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Bidisperse Nanospheres Jammed on a Liquid
Surface
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ABSTRACT: Jammed packings of bidisperse nanospheres were
assembled on a nonvolatile liquid surface and visualized to the
single-particle scale by using an in sifu scanning electron
microscopy method. The PEGylated silica nanospheres, mixed
at different number fractions and size ratios, had large enough
in-plane mobilities prior to jamming to form uniform
monolayers reproducibly. From the collected nanometer-
resolution images, local order and degree of mixing were
assessed by standard metrics. For equimolar mixtures, a large-to-
small size ratio of about 1.5 minimized correlated metrics for
local orientational and positional order, as previously predicted
in simulations of bidisperse disk jamming. Despite monolayer uniformity, structural and depletion interactions caused spheres
of a similar size to cluster, a feature evident at size ratios above 2. Uniform nanoparticle monolayers of high packing disorder
are sought in many liquid interface technologies, and these experiments outlined key design principles, buttressing extensive
theory/simulation literature on the topic.
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olloidal suspensions and granular powders jam when
internal, compressive load-bearing paths impede further
densification and structural ordering.' In many surface and
membrane applications, nanoparticle (NP) jamming provides
an effective means to stabilize liquid interfaces and control
their order/disorder.? Supporting high in-plane stiffness,
disorder minimizes in-plane directionality and large-scale
heterogeneities, properties beneficial for mechanically stabi-
lized liquid interfaces.> However, rather than jamming with
high disorder, dense monodisperse spheres and disks on a
liquid interface tend to crystallize. Ellipsoidal particles do not
crystallize as readily,* but they are harder to prepare and
disperse than spheres. The mixing of two different sized
spheres offers a more practical way to achieve a dense, uniform,
and disordered particle packing on a liquid interface. Here, this
bidisperse sphere strategy is explored for interfacial NP
monolayers visualized to single particle resolution by scanning
electron microscopy (SEM).

Simulations predict that the size disparity of a bidisperse
sphere/disk mixture strongly affects the disorder in the
corresponding two-dimensional (2D) dense packing.>® For
bidisperse spheres/disks of radii ¢ and a, (with a; < ay), the
extent of disorder minimally depends on the ratio of radii 0 =
a/a,, the number fraction of small sphere/disk », and the
overall areal fraction ¢. Additional variables, such as the
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interparticle interaction potential(s) and the size polydisper-
sities of the two sphere/disk populations, may also come into
play. The 2D packing of bidisperse spheres/disks has been
treated in numerous theoretical/simulation efforts, but the
corresponding experimental literature is sparse, especially for
packings produced on a liquid interface, the 2D context of

greatest practical interest.”~” Bocquet ef al. simulated 2D
mixtures of bisperse disks at #» = 0.5 and noted that disorder
markedly increases for 0 > 1.28,'° and likewise, Perera and
Harrowell showed that a soft disk mixture of the same n and 0
~ 1.40 forms a stable glass.!! Speedy computed the glass
transition of hard disk mixtures, finding that eutectic glasses

form at 0 ~ 1.40."> Russo ef al. interpolated between crystal-
and glass-forming behaviors and showed that the ability to
form glass is signaled by a depression of the melting points
toward the eutectic points.'?

By simulations, Koeze ef al. mapped the 2D jamming of
bidisperse disks of varied #n and 0 onto the critical areal fraction
. at the onset of jamming.'* They predicted local minima of
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order not just around the previously known condition # ~ 0.50
and 0 ~ 1.40 but also near n ~ 0.20 and o ~ 2.50.

Compared to larger colloidal particles, NPs decorated with
stabilizing ligands on liquid interfaces show larger in-plane
mobilities and weaker in-plane interactions, properties that
favor jamming relative to irreversible aggregation. NP mixtures
can reach a steady state rapidly by thermal diffusion without
forming irreversible aggregates due to their weak pair
interactions. The same properties also amplify opportunities
for unjammed NP mixtures to phase separate via the action of
depletion interactions. This type of phase separation in 2D and
three-dimensional (3D) sphere mixtures has received consid-
erable attention, but less so for the small g values cited above '
and, to our knowledge, never for NPs attached on a liquid
surface or packed to an areal density that approaches jamming.
Further, different from the case of larger particles, the ligand
size for NPs can approach and even exceed the particle size,
making NP interactions more sensitive to ligand identity,
length, and density.'® For a properly designed bidisperse
system, tracking individual NPs on a liquid surface should
provide insights into jamming and vitrification processes under
conditions dominated by random thermal motion and hard
sphere repulsions. On a practical level, disordered interfacial
NP layers are desired, for example, to stabilize Pickering
emulsions and structure liquids.'’

Several advanced optical microscopy methods can visualize
NPs in liquids,'® and while these methods can identify single
NPs in isolation, they cannot resolve and track single NPs in a
dense assembly." Turning to electron microscopy, which has
higher resolution, specimens solvated with ordinary liquids
must be sealed against instrument vacuum inside a closed,
windowed cell.?’ Such cells are suited only to transmission
electron microscopy (TEM), and the examination of liquid
specimens and interfaces is potentially compromised by the
physical and chemical constraints of the cell (i.e., window gap
~50—-100 nm, potentially strong interactions between NPs and
windows, efc.). To overcome these shortcomings, we
developed an in situ scanning electron microscopy (SEM)
method that employs nonvolatile ionic liquids (ILs) as NP-
dispersing media.’! An experimental SEM schematic is
displayed in Figure 1. Our approach enables an easy imaging
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Figure 1. SEM imaging of a bidisperse NP monolayer.
Experimental schematics and NP pairings used to make bidisperse
mixed NP monolayers. Radii a1 and a2 are in nm.

of “open” specimens, i.e., those with liquid interfaces directly
exposed to instrument vacuum. Electron doses and voltages are
lower than for TEM, reducing artifacts arising from charging
and heating.”> At optimized conditions, NP features and

positions on a liquid interface can be obtained at ~5 nm

resolution across a > 300 ym? area containing >8000 closely
packed NPs. Further, the positions of individual NPs in such

packings can be tracked for lengthy times (~60 min or longer)
from images collected at several frames/second.

This report considers how dense packing of bidisperse,
PEGylated silica NPs on an IL surface varies with » and o.

Since ~10 nm diameter NPs of truly narrow relative size

distribution are unavailable (“relative” defined by reference to
the average NP diameter), we directed attention at NPs of
larger diameter, ~80-200 nm, which afford narrower relative
size distributions and greater SEM contrast. Because their
diameters were all below the ~250 nm diffraction limit of light,
these NPs and their packed assemblies could not be resolved
to the single particle level by optical microscopy. SEM had no
difficulties in resolving individual particles, even when they
were in contact with each other. The in-plane interactions
measured between two isolated NPs conformed well to
expectation for ideal hard spheres, and interfacial binding
energies were large, reaching hundreds of ksT per NP.'® Such
binding energies led spontaneously to IL surfaces sufficiently
saturated with NPs to jam at high ¢. Important features of the

model NP-liquid system, such as contact angle, binding
energy, and pair interaction potential, were characterized in
prior work. '

From NP positions obtained by SEM, structural analyses of
the jammed states were performed to obtain various order and
mixing metrics, allowing for direct comparisons of the
experimental results to predictions from previous simula-
tions/theories for 2D sphere/disk mixing and jamming. These
parameters characterize local orientational and positional
order, number of nearest neighbors, and randomness of local
mixing. In no instance was macrophase separation noted, but
under some conditions of » and 0, large and/or small spheres
formed small clusters, influencing the mixing and jamming
metrics calculated. Whether such clustering reflected a fully
equilibrated mixture or just an intermediate kinetically trapped
state remains undetermined. In future work, to address such
questions, the dynamics of jamming will be explored using the
SEM method’s ability to track individual NPs before, during,
and after jamming.

RESULTS AND DISCUSSION

Characterization, Attachment, and Imaging of NPs.
As a consequence of their sol—gel synthesis, silica NPs can
display nanoscale surface roughness and finite size polydisper-
sity.?> TEM performed on NPs prior to ligand attachment
showed essentially no shape eccentricity and little indication of
surface roughness. The TEM-determined coefficient of size
variation CV, defined as s/a x 100, where a and s are the
respective mean and standard deviation of NP radius,

decreased from ~7% to ~4% as a increased from ~40 to

~100 nm. To minimize impacts of CV on NP packing, pairings
were selected such that o > 1.20. The six pairings investigated
here, along with their associated 0, are summarized in Figure 1.
The ligand layer thickness, as estimated by the radius of
gyration of free 5000 g/mol PEG in a theta solvent, was ~3-5
nm,?* which is small but not negligible compared to the NP
radii. No account of ligand thickness is made in specifying
and ¢ since PEG’s ligand conformation is unknown. For the
low ligand molecular weight PEG chosen, the intramolecular
excluded volume contribution to free coil size is anticipated to
be insignificant, and for the low ligand grafting densities
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achieved, the same is likely true for the intermolecular
contribution to ligand stretching.
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Figure 2. SEM images of bidisperse NP packings on an IL surface. (a) 0 = 1.35,n=0.24, $ =0.74; (b) 0 = 1.35,n=0.63,$ = 0.75; (c) 0 =
1.35,n=10.93, $ =0.80; (d) 0 =1.29, n =0.59, $ = 0.78; (e) 0 = 1.61, n = 0.60, ¢ = 0.75; and (f) 0 = 1.95, n = 0.64, ¢ = 0.69. Scale bar is 2

pm.

The difference in surface energy between PEG and IL (1-
1-3-methylimidazoli thyl , 43 mJ/m? vs. J/
S ety e S g 4
adsorption to the IL surface. The growth of NP monolayers at
the initial stage was observed in situ as shown in Figure S1 in
the Supporting Information. The ligands also led to good
dispersibility of the NPs in methanol and IL, with no
perceptible NP aggregation observed for several months.

Pendant drop tensiometry showed that the IL—air interfacial

binding energy for ~100-200 nm PEGylated silica NPs was
~500 to ~2000 kg7, '° sufficient to achieve almost irreversible
NP anchoring to the liquid surface. Over dozens of SEM
experiments conducted under ordinary imaging conditions,
with tens of thousands of NPs observed, none were seen to
detach into the bulk. Similarly, no contacting NPs on the
surface were observed to aggregate irreversibly unless the
adsorbed NP monolayer was held in a compressed state for
many hours. (Such compression was not part of the protocol
applied here.)

SEM, when operated at 3 kV accelerating voltage, discerns

features within ~20 nm of the IL surface.?’ Under this

condition, the low NP-IL-vacuum contact angle, ~14°, made

each NP appear as a circular “cap” of radius smaller than the
physical NP radius, with a greater portion of the NP residing
well beneath the IL surface.'® Thus, direct contacts between
NPs were not observed by SEM, since they occurred below the
surface out of view. The low measured contact angle reflected
the favorable interactions of the polar PEG ligands with the
polar IL. Beyond hard core repulsion, an attractive interaction

with a well depth ~0.1 kg7 was observed at NP separations of

order the NP radius and tentatively ascribed to capillary NP
interactions arising from a ligand-induced meniscus surround-
ing each NP; potential sources of the attraction are discussed
in our prior work.!® This attraction was too weak to have
meaningful consequences. Rapid Brownian motion of individ-
ual NPs was observed by SEM even when ¢ was only slightly
below jamming. The NPs effectively interacted with each other

10592
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considerably less than the ¢ = 0.91 limit for a perfect 2D
crystal of monodisperse hard spheres/disks, but this higher
limit could experimentally be approached for monodisperse NPs
by very slow interface compression and possibly by more
extended annealing (not observed). The areal densities at

saturation were well beyond the onset of local ordering (¢ ~

0.69 for monodisperse NPs) but less than the threshold for
collective jamming (¢ ~ 0.86—0.88 for monodisperse NPs)
predicted by Torquato ef al. through 2D disk simulations.?*?°

While ¢ at saturation was clearly affected by numerous packing
imperfections, a failure to account in ¢ for the increase of NP

radius by ligands was also a factor. If ¢ at saturation is at ¢ =

0.86, effective NP radii only about 6% larger than the bare radii
are needed. The difference between bare and effective radii canbe
explained in terms of the thickness of the ligand shell on the NP
surface.

Imaging of NP Mixtures. Figure 2 shows SEM micro-
graphs of interfacial NP mixtures for several combinations of #

and 0. The ~15 ym span of each micrograph is small enough

relative to the ~3 mm IL drop radius that the imaged areas,

located near the drop crests, were effectively flat. Due to their
higher electron scattering contrast, the well-resolved NPs
appear brighter than the background IL, and the large and
small NPs, despite the dense packing, are readily distinguished
from each other. The radius and intensity recorded across an
image for each NP constituent were nearly uniform, indicating
that NP vertical positions relative to the liquid surface did not
fluctuate significantly. This conclusion was reinforced by a lackof
significant change in NP intensity over time for images
collected at one spot. The imaged radii are less than the NP
physical radii, as was explained above, and the minimum
center-to-center distance for like-sized NPs, when crowded into
contact, corresponded well to the NP diameter. Centers of
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Figure 3. Assessments of jammed bidisperse NP packings. (a) Binarized image colorized according to NP size for 0 = 1.35 and n = 0.63
[same conditions as Figure 2b]. (b) MRJ disk packing for 0 = 1.40 and n = 0.75 (replotted a packing configuration simulated by Zachary et

al.?®). (¢) Order metrics W and T* evaluated at 90 image locations across the IL surface. (d) SD plotted against S for 0 = 1.35 and n = 0.81
[same conditions as Figure 2¢]. The inset to (d) shows an overview of how ns was calculated as a function of S.

the small and large NPs probably did not lie in the same 2d-f show the typical packing of bidisperse NPs of near-
horizontal plane, but since 0 was not too large, depths of their equal

centers below the surface were similar. As calculated from the

geometry sketched in Figure S2, the apparent radii of small and

large NPs in their plane of mutual contact decrease

proportionately with increasing size disparity (the sketch is

for equal wetting angles of ~14°, the angles experimentally

measured). For size ratios smaller than ~1.5, the radii are
reduced by less than 2%, small enough for little influence on
packing structures, although a precise calculation of its impact
would be difficult. Hence, to simplify packing analyses, all NP
centers were assumed to lie in the same plane. Unless
externally perturbed, NPs always packed into uniformly dense
monolayers that lacked large vacancies or wrinkles. After
surface saturation, NP positions and packing did not change
detectably over hours of SEM imaging, demonstrating that the
NPs were effectively jammed; mean square displacements of
NPs were within instrumental error (<107 pm/s).

2D Packing of Bidisperse NP Mixtures. Figure 2a—c
shows raw SEM images for 0 = 1.35 mixtures at n = 0.24, 0.63,
and 0.93. When n departed significantly from 0.5, e.g., Figure
2a and c, the large or small majority NPs mostly packed into
finite crystal-like domains in which the minority NPs were
distributed as occasional substitutional defects. The rest of the
minority NPs concentrated in disordered regions surrounding
the majority NP domains. While the disorder in Figure 2c¢ is
slightly less than in Figure 2a, the disorder in Figure 2b, with n
closer to 0.5, is much greater. Indeed, no clearly defined
domains of order can be recognized. Previous jamming
simulations found that such near-equal » mixtures with 0 in
the range 1.3-1.5 are almost fully disordered.!’'>?” Figure
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increasingly deviated from six (upward for the larger NP and
downward for the smaller), impeding crystallization and
inducing greater disorder. Only Figure 2d, below the nominalo
threshold for disorder cited above, suggests ordered domains.

More detailed analyses of order and mixing are provided later.

Uniformity and Reproducibility of NP Mixing and Order.

With interactions beyond hard core repulsionnegligible, and

with 2D mobility significant throughoutmonolayer assembly,

the nominally jammed NP structuresobserved after several
minutes were in a statistical sense bothreproducible and well-
defined. Average configurational proper-ties were little sensitive
to preparation details or mild externalperturbations. Nonetheless,
jammed monolayers did not findthe lowest free energy state,
and with suitable slowcompression/annealing, at least some
jammed configurationsseemed able to undergo further
densification and/orcrystallization from the imaged, “kinetically
trapped” state.Nonetheless, with monolayers not externally
perturbed, anyaging or densification processes occurred at times
well beyondthe tens of minutes to several hours accessible to
the SEMexperiment; for practical reasons, monolayers could
not be

monitored in the SEM for days or longer.

Figure 3a presents a binarized and colorized rendition of
Figure 2b for comparison to Figure 3b, a literature simulation of
bidisperse disks coupled through hard sphere interactions and
packed at maximally random jamming (MRIJ).?® For the
experiment, ¢ = 1.35, n = 0.63, and ¢ = 0.75, and for the
simulation 0 = 1.40, n = 0.75, and ¢ = 0.85. The experimental
and simulated images are similar, and notably, although global
disorder dominates, short-and medium-range packing correla-
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tions are suggested in both contexts, with extended clusters of
small (blue) particles surrounded by extended clusters of large
(red) particles.

According to theory and experiment, under depletion
interactions, a 0 > 5 bidisperse sphere mixture in three
dimensions can macroscopically phase separate, either into two
disordered phases or into a disordered and a crystalline
phase.?’*" In this 2D study, with 0 < 2.5, such separation was
not expected. Nevertheless, specimens could display spatial
nonuniformity if mixing prior to jamming was incomplete.

Therefore, to assess macroscopic uniformity, ~100 images

were collected at different specimen locations, and for small,
large, and all NPs composition parameters n and ¢ along with
the bond-orientational order metric Ws and the translational
order metric 7* (defined later) were plotted against image
number, the latter in Figure 3¢ and the former in Figure S3.
These plots demonstrate that NP mixing and order are
essentially independent of location, leading to the reasonable
conclusions that mixing was globally uniform and macroscopic
phase separation was absent.

Local Mixing. At short length scales, random mixing in a
jammed sphere/disk packing can be interrupted by the finite
sizes of constituents, potentially generating nonuniformities of
the type seen in Figure 3a, b.>! To characterize these effects, n
was calculated around each NP over areas of increasing radius,
i.e., shell number § as defined by radical Voronoi tessellation,
and the average n over these areas, dependent on S, was
denoted ns; each S is illustrated in Figure S4. This parameter
measures how the small/large identity of a central NP locally
perturbs mixture composition. The analysis is overviewed in
inset of Figure 3d for packing conditions identical to those in
Figure 3a; the inset shows a blackened central NP surrounded
by NPs colored according to S and tinted to distinguish small
from large NPs. Figure 3d plots the standard deviation (SD) of
ns against S, and SD was found to be largest when S equals
unity, manifesting that the greatest mixing nonuniformity was
at the shortest mixture length scale. SD decreased with
increasing S, consistent with an increasingly uniform NP
population, and by S = 20, SD was almost zero; the histograms
of n, became narrower with increasing S as shown in Figure S5.

The observed length scale for random NP mixing, ~10 NP

diameters, captures the apparent cluster size noted in Figure
3a. The magnitudes and sizes for clustering seem remarkably
large for a local packing phenomenon. Other mixing analyses,
such as the Fourier transform of the local perturbation in n,
lead to an analogous smallest length scale for uniform mixing.
For perfectly random mixtures, the probability of filling each
shell with N particles with a small NP number fraction » has a
binomial distribution. To examine random mixing of NPs, the
curves in Figure S5 are fit with the probability density function
(PDF) of the normal distribution, which can be used as an
approximation to the binomial distribution for a sufficiently
large N, i.e. Nn(1 — n)>3;*? N was larger than ~18 when S 2
2. The PDF matched well for S 2 3 in Figure S6, revealing
random mixing at a length scale of several NP diameters.
Radial Distribution Functions and Order Metrics.
Figure 4a—d shows the radial distribution functions g(r) for o
= 1.35 (144 and 195 nm NPs) as n varies from 0.24 to 0.93.
With each function manifesting translational order differently,
four g(r) functions are offered: correlation between pairs of any
size, designated go(r) (Figure 4a); between NPs of small
radius, designated g11(r) (Figure 4b); between NPs of small
and large radius, designated gi2(r) (Figure 4c; identical by
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Figure 4. Radial distribution functions g(r) for bidisperse NP
mixtures. Functions go(r), g11(r), g12(r), and g2(r) plotted for (a—
d) n varied with O fixed at 1.35 and (e—h) 0 varied with » fixed at
=0.50. (i) Sphere arrangements associated with the peaks A—H

indicated in plots (f)—(h). Functions have been vertically shifted
for clarity.

symmetry to g»i(r)); and between NPs of large radius,
designated g»(r) (Figure 4d). These correlations are inter-
related by go(r) = ng11(r) + 2n(1 = n)gia(r) + (1 = n)’ga(r).
Hence, integrated peaks of go(r) are determined by » and
relative peak intensities. The first peaks of g11(7), gi2(r), and
gn(r) arise from NPs in contact and lie at approximate r
positions of 2ay, a; + az, and 2ay, respectively; although these
peaks are slightly broadened by size polydispersity and
experimental resolution, their positions are independent of n
and o0 due to hard-sphere like interactions. The same peaks
appear in go(r), and as n increases, the largest peak shifts from
2a; to ajta; and then to 2a;, expressing the change in the
dominant NP pairing. At n ~ 0.5, the number of mixed pairs
(captured in the magnitude of the second peak of go(r))
exceeds the number of unmixed pairs (captured in the
magnitudes of the first and third peaks), and due to the larger
disorder induced by the mixed pairings the peaks in go(r)
become broader and weaker. For » much larger or much

smaller than ~0.5, peaks in go(7) associated with the prevalent
triangular lattice (at relative positions v1, v3, V4, V7..)
evolve to the peak positions of either gi(r) or g2,(r), although
some overlap is seen with peaks contributed from gj2(r).
Figure 4e—h displays g(r) for near equimolar mixtures varied
in 0 from 1.29 to 1.95. To probe how O affects mixture
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disorder, the packing arrangements associated with the main
peaks (after the peaks of NP contacts) of g11(r), gi2(r), and
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Figure 5. Local order metrics for a bidisperse NP packing. Voronoi cells are colorized by (a) g, (b) z, and (c) |Ws|. Scale bar is 2 ym, and 0 =

1.35 and n = 0.81.
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Figure 6. Distributions of z for n = 0.5 at different 0. Top row (left to right): n = 0.47, 0.40, and 0.34. Bottom row (left to right): n = 0.42,
0.50, and 0.46. z is calculated for total (black), large (red), and small (blue) NP centers.

g»(r) are sketched in Figure 4i. The positions of sketched
peaks corresponded to » ~ 250—450 nm in Figure 4e. When
g(r) is plotted against appropriately scaled r, as done in Figure

4f-h, well separated g(r) peaks at large 0 converge into just
two peaks as o falls toward unity; the scaled peak positions in

this limit are 3 and V4, as anticipated from the sketches in

Figure 4i. While peaks of Figure 4f-h are better separated at
larger 0, they are also broadened due to increased disorder.
The same trend is shown in Figure 4e, which plots go(r) vs
unscaled r, with peaks observed to split and weaken as O
increases. Diverse packing topologies attenuated the integrated
peak intensity in go(7).

The orientational or hexagonal order parameter s is
calculated for NP £ at position 7« from the set of angles 6y,
constructed between an arbitrary but fixed axis and lines drawn
through the NP and each of its ny nearest neighbors,

1 o
1/16(77() :—,1ng e6 Ok

k

A schematic of 6;; is provided in Figure S7. Nearest neighbor
NPs are identified by radical Voronoi tessellation, and i is the
imaginary unit. The magnitude of s, ranging from zero to
unity, provides a measure of the degree of local hexagonal
order at 74, and the average of this magnitude over all NPs,
designated W¢, provides a measure of the average degree of
local hexagonal order across the system. Figure 3¢ demon-

strates that W for the mixture of Figure 3a is ~0.53, a modest
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far from perfect. The spatial persistence of hexagonal order is
captured in the W correlation function

g (1) = Re{(y " (r )y (r)) }
6 6 k 61 rTH=r

where the average is over NP pairs (/) satisfying the
condition |r; = r|=r. Figure S8 shows that g¢(r) for the mixture
in Figure 3a decays approximately exponentially with a
characteristic decay length ~2.4a;. Such decay is typical of

an isotropic hard sphere fluid maintaining only local
orientational order.*

The translational order metric 7%, derived from go(r),
summarizes information about local correlations in the radial
position of a sphere packing,?’

I —
17 ]g () — 1ldr

% =
T re— 2a;

where . is a cutoff distance, chosen as 3p7%3 (p is the areal
value indicating the visually obvious, that hexagonal
packing is
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number density of NPs). For this choice, 7" quantifies the
degree/\to> Which packing departs from random, i.e., isWww.acsnano.org

characterized by go(r) # 1, on a scale of ~4 NP diameters; 7"

~ 0 for a fluidlike configuration and ~1.5 for a crystal. The
mixture of Figure 3a displays modest radial organization,
signified by the departure of 7* from zero in Figure 3¢ (T* =
0.35). Magnitudes of these order metrics suggest that the
packing of Figure 3a approximates the ensemble average of the
bidisperse disordered packing (0 = 1.40, n = 0.50) calculated by
Atkinson et al.*> The same orders metrics will be provided for
other packing conditions in a subsequent section.
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Figure 7. (a) Correlation of T* and Ws. (b) Map of Ws as a function of n and 0. (c) Jammed NPs at the 0 and » pairings labeled in (b).
better-mixed-small-and-large NPs—display distinctly Tower
Nearest Neighbor Statistics. For a 2D crystal in which |wel
monodisperse spheres predominantly pack onto a triangular
lattice with six nearest neighbors, defects are typically
described as disclinations, nearest neighbor numbers other
than six, or dislocations, bound pairs of five-coordinated and
seven-coordinated disclinations.* The jammed NPs of this
study were not monodisperse, and in most instances they did
not regularly pack into a defined lattice, making such “defect”
descriptions ambiguous. Nevertheless, radical tessellation
assigns z nearest neighbors to each large or small NP. In
Figure 5a, a jammed NP packing with 0= 1.35 and n = 0.82
has been colorized according to NP radius, and in Figure 5b
NPs have been recolorized according to z, which ranged from
five to eight. Nearly half of the NPs in Figure 5b have z other
than six, making assignment of disclinations and dislocations
problematic. Figure 6 displays histograms of z for small, large,

and all NPs for n = 0.5 packings prepared at different 0. As O

increases, the NP fraction with z = 6 decreases in
correspondence with increases in the fractions with larger
and smaller z. The figure also shows that more NPs tend to
surround larger NPs than smaller NPs, a straightforward
outcome, and that the breadths of all three z distributions grow
with increasing o, revealing growing disorder. All packings

were hyperstatic with mean z ~ 6, having more contacts
between NPs than those minimally required for collective
jamming (isostatic packing, mean z ~ 4).%

Surveying Figure 5a and b, small NPs with z = 6 are seen to

reside preferentially in compact, interconnected, and somewhat
ordered regions containing ten or more NPs, while both small

and large NPs with z # 6 concentrate in the relatively

disordered areas in between. The first image also hints that
large NPs can assemble as short, irregular strings; when 7 is
slightly smaller, as in Figure 3a, the now more continuous
strings seem to percolate. In Figure 5c, the same packing is
colorized according to |ws|.>* The new images highlight
essentially the same regions evident in Figure 5a, demonstrat-
ing that spatial patterns of mixing/demixing mostly mirror
spatial patterns of order/disorder. The disordered regions of
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latter adopt lattices of well-defined orientation..

As previously explained, Ws and 7% manifest distinct aspectsof
structure evaluated at different local length scales.
Nevertheless, as demonstrated in Figure 7a, the two metricsare
strongly correlated: when plotted against each other over a spread
of 0, a line without systematic deviations emerges. For simulated
monodisperse jammed 2D disk packings, Torquato et al.
obtained a similar correlation and suggested that Ws and 7™ serve
as essentially equivalent measures of local order.?® This
correlation is rooted in the way that order propagates upward
from nearest neighbors. For a 2D jammed sphere/disk packing,
hexagonal local cells interlock with each other so thatthey cannot
rotate relative to each other enough to release much short-
range positional order; orientational and positional orders over
the scale of few NP diameters are thereby reinforced. The same
connection is missing in analogous lower density unjammed
systems, for which uncoupled local orientational and
positional order are displayed. Although the two metrics are
nearly proportional for the 0 range examined, further work
will be necessary to determine if linearity extends to larger o.

Order Metrics Mapped against NP Composition and
Size Ratio. Figure 7b presents a 2D map of n and O
dependences of W¢. Each point, colored according to average W,
combines analysis of several independent images. Theanalogous
T* map, displayed as Figure S9, is similar, a consequence of
the close correlation between T* and Ws. The

global minimum of W is at 0 = 2.0 and n = 0.6, where W is

noticeably less (Ws = 0.42) than for a mixture at 0= 1.4 and n
= 0.5 (W = 0.53), a condition cited in the literature for its
high disorder. Figure 2 provides SEM images for several n ando
pairings plotted on the Ws map. For the images of Figure 2a,c,
and d, Ws = 0.58-0.60 and each image visually hints of
limited local order, while for the images of Figure 2e and f, W
= 0.40-0.42 and nowhere is significant local order discerned.
Figure 2b, corresponding to the analyses summarized in
Figures 3 and 5, offers an intermediate case, one for which
local order is visually ambiguous. At the largest o of Figure 2,
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referenced as a potential. Given the significant fraction

(Figure 2f, 0 = 1.95), defects in the form of empty rings of large NPs, Uxn.n(r) is not a quantitative reflection
containing five to seven NPs are observed. of the

Inspecting Figures 2 and 7b, one might surmise that disorder
grows monotonically with 0 at large 0 (21.35), at least for near

evenly mixed NP compositions at which disorder is greatest.
Deeper study of Figure 7b for these mixed compositions

reveals that W begins to drop at large 0 (22.0), indicating an

intermediate maximum of disorder. Seeking to interpret the
turnaround in terms of NP configurations, images from below,

near, and above the suggested 0 = 2.0 transition are presented
in Figure 7c, corresponding to the conditions labeled i, ii, and
iii in Figure 7b. The raised order at condition iii clearly reflects
small NPs clustering in irregular gaps between large NPs; these
gaps are typically larger than the interstitial areas defined by
large NPs in mutual contact. At larger scales, the system seems
randomly mixed. Despite the difference of conditions, the
small NP clusters in Figure 7c are not entirely different than
those seen in Figure 5, although their local order is less. Figure
7b, corresponding to condition 7, has the lowest W of the
three conditions compared, and the number of empty ring
defects is largest. With such unequal NP sizes, other measures
of order/disorder, such as departures from z = 6 (Figure 6) are
less insightful, especially in understanding how these measures
trend with 0. For all 0 examined, W decreased as n approaches
~0.5, revealing greater disorder of equimolar mixtures.

Depletion Interactions. As NPs were attached to the
liquid surface prior to jamming, they had ample opportunity to
rearrange under expanding NP interactions. Mixing could
thereby manifest not just the local structural constraints of
jamming but also the thermodynamics of mixing, and most
particularly, the entropy of mixing of different-sized
components. The latter can generate depletion attractions
between like-sized components, possibly causing demixing or
crystallization, i.e., fluid—fluid or fluid—solid phase separa-
tion.?>*" At short length scales, the packing implications of
structural and depletion effects are not entirely distinct. For 2D
bidisperse hard spheres, whether depletion-induced phase
separation is favored for particular combinations of @, n, and o
remains an open question, and even if favored jamming could
kinetically arrest the process at intermediate stages, providing
clusters rather than macroscopic phases. For relatively dilute
hard spheres in 3D dispersions, experimental investigators
reported depletion-induced phase separation (crystallization)at
o as small as 2,>7 and several theories and simulations
suggest that phase separation in higher density mixtures is
general*® However, we are unaware of depletion interactions
being studied at densities near jamming in either 2D or 3D,
and many investigations have addressed only the pairwise
interaction of two large spheres in a low density sea of small
spheres, i.e., interactions in the limit of high 7 and low ¢.%°
Two experimental studies found that 2D bidisperse hard
sphere/disk mixtures can display clustering under weak
depletion interactions.*

To assess the role of depletion interactions for the current
NP monolayers, the “effective” in-plane pair interaction
potential Uy es(r) for large NPs was calculated from the

Boltzmann equation U en(r) = —ksT In[g2(r)] over 0 £ (r —

2a2)2a1 £ 1.*' Une(r) can be considered analogous to a

potential of mean force reflective of clustering under multibody
interactions. However, since these jammed systems depart
from equilibrium, caution is advised when Uxem(r) is
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interactions between two large NPs but indicates that large
NPs are clustered as a result of multibody interactions. For the
differences in ¢ at jamming, the differing breadths of radius
distribution between NP samples, and the limited ability of the
monolayers to equilibrate, Uxesr () must be viewed with
caution when comparing trends at different conditions or
comparing experiment to theory/simulation. Figure 8a shows

2
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Figure 8. Effective interaction potential of NPs in dense mixtures.
(a) Interaction between large NPs. Packing conditions are same to
those in Figure 7c. (b) Interactions between small NPs for 0 = 2.43
and n = 0.72, same conditions as iii in Figure 7c.

U eii(r) for the mixtures depicted in images i, ii, and iii of
Figure 7c. Although the full images are larger than shown, the
data are still noisy due to limited statistics. However, a clear
short-range attractive energy of about ~ —1.7 kT is noted for

each 0. This energy and the form of Uxen(r) are reasonably
consistent with the theoretical results of Perera-Burgos et al.,”
who calculated Ux f(r) for modestly dense, bidisperse (0 = 5)2D

sphere packings by solving the Ornstein—Zernike equation with

the Percus—Yevick closure relationship. For the largest
experimental size ratio (0 = 2.43), image iii suggests that
depletion interactions between the large NPs are accompanied by
significant attractive interactions between the small NPs, which
are seen to preferentially segregate to gaps between large NPs,
assembling into irregular clusters containing from ~3 to

~10 small NPs; the clusters have characteristic dimensions of

~1 to ~3 small NP diameters, suggesting a weak layering of
the small NPs between the large NPs, as predicted by previous
simulations.**¥*? Figure 8b displays the effective interaction
potential Uiiesr () between small NPs for the experimental
conditions of image iii. A minimum of ~ -2 kgT is noted for

small NPs nearly in contact.'
At fixed n, NP clustering becomes more evident as O
increases, a trend that the images in Figure 7b make clear. This

clustering explains the increased local order determined for n =

0.5 mixtures as 0 grows beyond ~2. Above this threshold,
longer range [ > 2(a; + az)] oscillations in Usze(r) become
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more pronounced, hinting that under depletion attractions the
large NPs locally assemble with some crystalline order. This
order is only subtly revealed when images ii (0 = 1.95) and iii
(0 = 2.43) are visually compared. We could not determine
whether the clustering is an equilibrium phenomenon or the
result of macroscopic phase separation that is kinetically
arrested by jamming.

The 2D organization of bidisperse NPs on an open liquid
interface was monitored in this project by a nanoscale electron
microscopy method that offered single particle imaging over
surface areas encompassing thousands of densely packed NPs.
Compared to previous microscopy approaches for the study of
jammed 2D spheres/disks, this method had advantages in

terms of (i) access to nearly ideal particle—particle interactions

(close to hard spheres), (ii) the ability to observe well-
dispersed particle mixtures in a well-defined plane, (iii) high
resolution (positions tracked to nanometer accuracy), (iv)
significant particle mobility prior to jamming, and (v) notable
absence of imaging artifacts (charging, loss of contrast with
time, imaging interference from bulk particles, etc.). Con-
sequently, the jammed layers possessed well-defined and easily
reproduced packing statistics, which in this study, were
characterized for both local order and local mixing. The
method had a few downsides: (i) bidispere sphere packing was

not perfectly 2D and (ii) sphere—sphere contacts were not

directly imaged. These limitations played little role here. As
will be described in a separate publication, in situ SEM admits
precise single particle tracking of unjammed or nearly jammed
spheres for an hour or longer, more than needed to attain
statistically well-controlled and disordered jamming. Thus, a
single NP understanding of how these layers formed is
accessible.

Absent comparable experimental studies, the 2D jamming
results for bidisperse spheres reported here basically affirm
previous theory/simulation works. Most notably, the pre-
diction of high disorder in appropriately designed mixtures was
verified in a technologically relevant context, NPs jammed on a
liquid interface. Open questions remain concerning packing

order/disorder trends observed at o 2 1.4, the putative ideal

choice for achieving greatest disorder in a 2D sphere/disk
packing. While experimentally observed disorder had a
maximum with respect to 0, the maximum was shifted to o
= 2.0, and the physical underpinnings of this maximum may
not be the same as those leading to the maximum noted by
simulation; most likely, increased ordering at higher o arises
from depletion interactions.

The current analyses also addressed the degree of local
mixing. The mixture composition in the region surrounding a
test sphere did not reach its bulk value until radial distances

equivalent to 10—20 sphere shells, and the local arrangement

of spheres of one size at this scale did not seem random for
many combinations of #» and 0. The local mixing issue was

most pronounced at high o, where for n = 0.5, a clear local

clustering of small spheres was seen in the spaces between
large spheres. Clustering might be attributed to growing
composition fluctuations upon approach to depletion-induced
phase separation or, alternately, by the quenching by jamming
of macroscopic phase separation. Future studies that record the
time dependence of mixing and ordering upon approach to
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jamming should resolve this issue.
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CONCLUSIONS

Jammed bidisperse NP sphere packings on an IL surface were
characterized by an in situ SEM imaging method made feasibleby
IL nonvolatility. Due to large NP binding energies, dense and
nearly irreversibly attached Gibbs NP monolayers formed
spontaneously from bulk-dispersed PEGylated silica NPs, and
during surface assembly, high in-plane NP mobility and weak NP
interactions led to well-produced, highly uniform disordered
packings. Packing order was characterized by measures such
as g(r), We, T*, and z, all of which confirmedthat 0 in the range
1.5-2.0 maximized disorder at intermediate

n. Mixing was not uniform over surprisingly large but still local
length scales, reflecting a combination of structural and
depletion interactions. Results are in general accord with
existing theory/simulation predictions for order/disorder and
mixing in 2D packings of bidisperse hard spheres/disks. The
experimental methods outlined here are ideally suited to time-
dependent single particle tracking examinations (“movies”) of
jamming and other nanoscale assembly processes on liquid
surfaces.

MATERIALS AND METHODS

Sample Preparation. Amine-functionalized silica NPs of 80 % 6,
100 £ 5,121 £7,144 £ 11, 187 £ 6, and 195 £ 8 nm diameter were
purchased from Nanocomposix. To disperse the NPs in IL and direct
their hard sphere packing at IL surfaces, 5000 g/mol PEG ligands
were covalently attached by a condensation reaction between PEG
succinimidyl ester end-groups and NP surface amines. Procedures and
material sources are provided in the Supporting Information. After
PEGylation, the NPs were dialyzed against ethanol for several days.
Ethanolic NP dispersions of different 0 were then mixed in a
microcentrifuge tube at the targeted n, and five to six cycles of
centrifugation and washing with methanol were applied to remove
soluble contaminants, particularly unattached PEG. In the last

washing, the methanol-dispersed NPs were concentrated to ~20

mg/mL and agitated thoroughly for 30 min by vortex mixing and
sonication.

After a NP dispersion was mixed and purified, SEM specimens
were prepared by first depositing a 4 yL droplet of pure IL onto a
precleaned 1 cm square P-type conductive silicon wafer (boron-
doped, 0.001-0.005 Q-cm, Silicon Prime Wafers), chosen to
minimize specimen charging. The IL, I-ethyl-3-methylimidazolium
ethylsulfate ([EMIM][EtSO4], 99% purity), was purchased from
Iolitech and used without purification. On the droplet surface, 3 yL ofa
methanolic mixed NP dispersion was carefully spread, and
immediately afterward the liquids mixed near the surface even as the
methanol rapidly evaporated (a few minutes). With methanol
removed, the bulk dispersed NPs began to segregate to the IL surface,
forming a monolayer that increased in areal density over tens of
minutes and reached saturation after several hours. Any NPs beyond
those needed to form the monolayer remained in the IL bulk. To
remove residual methanol and water traces absorbed from the
atmosphere (the IL is hygroscopic), each specimen was placed in a
vacuum oven for at least 1 h before SEM examination.

SEM Imaging and Data Analysis. Imaging was performed using
a FEI Magellan XHR 400 FE-SEM at 3 kV acceleration voltage and 13pA
beam current to minimize beam damage. Each scan produced a1536 x
1024 pixel image, and magnification was selected such that the nominal
NP diameter spanned 12 or more pixels while an individual image
captured >8000 NPs. The raw grayscale images were filtered with a
Gaussian blur to reduce noise and then transformed into binaryimages by
thresholding. Neighboring NPs that appeared to fuse upon binarization
were separated by a modified watershed algorithm. Centroids of the
bright NP “circles” distributed across each image were taken as NP
positions in packing analyses. To distinguish NPs ofdifferent diameter, a
histogram of NP areas was created for each image, and NP areas
above and below the histogram’s central
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minimum were sorted into separate bins. Radical Voronoi
tessellations were made for each particle configuration to assign NP
neighbors unambiguously.** The 2D pair correlation function g(r)
was computed as the areal number density of NPs at a center-to-
center distance between » and » + dr normalized by the average NP
number density across the image.
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