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ABSTRACT: A series of silica-coated micrometer-sized poly(methyl

methacrylate) latex particles are prepared using a Stober silica Attempted

deposition protocol that employs tetraethyl orthosilicate (TEOS) as Bal_-,r,\em?n:m ‘ silica

a soluble silica precursor. Given the relatively low specific surface  latex ﬁff;:,'tﬂ
area of the latex particles, silica deposition is best conducted at Particles chitosan
relatively high solids to ensure a sufficiently high surface area. Such

conditions aid process intensification. Importantly, physical

adsorption of chitosan onto the latex particles prior to silica N

deposition minimizes secondary nucleation and promotes the C(S):It(i::g Hs?lli'::’
formation of silica shells: in the absence of chitosan, well-defined with shells after
silica overlayers cannot be obtained. Thermogravimetry studies chitosan j calcination

indicate that silica formation is complete within a few hours at 20 °C
regardless of the presence or absence of chitosan. Kinetic data
obtained using this technique suggest that the adsorbed chitosan chains promote surface deposition of silica onto the latex particles
but do not catalyze its formation. Systematic variation of the TEOS/latex mass ratio enables the mean silica shell thickness to be
tuned from 4S to 144 nm. Scanning electron microscopy (SEM) studies of silica-coated latex particles after calcination at 400 °C
confirm the presence of hollow silica particles, which indicates the formation of relatively smooth (albeit brittle) silica shells under
optimized conditions. Aqueous electrophoresis and X-ray photoelectron spectroscopy studies are also consistent with latex particles
coated in a uniform silica overlayer. The silica deposition formulation reported herein is expected to be a useful generic strategy for
the efficient coating of micrometer-sized particles at relatively high solids.

H INTRODUCTION lead to structural color.”®*” In this context, various strategies
have been examined for the deposition of silica onto latex
particles.”®* In some cases, silica nanoparticles have simply
been physically adsorbed onto sterically stabilized latexes to
produce a particulate shell.*> More typically, a soluble silica
precursor is utilized to form a smooth uniform overlayer via in
situ hydrolysis-condensation reactions. Suitable silica precur-
sors include tetraethyl orthosilicate (TEOS),” ™" tetramethyl
orthosilicate (TMOS),*"*>™*¢ and sodium silicate >%3>3%%7~¢

Sodium silicate is a low-cost silica precursor that is often

There are many examples of particles with a well-defined core-
shell morphology in the literature. In many cases, both the core
and the shell are polymeric. For example, it is well-known that
judicious selection of copolymer cores and shells with differing
glass transition temperatures lead to useful paints and
coatings.' ™ Other examples include conducting polymer-
coated latex particles,””" which have been employed as
synthetic mimics for understanding the behavior of organic-

: . o112 . s
rich micro-meteorites. "~ Precious metal deposition onto

) . used for wholly aqueous formulations.””*”°'~®* For such
conducting polymer-coated polystyrene latex particles produ- ) . . .
. syntheses, Si(OH), can be generated using either a cation
ces heterogeneous catalysts, which have been evaluated for ) ¢ .
. . . T 1304 exchange resin or by lowering the solution pH to pH 2.
Suzuki coupling reactions.

. . . Alternatively, base-catalyzed condensation may be employed to
There are also many examples in which one component (i.e., 4 Y ) proy

. 0 20,5760
core or shell) is polymeric and the other component (shell or p ro?luce é'collo%dal silica sol at pH 7-10. . Although

: . . . sodium silicate is a greener and more cost-effective soluble
core) comprises an inorganic material. For example, metal ilica precursor 2% the erowth of a silica shell is stronely bEL
shells have been deposited onto poly(methyl methacrylate) de enlzient anc,l sometir%les difficult to control Oneg };tfl)ld
latexes,"> while titania-coated polystyrene latexes have been p ’ Y
evaluated as a lightweight filler material or for controlled drug
release applications.'® Similarly, polymer-silica core-shell Received:  January 24, 2023
particles'’ ™" enable the design of tough, dirt-shedding Re"lfed‘ March 14, 2023
nanocomposite films”'~>* and are an important intermediate Published: March 31, 2023
in the design of state-of-the-art anti-reflective coatings for solar

24,25

panels. Such systems can also serve as useful model
systems for understanding visible Mie scattering, which can

© 2023 The Authors. Published b
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Scheme 1. Schematic Representation of the Deposition of a Relatively Thin Silica Overlayer onto Micrometer-Sized PMMA
Latex Particles”

TEOS,
ethanol, o
NH, Calcination
+ ﬁ ﬁ
20°C,2h 500 °C
Low molecular weight chitosan PMMA lat Chitosan-coated Silica-coated Hollow
(75-85% deacetylated) atex PMMA latex PMMA latex silica shell

“Prior adsorption of chitosan onto the latex particles is important because it minimizes secondary nucleation (see main text for further details).

compared silica deposition onto polystyrene latex particles particles (60 to 1000 nm diameter), and silica deposition
using either sodium silicate or TEOS as precursors.”* Sodium normally involves rather dilute solution conditions (typically
silicate formulations led to patchy, non-uniform overlayers and less than 1% w/w solids).*®*?7#9°>38071 1y particular, there
tended to produce aggregates. On the other hand, TEOS led to are very few studies focused on coating relatively large latex
relatively uniform silica coatings with minimal particle particles’”***” with thin silica shells in semi-concentrated
aggregation. solution.*>*"”!

As discussed above, silica deposition protocols can be either Herein, we report the preparation and characterization of
acid- or base-catalyzed. Acid-catalyzed reactions produce silica-coated poly(methyl methacrylate) (PMMA) latex par-
weakly crosslinked gel networks.””®* In contrast, colloidal ticles. These latex particles are commercially available, highly
Stober silica sols can be obtained via base catalysis, which cross-linked, lie in the micrometer size range and have
typically involves using ammonia in an ethanol-rich aqueous reasonably narrow size distributions. Given their relatively
solution.®®®* In principle, the relative rates of hydrolysis and low specific surface area (<1 m? g_l), silica deposition is best
condensation depend on the ammonia concentration, and the conducted at high solids (e.g., 8.2—23.5% w/w) rather than in
silica overlayer thickness can be adjusted by systematically dilute solution because this provides sufficient surface area to
varying the TEOS concentration.”® This reagent is water- minimize secondary nucleation. To further reduce this well-
immiscible, so ethanol is used as a co-solvent to ensure its documented problem, a naturally occurring cationic biopol-
solubilization. Alternatively, ethanol-free formulations utilizing ymer (chitosan) is physically adsorbed onto the surface of the
a suitable surfactant to solubilize the TEOS have been latex particles prior to silica deposition (see Scheme 1). The
reported.**%°! primary amine groups on the chitosan chains promote surface

TMOS is water-miscible and hence significantly more deposition of the silica, which is generated using TEOS as a
reactive than TEOS with respect to the initial hydrolysis soluble silica precursor.”> The resulting silica-coated latex
step, which leads to the rapid generation of water-soluble particles are characterized using scanning electron microscopy,
Si(OH), species. Thus TMOS is sometimes employed without optical microscopy, thermogravimetry, laser diffraction,
using any ethanol co-solvent.*”®” Some literature formulations aqueous electrophoresis, and X-ray photoelectron spectroscopy
use a binary mixture of TMOS and TEOS, or a combination of (XPS). This chitosan-coated latex system is expected to be a
3-(glycidyloxypropyl)trimethoxysilane (GPTMS) with TEOS, useful model for understanding and optimizing silica
or trimethylethoxysilane (TMES) with TMOS.*"**** Un- deposition onto other micrometer-sized particles using a
fortunately, TMOS hydrolysis produces methanol, which is potentially scalable process-intensive formulation.
much more toxic than the ethanol by-product generated via
TEOS hydrolysis. Moreover, the latter reagent is more cost- B EXPERIMENTAL SECTION
effective than TMOS, so it is usually preferred for silica Materials. Micrometer-sized crosslinked poly(methyl methacry-
deposition formulations despite its lower reactivity. Taking late) latexes with nominal diameters of 6, 10, or 15 ym and linear
into account the extensive (and sometimes conflicting) polystyrene latex with a nominal diameter of 20 ym were purchased
literature outlined above, we decided to employ TEOS as a from Microbeads (Skedsmokorset, Norway). Low molecular weight
soluble silica precursor for the development of a facile silica chitosan and tetraethyl orthosilicate (TEOS; 98% purity) were

purchased from Sigma-Aldrich (UK). Concentrated ammonium
hydroxide solution (28%) was purchased from Alfa Aesar (UK).
Absolute ethanol (>99.8%, HPLC grade) and methanol (>99.8%,

deposition protocol.
Most silica-coating protocols reported in the literature are

rEStnCte.q to colloidal p flrtldes _(<1 pm diameter), and the HPLC grade) were purchased from Fisher (UK). Glacial acetic acid
target silica overlayer thickness is usually no more than 100 and tetrahydrofuran (THF) (HPLC grade) were purchased from
nm. However, hYdI'OlYSiS of TEOS using aqueous HCl VWR (UK). Deionized water was used for all experiments.

followed by ammonia-catalyzed condensation has been used Adsorption of Chitosan onto PMMA Latex Particles. Chitosan
to coat polyurea microcapsules of 57—328 ym diameter to (2.000 g) was dissolved in 0.1 M acetic acid (100 mL) to produce a
produce a polyurea/silica hybrid overlayer of 1-8 um 20 g dm™ aqueous stock solution, which was magnetically stirred

thickness.®® Similarly, carbon nanofibers (mean fiber diameter overnight to ensure complete dissolution. For route A, 6 yum PMMA

=20—150 nm and length = 10—30 um) have been coated with latex particles (5.000 g) were dispersed in deionized water (45.000 g)
& with the aid of magnetic stirring for 5 min. Then one droplet of

chitosan stock solution (104 yL, 2.07S mg chitosan) was added to this
10% w/w latex suspension. For route B, a 104 yL droplet of the same

silica via acid hydrolysis—condensation of TEQS.”” The same
team found that the base-catalyzed polycondensation of

commercial pre-hydrolyzed ethyl silicate pro%lced a higher 20 g dm™ chitosan stock solution (2.075 mg chitosan) was diluted
surface coverage within shorter reaction times.”” Nevertheless, with deionized water (45.730 g), followed by stepwise addition of dry
the vast majority of such studies utilize relatively small latex 6 pm PMMA latex particles (5.000 g; approximately 1 g per portion),
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Table 1. Summary of the Effect of Varying the Target Silica Loading and Target Silica Shell Thickness when Preparing Silica-
Coated Micrometer-Sized PMMA Latex Particles in the Presence or Absence of Chitosan Using TEOS as Soluble Silica

Precursor and a Stober-Type Formulation at 20 °C”

latex diameter (um) latex concentration (w/v%)

6 23.5 0.559
17.1 0.826

14.3 1.014

12.1 1.210

10.6 1.416

9.3 1.632

8.2 1.858

8.2 1.858

10 13.6 1.858
15 18.6 1.858

10% v/v TEOS in ethanol (ml)

silica loading (%) shell thickness (nm)

289% ammonia (L) target final target final
123 7.0 6.8 46 4S5
182 10.0 9.7 68 66
223 12.0 11.8 83 81
266 14.0 13.9 98 98
312 159 15.7 114 112
359 18.0 17.7 131 129
409 20.0 20.0 no shell no shell
409 19.9 19.5 148 144
409 13.1 13.0 152 151
409 9.1 9.1 153 153

“Control experiment using bare 6 ym PMMA latex (absence of any chitosan). bAll syntheses were conducted at a constant latex surface area.

with vigorous mixing between each addition to afford a ~10% w/w
latex suspension at pH 3.5—4.0. After mixing this suspension
overnight using a roller mixer at 20 °C, the chitosan-coated PMMA
latex particles were isolated by freeze-drying overnight. For the 10 and
1S ym PMMA latex particles, the same protocol was used, but the
mass of chitosan was adjusted to either 1.250 or 0.825 myg,
respectively, to account for the lower specific surface area of each
latex.

Variation of the Chitosan/PMMA Mass Ratio. PMMA latex (6
um, 50.0 mg) was dispersed in deionized water (4.792—4.958 mL).
Then, 0.042—0.208 mL of 2 0.20 g dm™3 chitosan stock solution in 0.1
M acetic acid was added to afford a 1.0% w/w suspension at pH 3.5—
4.0, with a chitosan/PMMA mass ratio ranging from 0.17 X 1073 to
0.83 X 107>, Each suspension was placed on a roller mixer overnight
at 20 °C to ensure maximum chitosan adsorption.

Silica Deposition onto Chitosan-Coated PMMA Latex Particles.
Chitosan-coated 6 yum PMMA latex (200 mg; 0.166 m?) was
dispersed in 28% ammonium hydroxide (0.409 mL) with the aid of
magnetic stirring for 5 min. Then, a 1.858 mL aliquot of a 10% v/v
ethanolic solution of TEOS (0.173 g, 0.830 mmol TEOS; target silica
thickness = 148 nm; see entry 8 in Table 1) was added to the PMMA
latex suspension and stirred for 2 h at 20 °C. The resulting silica-
coated PMMA latex particles were sedimented via centrifugation
(5000 rpm for 10 min; Beckman Coulter Avanti J-25 centrifuge),
followed by redispersion first in ethanol (three times) and then in
methanol (once). After decanting the final supernatant, the silica-
coated PMMA latex particles were allowed to dry at 20 °C overnight.
The mass of 6 ym PMMA latex was held constant at 200 mg while the
target silica mass loading was systematically lowered, which reduces
the target silica shell thickness from 148 to 46 nm (see eq 1). The
required mass of TEOS (e.g,, SO mg) was calculated for the desired
silica mass loading (e.g., 20%). The volume of 28% aqueous ammonia
solution was adjusted to maintain a constant TEOS/ammonia molar
ratio of 0.137 in each case. Silica deposition experiments involving 10
or 15 ym PMMA latex particles were conducted at the same total
surface area as that employed for the 6 ym PMMA latex (see above).
The target silica mass loadings for the 10 and 15 gm PMMA latexes
were 13.1 and 9.1%, which correspond to target silica overlayer
thicknesses of 152 and 153 nm, respectively.

Silica deposition was also performed using 20 um linear
polystyrene latex particles. The non-crosslinked nature of such
particles enabled hollow silica shells to be obtained via polystyrene
dissolution in hot THF (see Supporting Information for further
details). Removal of the latex cores without recourse to calcination
avoids further densification via further silanol reactions at elevated
temperature. Hence measurement of the density of the remaining
silica shells via helium pycnometry should provide a more reliable
density for the silica overlayer, which is deposited onto the latex
particles at 20 °C. Accordingly, the densities of chitosan-coated
polystyrene latex, silica-coated polystyrene latex and hollow silica

5171

shells are summarized in Table S1, and the corresponding FT-IR
spectra are shown in Figure S1. SEM images recorded for the silica-
coated polystyrene latex and the remaining hollow silica shells
following dissolution of the polystyrene latex cores are shown in
Figure S2.

Control Experiment Using Bare 6 um PMMA Latex. Silica
deposition onto bare 6 ym PMMA latex particles was also attempted
in the absence of any chitosan using the above protocol. In this case,
the target silica shell thickness was 148 nm.

Optical Microscopy. PMMA latex particles were imaged before
and after silica deposition (and also after calcination at 500 °C) using
a Cole Parmer microscope equipped with a MoticamBTW camera
and an LCD tablet. Image]J 1.53k software was employed for particle
size analysis.

Scanning Electron Microscopy. SEM images were recorded using
an FEI Inspect F field emission scanning electron microscope at an
acceleration voltage of S kV. All samples were prepared by drying
dilute aqueous suspensions onto silicon wafer chips. Sample-loaded
silicon wafers were mounted onto aluminum stubs using adhesive
carbon tabs. Silver paint was applied to two edges of the mounted
silicon wafers followed by sputter coating to produce a S nm gold
overlayer, which minimizes sample-charging. Image] 1.53k software
was employed for silica shell thickness measurements.

Laser Diffraction. PMMA latexes were analyzed before and after
chitosan adsorption and silica deposition to determine their mean
particle size using a Malvern Mastersizer 3000 instrument equipped
with a Hydro EV wet dispersion unit at 2000 rpm, a red HeNe laser
(4 = 633 nm), and an LED blue light source (4 = 470 nm). The
median particle diameter, D50, and volume-average diameter, D[4,3],
were averaged over five measurements. The instrument was rinsed
three times with deionized water between measurements to prevent
cross-contamination.

Aqueous Electrophoresis. A Malvern Zetasizer Nano ZS instru-
ment was used to analyze 6 ym PMMA latex particles before and after
chitosan adsorption and silica deposition. The Smoluchowski
approximation was applied to calculate zeta potentials using the
Henry equation. PMMA latex suspensions were diluted to 0.05% w/w
using 1 mM KCl as background electrolyte. The pH of each
suspension was monitored using a pH probe and adjusted as required
using either 0.5 M HCI or 0.5 M NaOH. Each measurement was
performed in triplicate to obtain a mean value.

Thermogravimetry. Silica-coated PMMA latex particles were
heated up to 500 °C at a heating rate of 10 °C min~"' under air
using a QSO0 thermogravimetric analyzer (TA Instruments). This
leads to complete pyrolysis of the PMMA, which enables
determination of the original silica mass loading on the latex particles.

Helium Pycnometry. Solid-state densities were determined using a
calibrated Micromeritics AccuPyc II 1345 helium pycnometer
operating at 20 °C.
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Bare PMMA latex

10 um

15 uym |

Chitosan-coated PMMA latex

D(50) = 5.9 pm
D(50) = 5.9 ym

1 10 100 1000
Particle diameter (um)
D(50) = 9.8 pm
D(50) = 9.9 pm
1 10 100 1000

Particle diameter (um)

D(50) = 14.6 pm
D(50) = 15.4 ym

1 10 100
Particle diameter (pm)

1000

Figure 1. SEM images and laser diffraction particle size distributions obtained for PMMA latex particles before (red) and after (blue) adsorption of
chitosan. In this set of experiments, the latex particles were gradually added to an acidic aqueous solution of chitosan to minimize bridging

flocculation.

X-ray Photoelectron Spectroscopy. Bare, chitosan-coated, and
silica-coated PMMA latex particles were analyzed using a Kratos Axis
Supra X-ray photoelectron spectrometer. Chitosan and silica (formed
in the presence of chitosan but the absence of any latex) were also
analyzed as reference materials. Step sizes of 1.0 and 0.1 eV were used
to record survey spectra and high resolution spectra, respectively. In
each case, spectra were recorded from at least two separate areas and
analyzed using Casa XPS software (UK). All binding energies were
calibrated with respect to the saturated hydrocarbon Cls signal at
285.0 eV.

FT-IR Spectroscopy. FT-IR spectra were recorded for chitosan-
coated polystyrene latex, silica-coated polystyrene latex, and the
hollow silica shells that remain following dissolution of the linear
polystyrene chains using THF. These spectra were recorded using a
PerkinElmer Spectrum 100 FT-IR spectrophotometer equipped with
a Universal Attenuated Total Reflectance (UATR) module. The
spectra were obtained between 4000 and 400 cm™ at a spectral
resolution of 4 cm™'; 12 scans were averaged per spectrum.

B RESULTS AND DISCUSSION

The three latexes used in this study were commercially sourced
micrometer-sized crosslinked PMMA particles with nominal
diameters of 6, 10, or 15 ym. Scanning electron microscopy
(SEM) studies confirmed their spherical morphology and
indicated a relatively smooth, featureless surface in each case,
although a few spherical nodules were visible at the surface of
the 6 um latex particles (see Figure 1). Particle size
distributions were assessed using laser diffraction, which
indicated volume-average (D[4,3]) diameters of 6.1, 10.1,
and 14.9 um, respectively. The corresponding median (D(50))
diameters were 5.9, 9.8, and 14.6 um, while the spans were
0.75, 0.66, and 0.72, respectively.

According to the literature, silica deposition onto colloidal
particles can be enhanced by appropriate surface functionaliza-
tion.'”*#9%773 More specifically, it is known that cationic
character g)romotes the formation of silica-coated par-
ticles."”***%7*7> The primary objective for the present study
was to deposit a silica overlayer of tunable thickness onto

5172

micrometer-sized model particles at relatively high solids while
minimizing secondary nucleation. To achieve this aim, we
identified chitosan as a suitable biorenewable additive that
should promote surface deposition.”””” In our initial experi-
ments, this primary amine-functionalized biopolymer was
physically adsorbed onto the 6 ym PMMA latex, which was
selected to facilitate aqueous electrophoresis studies (the two
larger latexes are prone to sedimentation during such
measurements). The zeta potential of —24.9 mV recorded
for the bare 6 ym PMMA latex at pH 4.8 confirmed its anionic
surface character (see Figure 2). Chitosan is a highly cationic
polyelectrolyte at this pH, so its electrostatic adsorption should
lead to a relatively low adsorbed amount.”®

As the chitosan/PMMA mass ratio was systematically
increased, the latex zeta potential became initially less negative
and then positive. According to a prior study by Williams and
co-workers, the plateau zeta potential of approximately +30
mV observed for this curve (see black arrow) should
correspond to maximum surface coverage of the latex particles

= N W b
o ©O ©o o o
L L 1 L )

[
=N
o

Zeta potential (mV)

-20
-30 ?

0.00

0.20 0.40 0.60 0.80
Chitosan/PMMA mass ratio (x 103)

Figure 2. Change in zeta potential (determined at pH 4.8) when
varying the chitosan/PMMA mass ratio for the adsorption of chitosan
onto 6 um PMMA latex particles. The vertical black arrow indicates
the chitosan/PMMA mass ratio employed for the subsequent silica
deposition experiments summarized in Table 1.
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by the chitosan.”” This occurred at an approximate chitosan/
PMMA mass ratio of 0.0004, which suggests an adsorbed
amount of chitosan of around 0.50 mg m™.

A relatively low molecular weight chitosan was selected for
the present study. In principle, this should prevent any
possibility of bridging flocculation during its electrostatic
adsorption onto micrometer-sized latex particles. In practice,
addition of chitosan to the latex particles led to a discernible
reduction in the degree of dispersion even for the largest latex
particles, as judged by the slightly skewed particle size
distributions determined by laser diffraction studies (see
Figure S3). Fortunately, this problem was eliminated simply
by changing the order of addition. Thus, slowly adding the
latex particles to an acidic aqueous solution of chitosan led to
essentially the same particle size distribution being observed as
that obtained in the absence of any chitosan (see laser
diffraction data in Figure 1).

A series of silica coating experiments were conducted using a
Stober-type formulation in which the TEOS/latex mass ratio
was systematically varied; the results are summarized in Table
1. Inspecting the SEM images shown in Figure 3, controlled
silica deposition onto the bare PMMA latex clearly does not
occur in the absence of chitosan. Instead, substantial secondary
nucleation of silica particles is observed. In striking contrast,
prior adsorption of chitosan promotes relatively uniform silica

Chitosan-coated 6 ym PMMA

Bare 6 um PMMA

AFTER SILICA COATING BEFORE SILICA COATING

AFTER CALCINATION

Figure 3. SEM images recorded for (a) the bare 6 ym PMMA latex,
(b) chitosan-coated 6 ym PMMA latex, (c) attempted silica coating of
PMMA latex in the absence of chitosan; (d) silica-coated PMMA latex
prepared in the presence of chitosan; (e) attempted silica coating of
PMMA latex in the absence of chitosan after calcination (no evidence
for formation of hollow silica shells); (f) silica-coated PMMA latex
prepared in the presence of chitosan after calcination (note the
formation of silica hollow shells).
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deposition at the surface of the PMMA latex particles. Optical
microscopy studies support these SEM observations (see
Figure S4).

Thermogravimetry was used to assess the chemical
composition of silica-coated latex particles. The thermal
degradation of PMMA has been extensively studied: it is
well-known that such methacrylic chains unzip cleanly to
afford MMA monomer with few side reactions and no char
formation.*” Indeed, for the crosslinked PMMA latex particles
used herein, complete pyrolysis was achieved on heating up to
400 °C in air at a heating rate of 10 °C min~" (see Figure 4).

100 - R
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60 |
50 |
40 ]
30 |
20 |
10 |

o]

Mass loss (%)

200 275 350 425 500 .

Temperature (°C)

50 125
Figure 4. Representative thermogravimetry curves recorded for
chitosan-coated 6 ym PMMA latex (black dashed line) and six
examples of silica-coated 6 yum PMMA latex particles when targeting
silica shell thicknesses of 46 nm (yellow curve), 68 nm (orange
curve), 83 nm (red curve), 98 nm (purple curve), 114 nm (blue

curve), 131 nm (green curve), and 148 nm (brown curve); see Table
1.

Similarly, it is well-established that silica is a refractory material
that does not suffer any significant loss in mass (except for
surface dehydration) under such conditions. Hence the
original silica mass content of dried silica-coated latex particles
can be readily determined by thermogravimetry. These TGA
residues were corrected by using the % mass loss observed at
130 °C to calculate the extent of surface dehydration of the
silica overlayer.

Inspecting Table 1, the actual silica mass content correlates
well with the theoretical silica mass content, which is calculated
from the initial TEOS mass by assuming that each gram of
TEOS produces 0.288 g SiO,. If it is assumed that all such
silica is deposited onto the latex particles (i.e., that secondary
nucleation is negligible), then the mean silica shell thickness
(x) can be calculated using eq 1, which was derived for core-
shell spherical particles by Lascelles and Armes.’

M 1/3
AL RS |
Mlpz

x =R
(1)

where R is the mean core radius, M; and M, are the mass
fractions of the core and shell components, and p, and p, are
the solid-state densities of the core and shell components. Such
overlayer thickness calculations require the density of the silica
overlayer. According to the literature, the solid-state density of
silica produced when using TEOS or TMOS typically ranges
from 1.60 to 2.00 g cm™ owing to the gresence of unreacted
alkoxy groups within the network.*'™* In contrast, silica
generated from sodium silicate has a somewhat higher density
of 2.00—2.20 g cm™>.""% To obtain a reliable density for the
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silica overlayer, a silica deposition control experiment was
performed using a chitosan-coated 20 pm polystyrene latex
(see Figure S2, the Experimental Section, and the Supporting
Information for further details). Unlike the highly crosslinked
PMMA latexes, this latex comprises linear chains that can be
readily extracted using THF at reflux. FT-IR spectroscopy
studies confirmed the complete removal of the polystyrene
chains (see Figure S1), and the density of the resulting broken
silica shells was determined to be 1.93 g cm™ at 20 °C by
helium pycnometry. Accordingly, this value was used in
conjunction with eq 1 to calculate the mean silica thicknesses
summarized in Table 1.

The importance of appropriate surface modification using a
cationic polymer such as chitosan is highlighted by a control
experiment in which the bare 6 ym PMMA latex is utilized
instead of the chitosan-coated particles. The SEM images
shown in Figure 3a,c,e indicate extensive secondary nucleation
of relatively large silica particles, with minimal surface
deposition being achieved and no free-standing shells
remaining after calcination. In striking contrast, silica
deposition experiments conducted using chitosan-coated
PMMA latex particles produced well-defined uniform silica
overlayers that formed free-standing shells after calcination
(see Figure 3b,d,f). The latter observation confirms the
contiguous nature of the silica coating. Moreover, SEM
analysis reveals the presence of surface cracks within the silica
overlayers after drying silica-coated 6 um PMMA latex
particles (mean silica thickness = 144 nm) at 50 °C (data
not shown). Presumably, this simply reflects the differing
volumetric expansion coefficients for the PMMA and silica
components. However, drying the same silica-coated latex
more slowly at ambient temperature also resulted in surface
cracks within the silica overlayers.

In principle, calcination is likely to lead to some degree of
densification of the original silica overlayer. Nevertheless, the
target silica shell appears to be in reasonably good agreement
with the mean silica overlayer thickness calculated from the
corresponding SEM image (see Figure SS). Hence this should
provide independent validation of the various assumptions
involved in the use of eq 1 (see above). In principle, this
provides independent validation of the various assumptions
involved in the use of eq 1 (see above). In practice, the error in
the mean thickness of such silica overlayers is estimated to be
+10%, which encompasses a relatively wide range of possible
silica densities (see Figure $6). Thus the prudent conclusion is
that such SEM measurements are certainly consistent with the
expected silica overlayer thicknesses, but their limited accuracy
precludes a more definitive interpretation.

A mean silica shell thickness of 150 nm was targeted for 6,
10, and 15 pm chitosan-coated latex particles (Table 1). These
three syntheses were conducted using a constant latex surface
area of 0.166 m? Thus the solids concentration increased from
8.2% for the 6 um latex up to 18.6% for the 15 ym PMMA
particles. SEM analysis of the silica-coated 10 and 15 pm
PMMA latex particles indicated high silica surface coverages
but significantly rougher silica shells (Figure S7). After
calcination to remove the underlying latex, free-standing silica
shells were obtained.

Thermogravimetry was also used to assess the kinetics of
silica formation in the presence of the 6 ym PMMA latex
particles. Approximately 95% conversion of TEOS was
converted into silica within 2—3 h at 20 °C (see Figure S).
Interestingly, a slightly faster rate was observed in the absence
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Figure S. Conversion vs time curves obtained by thermogravimetry
for Stober silica formation in the presence of (a) bare 6 yum PMMA
latex particles (red data set) and (b) chitosan-coated 6 um PMMA
latex particles (blue data set).

of adsorbed chitosan chains. This suggests that the presence of
this cationic biopolymer merely promotes surface deposition of
the soluble silica precursor species and/or the adsorption of
nascent silica nuclei (<5 nm diameter)®® rather than catalyzing
silica formation.

Zeta potential vs pH curves constructed for the bare 6 ym
PMMA latex, a chitosan-coated 6 ym PMMA latex, and a
silica-coated 6 pm PMMA latex (target silica overlayer
thickness = 148 nm) are shown in Figure 6. The bare latex

60
k é é ® Chitosan-coated 6 pm PMMA latex

@0

40

Zeta potential (mV)

'2° %’{f* ° 6 5 f

-40 % §%

-60 Silica-coated PMMA latex %%%% % %

P30 40 50 0 70 so0 s
pH

Figure 6. Zeta potential vs pH curves recorded for bare 6 ym PMMA
latex, chitosan-coated 6 ym PMMA latex, and silica-coated 6 ym
PMMA latex (prepared under optimized conditions in the presence of
chitosan when targeting a silica overlayer thickness of 148 nm).

exhibits cationic character at pH 3, an isoelectric point (IEP) at
around pH 3.50, and anionic character at pH 4 or above (with
a limiting zeta potential of around —30 mV). In contrast, the
IEP observed for the corresponding chitosan-coated PMMA
latex is shifted to approximately pH 7.25, which is consistent
with the surface presence of this primary amine-functional
biopolymer. Finally, the silica-coated latex has an IEP of
around 3.75, and its limiting zeta potential at high pH is
around —60 mV. This is consistent with the formation of a
contiguous silica shell surrounding each latex particle.

X-ray photoelectron survey spectra recorded for the bare 6
um PMMA latex, chitosan alone, and a chitosan-coated 6 ym
PMMA latex are shown in Figure S8. In principle, the bare
latex particles should contain no surface nitrogen atoms, which
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would facilitate determination of the chitosan surface coverage.
In practice, a N1s signal (4.3 at %) is observed, which suggests
that a nitrogen-based polymer or surfactant was employed for
the synthesis of these commercially sourced latex particles.
Given that these latex particles are anionic at low pH, the
nitrogen species on the latex surface do not appear to be an
amine. Chitosan adsorption leads to only a modest increase in
this N1s signal intensity, which makes accurate quantification
of the surface coverage of this component somewhat
problematic. Nevertheless, the surface charge reversal observed
for the aqueous electrophoresis curves shown in Figure 6
provides strong evidence for chitosan-coated PMMA particles.
Moreover, the presence of adsorbed chitosan chains clearly has
a marked influence on the uniformity of the deposited silica
overlayer (see Figure 3).

Survey spectra were also recorded for silica formed in the
absence of any latex particles and for three silica-coated 6 ym
PMMA latexes (target silica overlayer thicknesses = 68, 114,
and 148 nm, respectively) as shown in Figure S9. Stober-
synthesized silica invariably contains a minor fraction of carbon
atoms owing to unreacted ethoxy groups, which complicates
calculation of the silica surface coverage via obscuration of the
Cls signal attributed to the underlying PMMA latex. In view of
this problem (and given that no Si2p signal was observed for
the bare PMMA latex), we chose to compare the Si2p signal
observed for silica-coated PMMA latex particles to that of silica
alone. This approach enables surface coverages of 71—81% to
be estimated for target silica thicknesses of 68—148 nm (see
Table 2). XPS has a typical sampling depth of 2—10 nm,*’

Table 2. XPS Si2p Spectra Recorded for Silica Formed in
the Absence of Latex Particles but in the Presence of
Chitosan and Silica-Coated 6 ym PMMA Latexes (Targeting
148, 114, and 68 nm Shell Thicknesses)“

sample Si2p (%) surface silica coverage (%)
silica control 31.11 100
148 nm silica shell 25.14 81
114 nm silica shell 24.20 78
68 nm silica shell 21.97 71

“Final surface silica coverage is assessed by comparing the silica
content with that of the control silica sample.

which is much less than the lowest silica overlayer thickness
targeted in this study. Thus, essentially full surface coverage
had been anticipated. However, these apparently incomplete
coverages are almost certainly underestimated because SEM
analysis revealed that extensive surface cracking of the brittle
silica shells occurs on drying, which exposes the underlying
PMMA latex to the incident X-ray beam (see Figure 7).

B CONCLUSIONS

We report an efficient process-intensive protocol for the
preparation of silica-coated micrometer-sized PMMA latex
particles using a Stober-type formulation when employing
TEOS as a soluble silica precursor. Unlike many literature
reports, this enables well-defined core-shell particles to be
obtained at relatively high solids (8.2 to 23.5% w/w). The key
to ensuring efficient silica deposition at the latex surface is the
prior adsorption of chitosan. In the absence of this cationic
biopolymer, silica deposition is poorly controlled and involves
substantial secondary nucleation, as judged by SEM and
optical microscopy studies. In contrast, the presence of
chitosan promotes the surface deposition of a relatively
uniform silica overlayer and minimizes the problem of
secondary nucleation. Aqueous electrophoresis studies con-
firmed that the original latex particles are anionic at neutral
pH, while the chitosan-coated latex particles are cationic and
the silica-coated latex particles are anionic.

Kinetic studies indicated that silica deposition was complete
within 2—3 h at 20 °C. No significant difference was observed
in the presence or absence of adsorbed chitosan chains, so this
component merely promotes silica deposition rather than
acting as a catalyst. Silica mass contents were readily
determined by thermogravimetry, and mean silica shell
thicknesses were estimated by SEM studies. These data
indicated that essentially all the TEOS is converted into silica
and almost all of the silica is deposited onto the latex particles.
Thus, for a given latex diameter, the mean silica shell thickness
simply depends on the initial TEOS/latex mass ratio.
Calcination of the silica-coated latex particles leads to the
formation of well-defined silica shells, which suggests that the
original silica overlayer was contiguous. Finally, XPS studies of
three silica-coated latexes enabled silica surface coverages of
71—81% to be estimated by comparing their Si2p signal

SILICA-COATED PMMA

HOLLOW SILICA SHELLS

114 nm

68 nm

Figure 7. SEM images recorded for silica-coated 6 ym PMMA latex particles when targeting a mean silica overlayer thickness of (a) 148 nm, (b)
114 nm, or (c) 68 nm. SEM images recorded for the corresponding (d—f) hollow silica shells obtained after the calcination of such silica-coated

latexes.
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intensities to that of silica alone. However, such values are
almost certainly an underestimation because the silica shells
undergo extensive cracking on drying, which partially exposes
the underlying PMMA latex cores.
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