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ABSTRACT

The significant environmental impact associated with TiO2 production has prompted the

exploration of more sustainable alternatives for opacifiers. Polymeric hollow particles (HPs)


mailto:c.sofroniou@lboro.ac.uk

emerged as promising candidates, but they have not yet been able to fully replace TiO: in
coatings. In this study, we report for the first time a total replacement of TiO> using polymer-
silica HPs, achieving comparable or superior optical properties. We investigate 3-
(trimethoxysilyl)propyl methacrylate (TPM) HPs with different size and shell thickness in
coatings formed under different environmental conditions in the presence of polymeric binder
particles. The smaller HPs (1 um diameter, 0.2 um shell thickness) demonstrated superior
optical properties, achieving solar reflectance values up to 73.3% across the visible and near
infrared spectrum. They outperformed both larger HPs (~5 um diameter, 0.25 um shell
thickness) and TiO: reference coatings containing the same mass percentage of opacifier. We
report various film microstructures depending on the film forming conditions and correlate
them with the interplay between diffusion, evaporation, and sedimentation processes.
Importantly, high optical performance was maintained across the range of microstructures
found, indicating reduced sensitivity to HP distribution within the coating. This is a promising

feature when it comes to reliability of use in a range of industrial formulations.



1. INTRODUCTION

Opacifiers are incorporated to reduce light transmission and create a visual barrier by masking
or hiding the underlying surface. They play a crucial role in various applications where
complete coverage is essential, including paints[1,2], food,[3] cosmetics,[4] inks,[5]
pharmaceuticals,[6] and many others. While the primary function of opacifiers is to mask the
underlying substrate in a uniform way for aesthetic reasons, they usually also impart protective

and functional characteristics to the coating.[7-9]

Metal oxides dominate the opacifiers market. Titanium dioxide (TiOz) is the most popular
because of its exceptional light-scattering properties.[10] TiO> global demand is expected to
reach around 8 million tonnes by 2025, with paints and coatings taking the largest share (around
55%).[11] However, the production of TiO, comes with significant environmental burden,
primarily associated with manufacturing processes with large carbon footprint, producing 550
kg of CO; per ton of TiO2.[12,13] Additionally, TiO> and other metal oxides often demonstrate
limited colloidal stability, and are prone to aggregation or degradation under various
environmental conditions.[14,15] These challenges can not only affect the long-term optical
performance of coatings but also increase production and formulation costs due to the need for

surface treatments, stabilizers, and strict processing conditions.

In the search for a more sustainable alternative to TiO-, polymeric hollow particles (HPs) have
been proposed as a potential low-impact replacement.[16] HPs consist of a hollow core
surrounded by a polymeric shell. The core is filled with water when in dispersion and later
replaced by air upon drying. This particle morphology enhances refractive index contrast and
can effectively block light transmission, achieving high opacity at low solid contents.[17,18]
The light-scattering mechanism of HPs involves multiple internal reflections and enhanced

scattering phenomena.[19,20] This has been nicely demonstrated in studies comparing solid



versus hollow SiO: or TiO; particles.[21,22] Polymeric hollow particles were first patented by
the Dow Chemical Company in 1984.[23] A commercial product based on them,
ROPAQUE™, was released in the same year and can still be found in the market in different
grades. However, ROPAQUE™ only allows for partial replacement of TiO2, generally not
above 30 wt.%,[24] and a full replacement has not been reported to date. Another advantage of
polymeric HPs is their broader spectral reflectance when compared with TiO:z. It covers the
Vis-NIR region, whereas TiO: is primarily limited to the UV-Vis range.[25] HPs can both
enhance opacity and reduce heat absorption by reflecting a significant portion of incident solar
radiation, thereby lowering cooling demands in buildings.[26,27] Additionally, the ability to
tailor the surface chemistry of HPs, incorporate steric stabilization, and introduce functional
groups can provide new opportunities for stimuli-responsive materials while enhancing their

stability and dispersibility with the matrix they are embedded in.[28-30]

Here, we investigate the use of hybrid polymer-silica HPs synthesised from 3-
(trimethoxysilyl)propyl methacrylate (TPM)[31] as opacifiers. The synthesis of HPs proceeds
under mild, aqueous conditions at ambient temperature, in contrast to the high-temperature
calcination or acid-based processing typically required in TiO: production.[32-34] This
process has the potential to reduce energy consumption, which could be translated into lower
manufacturing costs. We incorporate negatively charged TPM HPs with two different
morphologies into coatings formulations alongside film-forming polymer particles with either
positive or negative surface charges. The two HP architectures differ in both overall size and
shell thickness: HP1 has a diameter of 5 um and a 0.25 pm shell, while HP2 has a diameter of
I um and a 0.2 um shell. The optical properties of the resulting coatings are evaluated and
compared with control TiO>-containing coatings to assess the potential of HPs as alternative
opacifiers. We investigate how environmental conditions like relative humidity during film

formation impact HP distribution and coating microstructure. These structural observations are



analyzed in the context of diffusion, evaporation, and sedimentation dynamics. To the best of
our knowledge, this is the first report demonstrating a complete replacement of TiO:
nanoparticles by hollow polymer-based particles in coatings formulations resulting in

comparable or superior optical performance.



2. EXPERIMENTAL SECTION

2.1 Materials and Synthesis Methods.

Titanium (IV) oxide Aeroxide P25 in white powder form (TiO., Fisher Scientific) was used as
received. H2O used in this work was Milli-Q water (18.2 MQ cm™!, Synergy® UV). The
synthesis of binder particles (synthesis of PDMAPMA and PSSNa macromolecular RAFT
(macroRAFT) agents and the emulsion copolymerization of n-butyl acrylate and methyl
methacrylate) is described in the Supporting Information. For the synthesis of hollow particles,
the following chemicals were used: ammonia solution (28% Sigma-Aldrich), 3-
(trimethoxysilyl)propyl methacrylate (TPM) (98%, Sigma-Aldrich), NaOH (>97%, Sigma-
Aldrich), photoinitiator (Darocur 1173, Sigma-Aldrich).

Synthesis of hollow particles. A 300 mL glass beaker was placed on a Corning PC-420D stir
plate, and 250 mL of deionized (DI) water was added. The solution was stirred continuously at
650 rpm. Then, 250 pL of 28% ammonia solution was added, and the beaker was immediately
covered to minimize evaporation. The ammonia was allowed to mix for one minute before
adding 1 mL of TPM. This mixture was stirred for 30 minutes at room temperature.

In a separate 750 mL Pyrex glass bottle, 400 mL of 133 mM NaOH solution and 300 pL. of
photoinitiator were combined and shaken thoroughly for another minute. Then 133 mL of the
TPM emulsion solution was rapidly added to this NaOH solution to start the self-inflation
process where the OH groups degrade the oil droplets, leading to an internal osmotic pressure
buildup to form the inner cavities as described by Xuet.al.[31] At this stage, ammonia
catalyzes the hydrolysis and condensation of the trimethoxy silyl groups of TPM, generating
Si-O-Si linkages and silica-like domains in the forming shell. The bottle was immediately
capped and overturned twice before inserting it into a UV lamp reactor for 30 minutes. Upon
UV irradiation, the methacrylate groups polymerize, resulting in a cross-linked network

interpenetrated with inorganic domains. Once polymerized, the particles were washed into DI
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water through five centrifugation cycles, each time removing the supernatant and resuspending
the sediment in DI water. This was done to ensure removal of unreacted chemicals and for long
term colloidally stable storage. The resulting hollow particles (referred to as HP2 in this study)
were of 1.0 um diameter. To synthesize the larger HPs with 5.0 um diameter (HP1), 8 mL of
TPM was added to 72 mL of DI water and allowed to hydrolyze for 2 hours until the mixture
was clear. To a 50 mL tube, 16 mL of DI and 5 pL of diluted 6% ammonia were added. To this
tube, 12 mL of the hydrolyzed TPM was added in one shot. This mixture was then gently
rotated overnight for 16 hours. To a 250 mL pyrex glass bottle, 40 mL of 100 mM NaOH, 40
mL of DI water, and 100 pL of Darocur were added and shaken for a minute. To this mixture,
20 mL of the aged TPM emulsion was added and immediately capped. The bottle was gently
rotated for roughly 30 seconds before being placed in the UV reactor for 30 minutes. Again,

the particles were washed in DI water by centrifuging 5 times.

Thermogravimetric analysis (TGA). TGA measurements were conducted on a Discovery
TGA 550 (TA Instruments, USA). Dispersions of hollow particles (HP1 and HP2) were dried
to obtain solid samples. Approximately 2 mg of dried material was loaded into a platinum pan
and heated from 25 to 800 °C at a rate of 10 °C min!' under an air atmosphere. The residual
mass at 800 °C was taken as the inorganic (silica) content of the particles (see Figure S1),

showing silica content of 26 and 29 wt.% for HP1 and HP2, respectively.

Dynamic and Electrophoretic Light Scattering (DLS-ELS). Particle size distribution and -
potential measurements for HP, TiO2 and binder particles (Figure S2 and Table 1) were
performed using a Zetasizer Ultra (Malvern Panalytical, Malvern, U.K.). The measurements
were carried out at 25 °C in folded capillary cells (DTS1070), and three repetitions were

performed for each sample.



Table 1: Physical characteristics of the particles used in this study: diameter, {-potential, and

shell thickness.
Particle Diameter? b Shell thickness®
(Du, pm) (mV) (nm)
HP1 50+0.5 -66 £ 1 250
HP2 1.0+0.2 45+ 1 200
TiO2 P25 0.5+0.2 25+1 -
-Binder 0.0948 £+ 0.0005 54 +1 -
+Binder 0.0899 + 0.0009 54+£2 -

ahydrodynamic diameter as measured by DLS; standard deviation derived from 3 average

values; *zeta potential as measured by ELS; ‘as measured from SEM images of burst capsules
(Figure S3).

Coatings formulation and formation. The appropriate opacifier dispersion (HPs or TiO2)
amounts were mixed with either positively or negatively charged binder particles in Milli-Q
water and the blend was vortexed for a few seconds. Formulations of the different particle
blends in this study can be found in Table 2. All formulations were prepared to have the same
wt.% of opacifier. Please note that in the case of HPs this includes the water contained within
their core. 400 pL of the opacifier/binder blend were cast on square glass coverslips (18 mm x
18 mm), previously cleaned with an ultraviolet ozone cleaner (Ossila, Sheffield) for 10
minutes. Then they were left to film form in an environmental chamber (HPP IPP plus,
Memmert, Germany) at 25 + 1 °C and three different relative humidities: RH 90 + 1% (slow
evaporation), RH 50 = 1% (intermediate evaporation), or RH 15 + 1% (fast evaporation). The

evaporation rates were determined via gravimetric experiments as 1.15 x 107 m s, 7.85 x 10°



¥ m s, and 9.29 x 10" m s! for fast, intermediate and slow evaporation, respectively (see

Figure S4 for details).

Table 2: Coatings formulations: weight percentages (wt.%) and volume fractions (¢) of

opacifiers (HP1, HP2, or Ti0O:) and polymeric binders in the dispersion.

Opacifier wt.% ? wt.% ([)opaciﬁerc wt.% ([)bindere
solids® solidsd
HP1 1.2 0.3 0.012 1.8 0.016
Binder
HP2 1.2 0.9 0.012 1.8 0.016
TiO2 1.2 1.2 0.003 1.8 0.016

a, . . b . . . .
including water in HPs’ cores; excluding water in HP’s cores; “opacifier volume fraction;

dsolids content of binder particles; °binder volume fraction.

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS).
Cross-sectional images of the coatings were acquired using a JEOL JSM-7100F field emission
gun scanning electron microscope. Films were fractured by exerting force while holding them
with two pairs of flat tweezers and then sputter coated with gold and palladium to improve
conductivity. Elemental analysis and EDS maps were acquired using an Oxford Instruments
X-Max™ 80 mm? detector. An accelerating voltage of 5 keV and a probe current of
approximately 200 pA were used for SEM imaging, while an accelerating voltage of 10 keV
and a probe current of approximately 1 nA were used for EDS.

Transmittance and Reflectance measurements. Transmittance and reflectance (both total

and diffuse) of the coatings in the 400-2500 nm spectral range were measured using a UV—



vis—NIR spectrophotometer (Cary 5000, Agilent Technologies, USA) equipped with an
internal integrating sphere (Diffuse Reflectance Accessory DRA-2500). A tungsten—halogen
lamp was used as the light source for the Vis—NIR region. Total reflectance consists of both
diffuse and specular components. Specular reflectance is associated with mirror-like
reflections, where light is reflected at a specific angle, whereas diffuse reflectance results from
multiple scattering events within the coating, leading to reflection in all directions.[20] A
polytetrafluoroethylene (PTFE) reflectance standard disk was used as the 100% reflectance
reference. Measurements were performed at a wavelength scanning rate of 500 nm min™'. For
each sample, three independent measurements were performed by repositioning the sample on
the integrating sphere opening each time to account for potential inhomogeneities. The reported
values represent the mean reflectance or transmittance, and the error bars indicate the standard
deviation across these three measurements.

Optical microscopy. A Keyence VHX-7000N digital microscope equipped with a VHX-E20
high-resolution low-magnification objective lens was used to visualize the surface of the
coatings. To capture the entire 18 mm X 18 mm area, four individual images were acquired

and subsequently stitched together using the VHX software provided with the microscope.

3. RESULTS AND DISCUSSION
3.1 Interactions between hollow and binder particles

Initially, the interaction of HPs with binder particles was investigated using DLS (Figure 1).
A dispersion of HPs (¢ = 1x1073 or 1x10* for HP1 and HP2 respectively) was mixed with
increasing volume fractions of binder particles, which were either negatively or positively
charged. For HP1, we estimated that full surface coverage would be achieved for Nasio (binder
particles per HP particle) above 1x10* (see Table S1). For HP2, full coverage would be reached

for Nrio > 4x102. When both HP and binder particles were negatively charged, in DLS

10



measurements a peak located at around 100 nm remained, indicating the presence of free binder

particles in the dispersion (Figure 1 A and C). When binder particles were positively charged,

the peak corresponding to free binder particles was not present (Figure 1 B and D) even at

concentrations below the theoretical full surface coverage. This suggests binder particle

adsorption on the surface of HPs. At higher concentrations, binder particles are present in

excess and thus their peak is visible. In blends of HP2 and positively charged binder,

indications of large aggregate formation were observed as the binder particle concentration

increased (Figure 1D). A similar aggregation phenomenon is suspected for HP1, although the

resulting structures may be larger than the detection window of the instrument, not allowing

for their direct observation.
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Figure 1: Intensity distributions vs hydrodynamic diameter of hollow particles (HPs)

dispersion upon addition of negatively or positively charged polymeric binder particles.

3.2 Coating formation and factors influencing colloidal assembly

To investigate the influence of HP content on film structure and optical properties, three
different HP:binder ratios were tested: 20:80, 30:70, and 40:60, expressed as wt.% in the dried
coating. Optical microscopy images of coatings with different opacifiers (HP or TiO:) and
binder particles (negatively or positively charged) at the different opacifier:binder ratios are
presented in Figure S5. At first sight, all of these are highly opaque whereas binder-only
coatings are transparent (Figure S6). In all cases, the amount of binder particles is over the
minimum to achieve full surface coverage of the HPs, to ensure film formation. Reflectance
measurements (Figure S7) confirmed that, as expected, increases in HP content led to higher
total reflectance. After verifying this trend, the highest HP content (HP:binder = 40:60) was
chosen for further studies.

It is known that the distribution of particles across the thickness of a coating can impact its
optical properties. For example, a gradually decreasing local volume fraction of particles from
the top to the bottom of a coating has been shown in simulation studies to enhance
reflectance.[35,36] The final distribution of particles in a colloidal film is determined by the
interplay of various physical and/or physicochemical processes, namely solvent evaporation,
particle diffusion and adsorption at interfaces, sedimentation, and diffusiophoresis (if chemical
gradients are present). The Péclet number (Pe) serves as a first indicator for the balance
between evaporation and diffusion in a system:[37]

P _ Hok Eq.1
e — DO q'
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where Hj is the wet film height, E the evaporation rate, and D the Stokes-Einstein diffusion

coefficient obtained via:

D - kT
0_67TuR

Eq.2

where R is the particle radius, u the solvent’s viscosity, k the Boltzmann’s constant, and 7 the
temperature in Kelvin. When Pe < 1, diffusion dominates, allowing particles to move freely
while the coating is drying. When Pe > 1, evaporation dominates, leading to particle
accumulation at the air-water interface.[38] In our system, because of the large diameter of the
HPs, we expect to observe sedimentation effects. These can be accounted for using the

sedimentation Péclet number (Pesed):

HoUy
Py = _Do Eq.3
where Uy is the Stokes settling velocity given by:
2R? —
U, = 9(pp — pu) Eq.4

I
where g is the gravitational acceleration, and p, and p; the densities of the particle and
dispersing medium, respectively. A sedimentation number (Ns) can be used to evaluate the

balance between sedimentation and evaporation:

N E

Eq.5

When N >> 1, sedimentation is expected to dominate and if Ns < 1, evaporation is expected to
dominate, while Ns ~ 1 points to an intermediate scenario.

Pe, Peseq and N have been calculated for HP1 and HP2 in our formulations and can be seen in
Table 3. The same calculations have been performed for the binder particles (see results in
Table S2). We will now present our findings on the microstructure of the films and correlate

them with these parameters to unveil the processes underlying their assembly.
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Table 3: Evaporation rate (E), Péclet number (Pe), sedimentation Péclet number (Peseq) and

sedimentation number (Ny) obtained from equations S1, 1, 3 and 5, respectively, for HP1 and

HP2 at 25 °C and the different relative humidity conditions used in this study. In the presence

of positively charged binder particles, the size of HP was approximated as Rup + 2Rpinder, in

line with the DLS evidence for the formation of raspberry-like structures.

Sample name Size Binder | RH E Pe Peg,, N
(nm) surface | (%) (x 107
charge m/s)
HP1
HP1 Neg RHI5 15 1.15 1530+ 150 | 2610760 | 1.6+0.3
50+0.5
HP1 Neg RHS50 - 50 0.78 1000 £ 100 | 2610+760 [ 2.5+0.5
HP1 Neg RH90 90 0.09 119+ 12 2610 + 760 22+4
HP1 Pos RHI15 15 1.15 1590 + 150 | 2930+830 | 1.8+0.3
52+0.5 +
HP1 Pos RH50 50 0.78 1040 +100 | 2930+830 [ 2.8+0.5
HP1 Pos RH90 90 0.09 123+ 12 2930+ 830 | 23.4+4.5
HP2
HP2 Neg RHI15 15 1.15 293 + 58 75 +40 0.24 +
1+£0.2 0.09
HP2 Neg RHS50 50 0.78 200 + 40 75 +40 0.34 +
0.13
HP2 Neg RH90 90 0.09 24+£5 75 £40 29+1.1
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HP2_Pos RHI5 15 1.15 352+ 59 126 + 59 0.34 +
12+02 0.11
HP2 Pos RHS50 50 0.78 240 £40 | 126+ 59 0.50 +
0.16
HP2 Pos RH90 90 0.09 29+5 126+59 | 42+14

3.3 Coatings microstructure

SEM cross-sectional imaging was carried out to determine particle distributions within the
coatings and establish correlations with the theoretical calculations presented in Table 3. In all
the systems, N; for binder particles is always smaller than 1 (see Table S2). This means they
do not experience sedimentation and thus they are more likely to be trapped at the air/water
interface when evaporation dominates. For both HP1 and HP2, in samples dried at 90% relative
humidity the calculated sedimentation number was N5 >> 1, indicating that sedimentation of
HPs during film formation was expected. The visualization via SEM of small-on-top structures
in the coatings formed under these conditions confirmed this scenario, where HPs accumulate
near the substrate and binder particles form the upper layer (Figures 2C, 2F, 3C, and 3F). At
50% RH, N; values for HP1 fluctuate around 2, making it uncertain whether a segregated or
mixed particle scenario is expected. Experimentally, a homogeneous particle distribution was
observed when blending negatively charged binder particles with HP1 (Figure 2B), whereas
for the positively charged binder blend there was a clear segregation into a small-on-top
structure (Figure 2E). These findings suggest that we might have reached a critical transition
point for the system at 50% RH, with the adsorption of binder particles on the HPs resulting in
an increase in HP particle size and mass which tips the balance towards a sedimentation-driven

assembly.

15



For the remaining systems we now enter the region where, rather than competing between
evaporation and sedimentation, the two main players are evaporation and diffusion. All
coatings formed at 15% RH present a clear small-on-top structure when imaged by SEM
(Figures 2A, 2D, 3A and 3D). This observation, together with the high Pc/low N numbers for
these systems, points towards a vertical size segregation induced by the trapping of binder
particles at the air/water interface and the subsequent diffusiophoresis of HPs towards the
substrate.[39—41] In HP2-containing formulations at 50% RH, we observe how by changing
the surface charge of the binder we can switch from a homogeneous HP distribution (positively
charged latex, Figure 3E) to a small-on-top structure (negatively charged latex, Figure 3B),

likely due to the formation of raspberry-like structures in the first case.

All HP2-based coatings showed a slight edge-thickening (coffee-ring effect) pattern where the
outer ~2 mm of each 18x18 mm coating was thicker, with uniform thickness beyond that. The
only exception was the HP2 Pos RH90 sample, which showed a more pronounced edge —
center thickness difference and thickness inhomogeneities (see Figure S8). In contrast, HP1
coatings dried with uniform thickness and no detectable ring. The SEM images of the cross-
section reveal thickness differences towards the edge region. In this case, binder particle-rich
zones appeared near the edges, where a visibly thicker binder layer extends from left to right.
Anyfantakis et al.[42] reported that coffee-ring effect occurred in blends of surfactants and
particles when they were oppositely charged, and the surfactant concentration was high (similar
to our HP2 with positive binder in excess case). This led to surfactant adsorption on the particle
surface and charge reversal of the particles. In the HP2 Pos RH90 system, a similar
phenomenon might be occurring, where under slow evaporation conditions, oppositely charged
particles have more time to form raspberry-like aggregates. Raspberry-like particle formation
is often time-dependent, where longer interaction times favour heteroaggregate formation,[43]

which is in alignment with our observation.

16



HP1, -Binder i

HP1, +Binder i

Figure 2. SEM images of cross-sectioned fractured coatings containing HP1 and negatively or positively charged binder polymer

particles dried at 15, 50 or 90% relative humidity (RH%).
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HP2, +Binder

Figure 3: SEM images of cross-sectioned fractured coatings containing HP2 and negatively or positively charged binder polymer

particles dried at 15, 50 or 90% relative humidity (RH%).
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3.3 Optical properties

Opacity refers to the ability of a coating to hide or obscure the surface underneath it. It is a
measurement of how effectively the coating prevents light from passing through to the substrate.
Therefore, both transmission and reflectance measurements provide quantitative assessments of a
coating's hiding power. HP-containing coatings were compared against reference TiO>-containing
coatings dried under the same environmental conditions. Cross-sectional SEM images of these
reference films can be found in Figure S9. The microstructure of the reference films varies
depending on the environmental conditions, resulting in either a small (binder)-on-top
configuration or a homogeneous distribution of TiO». These finding were confirmed via EDS

elemental analysis (Figure S10).

Transmission spectra across the visible to near-infrared region (400-2500 nm) for the HP-
containing and the reference TiO:-containing coatings are presented in Figure 4. Three initial
observations can be made from the data. First, the HP coatings block light over a broader spectral
range when compared to TiO:-containing coatings, particularly in the NIR region. Second, HP2-
containing coatings exhibit significantly lower transmittance compared to those containing HP1.
Third, the variation in transmittance among samples formulated with the same opacifier is

relatively small, with the exception of HP2 Pos RH90.
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Figure 4: Vis-NIR transmission spectra of the HP-containing coatings and the TiO»-containing

reference coatings dried at 25 °C and different relative humidities (15, 50 or 90%).
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The total reflectance spectra of the HP coatings and the TiO: reference coatings are presented in
Figure S, while the diffuse reflectance spectra are presented in Figure S11. By comparing Figure
5 and Figure S11, it is evident that almost all reflectance from our coatings is diffuse. This is
expected due to the multiple scattering events occurring within the HPs. Reflectance spectra of

binder-only films are shown in Figure S6.

Overall, HP2-containing films exhibited significantly higher reflectance than HP1-containing
films. Literature suggests that decreasing the shell thickness enhances scattering efficiency, as it
increases the interface-to-volume ratio.[44] Also, multiple scattering typically decreases as the
particle diameter increases, but there is an optimal size for maximum efficiency.[21] HP2 has a
smaller overall size and a thinner shell, which may explain its superior reflectance performance.
Something worth noting is that, as shown in Figure 5, HPs exhibited much broader spectral
reflectance than TiO., particularly in the NIR region, which can be an advantageous feature for

applications requiring better thermal insulation.

For films from blends of HP2 with negatively charged binder, no significant difference in
reflectance was observed within the experimental error. In HP1-containing films with negatively
charged binder, reflectance variations appear to be associated with differences in HP distribution
across the film thickness (Figure 2). Measured thicknesses for each coating (without taking into
account the coffee-ring region in the HP2 coatings), determined from SEM images, are
summarized in Table 4. The measured thicknesses of the three coatings were: for 15% RH, 19.1
+ 0.5 um, for 50% RH, 16.4 + 0.7 um and for 90% RH, 23.5 + 0.9 um. In principle, an increase in
coating thickness should lead to higher reflectance.[45] However, HP1 Neg 50 exhibited the
highest reflectance despite having the smallest thickness. This suggests that the homogeneous HP

distribution observed in this coating, and thus a homogenous distribution of scattering centres,
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results in the higher reflectance measured. Is has been reported that when optically scattering

particles are agglomerated or closely packed, the overall reflectance of the coating can decrease as

a result of a reduced scattering efficiency.[46]
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Figure 5: Vis-NIR total reflectance spectra of HP-containing and TiO; reference coatings formed

at 25 °C and different relative humidities (15, 50 or 90%).

Coatings formed at 15 and 50% RH containing either positive or negatively charged binder showed
comparable reflectance. However, at 90% RH coatings with positively charged binder showed
significantly higher reflectance. Since no significant difference in thickness was observed (Table
4), this enhanced scattering is likely due to differences in film microstructures rather than coating
thicknesses. The longer drying time at high RH is likely to enable the formation of more raspberry-
like HP-binder structures, increasing separation between HP particles and enhancing light

scattering efficiency.

The differences in reflectance among TiO:-containing coatings were likely influenced by both
variations in thickness (Table 4) and particle distribution (Figure S9 and Figure S10). Despite
the thickness differences when film-formed with the negative binder, the overall reflectance
remained relatively constant. This suggests variations in thickness might compensate for
differences in TiO: particle distribution. For example, for the coating with negative binder dried
at 15% RH, the increased thickness appeared to counterbalance the accumulation of TiO- particles
at the bottom of the coating. In the case of TiO: and positively charged binder, TiO, was
homogeneously distributed throughout the coating thickness (Figure S9 and Figure S10), and

therefore variations in reflectance are primarily attributed to thickness differences (Table 4).

Table 4: Coatings thickness as calculated from SEM images. For coatings with HP2 presenting

coffee-ring effect, the thickness is taken from the area of the coating without the coffee-ring.
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Binder RH With HP1 With HP2 With TiO,
surface (%) (pm) (pm) (jum)
charge
- 15 19.1+0.5 24+2 35+2
50 16.4+0.7 35+£2 28+1
90 23.5+0.9 32+4 15+1
+ 15 20+ 1 32+2 24 +3
50 22+3 30+3 20+ 1
90 20+2 30£5 17+1

To investigate further the potential application of HP-containing films as solar reflective coatings,
we calculated their solar reflectance (Rsun). This figure of merit represents the fraction of solar
radiation which is reflected by a surface. The average solar reflectance of the coatings was
calculated using a custom Python script that convolves the reflectance spectra with the standard

solar spectrum over the 400-2500 nm wavelength range as follows:[47,48]

5
S R (D) dA
Rsyn = =500 Eq.6
f400 Isun (A)dl

where R(1) is the reflectance spectrum of the coating and Isun(2) the solar spectral radiation as per
ASTM G173-03 standard[49]. The Jupyter Notebook containing the Python code used for this

calculation is provided as a Supporting Information file. The calculated average solar reflectance
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values for the coatings are presented in Table 5. HP1-containing coatings exhibited values
comparable to the reference TiO2-containing coatings, with reflectance in the range of 30—40%.

HP2-containing coatings showed significantly higher solar reflectance, ranging from 64—73%.

Overall, solar reflectance values where mostly dependent on the opacifier used (HP1, HP2, or
TiO2) rather than its distribution within the coating. This suggests that the overall coating
composition and the presence of a sufficient concentration of HPs throughout the film still enable
effective optical performance across a range of film forming conditions and binders. A plausible
explanation is that the high scattering efficiency of HPs dominates the overall optical coating
response, and that the size, refractive index contrast, and multiple scattering paths enabled by the

hollow geometry may mitigate the impact of microstructural differences.

Such robustness in optical performance could be advantageous from an industrial perspective. It
implies that high reflectance, and by extension, opacity and solar reflectance, can be achieved
without extremely tight control over drying conditions or particle distribution. This characteristic
enhances their industrial appeal, as it allows for less restricted drying conditions without

compromising efficiency.

Table S: Solar reflectance (Rsun) of the coatings calculated via Eq. 6.

Opacifier Binder RH Rsun
(%) (%)

HP1 - 15 37.5
50 38.2
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90 36.6

15 40.6

50 40.5

90 42.5

HP2 15 66.4
50 65.2

90 64.5

15 64.3

50 63.9

90 73.3

TiO, (P25) 15 37.8
50 37.8

90 35.8

15 41.4

50 38.5

90 342

26



CONCLUSIONS

In this work, we explored the use of hybrid polymer-silica HPs as replacement for TiO; opacifiers
in coatings formulations. We investigated two types of HPs that differed in size and shell thickness.
Each type was combined with either like charged or oppositely charged polymeric binder particles
to form coatings. These coatings were dried under different relative humidity conditions, resulting

in distinct microstructures and optical properties.

The interactions of HPs with binder particles in the formulations were examined with DLS,
showing complexation in systems with oppositely charged particles, and excess of free binder
particles when their concentration was above full surface coverage. Reflectance measurements
across the Vis—NIR spectrum demonstrated that increasing HP concentration enhanced light-
scattering performance. Transmittance and reflectance measurements showed that the smaller HPs
(HP2) consistently outperformed both the larger HPs (HP1) and the reference TiO». Notably, they
achieved average solar reflectance values of up to 73.3%. This result highlights the potential of
these HPs not only as opacifiers but also for use in solar reflective coatings. The enhancement is
attributed to HP2 optimized architecture - their smaller size and thinner shell - which facilitates

multiple internal scattering events.

SEM imaging of the coatings cross-sections revealed that particle distribution varied with relative
humidity, surface charge, and opacifier type (HP1, HP2, or TiO,). We found out that the balance
between diffusion, evaporation, and sedimentation processes determines the final film
morphology. These structural differences of the coatings were correlated with variations in optical
performance, highlighting the critical role of formulation and processing conditions on the final

optical behavior of the coatings.
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Through control of particle size, shell thickness, and formulation parameters, we achieved coatings
with reflectance comparable to or exceeding that of TiO:-containing systems. In addition to
excellent opacifying properties, hybrid polymer-silica HPs demonstrated broader spectral
transmittance and reflectance compared to TiO:, particularly in the NIR region — a valuable

property for thermal insulation and surface cooling applications.

To the best of our knowledge, this study is the first to demonstrate the full replacement of TiO: in
opacifying coatings using polymer-based HPs for a comparable performance in the vis-NIR range.
Lastly, the minimal variation in reflectance despite differences in microstructure suggests that the
performance of HPs is not significantly influenced by particle distribution within the coatings, a
characteristic with high industrial appeal, as it allows greater flexibility in drying conditions
without compromising efficiency. Our findings highlight the potential of hybrid polymer-silica
HPs as a more sustainable, high-performance alternative to conventional metal oxide opacifiers
and pave the way for their broader implementation in energy-efficient and environmentally
friendly coating technologies. Future work will focus on conducting life cycle assessment studies
to evaluate the environmental impact of HPs in comparison with TiOz, as well as their stability
under high shear conditions present in industrial formulation processes. Moreover, testing the
mechanical properties (e.g., abrasion resistance, adhesion, long-term stability under weathering)

of the HP-containing films will be key to accelerate the industrial adoption of these HPs.
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