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Impact of particle-size polydispersity on the
quality of thin-film colloidal crystals
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Size polydispersity in colloidal particles can disrupt order in their self-assembly, ultimately leading to a
complete suppression of crystallization. In contrast to various computational studies, few experimental
studies systematically address the effects of size polydispersity on the quality of colloidal crystals.
We present an experimental study of structural order in thin films of crystals vertically dried from
colloidal dispersions with a systematically varying polydispersity. As expected, an
polydispersity leads to a deterioration in order with significant drops in the local bond-orientational
order at 8% and 12% polydispersity. Our results align with previously suggested models of epitaxial-like
growth of 2D layers during convective assembly. Our results can offer critical insights into the
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permissible limits for achieving colloidal crystals from more polydisperse systems such as those
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1 Introduction

Colloidal crystals have attracted significant interest due to their
ease of preparation and range of applications. Conventionally,
they have been used as photonic nanocrystals,' for which the
photonic bandgaps of these materials are crucial®> and so
necessitating high crystallinity.>* Other applications, which
do not utilize the optical properties of these crystals, such as
their use as templates for microbatteries,>® may allow greater
flexibility in crystal preparation and particle synthesis tech-
niques as the requirements for crystal quality might be less
demanding.

To optimize colloidal crystal quality, model systems of
particles with low polydispersity are often employed. One of
the most popular colloid synthesis techniques is the Stober
synthesis, as it provides good control of particle size”’® and the
resulting batches can have polydispersity as low as 4-5%.°
In this method, a silica precursor undergoes hydrolysis in a
water-alcohol mixture catalysed by ammonia which is followed
by condensation of silanol groups to form siloxane networks.
With recent attempts to make the Stober synthesis sustainable
by using water as the primary solvent,'®'! it is a challenge to
control the reaction and uniformity of the resulting particles.*
The non-uniformity in particle size disrupts regularity in the
arrangement of colloidal crystals,'* which can be a significant
impediment to maintaining their quality. This deterioration in

School of Physics and Astronomy, The University of Edinburgh, Peter Guthrie Tait
Road, Edinburgh, EH9 3FD, Scotland, UK. E-mail: mariam.arif@ed.ac.uk,
J-h.j.thijssen@ed.ac.uk

8122 | Soft Matter, 2025, 21, 8122-8129

synthesized through more sustainable methods.

crystal quality, however, is yet to be studied quantitatively over
a range of particle size polydispersities to better identify and
understand critical thresholds. Such a study can also give more
insight into the assembly processes.

Previous experimental work on the drop in crystal quality
with increasing polydispersity has focused on relatively low
polydispersities® and on the variation of optical behaviour of
crystals.” The long-range structural order, up to an upper limit
of 10% polydispersity, was investigated by Rengaranjan et al. in
ref. 2. In another study, this variation was characterised in
Fourier space for two silica batches, with narrow and wide
particle size distributions."® The limited scope of systematic
previous experimental work could stem from the challenging
nature of synthesizing a finely spaced range of polydispersities
without significantly altering the average particle diameter.
Such a challenge need not be met in non-experimental studies,
so that the impact of polydispersity on crystal quality for hard
sphere colloids has been studied theoretically'® and through
computer simulations,'®!” with crystallization suppression
reported at polydispersity levels between 6-12%. To the best
of our knowledge, there has been no accurate determination of
this limit using experiments, but only reports that crystal-
lization is not observed at particular polydispersities. The
variation of local order as polydispersity is increased towards
this limit also does not appear to have been systematically
investigated in experiments.

Here we systematically investigate structural order variation
in thin films of colloidal crystals fabricated by vertical drying
using silica particles with polydispersities ranging from 6% to
15%; this range aligns with previous reports of significant
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shifts in ordering behaviour.'>'®'® The colloidal dispersions
are characterised using electron microscopy and light scattering,
while the resulting (crystalline) assemblies are characterised in 2D
and 3D using electron microscopy and UV-Vis spectroscopy.
As expected, both long-range and local order decrease with increas-
ing polydispersity. Notably, we observe two significant drops in
local order around 8% and 12% polydispersity. In addition, we
observe that the local order is higher in crystal layers further from
the substrate. We also measure the polydispersity of particles in
the (crystalline) assembly, and in the dispersion before and after
crystal growth, and do not find significant size-fractionation.
We discuss these results in the context of existing literature,
arguing that they can be explained by known polydispersity limits
for 2D and 3D crystallization,">"® operating in the context of a
model for convective assembly of epitaxial-like growth of 2D
crystalline layers to form 3D thin-film colloidal crystals.>®

2 Experimental methods
2.1 Synthesis of silica particles

Silica nanoparticles were synthesized following the Stober—
Fink-Bohn method.?" Ethanol (Sigma Aldrich, >99.8%), dis-
tilled water, tetraethyl orthosilicate (TEOS, Sigma Aldrich,
> 99%) and ammonia solution (Fisher Chemical, 35% in H,0)
were mixed and left for 48 hours to react at room temperature
and pressure. A systematic variation of reactant volumes, as
discussed in ref. 8 and 22, enabled the production of low (6.3-
7.5%) and high (11.9%, 14.6%) polydispersity silica batches
within a consistent particle diameter range of 200-400 nm. Two
‘intermediate’ polydispersity batches (8.5% and 10.8%) were
made by mixing (almost) equal number concentrations of
batches for which the average diameters lay within 2 standard
deviations of each other. The 9.1% polydisperse silica were
made following the low polydispersity silica synthesis recipe
but by a batch-wise addtion of TEOS over a period of 5 hours.
All dispersions were cleaned by performing 7 successive cycles
of centrifugation (using Thermo Scientific Sorvall ST 40), super-
natant removal and ethanol addition. The recipes for all
batches can be found in the SI.

2.2 Characterization of particles

The average hydrodynamic radii of our silica particles were
measured by Anton Paar Litesizer DLS 500 using Kalliope
software. The particle size distributions were determined by
Scanning Electron Microscopy (SEM) using JEOL JSM-
6010PLUS/LV. SEM samples were prepared by drying a droplet
of dispersion (10-12% volume in ethanol) on a silicon wafer
substrate stuck to a metal stub with carbon tape. The top
surface of the dried sample was sputter coated with a 20 nm
layer of gold using a Denton Vacuum Desk III sputter coater.
The surface was imaged using the SEM (Fig. 1(a) and (b)) at
different locations across the sample and particle sizes for 1000
particles were manually measured in Image] (version 1.54f)
using 6-10 images from each batch. The size distribution
histogram is plotted (Fig. 1(c) and (d)) and the polydispersity
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Fig. 1 SEM images of (a) 6.5% and (b) 10.8% polydispersity silica. The scale
bars are 0.5 um. (c) and (d) The corresponding particle size distributions,
from measuring 1000 particle diameters, fitted with normal distribution.

(PD) of the batch is obtained by taking the ratio of standard
deviation (o4) of the distribution of diameters to the mean
particle diameter (dav), expressed as a percentage:

0d

PD =
davg

x 100% (1)

An overview of SEM and DLS results for our particle batches is
presented in Table 1. The polydispersity from SEM was also
verified, for a few particle batches, by performing static light
scattering (SLS) using the ALV/CGS-3 Compact Goniometer.
A He-Ne beam (632.8 nm) was used as the light source and
the detector was rotated from 30° to 150° in intervals of 1°.
Experimental data is fitted to a theoretical Mie curve, generated
using Mieplot,*® to obtain values for average particle size and
polydispersity.

The average particle densities for two silica batches were
also measured; we chose two batches that were used to create a
mixed ‘intermediate’ batch. For each of the two batches, five
silica alcosols were prepared, ranging from 0.3% to 3% mass
fraction, and the densities of these were measured using a
density meter (Anton Paar DMA 4500). Assuming conservation
of volume, and applying the density-mass-volume relationship,
the following expression for dispersion density (o) in terms of

Table 1 Polydispersity and average particle diameter results for the eight
silica batches included in this study, as determined from particle size
distributions using scanning electron microscopy (SEM) and from dynamic
light scattering (DLS). The last column gives the percentage difference
between diameters measured from the two techniques

Batch  PD (%) SEM size (nm)  DLS size (nm) % Difference
1 6.3 384 432 12.5
2 6.5 322 377 17.1
3 7.5 381 420 10.2
4 8.5 371 422 13.7
5 9.1 365 412 12.9
6 10.8 360 410 13.9
7 11.9 208 260 25.0
8 14.6 208 266 27.9
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mass fraction (¢,,) can be derived:

1 1 1 1
—=¢|——— ] +— 2
pl ¢ (pp ps) ps ( )

where p,, is the particle density and p; is the solvent density.
Hence, the solvent density can be obtained from the intercept

1
and the particle density via the slope of a (p—, d)m) plot. The
t

solvent density can also be measured independently and com-
pared to pg to validate this procedure for measuring particle
density.

2.3 Fabrication of colloidal crystals

Crystals were fabricated by vertical drying following Jiang
et al."* as the method is robust and reliable. Glass microscopy
slides (Thermo scientific; 75 x 25 x 1 mm) cut up lengthwise
were used as substrates for crystal growth. These were cleaned
with ethanol and dried prior to use. Silica alcosols of 0.5%-1%
volume fraction were prepared and 7 mL of the dispersion was
added to a 28 mL glass vial (Samco, trident screw neck vial).
Slides were carefully placed in these vials such that they were
vertical (see Fig. 2(a)). The setup was covered and left in a fume
hood for seven days before retrieving the samples. Temperature
and humidity were regularly monitored during the crystal
growth process. The average growth temperature and relative
humidity were (19.7 £ 0.5) °C and (39 + 4)% respectively for the
samples used in this study.

2.4 Characterization of assemblies

The retrieved slides were cleaned on one side with ethanol and
sputter coated on the other side with a 15-20 nm gold layer to
image the assemblies at different locations in the sample using
the JEOL SEM. For characterization in 2D, these images were
processed in Image] to manually mark the position of particle
centroids for 400-500 particles per image for 7 images per
batch. Multiple samples were grown from each batch and the
reproducibility of crystal quality was evaluated by analysing
images from three samples for some of the batches.

To assess long-range positional correlation for these assem-
blies, the radial distribution function was calculated. It has

(a) lass substrate R%
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been used as a common measure to quantify order in colloidal
assemblies® and is expressed in 2D as:

n(r)

g(r) = 2nrp,,or

(3)

where n(r) is the number of particles in an annular region of
inner radius r, or is the width of this region and p, is the
particle number density. To implement this, the particle cen-
troids were used and the number of particles that lie within an
annular region of width dr at a distance r away from an origin
particle were counted. The annular width (67) was determined
by the pixel size of the image which depends upon the magni-
fication of each image. This calculation was repeated consider-
ing each particle within the central 70% of the image as origin
particle in turn. This limit was applied to mitigate any finite
image size effects. These counts were normalized by p, and by
the area of the respective annular regions, as shown in eqn (3).
The result was divided by the g(r) of an ideal gas, calculated
using the same number of particles but with randomized
positions. The resulting g(r) is plotted as a function of the
radial distance normalized by half of the nearest neighbour
distance for each batch so nearest neighbours are, on average,
at a normalized distance of 2.

To analyze short-range variation in order, the local bond-
order parameter was used. For a single particle positioned at x;,
this can be calculated as:*

N

1
N 2 XPlsity)

k=1

V() = (4)

where s is the fold-symmetry, N; is the number of nearest
neighbours and 0 is the angle between a line connecting the
centroids of the nearest neighbour (k) and the reference particle
() and a reference axis. For perfect 6-fold symmetry, /¢ is unity
and decreases as disorder increases. The local six-fold bond-
order parameter for an ensemble of particles (W) is the mean
of ¢ values for all the particles in the system. For assemblies
made from each of the silica batches listed in Table 1, ¥, was
calculated for 7 randomly selected SEM images and averaged
((We)). The nearest neighbours for each particle in an image
were determined by Delaunay triangulation. As the particles at
the boundary of the region in consideration do not appear to
have neighbours, this was identified as an edge effect and is
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(a) Schematic of vertical drying setup. (b) Photograph of vials containing low (6.3%, left) and high (14.6%, right) polydispersity colloidal assemblies

on the interior, showing difference in appearance (iridescence) of samples. SEM images (top view) of self-assemblies of (c) 6.3%, (d) 9.1% and (e) 14.6%

polydispersity silica batches. All scale bars are 1 um.
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addressed by excluding boundary particles from being consid-
ered as origin particles.

To view stacking in the assemblies, the samples were cut
using Focused Ion Beam (FIB) milling in a Zeiss Crossbeam 550
FIB-SEM. A 20 X 3 X 1-2 um platinum coating was deposited in
the centre of the sample and a 6-7 pm deep trench was milled
at this location to expose the cross section. The degree to which
assemblies have planes of particles with well-defined interpla-
nar spacing was characterised by measuring their transmission
spectra using a UV-Vis Spectrophotometer (Agilent Cary
100 double beam UV-Vis) and Scan software. A black tape with
1 mm hole punched through it covered the empty side of the
glass slide, ensuring that the beam strictly passes through the
desired area in the centre of the sample to measure its
transmitted intensity in a wavelength range of 300-900 nm.
The intensities were normalized by the incident intensity on
the sample, defined as the transmitted intensity through only
the glass slide via the 1 mm hole.

The 3D assembly was further investigated through a layer-
by-layer analysis of the average local six-fold bond-order para-
meter ((We)) of the low polydispersity (6.3%) assembly. The
first, second and top-most layers in the assembly were imaged
and the local six-fold bond-order parameter was calculated for
400-500 particles in each image. The results were then averaged
across five images for each layer. Subsequent layers were
accessible for imaging near the upper edge of the sample,
where crystal growth begins during convective assembly. In
this region, the colloidal assembly appeared step-like, clearly
separated by square-patterned transitional zones, which are
features characteristic of colloidal crystals grown via convective
assembly.>®

3 Results and Discussion

The synthesized silica particles are typically spherical as seen in
the SEM micrographs in Fig. 1(a) and (b). Two of the particle
size distributions calculated from such images, corresponding
to the 6.5% and 10.8% polydispersity silica batches, fitted with
normal distributions are presented in Fig. 1(c) and (d). All the
distributions are monomodal and resemble a Gaussian curve.
This is especially important to check for mixtures, such as the
10.8% polydispersity silica (Fig. 1(b) and (d)). As the diameters
of the mixed batches lie close to one another, mixing in equal
concentrations enables the formation of a resultant distribu-
tion with a single peak. The particle densities of the two
individual batches that were used to make the 10.8% polydis-
persity mixture are also measured. These are 1.90 ¢ mL™ ' and
2.03 £ 0.04 g mL ™" respectively, which are also consistent with
the literature values for Stober silica’s density.>”*® This renders
them favorable for mixing and suggests no density-based
segregation of the two batches, as is also seen in the represen-
tative SEM image of the mixture (Fig. 1(b)).

Table 1 shows the polydispersities and average particle
diameters of all the prepared silica batches. The difference
between DLS and SEM sizes is a consequence of the DLS

This journal is © The Royal Society of Chemistry 2025
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measuring hydrodynamic particle radius and additional shrin-
kage due to vacuum in SEM. DLS diameters for Stober silica
have therefore been reported to be around 20% higher than
those obtained from SEM.'* The SEM sizes are also manually
remeasured for 1000 particles from the same batch to investi-
gate the error in manual measurement. The average particle
diameters vary by £5 nm and the discrepancy in polydispersity
is found to be £0.3%-points. To ensure that the SEM character-
ization performed on particles in vacuum is representative of
their state during crystal fabrication (in dispersion), the poly-
dispersity and average particle size of silica in solution for some
batches are also measured by static light scattering. These agree
with the results in Table 1, for example for batch 3, the SLS
diameter and polydispersity are 426 nm and 8%.

Fig. 2(a) shows a schematic of the crystallization setup and
Fig. 2(b) presents a side-by-side comparison of a low and high
polydispersity growth bottle after the glass slides have been
removed. The dispersion dried on the inner wall of these
bottles shows the first sign in their difference in structural
order. The appearance of structural colors at specific angles of
observation (iridescence) due to constructive interference from
crystal layers can be seen in the low polydispersity growth bottle
(left) but is absent in the high polydispersity sample (right). The
SEM micrographs in Fig. 2 show representative images of
assemblies of (c) low (6.3%), (d) intermediate (9.1%) and (e)
high (14.6%) polydispersity silica. The low polydispersity parti-
cles are typically arranged uniformly, forming hexagonally
packed structures as seen in Fig. 2(c). As the polydispersity is
increased to the intermediate range, the assemblies visibly start
to lose hexagonal order. At even higher polydispersities, the 2D
order seems to vanish and the particle positions appear more
random, as seen in Fig. 2(e).

In addition to the variation in particle arrangement, the SEM
images also reveal a systematic evolution in crack morphology
with increasing polydispersity. The low polydispersity assem-
blies exhibit straight and narrow cracks as seen in Fig. 2(c).
In the intermediate range, the shape of these cracks shifts from
straight to more wavering, as the polydispersity of the assem-
bling particles increases from 8.5% to 10.8%. At even higher
polydispersities, the domains become larger than those in
lower polydispersity assemblies, with relatively smooth and
wide cracks separating them, as seen in Fig. 2(e).

To observe the shift in structural long-range order, we
calculate the radial distribution function from particle cen-
troids as described in Section 2. Fig. 3(a) presents the results for
assemblies from three batches with low (6.3%), intermediate
(9.1%) and high (14.6%) polydispersity. The grey lines represent
the g(r) for an ideal hexagonal close packed lattice, where peaks
appear periodically as a series of ¢ functions; the width of these
peaks is set to a minimal width here for visual clarity. The g(r)
for low polydispersity silica assembly shows the most distinct
peaks out of the three experimental data sets, indicating the
presence of the highest degree of long-range order. For the
intermediate polydispersity assembly, g(r) shows fewer, less
distinct peaks of lower amplitude than the low polydispersity
one, suggesting a loss of spatial correlation in the long-range.

Soft Matter, 2025, 21, 8122-8129 | 8125
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Fig. 3 Characterization of 2D order in assemblies. (a) Radial distribution function (g(r)) computed from SEM images of assemblies of low (6.3%),
intermediate (9.1%) and high (14.6%) polydispersity silica particles. The grey lines show the peak positions for a perfectly hexagonal system with the same
(average) number of particles. The dashed line at g(r) =1 shows the convergence of the functions at larger radial distances. The horizontal axis has been
scaled such that the position of the first peak is 2. (b) Average local six-fold bond-order parameter ((W¢)) for assemblies made from silica with
polydispersities ranging from 6%-15%. (c) A comparison of the polydispersity of particles from the dispersions used to form the assemblies (starting
dispersion), the resulting assemblies and the leftover dispersions (after vertical drying) for low, intermediate and high polydispersity silica batches.
(d)—(f) Y Of particles in 6.3%, 9.1% and 14.6% polydispersity silica assemblies computed from SEM images in Fig. 2(c—e).

For the high polydispersity assembly, the height of the first
peak is reduced to almost half for the intermediate assembly
and there is an absence of any prominent peaks thereafter,
showing the lack of any long-range crystalline order. Instead,
this g(r) closely resembles that of a shear melted colloidal
crystal®® or other low order systems such as particles in a
gas-solid fluidized bed.*® For the intermediate and high poly-
dispersity assemblies, the structural transition of cracks separ-
ating the domains may also have contributed to the rapid loss
in the long-range order. For the low (6.3%) polydispersity
assembly (pink solid line in Fig. 3(a)), it is also noted that the
peaks in g(r) at normalized radial distances beyond 4.0 do not
always align with the g(r) for an ideal hexagonal lattice but this
has been observed previously for colloidal crystals grown by
vertical drying® and may be related to the previously reported
observation that the hexagonal layers in vertically dried colloi-
dal crystals are expanded along the meniscus direction by 4%.>"
The individual g(r) shown in Fig. 3(a) can be found in the SI.

To quantify short-range order in 2D, we present the average
local six-fold bond-order parameter ((¥¢)) in Fig. 3(b), for
assemblies from all batches listed in Table 1. The low poly-
dispersity silica particles produce crystals in which (¥¢) is
relatively close to that of a perfectly hexagonal lattice. As the
polydispersity increases, (W) decreases slowly to a point of
inflection at around 7% followed by a sharp decline to a plateau
at & 0.58 between 9%-12%, before dropping again to 0.51 at
14.6%. Fig. 3(d-f) show W, for individual particles in the SEM
images from Fig. 2(c-e), respectively.

Assemblies from our low polydispersity batch have a (¥¢)
that is $£20% lower than that of a perfect hexagonal lattice.

8126 | Soft Matter, 2025, 21, 8122-8129

This is not unexpected given that the polydispersity of this
batch is just above the upper bound (6%) found by Rengaranjan
et al®> for growing “high quality” silica colloidal crystals.
However, since an order parameter of 0.7 has been quoted as
a valid threshold for 6-fold order’* our results for low-
polydispersity samples can be considered as being within the
crystalline regime.

To ensure that the trend seen in Fig. 3(b) is truly from the
variation in polydispersity and not from the difference in
average diameters of silica batches, (W¢) is also plotted against
average particle diameter (see SI). This shows a random variation
and no noticeable trend, confirming that for our system, the
particle size does not drive the variation in structural order. The
degree of order is found to be highly reproducible for multiple
crystals made from the same silica batch. For example, the sample-
to-sample variability in (W) for 3 assembly samples of the 6.3%
batch is found to be £0.009 and for 14.6% crystals, this is +0.008.

The shallow but clearly noticeable drop in the average local
six-fold bond-order parameter (¥¢) at around 12% polydisper-
sity in Fig. 3(b) can be explained using an argument analogous
to the Lindemann criterion:'®> crystal formation is impeded
when the average particle radius plus the corresponding stan-
dard deviation is larger than half the lattice spacing. Starting
from the melting volume fraction for hard spheres (¢ = 0.545),
the polydispersity above which crystallization is impeded can
then be calculated as approximately 11%. Note that our system
consists of charged rather than hard-sphere particles, but
charging effects are expected to be relatively small (see below),
so that it is not unreasonable to compare their behaviour to
hard spheres.

This journal is © The Royal Society of Chemistry 2025
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The more significant drop in average local six-fold bond-
order parameter (W) between 7.5% and 9.1% polydispersity
aligns with previous reports that dispersions of hard spheres
with a polydispersity beyond 7.0% to 8.5% fractionate in order
to crystallize.>””*” To investigate fractionation in our system, we
compare the polydispersity of low (6.3%), intermediate (9.1%)
and high (14.6%) polydispersity batches at different stages of
the crystallization experiment. We measure the polydispersity
in the starting dispersion, of the resulting (crystal) assemblies,
and in the dispersion left over in the vial at the conclusion of
the vertical drying experiment i.e. after removing the substrate
with the (crystal) assembly (see Fig. 3(c)). These results confirm
that for our chosen size range there was little size segregation of
particles during the vertical drying. This can perhaps be
explained by the vertical drying process in which the evapora-
tion leads to a convective flow towards the meniscus region and
the particles are swept along. During this process, the particles
have little time to fractionate, so that crystallization will be
strongly hindered for dispersions with a polydispersity larger
than 7.0% to 8.5%, for which fractionation is needed for
normal crystallization at equilibrium.**~’

An alternative explanation for the drop in average local six-
fold bond-order parameter between 7.5% and 9.1% relies on
previous reports that convective-assembly processes involve a
2D crystallization stage.”>® For example, Wang et al. reported that
the assembly process during dip coating, which is also a form of
convective assembly, involves the formation of 2D monolayers at
the solvent-air interface followed by epitaxial deposition onto the
substrate forming a 3D crystal.>® For hard disks in 2D, melting
and/or crystallization suppression limits have previously been
reported to be around 8% polydispersity,">>° coinciding with the
position of the sharp drop observed in Fig. 3(b).

To distinguish between these two explanations, we consider
the 3D structure of our samples. Fig. 4(a) and (b) show SEM
images of a cross section through the crystal displaying how the
particles are stacked in low (6.3%) and high (14.6%) polydis-
persity assemblies. The loss of order previously found in 2D is
also apparent in 3D. The low polydispersity crystal shows well
defined, regularly stacked layers whereas the high polydisper-
sity assembly shows no particular stacking pattern and wider
gaps owing to the size disparity of stacked particles.

The transmission spectra in Fig. 4(c) show how these layers
interact with light. For the low polydispersity assembly, back
scattering from the periodic planes oriented perpendicular to
the light beam result in a relatively sharp dip corresponding to
a first order Bragg peak. The wavelength (A,ear) of this peak at
883 nm corresponds to an interlayer spacing of 332 nm (con-
sidering the plane to be (111) in face-centred cubic indexing)
for particles of average diameter of ~407 nm at close packing.
This is consistent with the size of batch 1 particles (reported in
Table 1) given that the assemblies are dried in air so the particle
diameter is expected to lie in between the diameter in solution
(DLS) and the diameter in vacuum (SEM). For the intermediate
polydispersity silica assembly, the first order Bragg peak is
broadened and much less pronounced than that for low poly-
dispersity assembly, with a Apeax of 856 nm. The broadened
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Fig. 4 Characterization of 3D order in assemblies. (a) and (b) SEM view of
cross section of assemblies from low (6.3%) and high (14.6%) polydispersity
silica with position of the substrate labeled. The scale bars are 1 um. The
faint vertical lines seen in (b) are an imaging artefact (‘curtaining’), which is
typical in FIB-SEM when encountering increased surface roughness.*°
(c) Transmission spectra of assemblies of low (6.3%), intermediate (9.1%)
and high (14.6%) polydispersity silica. The transmission intensity has been
normalized by incident intensity. The errors, shown as shaded regions,
have been calculated from multiple runs, with each run performed on a
different sample fabricated from the same particle batch. (d) Average local
six-fold bond-order parameter ((We)) for layers in a low polydispersity
(6.3%) assembly sample.

peak indicates a significant loss of order in 3D which results in
much weaker constructive interference. This loss of periodicity in
3D was also reported” to occur at about 7% polydispersity through
an analysis of the reflectivity spectra of assemblies with varying
polydispersities. For the 14.6% polydispersity assembly, only the
Fabry-Perot fringes can be identified which are formed from the
light reflected back and forth between the substrate-assembly
and air-assembly interfaces. This indicates ill-defined interlayer
spacing, which is expected from irregularly stacked layers.

Fig. 4(d) shows the average local six-fold bond-order para-
meter for layers in a low polydispersity assembly, revealing an
increase in local order from the bottom to the top. The layers
are clearly distinguishable as seen in Fig. 4(a) and have a strong
crystalline order in 3D, as suggested by their clear Bragg peak in
the transmission spectrum in Fig. 4(c). We hypothesize that the
top-down loss in local order, seen in Fig. 4(d) may have arisen
because the first layer (‘Layer 1’) is deposited directly on and
adhered to the rigid substrate, which therefore preserves the
order it had at the time of its formation. The degree of ordering
in this layer will therefore be ‘quenched’ from the beginning. By
contrast, we expect the second layer deposited onto the first
layer could rearrange by Brownian motion for a period of time
after deposition, allowing a certain amount of annealing and
therefore improving its degree of order. The increase in bond-
orientational order for layers further away from the substrate
indicates epitaxial-like growth of 2D layers, previously sug-
gested for convective assembly.>**®

As our system consists of charged rather than hard-sphere
particles, we should consider the role of charge. To do so, we
first measured the zeta potential and found it to be consistent
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across batches, with an average value of (—49.0 £+ 1.1) mV (see
SI). Second, we estimate the Debye length of the particles by
estimating the crystalline fraction within a bulk sediment. This
was done by centrifuging down a 10% volume fraction disper-
sion of the lowest polydispersity (6.3%) sample. After leaving it
undisturbed for a few days, Bragg colours appeared throughout
more than 89% of the sediment. The total number of silica
particles in the sample before sedimentation is equal to the
number of silica particles in the crystalline fraction (effective
packing fraction = 0.545%°) plus those in the glassy fraction
(effective packing fraction = 0.58>%) of the sediment; this can be
used to calculate an effective particle radius for the silica (R.).
If we assume that R, is the sum of the average particle radius (R),
Debye length (x ') and standard deviation from polydispersity,'®
the Debye length can be estimated to be ~18 nm. Multiplying the
inverse Debye length with the average radius of the particles, we
find kR ~ 12. This value is very close to the kR for hard-sphere like
suspensions,*! so that comparison of our results to those in hard-
sphere systems are indeed useful here.

4 Summary and conclusions

To summarize, we have captured and quantified the effect of
increasing size polydispersity in thin films of colloidal crystals
grown using vertical drying of silica particles with polydispersities
of 6%-15% at narrowly spaced intervals. The samples have been
quantitatively characterised here using electron microscopy com-
bined with image analysis, FIB-SEM, and UV-Vis transmission
spectra. The microscopic long-range and local structural order of
the top layer, as well as the 3D order in interplanar spacing,
decrease as the polydispersity of the assembling particles is
increased. The 2D local six-fold bond-order parameter for the
top layer shows a significant decline at 8% and 12% polydispersity.
We have argued that the drop around 12% can be explained by an
argument analogous to the Lindemann criterion."> We have
provided two explanations for the drop around 8%. First, we have
observed little to no size fractionation, and it has previously been
reported that crystallization requires fractionation above around
8% polydispersity. Second, it has been reported that convective
assembly can be considered as epitaxial growth of 2D crystalline
layers, and 2D crystallization is inhibited above around 8% poly-
dispersity. Our observation that the local order is higher for
crystalline layers further from the substrate provides support for
the second explanation. Our results contribute to a systematic
understanding of the formation of colloidal-crystal thin films from
more polydisperse systems, for example synthesized through more
sustainable methods. The observations about the evolution of
defects between domains in assemblies with increasing polydis-
persity are also particularly interesting and will be investigated
further in a subsequent study.
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