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ABSTRACT: Advances in synthesis of model 3D colloidal particles 2D Materialws
with exotic shapes and physical properties have enabled discovery of {*
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new 3D colloidal phases not observed in atomic systems, and R

simulations and quasi-2D studies suggest 2D colloidal systems have Lithography o

an even richer phase behavior. However, a model 2D (one-atom- R

thick) colloidal system has yet to be experimentally realized because \?@a@@@‘

of limitations in solution-phase exfoliation of 2D materials and other Wet etch \g '

2D particle fabrication technologies. Herein, we use a photo- . 33
lithography-based methodology to fabricate size- and shape- e »
controlled monolayer graphene particles, and then transfer the Fluid-Fluid" Se = s &
particles to an air—water interface to study their dynamics and self-  Interface ;

assembly in real-time using interference reflection microscopy.
Results suggest the graphene particles behave as “hard” 2D colloidal
particles, with entropy influencing the self-assembled structures. Additional evidence suggests the stability of the self-assembled
structures manifests from the edge-to-edge van der Waals force between 2D particles. We also show graphene discs with diameters
up to SO ym exhibit significant Brownian motion under optical microscopy due to their low mass. This work establishes a facile
methodology for creating model experimental systems of colloidal 2D materials, which will have a significant impact on our
understanding of fundamental 2D physics. Finally, our results advance our understanding of how physical particle properties affect
the interparticle interactions between monolayer 2D materials at fluid—fluid interfaces. This information can be used to guide the
development of scalable synthesis techniques (e.g., solution-phase processing) to produce bulk suspensions of 2D materials with
desired physical particle properties that can be used as building blocks for creating thin films with desired structures and properties

via interfacial film assembly.

B INTRODUCTION

Systems of monodisperse three-dimensional (3D) colloidal
particles have been extensively used as model systems for
understanding bulk phenomena such as crystallization,'
melting,2 other 3D phase transitions,” > and even surface
phenomena such as capillary waves.” This is due in large part
to the size of colloidal particles, which are large enough to be
visualized with optical microscopy but small enough that
Brownian dynamics still drive the system to evolve on
reasonable observational time scales.”® While there are many
system parameters that can be tuned to control the interactions
between colloidal particles,” a combination of particle
shape'®™" and system confinement'*™"” can lead to various
self-assembled structures. This phenomenon is even more
pronounced when there is confinement to a 2D plane. For
example, Mason et al. demonstrated how Brownian cubes
transitioned through several crystalline phases at high particle
densities when confined to a pseudo-2D environment,'*
Thapar et al. used Monte Carlo simulations of various
polyhedral particles in a 2D plane to understand how purely
entropic interactions affected the phase behavior as a function
of particle shape at high particle densities,'® Murray et al.
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discovered that ~5 nm thick lanthanide fluoride nanoplatelets
assembled into films with different lattice structures at an air-
ethylene glycol interface depending on the ratio of the faceted
side lengths and the coverage of ligands due to directional
interactions,'” and Glotzer et al. used Monte Carlo simulations
to understand the melting transitions of hard 2D polygons.*’
Although these works constitute progress in attempting to
understand the relevant physics governing 2D colloidal systems
through experiments and simulations, the experimental
systems studied were 3D colloidal particles confined to
pseudo-2D environments and the Monte Carlo simulations
lacked dynamical information. Thus, there are still unanswered
questions regarding how nanoscale interactions influence the
dynamics and thermodynamics of truly 2D colloidal systems,
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with the lack of model 2D colloidal systems for experimenta-
tion in this area being a significant limiting factor. In this work
we propose a model experimental system that is two-
dimensional at the atomic scale, that is, the particles are only
one atom thick, and those particles are immersed in a 2D fluid
medium, a fluid—fluid interface.

2D materials such as graphene, molybdenum disulfide
(MoS,), and hexagonal boron nitride (h-BN) represent an
interesting class of anisotropic particles because they generally
have colloidal-scale lateral dimensions, but thicknesses at the
(sub)nanometer scale. Thus, relevant interactions at both of
these scales can drive the interactions between 2D material
particles depending on their relative orientation (i.e., face-to-
face, edge-to-edge, face-to-edge) in the surrounding immersion
media. When confined to a fluid—fluid interface, 2D materials
are irreversibly trapped with their basal planes parallel to the
interface,”' ~>* which forces neighboring particles to interact in
an edge-to-edge manner. This gives rise to a potential
competition between colloidal particle-like and nanoparticle-
like interactions present in 2D colloidal systems, and as we
have previously noted,” it is still not understood if forces
common in 3D colloidal particles at interfaces such as capillary,
electrostatic,c and van der Waals forces drive 2D colloid
dynamics, if forces prevalent in nanoparticles at interfaces such
as Casimir-like thermal fluctuations (i.e., capillary waves), line
tension, entropy-driven interactions, and other ~10° kyT-scale
forces drive dynamics, or if there is a nonlinear combination of
all these forces that needs to be better understood.”® A system
of model, monodisperse 2D particles of controlled shape and
size would thus be highly valuable for a systematic
investigation of this competition. However, a significant
limitation inherent in the common solution-phase processing
methods currently used to create suspensions of 2D materials
is the polydispersity of the resulting particles with respect to
size, shape, and thickness.

In this work, we report the fabrication and transfer of size-
and shape-controlled monolayer graphene particles to an air—
water interface for use as a model 2D colloidal system. The
photolithography-based fabrication technique enables control
over particle thickness, shape, and size (down to ~5 ym lateral
dimensions), with future improvements in lateral resolution
possible through electron beam lithography.”” The ability to
control the thickness, shape, and size of colloidal 2D materials
has yet to be demonstrated using other 2D particle fabrication
techniques, such as solution-phase exfoliation. After transfer of
the particles from their growth substrate to an air—water
interface, we use an optical microscopy technique known as
interference reflection microscopy (IRM)*>*° to directly
visualize the dynamics and self-assembly of our size- and
shape-controlled monolayer graphene particles. We find
laterally aggregated particles remain intact even after
deposition from an air—water interface onto a solid substrate,
suggesting the attractive van der Waals (vdW) force between
particles is strong enough to overcome disruptive forces
associated with film drying. An expression for the edge-to-edge
vdW force between two monolayer graphene discs is derived
using a 2D Derjaguin approxjmation29 to support this claim.
Particle tracking results demonstrate that significant Brownian
motion can be observed for monolayer graphene particles up
to S0 pum in lateral size at an air—water interface, with
measured diffusivities comparable to diffusivities reported for
spherical nanoparticles at a fluid—fluid interface that are more
than 2 orders of magnitude smaller in lateral dimension

(diameter = 0.3 um).>° Finally, we use the radial distribution
function and the global bond orientational order parameter,
two common structural analysis tools, as quantifiable metrics
to understand how particle size and shape influence the
assembled film structure, respectively. We find monolayer
graphene particles appear to exhibit hard 2D particle-like
behavior, with entropy maximization based on particle size and
shape influencing self-assembly. Future work aimed at
identifying other possible interactions present in this system
(e.g, Casimir-like,”" shape-induced capillary,” etc.) would be
useful to understand why these 2D particles occasionally
deviate from true hard-particle behavior. Our work combines
the use of top down (photolithography) and bottom-up
(particle self-assembly) approaches to produce functional thin
films with morphologies that can be manipulated via 2D
particle size, shape, thickness, or chemistry. This ability to
manipulate the physical properties of colloidal 2D materials
creates an opportunity to construct lateral van der Waals
heterostructure” thin film morphologies®* that are difficult to
achieve in chemical vapor deposition (CVD) grown 2D
material films, and had yet to be realized until now because of
limitations in solution-phase exfoliation® ™" and 2D particle
fabrication technology. This work overcomes these limitations.
We expect our work will have a significant impact on the
understanding of the colloidal and nanoscale forces driving
self-assembly in 2D colloidal systems, and more broadly
provides a methodology to create model thin film systems to
investigate other applied and fundamental nanoscale physics,
such as how the physical properties of interparticle junctions
between 2D materials affect device performance®® and
reliability,”® or how molecules orient themselves when
interacting with the ed%es or basal plane of 2D materials for
various a\pplications.m’4

B EXPERIMENTAL SECTION

Materials. Monolayer graphene samples grown through chemical
vapor deposition on Cu foils were purchased from Graphenea Inc.
(San Sebastian, Spain). Polydimethylsiloxane (PDMS) base and
curing agent (Dow SYLGARD 184 Silicone Encapsulant Kit,
Ellsworth Adhesives, Germantown, WI) were mixed in a 7:1 base
to curing agent ratio and degassed in a vacuum oven. Glass slides
(Cat. No. 3011, Thermo Scientific, Waltham, MA) were cut into 25
mm X 25 mm squares and cleaned with acetone (ACS reagent),
ethanol (ACS reagent), and ultrapure water (18.2 MQ-cm, PURELAB
Ultra Analytical purification unit, ELGA LabWater, UK) prior to
spreading a PDMS layer to cure. Positive tone photoresist (AZ 1512,
EMD Performance Materials) and alkaline developer (AZ 300 MIF,
EMD Performance Materials) were purchased from Integrated Micro
Materials (Argyle, TX). Ammonium persulfate (APS, ACS reagent
grade, >98%) was purchased from Sigma-Aldrich and added to
ultrapure water for a solution concentration of 0.25 M APS. Acetone
and ethanol (ACS reagent grade) were purchased from Pharmco-
Aaper and used for cleaning purposes. 1-Methyl-2-pyrrolidone (NMP,
biotech. grade, >99.7%) was purchased from Sigma-Aldrich and was
used for removing photoresist.

Sample Preparation and Particle Fabrication. Substrates of
PDMS on glass were prepared by gently spreading degassed PDMS
onto each square glass slide and then curing the PDMS at 150 °C.
Graphene was removed from the backside of all graphene samples
prior to processing using RIE with parameters of 30 W power, 200
mTorr operating pressure, 40 sccm (standard cubic centimeters per
minute) Ar gas, 10 sccm O, gas, and 90 s total etching time. Pieces of
the parent graphene on Cu (G@Cu) sample were cut into ~8.5 mm
X 8.5 mm squares, placed in the center of a PDMS on glass substrate,
and gently flattened using a clean glass slide. Photoresist was then
added in excess to the G@Cu sample without overflow from the edge
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Figure 1. Schematic of particle fabrication process and transfer to an air—water interface. (a) i. Prepare sample for photolithography. ii. Spin-coat
photoresist onto sample. iii. Exposure and development of photoresist. iv. Remove exposed graphene through reactive ion etching. v. Remove
photoresist with NMP. Inset images are optical images of samples after processing at stage (iv) and after stage (v). Scale bars in inset images are S0
um. (b) i. Place patterned sample within a Viton band on the surface of 0.25 M ammonium persulfate (APS) etching solution. ii. Clean the sample
three times in fresh water baths after Cu is etched away. iii. Place sample in sample container for imaging with interference reflection microscopy.

of the PDMS on glass substrate and then spin-coated using a three-
step process: (1) SO0 rotations per minute (rpm), 25 rpm/s
acceleration, 40 s total time, (2) 1000 rpm, SO rpm/s acceleration,
40 s total time, (3) 4000 rpm, 200 rpm/s acceleration, 80 s total time.
Excess photoresist was then removed with an acetone swab and
samples were soft baked at 100 °C for 60 s. A chromium-on-glass
photomask (<2 pm critical dimension, Front Range Photomask, Lake
Havasu City, AZ) was used to pattern samples with the desired
features. Hard contact between the photoresist-covered sample and
photomask was made, and exposure to UV light was accomplished
with a SUSS MJB3 mask aligner (Karl Suss, Germany). Exposure
dosages varied depending on the desired particle shape and size, with
day-to-day variances in equipment performance requiring a test run to
confirm particle integrity. General exposure dosages of ~100 m]J/cm?
(5 pm particles), ~125 mJ/cm?* (10 pum particles), ~200 mJ/cm?* (25
um particles), and ~250 mJ/cm? (50 yum particles) were used as the
starting point and iterated if particle integrity was subpar. Particles
were slightly smaller than the features on the photomask because of
slight overexposure. Immediately after UV exposure, samples were
developed in AZ 300 MIF developer for 45—60 s under mild
agitation, rinsed with ultrapure water, and dried with N, gas.

Lithographically patterned samples were then subjected to another
round of RIE (30 W, 200 mTorr, 40 sccm Ar, 10 sccm O,, 90 s etch
time) to remove graphene not covered by photoresist. Finally, the
patterned regions of photoresist were removed from the G@Cu
samples by soaking the samples in hot NMP (~80 °C) for 10 min,
followed by a cleaning of the samples using acetone and ethanol baths
(1 min each), and finally three different water baths (5 min each).
Samples were then allowed to air-dry before removing the backside
Cu foil and transferring the size- and shape-controlled graphene
particles to an air—water interface following the procedure in our
previous work.>’

Image Acquisition. Images were acquired using the same
interference reflection microscopy setup used in our previous
work.”® Images in Figure 2a—d,f, Figure 3a—d, Figure 4a, and Figure
6a were acquired using a 40X objective (Nikon CFI Apochromat
NIR, water-immersion, NA = 0.80), the inset image in Figure 3e and

the image in Figure 4c and Figure 6b (same image) were acquired
using a 10X objective (Nikon Plan Fluor, NA = 0.30), and the image
in Figure 6¢ was acquired at a total magnification of 15X using the
10X objective with the 1.5X intermediate magnification enhancement
setting on the microscope. Exposure time was adjusted accordingly to
maximize image contrast and clarity.

Raman Spectroscopy. The sample of 10 ym discs shown in
Figure 2f was deposited from an air—water interface onto a Si wafer
with a 300 nm oxide layer (University Wafers, Boston, MA) by
scooping the sample out of the interface and allowing it to dry
overnight. The Raman map in Figure 2g shows the intensity of the G
peak (I(G)) at ~1580 cm™ and intensity of the D peak (I(D)) at
~1350 cm™', represented by green and red hues, respectively. The
map was acquired with a WITec Alpha 300R Confocal/Raman
microscope (Germany). Image scan was set to a SO ym X SO um
square with 166 pts/line, 166 lines/image, 33.2 s/line (trace), and
33.2 s/line (retrace).

Particle Tracking. Images obtained for particle tracking measure-
ments (Figure 3e,f) were acquired at 68.11 frames per second (1024
X 1024 pixels, 10 ms exposure) for 10 001 frames. Particle tracks were
analyzed using the MATLAB algorithm originally developed by
Crocker and Grier*” and later modified by Samaniuk and Vermant*
to calculate relative MSD as a function of lag time for particles at
fluid—fluid interfaces. Relative MSD calculates the relative displace-
ments between pairs of particles and effectively eliminates particle
drift, which would result in greater than expected displacements, from
the data.*’ The reported relative MSD values were acquired from the
six particles (14 particle pairs) shown in Figure 3e,f and represent the
ensemble time average.

Self-Assembled Structure Analysis. A custom MATLAB script
(R2020a) was written to analyze the morphology in Figure 4ac.
Images were imported and centroids were identified using the
“imfindcircles” built-in MATLAB function. Six of the identified
centroids were then manually selected for each image that resided in
the center of the image. The radial distribution function was
calculated for each image by finding the number density of centroids
within a given annular area a certain distance from the particle of

https://doi.org/10.1021/acs.langmuir.1c02418
Langmuir 2021, 37, 14157-14166


https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02418?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02418?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02418?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02418?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c02418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir pubs.acs.org/Langmuir

£

F vdW,discs

(o)
o
T

deW,spheres

Raman Intensity (relative)

D

0
0 2 4 6 8 10 1000 1500 2000 2500 3000 3500
Edge-Edge Separation, D (nm) Raman Shift (cm™)

Figure 2. Shape-controlled particles at an air—water interface. IRM images acquired in real time of 25 ym (a) discs, (b) hexagons, (c) triangles, and
(d) squares assembled at an air—water interface. (e) van der Waals force between two discs with radii R, and R, interacting edge-to-edge as a
function of the edge-to-edge separation, D (blue curve), the van der Waals force between two spheres® of the same R, and R, (red curve), and the
average thermal force®® experienced by the particles in our system due to bombardment of the solvent molecules (dashed green line and faded
green region). (f) IRM image of 10 um discs assembled at an air—water interface before deposition to a solid substrate. Dark spots within particles
(orange arrows) correspond to regions of multilayer graphene that formed during the CVD growth process and thin dark lines (yellow arrows) are
line defects. (g) Raman map of the same assembly of 10 um discs in (f) after deposition from the air—water interface onto a Si wafer with 300 nm
oxide layer. (h) Individual Raman spectra corresponding to the locations labeled in (fg): i. Monolayer graphene, ii. Multilayer graphene, iii.
Monolayer graphene with a defect, iv. Residual photoresist located at the edge of a particle, v. Spectrum of residual photoresist.

interest and comparing that to the bulk number density. Annular each particle were used for n, respectlvely, and for W, n; was
regions were incremented by a distance dr = R/10 pm to a final calculated using a Voronoi tessellation.”*> The Voronoi dlagram was
annular region having a radius of 10R. Here, R is the radius of the 10 generated using the built-in MATLAB function “voronoin”.

or 50 pum particle, respectively. This normalization enabled direct

comparison between particles of different size. The 2D FFT images B RESULTS AND DISCUSSION
were calculated using the built-in MATLAB functions “fft2” and

“fshift”. Particle Fabrication and Transfer to Fluid—Fluid

An extension of the custom MATLAB script (R2020a) was written Interfaces. Size- and shape-controlled monolayer graphene
to analyze the morphologies in Figure 6a—c. Images were first particles were patterned using the process shown schematically
imported into FIJI (Fiji Is Just Image], NIH) and processed as in Figure la. A film of monolayer molybdenum disulfide

follows: subtract background (200 pixel or S00 pixel rolling ball
radius, Figure 6a,c, respectively), enhance contrast (0.3%), adjust
brightness/contrast (auto). Centroids were identified using the
“imfindcircles” built-in MATLAB function for Figure 6b and manually
identified for Figure 6a,c. The global bond order parameters ¥;, ¥,

(MoS,) was also patterned using a similar procedure to
demonstrate the applicability to other 2D materials (Support-
ing Information). A layer of polydimethylsiloxane (PDMS)
was first drop-cast on ~625 mm” glass slides to hold samples of

and W4 were calculated using the following relation: monolayer graphene grown on Cu foil in place (Figure laji)
during photoresist spin-coating (Figure lajii). Use of PDMS

11 g instead of conventional adhesives to hold the Cu foil during

¥, = =N Z w exp(in6;) processing prevented undesirable polymeric residues from an
=17 k=1 (1) adhesive that could later contaminate the fluid—fluid interface.

where N is the total number of particles, n; is the number of nearest PhOtOFeSISt'Coated samples were then. aligned under a
neighbors for particle j, n = 3, 4, or 6, and 0 is the angle made chromium photomask, exposed to UV light, and developed
between particle j and its nearest neighbor k with respect to an in an alkaline developer solution (Figure lajiii). A positive
arbitrary axis. For W5 and W,, the three or four closest neighbors to photoresist resulted in removal of photoresist from the UV-
14160 https://doi.org/10.1021/acs.langmuir.1c02418
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Figure 3. Size-controlled particles at an air—water interface. IRM images of (a) S ym diameter discs, (b) SO ym diameter discs, (c) 10 ym
hexagons, and (d) S0 ym hexagons at an air—water interface. Dark spots within particles correspond to regions of multilayer graphene and thin dark
lines are line defects. (e) Ensemble and time averaged relative mean-squared displacement (MSDg,,) as a function of lag time 7 for a set of 50 ym
discs (14 total pairs of particles tracked). Solid line shows a slope of 1 between lag times of 10 and 20 s indicative of diffusive behavior. There are
206 and 103 independent observations at lag times of 10 and 20 s, respectively. Inset image shows an IRM image of the six particles tracked; scale
bar is 100 ym. (f) Individual tracks of particles i—vi in (e). Each point depicts the center point of each particle at the corresponding lag time, given

by the color scale along the right side of (f).

exposed regions in alkaline developer after exposure. Exposed
graphene was removed via reactive ion etching (RIE) in a
mixture of Ar and O, plasma (Figure lajiv). We note the
chemistry of the plasma could be used to induce functionaliza-
tion of the particle edges or surface,* but was not investigated
here. Particle chemistry was studied before and after all
processing steps with Raman spectroscopy, and results are
discussed in more detail in the “Particles at an Air—Water
Interface” section. Remaining photoresist was then removed to
reveal size- and shape-controlled monolayer graphene particles
on the original Cu foil (Figure la,v). Particles were released
from the Cu foil and transferred to a fluid—fluid interface
following a protocol similar to our previous work™ (Figure
1b). Briefly, a patterned, graphene-on-Cu foil sample was
placed within a confining band on the surface of a 0.25 M
ammonium persulfate (APS) etching solution (Figure 1bi).
After the Cu foil was etched, the band and particles were
transferred to three different water baths to remove residual
APS (Figure 1b,ii), and then to an air—water interface in a
custom sample chamber* (Figure 1b,iii) for observation with
an inverted optical microscope operating in IRM mode.”
Particles at an Air—Water Interface. Monolayer
graphene discs, hexagons, triangles, and squares (25 ym lateral
dimension) were observed as individual particles and also
found to form a variety of structures once at an air—water
interface (Figure 2a—d). We note that local area concen-
trations evolve from diffusion-limited aggregation, but the
global area concentration can be controlled during the particle
fabrication stage via the density of particles on the photomask
or with a Langmuir trough.”> Assembled structures remained
intact with no particle detachment for the duration of
observation, which implies the magnitude of the attractive
force between particles is significant at length scales less than
the resolution of optical microscopy (<300 nm). Particles were

also not observed to stack on top of one another, consistent
with our previous work.” In that work, which focused on a
molecular dynamics study of 2D particle stacking, microscopy
images of shape-controlled particles were included to support
simulation results, but no details of particle fabrication or
analysis of self-assembly were included. Given the simplistic
chemistry of graphene and the apparent intimate contact
between particles, the dominant force at this length scale is
likely van der Waals. The van der Waals force between two
circular graphene discs F g giscs Was derived using a 2D
Derjaguin approximation™ and is given by (derivation in
Supporting Information)

—15Ah? ( R&s )

R +R,

E/dW, discs —

2562D"? 2)

where Ay ~ 1 X 107! J is the Hamaker constant,*” h the
thickness of a graphene monolayer (0.34 nm), R, the radius of
particle i, and D the edge-to-edge separation between particles.
We assumed R; & R, > D and the particles could only interact
in 2D (i, edge-to-edge). The blue curve in Figure 2e shows
the results of eq 2 assuming R; = R, = 12.5 ym and the red
curve shows the van der Waals force between two spheres
dew'spheres,zg assuming the same values of Ay, R, and R,. Three
results are immediately noticeable: F gy g, decays more
rapldly with Separation than F vdW,spheres F vdW,discs < F vdW,spheres
at all separations, and F, gy gis. is extremely short-ranged before
its magnitude is of the same order as thermal forces Fy,.,.;; the
magnitude of Fy., in this system can be estimated using the
fluctuation—dissipation theorem.***’ These results are reason-
able considering van der Waals forces are calculated by
summing the energies of all atoms in one particle with all
atoms in the other, and there are significantly fewer atoms
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Figure 4. Analysis of self-assembled structures for different particle sizes. (a,c) IRM images of 10 #m (a) and 50 ym (c) monolayer graphene discs
at an air—water interface. Scale bars are SO um. (b,d) Radial distribution function as a function of dimensionless center-to-center separation
distance calculated for the images in (a,c), respectively. Inset images in (b,d) are the 2D FFT images of the IRM images in (a,c), respectively.

interacting at a given separation distance in disc-like particles
than spherical particles. Additionally, a Bond number analysis
of the system (Supporting Information), a dimensionless
parameter describing the ratio of gravitational to capillary
forces,” yields a value of ~107"! suggesting attractive long-
range capillary interactions induced by monopolar deforma-
tions of the interface are negligible. Contact-line deformations
due to physical particle properties such as edge roughness,
chemical heterogeneities, or shape could also induce long-
range capillary interactions.”’ However, the subnanometer
thickness of monolayer graphene particles puts an order-of-
magnitude upper limit on the maximum attractive interaction
of ~107" — 10" k5T at particle contact with optimal alignment,
with the interaction magnitude decaying rapidly with
separation distance due to the interaction potential scaling
with sesparation distance to (approximately) the inverse fourth
power.”** Thus, the lack of significant long-range and only
very short-range attractive forces makes our 2D particles
potential candidates for an experimental “hard” disc system.'®

Particles imaged at an air—water interface were also
deposited onto a solid substrate for further characterization.
It is significant that the interfacial structure observed at the
air—water interface remained intact after deposition and drying
despite the large forces that act on particles during evaporative
processes. This observation indicates that the particles are
likely in intimate contact as the magnitude of the attractive van
der Waals forces in the self-assembled structures is sufficient
(Figure 2e) to allow their transfer from an air—water interface
to a solid substrate. Maintaining such structure during transfer
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is not always possible, and there is long-standing debate over
the effect deposition has on the original interfacial structure
present in various systems, for example, surfactant, particle,
polymer, at fluid—fluid interfaces.’® The undamaged deposited
structures enabled us to obtain a Raman map of the particles
and to compare those results with the corresponding IRM
image to understand what the various features observed under
IRM (Figure 2a—d,f), that is, dark spots and dark lines, are
composed of. This analysis is shown in Figure 2f—h, and
indicates that the particles observed using IRM were
unoxidized graphene monolayers (Figure 2h,i),”>** with
various multilayer regions that formed during the CVD growth
process (dark spots, Figure 2h,ii),25’28 line defects (thin dark
lines, Figure 2h,iii),”* and remnants of residual photoresist
(Figure 2h,iv and Figure 2h,v). Understanding where regions
of pristine, monolayer graphene versus functionalized, defect-
rich, or multilayer graphene exist, especially near edges of
particles, will enable future work investigating how various
edge defects could be used as “stickz” or “patchy” regions to
direct particle—particle interactions.”*°

The size of particles could also be varied (Figure 3a—d).
Large polygons (Figure 3d) and disc-shaped particles with
diameters from 5S—50 ym (Figure 3a,b) displayed good shape
integrity (i.e., the desired shapes on the photomask were
successfully transferred to the photoresist and graphene
monolayer with minimal size and shape distortion), but
small polygons had rounded corners and edges (Figure 3c).
The lateral sizes of particles produced in this work are
governed by (1) the minimum feature size on our glass
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photomask (5 pm) and (2) small variations in photoresist
thickness across the sample due to the surface roughness of the
Cu substrate. Polygons had a lower limit of 10 ym in lateral
dimension because variations in photoresist thickness required
a slight overexposure of the sample to ensure regions of thicker
resist were completely exposed, and overexposure lead to
corner rounding. Thus, only discs could be produced down to
a 5 pm diameter with the current setup. Electron beam
lithography could be used in future work to decrease the size of
particles while maintaining the integrity of the desired particle
shape. We foresee systematic variations in particle size from
<10° to ~10" ym could be used to help understand the self-
alignment of nucleated single crystals at different stages of the
CVD growth process of 2D materials on liquid catalysts.>”

Notably, we could resolve diffusive behavior in particles as
large as SO ym in diameter (Figure 3e,f). The relative mean-
squared displacement (MSDg,)) as a function of lag time 7 for a
set of SO um discs was calculated using particle tracking
algorithms** (Figure 3e) to extract the drift-corrected
translational diffusivity Dy = 0.024 + 0.012 pm?/s using®
MSDg, = 8D17% where @ = 0.98 + 0.19. The reported errors
are one standard deviation from the average of the Dy and «
values measured between lag times 10 s < 7 < 20 s for the 14
independent MSDg, curves obtained from the 14 pairs of
particles tracked. At 7 < 1 s the slope of the MSDg, curve is ~0
because the motion of the particles cannot be resolved with the
low numerical aperture objective used here (10X, NA = 0.30),
but there are measurable displacements of the particles at 7 >
10 s with this magnification. This is significant because the D
for our 50 ym diameter discs is of the same order of magnitude
as the Dy measured for silica spheres with a ~10X smaller
diameter (4 pm) at an air—water interface.”® This can be
understood from the 2D dimensionality, where the mass of the
graphene particles increases with the square of radius, while for
spheroidal particles the mass increases with the cube of radius.
Thus, the total mass of a 50 ym diameter graphene disc could
fit in a 1.08 um diameter graphene “sphere” (Supporting
Information). Hence, monolayer 2D particles with diameters
<10 pm, a convenient size for optical microscopy techniques,
could be used to study thermally activated processes such as
entropic 0rdering.59 Figure 3f contains position vs time data
for the six particles labeled in Figure 3e over a period of
approximately 150 s. The displacements are Brownian in
nature, with no evidence of directional motion or particle—
particle interactions influencing particle trajectories.

Analysis of Self-Assembled Structures. The ability to
make monodisperse samples enables application of conven-
tional image analysis techniques that will help us understand
how 2D particle size and shape influence the forces that drive
interfacial self-assembly. We reiterate that the local assemblies
of particles presented in this work most likely evolved from
diffusion-limited aggregation, but the bulk area concentration
could be manipulated via a Langmuir trough® in future work.
IRM images of monolayer graphene discs with 10 ym diameter
(Figure 4a) and 50 ym diameter (Figure 4c) were analyzed
using the radial distribution function (RDF, g(r/D,), Figure
4b,d), where r is the center-to-center separation between
particles of diameter D, and the 2D fast Fourier transform
(FFT, inset Figure 4b,d§. The radial distribution function is a
measure of the relative particle density of a system at a certain
separation distance from a reference particle,”’ with a value of
§(r/D,) > 1 (<1) implying an excess (deficiency) of particles at
a given separation distance, and the 2D FFT depicts the extent

of order and orientational symmetry of a system by converting
patterns within the image into the frequency domain.®” Sharp,
significant peaks were observed in the RDF for the 10 pm discs
at dimensionless separation distances of ~1.2, ~2.3, and ~3.3
indicating that order extended to ~3 particle diameters from a
reference particle (Figure 4b). Results from the 2D FFT image
acquired from the assembly of 10 ym discs qualitatively agreed
with the extent of order observed in the RDF, as there were ~3
hexagonal features present in the image (inset, Figure 4b); the
hexagonal features imply hexagonal order within the assembly.
In contrast, there was only one significant peak observed in the
RDF for the 50 ym discs at a separation distance of ~1.2
(Figure 4d), and the 2D FFT image acquired for the S0 ym
discs displayed minimal structural symmetry. The difference in
structural order as a function of graphene disc size can be
understood by the relative Brownian motion of particles of
each size.

Small particles undergo increased Brownian motion relative
to large particles (Figure S), which allows small particles to

>

Brownian Motion
19paQ dbuey-buo

>

Particle Size

Figure S. Schematic of the effect that particle size has on the
Brownian motion and long-range structural order in systems of
graphene discs.

explore more energy states in a system before becoming
irreversibly attached to a neighboring particle via the van der
Waals force. The ability to explore more energy states due to
the increased Brownian motion gives smaller particles an
entropic benefit to forming films with more ordered structures
(i.e, “colloidal crystals”), whereas large particles may form
more fractal-like structures due to lesser Brownian motion and
stronger interparticle forces. We acknowledge the tendency of
graphene particles to aggregate due to the lack of repulsive
forces between particles currently prohibits the study of
equilibrium structure formation for 2D particles with a
particular size or shape. Future studies employing charged
2D particles such as MoS,”’ or graphene oxide®" could be used
to understand the governing physics of nonaggregating, 2D
particles and to understand if charged 2D particles form more
ordered film structures than noncharged 2D particles.
However, given that the functional properties of 2D particle
films (i.e., conductivity, transg)arency, etc.) are intimately
linked with film morphology,"*** our results in Figure 4
suggest that films with tailored structures and properties could
be fabricated by simply varying the lateral size (or chemistry)
of the particles used.

In addition to Brownian motion yielding entropic benefits to
the formation of films with greater structural order for 2D
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particles with no distinct edges/corners (e.g, discs), further
structural order can be achieved via directional shape entropy-
driven forces for 2D particles with distinct edges (e.g,
triangles, squares, etc.). IRM images of monolayer graphene
triangles (25 pm), discs (S0 ym), and squares (25 ym) at an
air—water interface (Figure 6a—c) were analyzed using global
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Figure 6. Analysis of self-assembled structures for different particle
shapes. IRM image of () 25 pm triangle, (b) S0 um discs, and (c) 25
pum squares at an air—water interface. Scale bars represent SO ym. (d)
Quantification of the 3-fold (¥;, blue (triangles only)), 4-fold (¥,,
red), and 6-fold (¥, green) global bond order parameters as a
function of the area fraction for each particle shape. Triangle, disc, and
square markers correspond to the respective shape in (a—c). Inset
image in (d) shows the maximum degree of order (¥, = 1) for each
global bond order parameter.

bond order parameters ¥, (n = 3, 4, 6, “Experimental” section)
to determine the formation of ordered phases with n-fold
angular order (Figure 6d)."* A value of ¥, = 1 implies perfect
n-atic order. At their respective area fraction ¢, triangles
displayed triatic order (W; > W,s), discs displayed hexatic
order (¥s > W,), and squares displayed quadratic order (¥, >
Ws). These results align with observations from simulations on
hard 2D discs and polygons.'>*° Given the magnitude of long-
range, enthalpic interactions between 2D particles are <10°
ksT,” and assuming our particles behave as hard 2D particles,
the shage—induced order in these systems is likely of entropic
origin.””*” Further evidence for shape entropy-induced”” order
can be seen when comparing ¥ values for triangles and discs.
The presence of distinct edges on triangular particles enables
greater directional entropic forces, which manifests in greater
order and a larger W¢ for triangles than discs, even at lower
triangle area fractions.”” We note the size of the discs and
triangles are different, and the reduced Brownian motion of S0
um discs could also contribute to the lower W value. We also
note that particles were not observed to rearrange after comin§
into close contact, which is in contrast to our previous work,”
and can be explained by differences in particle lateral sizes (~1
um” vs >10 um diameter), their relative Brownian motion
(“fast” vs “slow”), and the shape of the particles (irregula.r25

vs regular) used in the two works. Future work aimed at
studying transient 5phenomena at specific area fractions using a
Langmuir trough® will further illuminate the forces that drive
the dynamics in these 2D colloidal systems and enable us to
better understand how particle shape influences particle
alignment (i.e., edge-to-edge vs corner-to-corner). Regardless,
our results offer initial insight into the shape-regulated phase
behavior of a truly 2D colloidal system, which has been
previously limited to study by simulations and pseudo-2D
experiments.

Finally, we acknowledge the slow dynamics of systems
comprised of particles having lateral dimensions of 25 and 50
pum is a limitation in the current iteration of our model 2D
colloidal system. Future work using particles with lateral
dimensions <10 ym will enable the dynamical evolution of
these systems to be studied at specific area fractions on more
reasonable experimental time scales due to the greater
Brownian motion of smaller particles.”” However, current
limitations in our photolithography-based fabrication techni-
que prohibit the reliable fabrication of polygons with
dimensions <10 um, as noted in the discussion surrounding
Figure 3, but could be remedied using higher resolution optical
(e.g., direct-write) or electron beam lithography techniques.

B CONCLUSIONS

We have demonstrated a photolithography-based technique
that enables fabrication of a system of one-atom-thick, 2D
colloids: monolayer, size- and shape-controlled graphene
particles at an air—water interface. Although not explicitly
demonstrated here, these particles can be studied at liquid—
liquid interfaces by simply adding a liquid upper phase.”® A
relation for the van der Waals force between two graphene
discs interacting edge-to-edge was derived to explain the
stability of the observed interfacial structures with evidence
given by our ability to examine the same interfacial region
before and after deposition from an air—water interface. A key
aspect of our 2D colloids was the significant Brownian motion
observed in particles with dimensions up to 50 ym. A lack of
long-range forces coupled with extremely short-ranged van der
Waals forces between particles enabled us to analyze our
particles under the context of hard discs and polygons. Results
suggest that particle shape influenced self-assembled structure
via directional entropic forces.”” Future efforts should focus on
increasing shape fidelity through lithographic means such as
optical direct-write photolithography or electron beam
lithography to improve monodispersity in particle parameters.
The significant advance of this work is the experimental
realization of a truly 2D colloidal system;” a fluid—fluid
interface acts as the 2D “fluid” dispersing our particles that
have single-atom thickness, lateral dimensions large enough to
be seen using optical microscopy yet still undergo significant
Brownian diffusion, and physical parameters (e.g, size, shape,
chemistry, and thickness) that can be easily manipulated. This
work stands apart from previous experimental studies on
pseudo-2D systems that relied on depletion to dampen z-
direction translation of thin colloids®* or ligand-functionalized
nanoplatelets (lateral dimensions ~10° to 10" nm, thicknesses
~10" nm) at fluid—fluid interfaces.'” The tunability and
functional properties of the new building blocks presented in
this work provide a new means to experimentally study a
plethora of fundamental physical processes and encourages
future efforts aimed at rationally designing the assembly’* of
2D particles for novel applications.”
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