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Scattering enhancers are a class of nanomaterials used in every
colored or white material surrounding us: from paints and inks to
food and cosmetics to packaging and paper. Such hiding pigments
usually consist of non-absorbing, high refractive index nano-
particles, for example spherically shaped titanium dioxide nano-
powders. However use of TiO, carries a high environmental burden.
To offset the carbon footprint and health concerns inherent with
the use of titanium dioxide, one could approach the challenge of
scattering optimization by modifying the morphology of the
scattering elements rather than their refractive index. Here, inspired
by the bright anisotropic scattering system found in nature, we
demonstrate that anisotropic sphero-cylindrical particles can
outperform the scattering efficiency of their isotropic counterparts —
obtaining an excellent scattering performances across the visible
electromagnetic spectrum. We developed a class of micron-sized
scattering enhancers composed only of silica. We show that these
cylindrical colloids are easily assembled into scattering supra-
colloidal balls, a new class of pigment microspheres which can be
used in formulations for ultrabright coatings.

The majority of colored objects surrounding us are obtained
with pigment formulations containing scattering enhancers.
Such materials are exploited to tune color tones (opacifying
agents) and to produce a white base in paints and coatings. To
improve the performance of scattering enhancers is therefore
crucial to maximized multiple scattering of light." A common

“ Department of Chemistry, University of Cambridge, Lensfield Road,

Cambridge CB2 1EW, UK. E-mail: sv319@cam.ac.uk
b pepartment of Chemistry, University of Warwick, Gibbet Hill Road,

Coventry CV4 7AL, UK. E-mail: s.bon@warwick.ac.uk
i Electronic supplementary information (ESI) available: Materials methods,
numerical simulations of the optical properties of silica spheres, wavelength
dependency of It, colourisation of rod orientations in supracolloidal assemblies,
freezefractured cross-sectional SEM of supracolloidal ball, SEM of sintered
supracolloidal ball surface, micrograph of immersed, sintered and non-sintered
supraballs. See DOI: 10.1039/d1tc00072a
1 These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2021

Gianni Jacucci,® Brooke W. Longbottom,
*® and Silvia Vignolini (2 *°

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Anisotropic silica colloids for light scatteringt

#2° Christopher C. Parkins,®”

strategy to achieve this is to employ scattering elements with a
high refractive index such as titanium dioxide (7 = 2.33-2.87 >?).
Although several alternatives such as clays, calcium carbonate,
and zinc sulfide nanopowders have been proposed, titanium
dioxide is by far the most widespread for its better perfor-
mance. Beside the high environmental footprint in the produc-
tion of titanium dioxide, recent studies have raised safety
concerns on its extensive use in formulations,”” highlighting
the need for more bio-compatible alternatives.

In the natural world, similar scattering properties have been
achieved using a low refractive index media, but by optimizing
the shape of the scattering elements, such as in the case of
Cyphochilus beetle scales.® The exceptional optical performance
of the beetle scales has been reported to be a product of
efficient multiple scattering, allowing it to outperform
almost all other known low-refractive-index materials.””® The key
parameters to its success are the anisotropic shape, dimensions
and highly optimized filling fraction of the chitinous fibrils.'>"*

Recently, several groups attempted the fabrication of scattering
networks with low refractive index polymers with performances
comparable to the one of the Cyphochilus beetle. In particular,
highly scattering material based on fibrillar-like networks
were obtained by exploiting phase separation of polymers
in a solvent mixture combined with kinetic arrest.”>™*
However, such self-assembly process are challenging to scale
up maintaining the desired morphology of the scattering
elements and the desired morphology as these parameters
strongly rely on the exact dynamics of the evaporation of the
solvents.

Here, we sought out a synthetic system whereby we can tune
the anisotropy of the building blocks to achieve high scattering
strength across the entire visible spectrum in very thin films -
serving as ideal systems to experimentally investigate the
importance of anisotropy in three-dimensional media.
Moreover, we experimentally demonstrate that anisotropic
silica colloids can outperform, in terms of scattering efficiency,
their isotropic (spherical) counterpart.
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Finally, we show that silica colloids can be self-assembled in
a spherical supracolloidal geometry, and sintered to enhance
mechanical robustness, preserving the optical properties of
films. These self-assembled micron-sized spheres are thus ideal
for use as micron-sized pigment particles. Additionally, the
hierarchical porosity (nanoscale pores of silica and >100 nm air
voids) may be advantageous in gas sensing applications. Further
potential applications can be conceived through chemical
modification of silica, for example: biodegradability,">"®
triggered drug release'”'® and sensing."®

Our chosen system employs silica (n = 1.46)*° rod-shaped
colloids as anisotropic scatterers, which have recently shown to
improve light trapping in thin-film solar cells.*"** The length,
L, and diameter, d, thus aspect ratio (L/d) of the rods can be
readily tuned over the desired dimensions by changing the
reaction conditions or via successive coating steps.’”** These
colloids have already demonstrated their suitability as a model
system for studying liquid crystalline phase behavior.>*** To
synthesize anisotropic silica colloids, an inverse emulsion
technique was used. This method allows for control of the
morphology and size of silica particles by the initial emulsion
conditions, ie. the droplet size, the concentration of base
etc.’>?® Full experimental details and a schematic of the
proposed growth mechanism are provided in the ESL T (Fig. S2).
Silica rods with the resultant range of radii (SEM) were used to
assemble films: rggpy = 135 + 42, 171 + 51, 225 + 52 and
250 £+ 58 nm.

The selection of high aspect ratio rods was motivated by
biological,’ and numerical systems'”"" which showcased the
possibility of exploiting anisotropic building blocks for
improved scattering efficiency in low refractive index media.
It is important to note that the optical response of an ensemble
of anisotropic colloids depends both on the single-particle
properties (shape and dimensions) and by the structural ones
(alignment and filling fraction)."® In this work, we mainly focus
on the effect of the single-particle properties. We therefore
consider random packing of anisotropic colloids - i.e., without
control on their structural properties. As discussed in more
details in the following, the scattering strength of these systems
can be further optimised by controlling the degree of alignment,
the filling fraction of the resulting materials, and by a broader
exploration of the aspect ratio phase space.

To study the effect of anisotropy, isotropic spherical silica
colloids with comparable dimensions (rggm = 113 £ 16,172 £ 6,
224 + 6 and 279 + 7 nm) to the rods were synthesized by
varying the ammonia concentration in a simple Stober
synthesis.>” The measured dimensions and reaction conditions
employed are reported in Table S1 (ESIt). Differences between
rods and spheres in absolute density and hence nanoscale
porosity were considered negligible, as found by Kuijk et al.*°

Attempts made to synthesize rod-shaped colloids with smaller
radii using the current synthesis method resulted in more
complex particle morphology such as bent, tapered or erratic,
“worm-like” objects (in the SEM images in Fig. S1 (ESIt) and as
reported previously by Murphy et al.®®) To avoid the additional
complexity of varying building block morphology, these colloids
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were omitted from the study. Keeping to the conditions reported
here (ESL{ Table S1), the synthesis of rod-shaped silica colloids
was found to be highly reproducible.

Assembly of the colloidal building blocks into white films
was achieved via drop-casting the colloidal dispersions with
known volume fractions onto glass slides. For films of spherical
colloids, salt (107> M CaCl,) was added to the suspension to
promote the formation of a photonic glass.>® It has been found
that vertical gradients in volume fraction can occur when Péclet
numbers (Pe = HE/D,,, H - film height, £ - evaporation rate and
D,, - particle diffusion rate) are high, i.e. £ > D, resulting in an
enrichment of particles in the upper layer of the film.>* To
maintain a uniform volume/packing fraction in the dried film,
the evaporation rate was kept low by limiting the airflow. The
processing time for these materials is thus primarily dictated by
the drying time, which conforms with efficiencies expected in
other waterborne coatings. The resultant films were randomly
packed with high volume/packing fraction (0.45-0.67) throughout
the film for both rods and spheres as seen in the SEM (Scanning
Electron Microscopy) cross-sections (Fig. 1a). See ESL,i (Table S5)
for estimation of the average packing fractions and discussion of
sources of uncertainty. Films of either isotropic or anisotropic
building blocks were prepared using similar conditions. To
guarantee a fair comparison between scattering blocks, we
compared films with similar filling fractions (and therefore a
similar degree of short range correlation). It is important to note
that whilst short range correlation is crucial to many optical
properties of colloidal assemblies, e.g., structural colouration®" or
transparency.®> However, ref. 10 shows that increasing the degree
of short-range order in ensembles of low refractive index colloids—
exploiting a numerical approach that allows to change the degree
of correlation without changing the filling fraction of a
material—does not have an impact on their scattering properties.

The scattering performance of films composed of different
dimensions and shape colloids were quantified in terms of the
transport mean free path (/,). This quantity, which is inversely
proportional to the scattering strength, represents the length
light has to travel in a material before its propagation direction
is randomized by scattering.>*>* As /, is independent of
the thickness of a film, it is suitable to compare scattering
performance of films with different morphologies. The transport
mean free path was estimated, using a well established
procedure,'>"'*3® by measuring the amount of light transmitted
through a given system as a function of the thickness - as
shown in Fig. 1b (experimental details in Methods). 7, was
extrapolated using the analytical expression, which links the
total transmission and the thickness of a film - as depicted in
the inset of Fig. 1c (theoretical details in the ESIt).>” Fig. 1c
shows the dependency of the transport mean free path on the
wavelength, which is dictated by the spectral dispersion of the
total transmission. A similar spectral behaviour, i.e. a mono-
tonic rise of the transmission when the wavelength increases,
was observed for both rods and spheres (see ESL T Fig. S5) -
therefore allowing us to compare the different systems by
considering the value of /, at the central wavelength of the
visible range (600 nm).

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Optical characterization of white silica films. (a) SEM cross-sectional micrographs of films made of anisotropic and isotropic silica colloids, top and
bottom panel, respectively. Insets show a zoomed-in top view of the films. Scale bar: 5 ym and 1 um for cross-sectional and top view micrographs,
respectively. (b) Total transmittance measurements for films with different thickness (t) and made of silica rod-shaped colloids with a radius r = (135 + 42)
nm and a length L = (4.92 &+ 0.79) um. Inset shows a schematic of the integrating sphere setup used. (c) Transport mean free path (/) in function of the
wavelength. /; is obtained by fitting the data in (b) with the theoretical expression for the total transmission in function of the thickness (as shown in the
inset at a wavelength of 600 nm). (d) /; values, obtained as described in (b and c), for films made of anisotropic and isotropic and anisotropic colloids of
different sizes, red circles and cyan squares, respectively. Anisotropic colloids outperform their isotropic counterpart, showing shorter 7;. The values of

the length of the anisotropic colloids can be found in Table S1, ESI.¥

Fig. 1d shows the role of the anisotropy of the colloids in the
scattering strength. Previous theoretical works highlighted the
potential for anisotropic building blocks to improve the scattering
efficiency of low refractive index systems.'®'" The experimental
results here demonstrate that - in the range of dimensions we
explored - ensembles of anisotropic colloids outperform their
isotropic counterpart, showing shorter /; and, therefore, higher
scattering strength. Notably, while for spherical scatterers /; is
optimal (at » ~ 225 nm, in agreement with the numerical
predictions in Fig. S4, ESIf), the scattering strength of rod-
shaped colloids could be further increased by fine-tuning of their
dimensions and degree of alignment (as qualitatively shown in
the two-dimensional study in ref. 10 and in three-dimensional
networks in ref. 11).

The scattering strength of assemblies of rod-shaped colloids
shows a less marked dependency on the wavelength than
systems made of spherical building blocks, where the residual
effect of Mie resonances typical of photonic glasses can be
observed (Fig. S5 and S6, ESIt). The use of polydispersed
colloids also contributes in averaging out single-particles’
resonances, leading to a scattering response less dependent
on the wavelength—an effect which is beneficial for whiteness
applications.’® Note that the Mie resonances represent small
modulations of the spectra and they are not centered in 1 =
600 nm, therefore justifying the comparison in Fig. 1d.

A clear application for such efficient broadband scatterers is
their use as opacifying agents in paints and coatings, supra-
colloidal balls were fabricated via a facile emulsion-evaporation
method to create micron-size object to disperse in pigment
formulations. Briefly, an aqueous dispersion of rods (100 pl,
10 vol%) was added to a solution of oil-soluble surfactant (Span
80 - sorbitan oleate) in hexadecane (200 pl, 2 mol%) and

This journal is © The Royal Society of Chemistry 2021

vortexed. The formed emulsion was then poured into a plastic
Petri dish containing Span 80 in hexadecane (2 ml, 0.5 mol%)
and the aqueous phase allowed to slowly evaporate over ~48 h,
(see ESIt). As the emulsion-based method delivers polydisperse
supraparticles, we explore the effects of confinement on assem-
bly and subsequent whiteness for different supraparticle sizes.

When confined to a spherical geometry in the form of an
aqueous emulsion droplet, the rod-shaped silica particles
arrange themselves at the interface, (Fig. 2a and b). One
explanation is that the surfactant, Span 80, facilitates adhesion
of the silica rods to the interface, generating a Pickering
emulsion.?® The adhered layer of silica rods can reorient itself
and align. Alternatively, the presence of the oil-water interface
simply acts as a boundary, to guide the alignment of the rods,
in absence of adhesion.?>*° The alignment at/near the interface
provides nucleation sites at the droplet interface for liquid
crystallization with further slow evaporation. Ordering into
smectic domains that can be observed in Fig. 2b (rod orientations
are colour-coded in Fig. S7, ESIT). Once a certain threshold in
volume fraction is reached, the colloids jam preventing further
ordering. This jamming event is likely preceded by limited
aggregation of the colloids into flocs, as a result of increased
concentrations of solutes due to water removal. The internal
structure of the supracolloidal balls was examined by freeze
fracturing a polymer film (nail varnish) with embedded
particles (Fig. S8, ESIt). Ordering of rods can be seen most
obviously in the lower left of the image in the outer layers of
the ball only, and it does not propagate into the core. To
examine whether this superficial ordering had an effect on
the scattering properties, a completely isotropic, disordered
structure was assembled (Fig. 2b) using an identical fabrication
procedure except for addition of calcium chloride to the

J. Mater. Chem. C, 2021, 9, 2695-2700 | 2697
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Fig. 2 SEM images and optical characterization of white silica supraparticles. (a) low magnification SEM image of supracolloidal balls, (b) higher
magnification image of single supracolloidal balls, (c) supracolloidal ball assembled in the presence of 1072 M CaCl,. Scale bars: (a) = 15 um (b and c) =
10 pum. (d) Reflectance spectra comparing the scattering properties of supraparticles with films of similar size (thickness of 25 um). Supraparticles show
performance comparable to the corresponding films. Increasing the disorder reduces the scattering efficiency. The reflectance spectra for the
supraparticles where measured using a microscope, while for the film they were retrieved from the total transmission data.

aqueous phase (107> M) to facilitate early limited flocculation
and jamming.

Fig. 2d compares the optical properties of silica supraparticles
(measured using a similar, previously established method*') with
films made of the same rod-shaped colloids. It is apparent that
assembling anisotropic colloids in a spherical geometry preserves
the optical properties of the films. Importantly, a decrease in
reflectance is observed when the degree of orientational order of
the supraparticle is reduced (Fig. 2b and c). This observation
agrees with the predictions in ref. 10 and 11 and, as the ordering
was only present at the surface of the supraparticle, it is expected
that increasing the range of ordering by using more sophisticated
fabrication methods could further improve the scattering
strength. Sedimentation diffusion equilibrium experiments have
demonstrated that smectic ordering of silica rods (with similar
dimensions to those used here) only starts to occur after five days,
noted by the onset of Bragg diffraction.>* Spherical confinement
may help reduce this time frame thus with a slightly slower
evaporation rate and perhaps use of a refractive index matching
solvent to screen inter-particle attraction, more ordered structures
are likely possible. It is important to note that the comparison in
Fig. 2d is qualitative, as the scattering properties of the supra-
particles might be influenced by lateral losses - ie., photons
escaping in directions perpendicular to that of the exciting beam -
which are absent in a film geometry sample. We expect these
losses to be dependent on the ratio between the illumination/
detection area and the size of the particles. In our comparison,
with a fixed illumination/detection of ~5 pum, we observed that
this difference is marginal as the transmittance scales following
the theory for non-absorbing, slab samples (Fig. 3c) - whereas the

2698 | J Mater. Chem. C, 2021, 9, 2695—-2700

presence of lateral losses would affect the scaling law in the same
way as the presence of absorption.*>

To improve the mechanical stability of the supraparticles,
rod-shaped particles were sintered together, maintaining the
assembled structure of the supracolloidal balls (Fig. 3a and
Fig. S9, S10, ESIt). Without sintering, the supraparticle disinte-
grated upon dispersion in water (Fig. S11, ESIt). Mild sintering
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Fig. 3 (a) Schematic showing the preservation of the supraparticle micro-
structure of sintered particles upon wetting (see Fig. S10, ESIt). SEM image
of the sintered supracolloidal ball showing sintering throughout the
structure as well as on the periphery. (b) Reflectance spectra comparing
the scattering properties of supraparticles before and after sintering (size
of 25 um). Sintering does not significantly affect the optical properties.
(c) Total transmission in function of the diameter of the particles before
and after sintering, cyan and blue points, respectively.

This journal is © The Royal Society of Chemistry 2021
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conditions were used (650 °C) over an extended period (14 h) to
promote fusion at rod edges only, preserving small internal air
voids essential for scattering. As depicted in Fig. 3b, sintering does
not strongly affect the optical properties of the supraparticle.

Interestingly, the sintering affects how the scattering strength
scales with the size of the supraparticles (Fig. 3c). Conversely to
non-sintered particles, for sintered particles a small deviation
from the slab geometry predictions can observed. This deviation
might indicate a change in light transport, with a higher like-
lihood for photons to escape the supraparticle from normal
(equatorial) directions, or that sintering has a different effect on
supraparticle with different dimensions. However, the absence
of a theory that describes the propagation of light in spherical
particles does not allow us to identify which phenomenon
determines the deviation shown in Fig. 3c.

In conclusion, our work provides an experimental demon-
stration that ensembles of anisotropic colloids - with appro-
priate values of aspect ratio, dimensions and alignment -
outperform their isotropic counterpart in terms of scattering
efficiency. We report a method to fabricate photonic supracol-
loidal materials composed of silica rods with controlled size
and aspect ratio. A clear advantage of using silica colloids is
their ease of post-functionalization functionality, due to the
reactivity of terminal Si-OH bonds, allowing their use for a
multitude of applications. The wide range of available silanes
provides compatibility with most any solvent system. Moreover,
introducing a hydrophobic layer to the surface of the supra-
colloidal particles impedes the imbibition of water and polymer
binder into the structure, allowing the maintenance of the
same scattering strength in an aqueous dispersion. In an
example formulation, the polymer binder of preference would
be a slightly cross-linked soft polymer latex, like those pro-
duced by BASF,** with particle size greater than the supracol-
loidal pore size (>200 nm). Therefore, we believe that our
system can additionally find application in a waterborne paint/
coating formulation and has potential for use in gas sensing.
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