nematic colloids,
photopolymerization in open-cell systems was also carried out using a high power UV exposure
(30 mW/cm?). For solutions with an initial 85 vol% 5CB, the high power UV exposure resulted in
essentially complete monomer conversion within 15 minutes (residual HEMA monomer was less
than 0.5 vol%). Immediately after the 15 minute, high power UV exposure, the system was still
isotropic and no polymer morphology was observed by OM. After aging the samples 2 hours and
45 minutes to match the 3 hour experiments above, the system had transitioned to the nematic
phase and polymer colloids were settled onto the solid support (Figure SSa). Interestingly, there
was no colloid assembly at the SCB-air interface (Figure S5b). The fast polymerization formed
an isotropic polymer solution which subsequently phase separated forming colloids in the bulk
solution that settled onto the bottom support. Alternatively, in the low power UV experiments
(Figures 1-3), monomer evaporation occurs throughout the photopolymerization and phase
separation. We expect that in the low power UV systems, monomer convection due to evaporation
facilitates the adsorption of PHEMA colloids to the air interface where they continue to grow and
assemble.

Colloidal crystals produced by photopolymerization in open-cell systems were observed only at
the air interface. To examine whether the SCB-air interface is necessary, or whether colloidal
crystals can form in the bulk 5CB thin film,>327-?® photopolymerization was performed using
closed-cell systems in which the reaction solution was sandwiched between two glass slides using
a TEM grid as a spacer (Figure S6). Both glass slides were treated with fluorinated silane so that
the nematic director was homogenously perpendicular, matching the open-cell system. For
solutions with an initial 85 vol% 5CB, short 1 minute, low power UV exposures produced a
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network structure similar to polymer-stabilized LCs. In this closed-cell setup, there was no
monomer evaporation which results in a constant SCB concentration in the system. Increasing the
5CB concentration to 96 vol%, matching the final concentration in the open-cell systems (Figures
1-3), also resulted in network formation after a 1 minute UV exposure. We hypothesize that the
network formation in closed-cell systems, instead of discrete colloids, is associated with confining
solid surfaces decreasing mobility in the thin film.’® In the open-cell system, we propose the
mobility at the fluid S5CB-air interface and slow reaction kinetics facilitate monomer and polymer
diffusion promoting the formation of discrete colloids.

Lastly, the effect of substrate surface chemistry on colloid growth and assembly at nematic-air
interfaces was examined (Figure 4). Homogeneously perpendicular directors were established in
nematic phases supported on substrates functionalized with either fluorinated silane (as discussed
above) or OTS due to a homeotropic anchoring condition; a bent director field was established on
rubbed polyimide (PI) due to an oriented planar anchoring condition. All systems produced a
population of colloids adsorbed to the air interface. Interestingly, only systems supported on
freshly prepared substrates coated with the fluorinated silane produced colloid assemblies that
were ordered and covered the entire interface area. We attribute the observed effect of substrate
surface chemistry to differences in the SCB anchoring condition and surface ordering, which is
known to be sensitive to the composition and density of self-assembled monolayers.>*®! In
agreement with prior reports,*%4? the effect of substrate surface chemistry on colloid assemblies at
the air interface indicates elastic distortions throughout the entire nematic thin film contribute to
the colloid organization.

Conclusion

In conclusion, we demonstrate the preparation of interfacial nematic colloids by coupling
polymerization-induced phase separation with nematic-mediated interfacial assembly in open-cell
systems. Photopolymerization of monofunctional (non-crosslinking) 2-hydroxyethyl methacrylate
in 5CB formed non-close-packed hexagonal colloidal crystals at the air interface. Organized
interfacial assemblies on areas up to ~1.8 mm? were demonstrated after the system transitioned
from the isotropic to nematic phase. The local positional and orientational order of the PHEMA
nematic colloids mirror properties of colloidal crystals prepared by methods requiring independent
synthesis and assembly steps. The preparation of polymer colloids at NLC-air interfaces by in situ
photopolymerization offers future opportunities to leverage LC-templated growth and assembly to
produce diverse and functional superstructures.
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Figure 1. a) Schematic of the experimental system in which the reaction solution consisting of
5CB, HEMA (monomer), and HMP (photoinitiator) was pinned in TEM grids supported on glass
slides functionalized with fluorinated silane and then exposed to UV light. Photopolymerization
at room temperature of reaction solutions with an initial SCB concentration of 85 vol% produced
PHEMA colloids at the air interface. OM images show interfacial colloid assemblies formed by b)
20 minute and ¢) 3 hour UV exposures (1.2 mW/cm?). Samples in parts b and c are isotropic and
nematic, respectively. The inset in part ¢ shows colloid aggregation after the system was heated
above the nematic-to-isotropic transition to 35°C.
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Figure 2. a) OM image (135x135 pm?) of sample D in Table S2 (C2cp = 85 vol%; 3 hour, low
power UV exposure). Colormaps display the b) number of nearest neighbors and c) Y values for
all colloids in the analysis area excluding colloids near the image edges; black dots represent the
centroids, and the boundary lines represent the Voronoi cells. Plots report the d) NND distribution
with a Gaussian fitting curve, e) RDF, and f) ¢ orientational correlation function (gg) in which

the x-axis represents the radial distance (r) normalized by the mean NND (o).
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Figure 3. a) Polarized optical microscopy image of the point defect boojom at the south pole of
PHEMA colloids adsorbed to the nematic SCB-air interface. OM images of b) unconfined and c)
confined assemblies in 420x420 um? cells of a TEM grid. Insets in part b and ¢ are both 50x50
um?. d) Confined assemblies are also observed on large area interfaces (~1.8 mm?) using a TEM
grid with an oval slot. Four areas (135x135 pum?) were converted into binary images; the
corresponding structural analyses are reported in Table S3. Black crosses in the binary images of
parts b-d indicate the colloid centroids.

Figure 4. OM images comparing the effect of substrate surface chemistry on PHEMA colloid
assemblies at nematic 5CB-air interfaces prepared by photopolymerization. Insets show the
corresponding polarized optical microscopy images of the entire 420x420 pm?cell in a TEM grid.
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Simultaneous synthesis and assembly of nematic colloids at 5CB-air interfaces via photopolymerization.



