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Non-aqueous emulsions are employed for a host of important applications; however, their long-term
stability often limits their use. 2D particles have been reported to provide greater emulsion stability com-
pared to surfactants and isotropic particles as a result of their greater interfacial area interaction. Here,
control over the particle size resulted in control over the droplet diameter and increased stability. Non-
aqueous emulsions are widely employed; therefore, characterising the effect of the dimensions of 2D par-
ticles on their stability is key to making oil-in-oil (o/o) emulsions with enhanced properties. This study
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investigates the self-assembly of uniform 2D particles of a controlled size, and their application as
Pickering particles in o/o emulsions. The correlation between 2D particle dimensions and emulsion
characteristics was investigated, a comparison that has not been reported for o/o emulsions prior to this
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Introduction

Emulsions that do not contain an aqueous phase have seen an
increase in interest in recent years due to their unique pro-
perties and applications." The absence of an aqueous phase
has been pivotal in the study of water-sensitive functionalities
that otherwise would not be accessible in emulsion techno-
logy. Oil-in-oil (o/0) emulsions have a wide range of appli-
cations, from polymer synthesis to pharmaceutical develop-
ment.” For example, polymeric particles, of a well-defined size,
can be synthesised using water-sensitive catalysts and avoiding
water-initiated degradation to undesired side products.’” In
the drive for achieving new and improved pharmaceuticals, o/o
emulsions have enabled the study of new drugs that were
either water sensitive or poorly soluble. This has aided their
administration and, in some cases, their residence time.®® For
example, the encapsulation of ibuprofen was demonstrated to
be greater in an o/o emulsion compared to a water containing
emulsion.” With these ever expanding, and important, roles of
o/o emulsions, they are seen as an exciting field for new
developments.
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Emulsifier choice plays a key role in the properties of the
resulting emulsion, including stability or the droplet size.
Control over such properties has previously proven difficult
compared to water containing emulsions, due to the much
lower interfacial tension between two oil phases."” Pickering
particles have demonstrated many benefits over block copoly-
mers (BCPs) and small molecule surfactants as emulsifiers.
The solid particles require much higher energies to remove
them from a liquid-liquid interface, whilst providing greater
steric resistance to droplet coalescence.'®'' Among this class
of emulsifying agents, there are particular benefits in the use
of 2 dimensional (2D) particles as a consequence of their high
aspect ratio. This large surface area, and their expected orien-
tation to lay with their edge parallel to the liquid-liquid inter-
face, makes them even less likely to desorb compared to
spherical or cylindrical particles.'> The most common 2D
materials that have been studied as Pickering particles are clay
platelets™™'® and graphene oxide (GO) nanosheets.®'”'
However, the preparation of these particles lacks any signifi-
cant control over the dimensions of the resulting 2D emulsi-
fier, which may be limiting their ability to control aspects of
the emulsion such as stability or the droplet size. Therefore, to
date, there has been no investigation into the role that the par-
ticle size plays in the properties of oil-in-0il (0/0) emulsions.
Previously, our group demonstrated the important role 2D par-
ticle dimensions play in the droplet size and stability of water-
in-water (w/w) emulsions.”® Uniform PLLA-based diamond
platelets with a larger surface area provided greater stability
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and a smaller droplet size compared to smaller platelets of the
same chemistry and width.

BCP self-assembly is a well-studied method of nanoparticle
synthesis. Of particular note, crystallisation-driven self-assem-
bly (CDSA) has been reliably demonstrated to assemble aniso-
tropic particles, including 2D platelets.”® Control over the
platelet size can be achieved by a process termed living CDSA:
the epitaxial growth of a BCP unimer and, in some cases, a
crystalline homopolymer to uniform “seed” particles created
from the sonication of particles with high size dispersity.>!
The size of the resulting platelets can be controlled through
the mass ratio between the seed particles and the added
unimer and semi-crystalline homopolymer. This process was
first reported by Eisenberg and co-workers, where the addition
of the poly(e-caprolactone) (PCL) homopolymer to the assem-
bly of PCL-PEO drove a morphological ripening of 1D cylin-
ders to 2D platelet particles.?” This has recently been improved
upon as a method of obtaining PCL-based platelets of a
uniform size by a living growth mechanism, demonstrating
robust control over the particle dimensions.?

Given the importance of o/o emulsions, the development
of emulsifiers that can be tuned to provide emulsions with
defined properties would be a significant achievement.
Considering the previously observed dependency of droplet
stability on particle size for w/w emulsions, we postulated that
a similar dependence would be observed in o/o emulsions. We
therefore investigated a living CDSA methodology of 2D par-
ticle synthesis in nonpolar solvents to generate platelets of
different sizes with low size dispersity. These platelets were
used as emulsifiers to investigate the dependency of droplet
properties on the dimensions. To directly compare the effects
of particle dimension control with previous reports, we repli-
cated the same systems that employed GO sheets of high size
dispersity as emulsifiers: a dispersed phase of N,N-dimethyl-
formamide (DMF) within a continuous phase of octane in a 1/
5 ratio."” As octane is the continuous phase, particle formation
would be conducted in this solvent prior to the addition of
DMF. Particles of two sizes were investigated as emulsifiers at
varying platelet concentrations. The droplet size was observed
to differ significantly from the comparable study, and a
droplet stability dependency on the platelet size was observed
at a certain concentration.

Results and discussion

PCL has been widely studied as a core forming block for
CDSA, with reports demonstrating its ability to form 2D par-
ticles of a controlled size, mostly taking place in water.”* As a
biocompatible and biodegradable aliphatic polyester, PCL has
been of great interest for pharmaceutical and biological
applications.>**> Hence, utilising PCL as the base of these
Pickering particles, compared to GO, increases the potential
applications in the biological field. The biodegradability of the
PCL core may also offer opportunities to control degradation
and hence release from emulsions, thus highlighting the
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potential advantages of using PCL-containing particles as
Pickering stabilizers.

Log P,.: solubility calculations normalised to the surface
area (log P,./SA) demonstrated a significant difference in solu-
bility parameters between PCL (log P,./SA = 0.010) and octane
(log Poct/SA = 0.022), suggesting this would be a suitable core
forming block for self-assembly in octane. As methacrylates
with linear alkyl sidechains are reported as steric stabilising
blocks for a range of n-alkane soluble nanoparticles, this type
of polymer was investigated as a soluble stabilising block.*®"®
From log P, calculations, poly(n-decyl methacrylate) (PnDMA)
possessed a closely matching hydrophobicity to that of octane
(log Poct/SA = 0.023); therefore this was selected as the stabilis-
ing block for this study.

A PCLs5, macro-CTA was targeted using a bifunctional ring-
opening polymerisation (ROP) initiator and a reversible-
addition fragmentation chain transfer (RAFT) agent as pre-
viously reported (Fig. S1 & $21).>° A degree of polymerisation
(DP) of 50 was achieved after 6 h with a narrow dispersity
(Pum = 1.07) (Scheme S1, Fig. S3 & S471). RAFT polymerisation of
nDMA using the PCL5, macro chain transfer agent (CTA) pro-
vided the amphiphilic BCP PCL5y-b-PnDMA;s5 after 18 h as
determined by "H NMR spectroscopy (Scheme S1, Fig. S5 & S61).

Size exclusion chromatography (SEC) analysis indicated
good control over the polymerisation, with a narrow dispersity
of molecular weight (Py; = 1.16) observed (Fig. S71). Good
agreement of the refractive index (RI) and UV (4 = 309 nm)
indicated retention of the trithiocarbonate end group in the
purified product. The semi-crystallinity of the PCL block was
maintained in the di-block as observed through thermal ana-
lysis by differential scanning calorimetry (DSC), providing a
melting temperature (Ty,) of 49.5 °C, a crystallisation tempera-
ture (T.) of —54.6 °C, and a glass transition temperature (T,) of
—64.9 °C (Fig. S8t). The retention of the semi-crystallinity of
the PCL block, along with the hydrophobic nature of the meth-
acrylate block, indicates that this BCP should be suitable to
undergo CDSA in octane. Transmission electron microscopy
(TEM) imaging of a solution of the polymer after self-assembly
provided evidence that cylindrical particles had formed as tar-
geted (Fig. S9AT). As controlled crystallisation into anisotropic
nanoparticles had been demonstrated, we moved to the next
stages of creating 2D particles of a controlled size via a living
CDSA mechanism (Scheme 1A). Sonication of the cylindrical
micelle solution resulted in the formation of seed particles
with an average length (L,.) of 54 + 15 nm (Fig. S9B & Cf).
These seed particles were subsequently used to form platelets
through the addition of a blend of the dissolved PCLsy-b-
PnDMA,55 unimer and the PCLs, homopolymer. The mass
ratio of the unimer to PCLs5, was set at 1 (Mynimer/MpcLso = 1)
for all living growth experiments, whilst the mass ratio of
seeds and the unimer (Mypimer/Mseea) Was varied from 1, 10,
25, 40 to 100. Atomic force microscopy (AFM) analysis provided
images of platelets at each of these Myunimer/Mscea atios, with
the size of the platelet increasing as Munimer/Mseed iNcreased
(Fig. 1A-E & S107). The linear relationship between mynimer/
Mseea and the average platelet area demonstrates the controlled

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (A) Mechanism of living CDSA to achieve 2D particles of a controlled size through the sonication of particles with high size dispersity to
form “seeds” from which epitaxial growth of the unimer and the semi-crystalline homopolymer can take place. (B) Formation of emulsions using 2D
particles by the addition of the dispersed phase to the platelet solution which, upon mixing, only forms stable emulsions when using emulsifiers
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Fig. 1 AFM images of 2D platelets formed by the addition of PCLsq and PCLso-b-PnDMA ;55 to seed particles at mMynimer/Mseeq ratios (A) 1, (B) 10, (C)
25, (D) 40, and (E) 100 (F) Relationship between the mynimer/Mseed ratio and the platelet area, 100 particles counted. Error bars represent standard

deviation.
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nature of the platelet size increase, meaning that the aim of
achieving low dispersity platelets of defined dimensions was
achieved (Fig. 1F). Control over the lateral dimensions was
achieved; however, the width of the platelets remained con-
stant. Therefore, the shape factor of the resulting platelets
changes with increasing epitaxial growth. Alterations of the
platelet width can be made through altering the BCP compo-
sition;>* however, this was not considered for this study. The
thickness of 2D Pickering stabilisers can have an effect on the
emulsion, for example, increasing the density of clay platelets
leads to destabilisation and, therefore, a less stable emul-
sion.?® We therefore only altered the lateral dimensions of the
platelets used in this study.

Given the fact that the control over the 2D particle size had
been achieved, the ability of these particles to act as emulsi-
fiers was investigated. Two platelet sizes were selected for this:
Mynimer/Mseed = 25 (P25, platelet area = 0.15 + 0.01 pm, Fig. 1C)
and 100 (P100, platelet area = 0.53 + 0.06 um, Fig. 1E). These
were chosen as they possessed significantly different areas;
therefore any changes in the resulting emulsions would likely
be as a result of the difference in the platelet area. We selected
DMF, an aprotic polar solvent with a boiling point >100 °C, as
the dispersed phase. As described earlier, the ability to use
emulsions where both phases are stable at temperatures
>100 °C unlocks the possibility to use emulsion technology for
applications that would not be possible when one of the phases
is water. After the addition of DMF (octane/DMF = 5/1 v/v), the
solutions were vortexed for 30 seconds (Scheme 1B). The con-
centration of platelets in octane was varied as the platelet con-
centration has been demonstrated to play a role in droplet stabi-
lity, and it was therefore of great interest to determine the
effect of altering this variable on droplet properties.

After vortexing the solutions containing 1% w/w platelets
(Fig. S11%), both sizes of platelets provided stable emulsions

Fig. 2
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with a consistent droplet size over 4 weeks (Fig. S12-S14, and
Table S17). Interestingly, the droplet size did not appear to be
dependent on the platelet dimensions, possibly as a conse-
quence of the higher particle concentration compared to other
systems.'” Interestingly, the droplet size observed for these
controlled emulsifier systems was significantly smaller than
that using GO sheets using the same solvent system.'” The
droplet size has a direct influence on a range of emulsion
properties including optics,>® rheology,”® pharmaceutical
activity,®® and stability.>* Smaller droplets also benefit from
longer stability times as a consequence of being more resistant
to gravitational forces, leading to greater resilience against
sedimentation or creaming.’* The ability to produce smaller
droplets can benefit these applications, as well as provide
longer term stability in storage so that the properties remain
consistent over time.?”

Subsequently, the concentration of platelets of both sizes
was reduced to 0.2% w/w in octane. As in the case when the
concentration was 1% w/w, droplets with a relatively low size
dispersity were observed, with the droplet diameter <6 um on
average (Fig. 2, Fig. S15 & S16, Table S2t). Analysis of the emul-
sion stabilised by P25 indicated good stability over 1 h.
However, ripening was evident after this as the average droplet
diameter steadily increased over the 3 day aging period
(Fig. 2E, Fig. S15t). Long term instability of these emulsions
was observed after 4 weeks of aging, with phase separation
observed in the microscopy analysis (Fig. 2B). However, when
imaging the emulsion of the same concentration of P100, no
phase separation was observed after the same 4 week aging
period (Fig. 2A & Fig. S161). The droplet diameter remained
relatively stable over this period, indicating that ripening was
not taking place (Fig. 2E, Table S2f). These results demon-
strate that the area of the platelet employed as the Pickering
particle does indeed play an important role in droplet stability.

——P250.2% wiw
L --~ P25 0.1% wiw
35 ——P100 0.2% w/w
50 L--- P100 0.1% w/w|

00 05 1.0 240720

100 200 300 400 500 600 700

Time (h)

(A) Microscopy images of emulsions using P100 as an emulsifier at 0.2% w/w after 4 weeks. (B) Microscopy images of emulsions using P25 as

an emulsifier at 0.2% w/w after 3 days. (C) Microscopy images of emulsions using P100 as an emulsifier at 0.1% w/w after 24 h. (D) Microscopy
images of emulsions using P25 as an emulsifier at 0.1% w/w after 10 minutes. (E) Evolution of emulsion diameters over time until phase separation;
inset: emulsion diameters from 1 min to 3 days for emulsions with stability <4 weeks. All TEM scale bars = 50 um.
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After observing the long-term stability of the larger platelets
at 0.2% w/w, a further concentration reduction to 0.1% w/w
was tested using P100. The droplet size steadily increased over
the first 1 h with some phase separation clearly observed when
imaging after 24 h (Fig. 2C and E, Fig. S177). Significantly
larger areas of free solvent were present after 3 days, as phase
separation continued over the longer aging period. However,
in comparison, P25 only provided droplet stability for
1 minute at 0.1% w/w, as large ill-defined droplets caused by
ripening were observed after 10 minutes and clear phase
separation was observed after 30 minutes (Fig. 2D and E,
Fig. S18f). This again evidenced the increased stability
afforded by the larger platelet dimensions at the same concen-
tration of the emulsifier.

These observations were further investigated by analysing
how the presence of the particles affected the surface tension
(ST) between the two solvents through drop shape analysis of
DMF in the platelet solutions at 0.1 and 0.2% w/w (Fig. 3,
Fig. S191). As anticipated, a droplet of DMF in solutions that
contained P25 reduced the surface tension to a lower extent
than those in solutions that contained P100 (Fig. 3).
Inherently, a lower surface tension reduces the surface free
energy (AG) of an emulsified system, as demonstrated in the
following equation:>®

AG = cAA

where ¢ (N m™?) is the ST and AA (m?) is the total interfacial
area. As P100 lowers ST to a greater extent than P25, a more
stable emulsion of lower energy is therefore -created.
Interestingly, there did not appear to be significant differences
in ST between the two concentrations of platelets with the
same size. P25 reduced surface tension to 1.63 + 0.08 mN m ™"
at 0.1% w/w and 1.64 + 0.37 mN m~ " at 0.2% w/w concen-
tration, down from 6.68 + 0.37 mN m~' without emulsifiers
present. Similarly, both concentrations of P100 provided

N
[4)]
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Surface tension (mN/m)

0.0

T * T T
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Fig. 3 Surface tension of a droplet of DMF in octane and solutions of
platelets in octane at 0.2 and 0.1% w/w.
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similar reductions in ST: 0.81 + 0.11 at 0.1% w/w and 0.84 +
0.11 mN m™" at 0.2% w/w. The similarity in ST for the
different concentrations of platelets with the same size was
attributed to the smaller volume of DMF used in drop shape
analysis. These results further highlight the important influ-
ence of the platelet size on the stability of dispersed droplets.

Additionally, the morphological dependency was further
studied through changing the shape of the emulsifier. Short
cylindrical particles of PCL5o-b-PnDMA, 55 were substituted for
platelet particles as Pickering particles (Fig. S20t). Using the
same emulsification strategy as above, at 0.2% w/w, emulsion
droplets were observed after 1 minute; however phase separ-
ation was prevalent after only 2 minutes. Increasing the cylin-
der concentration up to even 4% w/w did not lead to stable
emulsions over a long time period, as phase separation was
observed after only 5 minutes. This demonstrates that the
higher surface area results in platelets having a greater ability
to sit at the interface and stabilise droplets compared to 1D
particles.

To further expand the applicability of these emulsifiers, we
investigated P100 as a stabiliser for a second polar non-
aqueous solvent, acetonitrile (CH;CN), in octane. Drop shape
analysis of CH3CN in solutions of P100 at 0.1 and 0.2% w/w
demonstrated that the particles reduced ST from 1.35 *
0.02 mN m™" without particles to a similar level at both con-
centrations: 0.73 + 0.38 and 0.53 + 0.06 mN m™ "' respectively
(Fig. S21%). These reductions in ST resulted in emulsion dro-
plets forming in the presence of P100 at 0.1 and 0.2% w/w fol-
lowing the same conditions as when DMF was the dispersed
phase (Fig. S227). These droplets were stable after 24 h, as no
phase separation was observed at this timepoint. This result
demonstrates the utility of these particles of a controlled size
to act as stabilisers for multiple o/o systems, enhancing their
applicability in the field of o/o emulsions.

Conclusions

It was demonstrated that the dimensions of 2D Pickering par-
ticles play a significant role in emulsion droplet stability. The
controlled assembly of 2D platelets with a low size dispersity
using PCL-based BCPs was achieved through matching of the
solubility of an alkyl methacrylate corona block with the
selected solvent by log P,./SA computational calculations. The
epitaxial growth of the unimer and the semi-crystalline PCLs5,
homopolymer to seed particles was observed to provide 2D
platelet particles of controlled dimensions. This is the first
report of PCL-based BCPs assembling into 2D platelets of a
controlled size in non-polar organic solvents, unlocking these
materials to be implemented in many applications with the
potential to be degradable post-use. Droplets of DMF in octane
were stabilised over 4 weeks by platelets of two different sizes
at a relatively high weight percentage; however, the droplet size
was significantly smaller than that of a comparable study
using GO sheets. This demonstrates the importance of the size
of particles in how they act as Pickering stabilisers in non-
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aqueous emulsions. A relationship between the platelet size
and droplet stability was indicated, as the platelets with a
larger size stabilised droplets to a greater extent compared to
their smaller counterparts with the same chemistry. This high-
lights the potential advantages of controlling the dimensions
of 2D particles as stabilisers for o/o emulsions, and this is an
important consideration to make in any future formulations.
We envisage that emulsion stability can be tailored to an appli-
cation through simply altering the dimensions of the stabilis-
ing platelet. This system could therefore be utilised for timed
release of the cargo, or to ensure that a desired reaction time
can be achieved within the dispersed phase. Particles of this
type are expected to find further use in emulsions for biologi-
cal or environmental applications, as a consequence of the bio-
logically compatible, and biodegradable, PCL core.
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