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ABSTRACT: Sterically stabilized diblock copolymer nano-
particles with an intensity-average diameter of 25 nm are
prepared in the form of a concentrated aqueous dispersion
using polymerization-induced self-assembly (PISA). The
addition of n-dodecane followed by high-shear homogeniza-
tion produces n-dodecane-in-water Pickering macroemulsions
of 22—46 pm diameter. If the nanoparticles are present in
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sufficient excess, then subsequent processing using a high-pressure microfluidizer leads to the formation of Pickering
nanoemulsions with a mean oil droplet diameter below 200 nm. The size of these Pickering nanoemulsions can be tuned by
systematically varying the nanoparticle concentration, applied pressure, number of passes, and oil volume fraction. High-internal-
phase emulsions can also be achieved by increasing the n-dodecane volume fraction up to 0.80. TEM studies of (dried) n-
dodecane droplets confirm the presence of intact nanoparticles and suggest a relatively high surface coverage, which is consistent
with model packing calculations based on radius ratios. Such Pickering nanoemulsions proved to be surprisingly stable with
respect to Ostwald ripening, with no significant change in the mean DLS droplet diameter after storage for approximately 4

months at 20 °C.

B INTRODUCTION

Pickering emulsions are oil or water droplets stabilized solely by
solid particles."” Their excellent long-term stability is attributed
to stron% irreversible particle adsorption at the oil—water
interface.” Many types of colloidal particles can be used to
prepare Pickering emulsions, including silica, gold sols,
magnetite, microgels, and latexes.> However, relatively large
droplets with mean diameters of 10—100 pm are typically
obtained unless surfactant is added to lower the surface tension
of the oil or modify the particle wettability.” In principle,
Pickering emulsions provide access to highly reproducible
nonfoaming formulations with minimal skin irritancy.’
Recently, various examples of so-called nanoemulsions have
been reported*™® for which the mean droplet diameter is in the
S0 to 200 nm range. (Somewhat confusingly, the older
literature uses the term miniemulsions to describe similar
systems.”'?) Such fine droplets mean that gravitational
creaming or sedimentation become negligible even over
relatively long time scales. Moreover, the much higher droplet
surface area leads to more active formulations that are
potentially advantageous for cosmetics,” agrochemicals,'"'>
drug delivery,” and food manufacturing applications.”'*"*
Copolymer- or surfactant-stabilized nanoemulsions can be
prepared using energy-intensive methods such as high-shear
homogenization,” microfluidization,'* or ultrasonication.”
Alternatively, Iow-energy routes utilize a phase inversion
temperature (PIT)"™" or an emulsion inversion point
(EIP)."® However, there have been remarkably few studies on
Pickering nanoemulsions'”*° Of particular relevance to the
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present study, Persson et al.’ utilized a high-pressure micro-
fluidizer to prepare a series of oil-in-water emulsions of 100—
200 nm diameter using a 7 nm silica sol. Unfortunately,
Ostwald ripening is very common for nanoemulsions, even for
oils exhibiting relatively low solubility in the aqueous
continuous phase.'* Indeed, droplet growth was observed by
Persson et al.’ for both cis-decalin and a series of n-alkanes
(including n-dodecane). On the other hand, squalene droplets
exhibited much better long-term stability, because this
particular oil has extremely low water solubility.” Cheong and
co-workers*' used f-cyclodextrin particles to prepare oil-in-
water nanoemulsions with a mean droplet diameter of 156 nm.
However, both sodium caseinate and Tween 20 were required
as costabilizers for this formulation. Similarly, Glatter and
coworkers™” obtained Pickering nanoemulsions via ultrasonics
using a 10 nm silica sol, but again this approach required the
addition of oleic acid to modify the surface wettability of the
silica nanoparticles.

The recent development of polymerization-induced self-
assembly (PISA) has enabled the highly convenient synthesis of
well-defined sterically stabilized spherical diblock copolymer
nanoparticles of 20—25 nm diameter directly in the form of
concentrated aqueous dispersions.””~>’ This is important,
because the stabilization of Pickering (nano)emulsions
normally requires (nano)particles at least S—10 times smaller
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than the mean droplet diameter.””* > Herein, we demonstrate

that PISA provides new opportunities for the rational design of
bespoke organic nanoparticle emulsifiers to produce highly
stable oil-in-water Pickering nanoemulsions in the absence of
any other additives using a scalable emulsification protocol.
More specifically, n-dodecane-in-water Pickering nanoemul-
sions can be prepared using an LV1 microfluidizer (Micro-
fluidics, USA). The effect of varying the number of passes
through the microfluidizer, the applied pressure, the initial
copolymer nanoparticle concentration, the oil volume fraction,
and the copolymer particle diameter is systematically
investigated. The final nanoemulsions are characterized in
terms of their droplet diameters, the nature of the adsorbed
nanoparticle layer, and their long-term stability. Moreover, a
simple packing model provides invoked to provide useful
estimates of the number of adsorbed nanoparticles per oil
droplet.

B EXPERIMENTAL SECTION

Materials. Glycerol monomethacrylate (99.8% purity) was
obtained from GEO Specialty Chemicals (Hythe, UK.) and was
used as received. 2-Cyano-2-propyl benzodithioate, 2,2,2-trifluoroethyl
methacrylate, 4,4’-azobis(4-cyanopentanoic acid) (ACVA), fluorescein
O-methacrylate (FluMA), n-dodecane, dichloromethane, and deute-
rium oxide were purchased from Aldrich (U.K.) and were used as
received unless otherwise stated. Ethanol and DMF were purchased
from VWR Chemicals (UK.).

Synthesis of Poly(glycerol monomethacrylate) Macro-CTA
via RAFT Solution Polymerization of Glycerol Monomethacry-
late in Ethanol. A PGMA,; macro-CTA (hereafter denoted as
PGMA,;) was synthesized via RAFT polymerization of §lycerol
monomethacrylate in ethanol at 70 °C, as described previously.”*** 'H
NMR studies indicated a mean degree of polymerization of 48 via end-
group analysis. (The integrated aromatic RAFT end-group signals at
7.1=7.4 ppm were compared to those of the two oxymethylene
protons at 3.5—4.4 ppm.) DMF GPC studies indicated a M, of 12700
g mol™" and a M, /M, of 1.17 relative to poly(methyl methacrylate)
standards).

Synthesis of PGMA ,g-PTFEMA;, Diblock Copolymer Spher-
ical Nanoparticles via RAFT Aqueous Emulsion Polymer-
ization. PGMA ,;-PTFEMA, diblock copolymer nanoparticles were
synthesized as follows: PGMA,; macro-CTA (2.830 g) and ACVA
(0.020 g, 71.4 ymol; macro-CTA/ACVA molar ratio = 5.0) and water
(52.65 g, 10% w/w) were weighed into a 100 mL round-bottomed
flask, sealed with a rubber septum, and degassed with nitrogen for 30
min. TFEMA [2.54 mL, 17.8 mmol, target degree of polymerization
(DP) = 50], which had been deoxygenated separately with nitrogen for
1S5 min, was then added to the solution under nitrogen and immersed
in an oil bath set at 70 °C. The reaction solution was stirred for 20 h to
ensure complete TFEMA monomer conversion, and the polymer-
ization was quenched by exposure to air. '’F NMR spectroscopy
analysis of the copolymer dissolved in dg-acetone indicated less than
1% residual TFEMA monomer. DMF GPC studies indicated a M,, of
19100 g mol™ and a M,/M, of 1.14 relative to poly(methyl
methacrylate) standards).

Synthesis of Fluorescent PGMA ,¢-P(TFEMA,-stat-FIuMA,)
Spherical Nanoparticles via RAFT Aqueous Emulsion Copoly-
merization. PGMA ,;-P(TFEMA;,-stat-FluMA,) diblock copolymer
nanoparticles were synthesized at 10% w/w solids as follows: PGMA ;4
macro-CTA (0.98 g) and ACVA (0.0069 g, 24.7 ymol; macro-CTA/
ACVA molar ratio = 5.0), FluMA (0.049 g, 12.4 umol), and water
(18.5 g) were weighed into a 100 mL round-bottomed flask, sealed
with a rubber septum, and degassed with nitrogen for 30 min. TFEMA
[0.88 mL, 6.18 mmol, target degree of polymerization (DP) = 50],
which had been deoxygenated separately with nitrogen for 15 min, was
then added to the solution under nitrogen and immersed in an oil bath
set at 70 °C. The reaction solution was stirred for 20 h to ensure
maximum comonomer conversion, and the polymerization was

quenched by exposure to air. Residual unreacted FluMA and
TFEMA comonomers were removed via dialysis against water.

Preparation of PGMA ,5-PTFEMA,-Stabilized Pickering Mac-
roemulsions Using High-Shear Homogenization. A PGMA -
PTFEMA, aqueous dispersion (8.0 mL, 1.0—7.0% w/w) was added to
a 14 mL glass vial and homogenized with 2.0 mL of n-dodecane for 2.0
min at 20 °C using an IKA Ultra-Turrax T-18 homogenizer with a 10
mm dispersing tool operating at 15 500 rpm. The resulting milky oil-
in-water emulsion was then analyzed by optical microscopy and laser
diffraction.

Preparation of PGMA,;-PTFEMA;,-Stabilized Pickering
Nanoemulsions Using High-Pressure Microfluidization. A
Pickering macroemulsion (1—6 mL, initial particle concentration in
the aqueous phase = 1.0—7.0% w/w) was further processed using an
LV1 low-volume microfluidizer processor (Microfluidics, USA). The
pressure was adjusted to between 10000 and 30000 psi, and the
number of passes through the LV1 was varied between 1 and 10.

Characterization. NMR Spectroscopy. 'H and 'F NMR spectra
were recorded in either dg-acetone, D,0, or CD;OD using a Bruker
Avance 400 spectrometer operating at 400 MHz.

Gel Permeation Chromatography (GPC). Molecular weights and
dispersities were assessed using a gel permeation chromatography
(GPC) instrument equipped with a Varian 290-LC pump injection
module, a Varian 390-LC refractive index detector, and two Polymer
Laboratories PL gel S yym mixed-C columns with a DMF mobile phase
containing 0.01 M LiBr operating at 60 °C with a constant flow rate of
1.0 mL min~". DMSO was used as a flow rate marker, and calibration
was achieved using a series of near-monodisperse poly(methyl
methacrylate) standards.

Dynamic Light Scattering (DLS). Intensity-average hydrodynamic
diameters were obtained by DLS using a Malvern Zetasizer NanoZ$
instrument at a fixed scattering angle of 173°. Aqueous dispersions of
0.01% w/w nanoparticles were analyzed using disposable cuvettes, and
the results were averaged over three consecutive runs. The deionized
water used to dilute each sample was ultrafiltered through a 0.20 ym
membrane in order to remove extraneous dust.

Laser Diffraction. Each macroemulsion was sized using a Malvern
Mastersizer 3000 instrument equipped with a hydro EV wet sample
dispersion unit, a red HeNe laser operating at 633 nm, and a LED blue
light source operating at 470 nm. The stirring rate was adjusted to
1500 rpm in order to avoid creaming of the emulsion during analysis.
After each measurement, the cell was rinsed three times with deionized
water; the glass walls of the cell were carefully wiped with lens-cleaning
tissue to avoid cross-contamination, and the laser was aligned central
to the detector prior to data acquisition.

Fluorescence Microscopy. Fluorescence microscopy images of
PGMA ;5-P(TFEMA,-stat-FluMA, )-stabilized Pickering macroemul-
sions were recorded using a Zeiss Axio Scope Al microscope fitted
with an AxioCam 1Cm1 monochrome camera. Droplets were imaged
using LED illumination (LED module 4 = 470 nm) and a Zeiss filter
set 38 (excitation BP 470/40 nm and emission BP 525/50 nm).
Images were captured and processed using ZEN lite 2012 software.

Transmission Electron Microscopy (TEM). Nanoemulsion dis-
persions were diluted fifty-fold at 20 °C to produce 0.20% w/w
dispersions for transmission electron microscopy (TEM) studies.
Copper/palladium TEM grids (Agar Scientific, U.K.) were surface
coated in-house to produce a thin film of amorphous carbon. The grids
were then plasma glow discharged for 30 s to create a hydrophilic
surface. Individual samples (0.20% w/w, 12 uL) were adsorbed onto
the freshly glow-discharged grids for 1 min and then blotted with filter
paper to remove excess solution. To stain the copolymer aggregates,
uranyl formate solution (0.75% w/w, 9 uL) was soaked on the sample-
loaded grid for 20 s and then carefully blotted to remove excess stain.
The grids were then dried using a vacuum hose. Imaging was
performed at 100 kV using a Phillips CM100 instrument equipped
with a Gatan 1 k CCD camera.

Results and Discussion. The sterically stabilized diblock
copolymer nanoparticles used in this study were prepared as described
previously using reversible addition—fragmentation chain transfer
(RAFT) aqueous emulsion polymerization.>* The water-soluble steric
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stabilizer block was poly(glycerol monomethacrylate) [PGMA], and
the water-insoluble core-forming block was poly(2,2,2-trifluoroethyl
methacrylate) [PTFEMA].

Our previous experience of using PISA-synthesized diblock
copolymer nano-objects to prepare Pickering emulsions confirmed
that the hydro3phobic character of the core-forming block is of critical
importance.” © Selecting a weakly hydrophobic block such as poly(2-
hydroxypropyl methacrylate) (PHPMA) means that the nanoparticles
typically do not survive the high-shear homogenization conditions
required for droplet formation. In such cases, the resulting emulsions
are stabilized by individual copolymer chains generated from in situ
dissociation of the original nanoparticles under high shear. However,
we have recently confirmed that PGMA-PTFEMA nanoparticles
remain intact when subjected to high-shear homogenization and hence
can act as genuine Pickering emulsifiers.”> PTFEMA was preferred
over a cheaper hydrophobic block such as poly(benzyl methacrylate)
because its semifluorinated nature confers significantly greater electron
contrast for TEM studies.

A PGMAy chain-transfer agent prepared via RAFT solution
polymerization was chain-extended with TFEMA via RAFT aqueous
emulsion polymerization®*” 7" to afford well-defined PGMA -
PTFEMA, diblock copolymer nanoparticles (Figure 1A). A relatively
short core-forming block was deliberately targeted to ensure that
sufficiently small nanoparticles were produced via PISA, as required for
the formation of Pickering nanoemulsions. Gel permeation chroma-
tography analysis in DMF indicated a relatively narrow molecular
weight distribution (M,,/M, = 1.14) with minimal contamination by
the PGMA,g precursor, suggesting that both stages of this RAFT
synthesis were well-controlled (Figure S1A).

The copolymer morphology was confirmed to be near-mono-
disperse spheres by transmission electron microscopy (TEM), with
dynamic light scattering (DLS) indicating an intensity-average
diameter of 25 nm (Figures 1B and S1B, respectively).

These PGMA i-PTFEMAg, nanoparticles were used as conven-
tional Pickering emulsifiers to generate Pickering macroemulsions of
approximately 40 ym diameter via high-shear homogenization using an
UltraTurrax homogenizer. Figure 1C shows a fluorescence micrograph
obtained for a typical macroemulsion prepared using 7.0% w/w
fluorescein-labeled PGMA ;- PTFEMA;, nanoparticles (one dye label
per copolymer chain). This confirms that the nanoparticles adsorb at
the n-dodecane/water interface. Figure S2 shows the variation in mean
droplet diameter with nanoparticle concentration for this precursor
macroemulsion at a fixed n-dodecane volume fraction of 0.20. The
minimal change in droplet diameter is attributed to only a small
fraction of the nanoparticles adsorbing onto the oil droplets during
homogenization: a large excess remains in the aqueous continuous
phase. This is important because these non-adsorbed nanoparticles are
required to stabilize the substantial additional surface area that is
generated when producing the much finer nanoemusion droplets
during the subsequent microfluidization processing step.

Effects of Applied Pressure and Number of Passes through
the LV1. For initial microfluidization studies, an applied pressure of
20000 psi was selected. A precursor macroemulsion prepared using
7.0% w/w PGMA-PTFEMAy, nanoparticles was subjected to
repeated passes through an LV1 microfluidizer, with the mean
emulsion droplet diameter being assessed by DLS after each pass. A
recent microfluidization study by Gupta and co-workers has shown
that multiple passes are usually required to achieve the minimum
droplet diameter.'*

As expected, a significant reduction in emulsion droplet diameter
was observed between the first and tenth passes (Figure 2A). We
emphasize here that the reported mean emulsion droplet diameter
includes the layer of adsorbed nanoparticles. In reality, the internal oil
droplet diameter will be somewhat smaller (see later discussion).
Visual inspection indicated incipient flocculation of the emulsion
droplets after one to three passes. DLS studies indicate bimodal size
distributions for the first seven passes, with unimodal size distributions
being observed after eight passes (Figure S3). Although the final
droplets obtained after ten passes are significantly smaller than those
obtained for a typical Pickering emulsion,*® such nanoemulsions
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Figure 1. Schematic representation for the preparation of Pickering
nanoemulsions described in this study. (A) Synthesis of PGMA,;4-
PTFEMAy, nanoparticles of 25 nm diameter via RAFT emulsion
polymerization using a PGMA,g macro-CTA. (B) TEM image of the
resulting sterically stabilized nanoparticles. (C) Fluorescence micro-
graph of the initial Pickering macroemulsion produced when excess
nanoparticles are homogenized with n-dodecane for 2.0 min at 15 500
rpm. (D) This precursor macroemulsion was then further processed
using the LV1 microfluidizer to give a Pickering nanoemulsion. (See
the TEM image obtained after drying such droplets.)

remained highly turbid. (See digital photographs of a typical Pickering
macroemulsion and its corresponding Pickering nanoemulsion in
Figure S4.)

Having produced nanoemulsions with a mean diameter of 220 + 85
nm at an applied pressure of 20000 psi, the latter parameter was
systematically varied to examine whether even finer nanoemulsions
could be produced at higher pressures (Figure 2B). For a PGMA -
PTFEMAg, concentration of 7.0% w/w, an n-dodecane volume
fraction of 0.20, and 10 passes, the mean droplet diameter could be
reduced to just 133 nm at 30 000 psi, which is the maximum operating
pressure for the LV1 microfluidizer. In addition, droplets prepared
below 20000 psi were significantly larger and considerably more
polydisperse than those prepared at higher pressures

Varying the Nanoparticle Concentration. The PGMA -
PTFEMA, concentration was also systematically varied at a constant
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Figure 2. Systematic reduction in intensity-average droplet diameter
observed for a Pickering nanoemulsion prepared at an n-dodecane
volume fraction of 0.20 using 7.0% w/w PGMA,-PTFEMA;,
nanoparticles with (A) an increasing number of passes through the
LV1 microfluidizer at 20 000 psi and (B) increasing applied pressure
for ten passes. Error bars represent the standard deviation of the
droplet size distributions rather than the experimental error associated
with repeated measurements.

number of passes and applied pressure. In principle, higher
nanoparticle concentrations should aid the formation of finer droplets
because more nanoparticles are available to stabilize the additional
droplet surface area generated during microfluidization. The PGMA 4-
PTFEMA;, concentration in the precursor macroemulsion was
adjusted from 1.0 to 7.0% w/w (Figure 3).

A significant reduction in mean droplet diameter (and DLS
polydispersity) was achieved for PGMA,-PTFEMA, concentrations
ranging from 1.0 to 5.0% w/w. However, using higher concentrations
under such conditions did not lead to droplets smaller than 200 nm
diameter.
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Figure 3. Variation in the intensity-average droplet diameter with
nanoparticle concentration for an n-dodecane volume fraction of 0.20,
a constant applied pressure of 20 000 psi, and ten passes through an
LV1 microfluidizer. Errors bars represent standard deviations for the
DLS droplet size distributions rather than the experimental error
associated with repeated measurements.

effect of varying the n-dodecane volume fraction from 0.10 to 0.90.
This was achieved by two methods. First, the PGMA ,4-PTFEMA,
concentration in the aqueous phase was fixed at 7.0% w/w, hence the
overall nanoparticle concentration in the final emulsion was gradually
reduced on increasing the oil volume fraction (Figure 4A). The mean
droplet diameter gradually increased from 160 nm at an oil volume
fraction of 0.10 up to 1620 nm for an oil volume fraction of 0.80.
Progressively larger oil droplets were obtained up to the point where
no more oil could be processed via microfluidization: utilizing an oil
volume fraction of 0.90 led to no reduction in droplet size relative to
the volume-average diameter of 47 ym obtained for the precursor
Pickering macroemulsion via high-shear homogenization. In an
alternative approach, the nanoparticle concentration in the aqueous
phase was systematically varied while increasing the n-dodecane
volume fraction such that the overall nanoparticle concentration in the
formulated emulsion remained constant (Figure 4B). This strategy
resulted in a relatively constant intensity-average droplet diameter of
400 to 500 nm for oil volume fractions of up to 0.80. This was
expected because the overall nanoparticle concentration was the same
for each emulsion. It is noteworthy that a high internal phase emulsion
(HIPE) could be achieved in both cases, with the latter strategy
yielding a HIPE comprising relatively fine droplets of 560 + 290 nm.
Moreover, no phase inversion was observed at high oil volume
fractions. We attribute this to the highly hydrophilic nature of the
PGMA stabilizer chains, which makes it rather unlikely that such
nanoparticles could stabilize water-in-oil emulsions.

TEM Analysis of Dried Nanoemulsion Droplets. We have
previously reported that various linear diblock copolymer nano-
particles can undergo in situ dissociation to form molecularly dissolved
copolymer chains under the high-shear homogenization conditions
utilized for emulsification.”*° Stable emulsions can still be obtained
under such conditions, but they are not genuine Pickering emulsions
because the original nanoparticle morphology is lost. Thus, in the
present work it was important to examine whether the PGMA ¢
PTFEMA, nanoparticles actually survive the processing conditions
intact. Accordingly, a dried Pickering nanoemulsion prepared at 20 000
psi was imaged by TEM using a uranyl formate negative stain to
improve the electron contrast (Figure S). This particular nano-
emulsion had an intensity-average diameter of 220 + 85 nm as judged
by DLS. The superstructure of these nanoparticles (which possess a
number-average diameter of approximately 20 nm as judged by TEM
analysis) is clearly preserved on drying the nanoemulsion droplets (see
inset image), indicating that microfluidization at 20 000 psi does not
result in the loss of the original nanoparticle morphology. In contrast,
when imaging a dried nanoemulsion prepared using the same
nanoparticles at 30 000 psi, there is little or no evidence for the
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Figure 5. Representative TEM images obtained for dried n-dodecane-
in-water Pickering nanoemulsions stabilized using 7.0% w/w PGMA -
PTFEMAy, nanoparticles at a microfluidizer pressure of 20000 psi.
Nine passes were employed, which produced a Pickering nano-
emulsion with an intensity-average droplet diameter of 220 + 85 nm.

original spherical morphology (Figure SSA). Presumably, this
nanoemulsion is stabilized by individual copolymer chains acting as
a polymeric surfactant and hence cannot be considered to be a genuine
Pickering nanoemulsion. Clearly, there is an upper-limit micro-
fluidization pressure (>20000 psi) beyond which nanoparticle
dissociation occurs. In principle, this problem can be overcome by
using cross-linked nanoparticles. Indeed, preliminary experiments
performed using such covalently stabilized nanoparticles at 30 000 psi
produced genuine Pickering nanoemulsions (Figure SSB in Supporting
Information), although no further reduction in droplet diameter could
be achieved under these conditions.

Attempted Use of Larger Nanoparticles to Prepare
Pickering Nanoemulsions. Using larger PGMA -PTFEMA, 5,
nanoparticles of 51 nm diameter invariably led to flocculated
macroemulsions, with DLS studies reporting apparent droplet
diameters of more than 1 ym (Figure S6A). Such aggregation was
always observed, despite using nanoparticle concentrations of up to
19% w/w to compensate for the reduction in the specific surface area
of these larger nanoparticles. TEM studies of the dried flocculated
emulsions confirmed that they comprised aggregates of submicro-
meter-sized droplets (Figure S6B). One possible explanation for such
aggregation may be slower adsorption kinetics for these larger
nanoparticles during microfluidization. This would produce a lower
initial droplet coverage and hence could lead to a particle-bridging
mechanism.*'

Packing of Small Spheres around a Large Sphere. Pickering
emulsions usually involve either close-packed shells of particles™ or
relatively thick multilayers of flocculated particles,” although there are
a few literature examples of stable emulsion droplets being obtained at
relatively low surface coverage.*”** Our TEM observations suggest the
formation of close-packed nanoparticle monolayers (Figure S), so we
wished to investigate the fractional surface coverage of nanoparticles
for this new class of Pickering nanoemulsions. Accordingly, in this
section we calculate mathematical estimates of the maximum number
of spheres that can surround a larger sphere with a given radius ratio as
a model for the nanoparticle-coated oil droplets reported in this work.

DLS can be used to determine the mean radius, r,, for the spherical
nanoparticles prior to any emulsification. The same technique also
yields a mean overall (total) radius, r, for the nanoparticle-coated oil
droplets. Consider such a droplet comprising a spherical liquid (oil)
core of radius 7 coated with spherical nanoparticles (Figure 6).
Assuming hard-sphere contacts between the two components, the
relationship between r; and r, is given by

n=ro= 2 (1)

spherical nanoparticle

r, : emulsion radius

Figure 6. Packing of small nanoparticles of radius r, around a spherical
oil droplet of radius r. The overall (total) droplet radius, r, is given by
re =1+ 2r, as in eq 1. DLS enables separate determination of both r,
and r,.

As Figure 6 shows, this equation corresponds to the situation where
nanoparticles of radius r; are packed on the inside surface of a limiting
sphere of radius r, affording a minimum inner droplet radius r; (inner
black circle in Figure 6); this is the radius used in the packing
calculations (see below). The solid red line in Figure 6 represents the
theoretical maximum droplet radius (r; + r,) corresponding to a
liquid—particle contact angle of 90°. The true extent to which the
nanoparticles are wetted by the oil phase (qualitatively indicated by the
red dashed line) presumably lies somewhere between these limits, with
an effective particle contact angle lying between 0 and 90°.

Various radius ratios (r,/r;) calculated using eq 1 are listed in Table
1. For r, = 12.5 nm, the corresponding r, values in Table 1 were

Table 1. Summary of r,, r, and r; Values and the
Corresponding Radius Ratios (r,/r) Calculated Using
Equation 1 for Both Experimental (Entries 1—3) and
Hypothetical (Entries 4—6) Pickering Nanoemulsions”

entry ry/nm 7,/nm n/nm r/n
1 12.5 66.5 41.5 0.30
2 12.5 110.0 85.0 0.15
3 12.5 245.0 220.0 0.06
4 258.5 66.5 15.5 1.65
S 28.5 110.0 59.0 0.43
6 28.5 245.0 194.0 0.13

“See the text for further details.

determined for nanoemulsions using DLS (entries 1—3). However, for
r¢ = 25.5 nm, only aggregated emulsions could be obtained
experimentally, and there are no corresponding r, values for entries
4—6. Therefore, we took the r, values measured for entries 1—3 and
calculated the corresponding r values for hypothetical droplets from
eq 1. The radius ratios listed in this table were used to estimate the
maximum number of nanoparticles of radius r, that can be packed
around a central oil droplet of radius r,.

Packing N spheres around a central (usually larger) sphere is
mathematically equivalent to solving a circle-packing problem of
finding the maximum radius of the smaller spheres that is allowed if N
smaller spheres are packed around the central large sphere. If the radii
of the central and packed spheres are r; and r,, respectively, then the
points of tangential contact between the packed spheres lie on a sphere
of radius (r; + r,)cos r., where r_ is the angular radius of the equivalent
circular cap in a packing of N circles on a sphere of unit radius (Figure
7). This dimensionless cap radius is given by

- _l[ . )
Tc = s
n+ (2)
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Figure 7. Schematic representation of the geometric considerations
involved in the packing of N small spheres around a large central
sphere.

The radius ratio for the sphere packing problem (r,/r) is then related
to the angle r_ by eq 3

rS . rC
= =in
fi 1 —sinr, 3)

The packing density, P, can be calculated from N and r,, where . is an
implicit function of N, as

P= lN(l — cosr.) = N sin” (i)

2 ¢ 2 (4)

By definition, for any fixed N there is a maximum r, (the packing
radius) and corresponding packing density P, with 0 < P < 1. The full
range of P is not physically accessible. For example, a perfect hexagonal
lattice of circles achieves P = ﬂ'\/ 12 & 0.9069, but even this hard upper
limit cannot be achieved for a sphere because some packing defects or
scars must exist to allow for spherical curvature.**

A proven optimal solution is known for only a few values of N. In all
of these cases, the corresponding packing density is substantially below
the hexagonal packing limit. However, computational results are
available. Sloane et al.**° give tables of best known packings for two
cases. In the first case, the table®® is for all N values lying between 4
and 130 and is based on extensive calculations without the restriction
of symmetry. The results match known exact solutions and in other
cases they are expected to lie close to the exact value for the given N.
Sloane et al. also list computed solutions for large values of N and
packings restricted to icosahedral symmetry,*® which give a mesh of
empirical lower bounds for particular values of N. All results obtained
using this approach indicate packing densities substantially below the
hexagonal-packing upper bound.

Scatterplots of the data obtained from these two tabulations are
given in Figure S7. Figure S7A shows the relationship between the
number of packed spheres and the radius ratio. As N is increased,*>*®

the maximum radius ratio that can be achieved tends smoothly toward
zero. Figure S7B translates these data into a plot of packing density P
against N. The data up to N = 130 suggest that P approaches a limiting
value of ~0.84. The smooth variation in packing density for
experimentally realistic N values is consistent with the small dispersion
in various mathematical estimates, as shown in Table 2.

There are reliable theoretical upper*” and lower***’ bounds on N in
terms of the radius ratio.’® The results are summarized in Table 2,
along with our own ad hoc estimates based on interpolation of
Sloane’s tables and reasonable assumptions for typical packing
densities. We note that the N(85) values, calculated assuming a
packing density of 0.85 (85%), are close to those inter})olated from
Sloane’s tables™** and from a spiral construction.”” Given the
agreement between the various approaches, the values of N(Sloane)
given in Table 2 are plausible estimates for the number of
nanoparticles packed around each oil droplet.

In the experiments associated with entry 1, a colloidally stable
nanoemulsion was obtained, but a relatively high pressure (30 000 psi)
was required to generate the small r, value indicated by DLS. The data
presented in Table 2 suggests that in a packed morphology
approximately 60—64 nanoparticles should be present, but TEM
analysis of this nanoemulsion showed no evidence of the original
nanoparticles (Figure SS). This indicates that the nanoparticles do not
survive these high-pressure microfluidization conditions. Thus, this
entry most probably corresponds not to a true Pickering nanoemulsion
but to a nanoemulsion stabilized by individual copolymer chains. In
contrast, the microfluidization experiments indicated by entries 2 and
3 produced stable nanoparticle-coated droplets, as confirmed by TEM
studies. For example, in the case of entry 2, TEM analysis provides
clear evidence for adsorbed intact nanoparticles (Figure S). Moreover,
the N values calculated in Table 2 appear to be physically realistic
(approximately 200 nanoparticles packed around each oil droplet). For
experiments performed using larger nanoparticles (r, = 25.5 nm), DLS
and TEM studies indicated that only aggregated oil droplets could be
obtained, with intact nanoparticles adsorbed at the interface (Figure
SSB).

The N values shown in Table 2 (see entry 6) are consistent with
TEM analysis, but it also appears that additional as-yet-unidentified
physical factors affect the degree of dispersion of this particular
Pickering nanoemulsion.

When connecting the circle-packing model to the physical situation
of nanoparticle-coated oil droplets, additional factors may be involved.
For example, there will be a repulsive interaction between adjacent
packed nanoparticles, but it may be softer than the assumed hard
sphere model. Thus, it is feasible that the effective nanoparticle radius
corresponding to the repulsive pair potential may be larger than that
determined using DLS. Moreover, efficient nanoparticle packing
corresponds to a global optimum N value for a given effective contact
radius. If the nanoparticles are irreversibly adsorbed at the oil/water
interface, have low mobility on the oil droplet surface, or interact with
each other to generate specific local patterns, then the number of
surface nanoparticles may be lower than the mathematical optimum.
This may explain why colloidally stable Pickering nanoemulsions could
not be obtained when using the larger nanoparticles (ie., for r, = 25.5

Table 2. Summary of the Numbers of Packed Spheres, N, Calculated for Six Pairs of Radii”

entry r,/nm r/nm r./radian N (Robinson)
1 12.5 66.5 0.23 64
2 12.5 110.0 0.13 217
3 12.5 245.0 0.0 1251
4 25.5 66.5 0.67 6
S 25.5 110.0 0.31 37
6 28.5 245.0 0.12 265

N (Sloane) N (spiral) N (vdw) N(85) N(80)
61 59 33 63 59
200 198 142 206 193
1172 1171 1006 1175 1106
7 6 2 8 7
36 37 16 36 34
240 240 179 251 236

“N(Robinson) and N(vdW) are mathematical upper and lower bounds. N(spiral) is a lower bound based on the explicit construction of a spiral

packing® and improves for the conservative van der Waerden*® (vdW) lower bound in all cases. N(Sloane) is derived by us from Sloane’s tables

41,42

by taking the largest value of N with a radius ratio strictly greater than the given experimental ratio. In the final two columns, N(85) and N(80) are
estimated by assuming fixed packing densities of 85 and 80%, respectively. All values are rounded to the nearest integer.
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nm; see entries 4—6 in Table 2), despite packing calculations
suggesting that this should be theoretically possible at least for entry 6.
For these larger nanoparticles, other physical factors such as their
slower diffusion to the oil/water interface and stronger adsorption at
this interface may favor particle bridging and limit their ability to form
well-dispersed oil droplets.

Long-Term Stability Studies. Various literature reports indicate
that Oswald ripening typically leads to droplet coarsening and/or
coalescence for aged nanoemulsions.”'"*" Such instability is well-
documented even for relatively water-insoluble oils such as n-alkanes.
However, these new Pickering nanoemulsions exhibit good long-term
colloidal stability: visual inspection indicated no signs of phase
separation, and DLS studies confirmed that the original droplet size
distribution remained almost unchanged on storing these Pickering
nanoemulsions at room temperature for approximately 4 months
(Figure 8). This suggests that the 25 nm sterically stabilized PGMA ,4-
PTFEMA, nanoparticles used in the present work are adsorbed rather
more strongly at the oil/water interface than the 7 nm charge-
stabilized silica nanoparticles reported by Persson et al.’

1 .
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Figure 8. Droplet size distributions determined by dynamic light
scattering for a freshly prepared Pickering nanoemulsion stabilized
using PGMA ,s-PTFEMA, nanoparticles and again after standing at 20
°C for 119 days. The negligible change in the intensity-average droplet
diameter and polydispersity indicates excellent long-term stability
against droplet coalescence via Ostwald ripening.

Bl CONCLUSIONS

In summary, diblock copolymer nanoparticles have been used
to stabilize oil-in-water Pickering nanoemulsions for the first
time. Direct evidence for the presence of intact nanoparticles
adsorbed at the droplet surface is provided by TEM studies of
the dried nanoemulsion. This is consistent with model
calculations based on radius ratios, which suggest a relatively
high nanoparticle packing density for nanoemulsion droplets
with an overall mean DLS diameter of 220 nm.

Our approach offers the following decisive advantages: (i)
the absence of any other additives, (ii) use of a scalable
emulsification technology to achieve fine control over the mean
droplet diameter, and (iii) enhanced long-term droplet stability
toward Ostwald ripening, even for oils exhibiting finite water
solubility such as n-dodecane.
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