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The judicious compositional and structural design of a
branched co-polymeric surfactant allows for the produc-
tion of highly stable oil in water emulsion droplets with
reversible electrostatic aggregation behaviour.

In memory of Jon Weaver.

Many natural and biological entities or processes acquire their
unique properties through selective non-covalent interactions, as
found in proteins, viruses or extracellular matrices. '~# Being able
to understand and synthetically replicate these molecular inter-
actions has become an increasingly active research endeavour.
One approach is to use highly stable emulsion droplets as model
surface-functionalised materials where molecular-recognition can
lead to inter-droplets assembly to give larger, more robust, aggre-
gated structures.®

In previous work, architecturally and compositionally well de-
fined branched copolymer surfactants (BCSs) were synthesised
and used to produce highly stable oil-in-water emulsions. %7
With careful design of the composition, functionalities present
at this interface can be utilised to allow triggerable interaction
between droplets.® Thus, pH induced reversible emulsion assem-
bly was achieved when preparing emulsions using BCS composed
of poly(ethyleneglycol) methacrylate (PEGMA) and methacrylic
acid (MA) at a stoichiometric ratio of 1:1 between EG to MA
residues.® At a neutral/basic pH, MA residues provides electro-
static stabilisation, this coupled with the steric stabilisation by EG
chains in the PEGMA give rise to discret, well dispersed, emulsion
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droplets. Upon lowering the pH of the aqueous phase, protona-
tion of the MA moiety (pK,~5) induces intradroplet hydrogen-
bonds with the EG repeating unit. If the droplet concentration is
high enough, interdroplet hydrogen-bonds forms, giving the fac-
ulty of a disperse emulsion to assemble, falling under the precept

of "Emulsion engineering". ®~1!

Herein, we demonstrate that by modifying the chemical compo-
sition of these BCSs, interdroplet assembly can be driven by elec-
trostatic forces. A set of two amphiphilic branched co-polymers
were synthesised using a thiol-regulated free radical polymeri-
sation and based on the optimisation studies previously con-
ducted.!? A cationic pH responsive and a permanent negatively
charged BCSs were synthesised using 2-(dimethylamino)ethyl
methacrylate (DMA) and 2-(sulfobenzoic acid)ethyl methacry-
late (SHEMA) as a main repeating unit, respectively (Fig.
1). The later was obtained from the esterification of poly(2-
hydroxyethyl methacrylate) with 2-sulfobenzoic acid cyclic anhy-
dride. Both surfactants were designed on the same principle: i)
1-dodecanethiol (DDT) was used as a chain transfer agent, giving
chain ends that have the ability to strongly adsorb at the oil inter-
face of an emulsion droplet. ii) This physical adsorption was rein-
forced by branching out these polymers using di(ethyleneglycol)
dimethacrylate (DEGDMA). Monomolecular compact structures
were obtained as shown by the molecular weight (M,), Mark-
Houwink-a¢ (MH-a) and Dynamic light scattering (Dj) values
given in Table 1 (Chromatogram and spectra given in the ESI),
allowing the surfactants to anchor the hydrophobic phase from
multiple sites and thereby intensively increasing their efficiency
as compared to their linear homologues. '® The actual composi-
tions of the branched co-polymers synthesised in this work were
in good agreement with the targeted composition (Table 1). This
was confirmed by 'H NMR (Fig. 1).

Under acidic conditions and below its pK,, poly(DMA) is
known to bear a positive charge due to the protonation of its
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Table 1 Characterisation data for branched copolymers and branched copolymer-stabilised emulsions
Feed ratio® Actual ratio” Emulsion
Sample X/DEGDMA/DDT  X/DEGDMA/DDT M, ° (g.mol™!)  PDI° MH-a° D;? (nm)  pK,°! D(4,3)] (um)  pK,~”
pDMA 100/13/15 100/13/13 13654 1.54 0.33 11 6.74+0.1 5.4 6.54+0.1
pHEMA 100/13/15 100/16/16 11540 1.63 0.32 12 - -
pSHEMA 100/13/15 100/16/16 14540 1.62 0.38 18 13.6

a) Polymer targeted composition where X is the functional monomer: 2-(dimethylamino)ethyl methacrylate for pDMA, 2-hydroxyethyl methacrylate for
pHEMA and 2-(sulfobenzoic acid)ethyl methacrylate for pPSHEMA. pSHEMA was obtained by esterification of pHEMA with 2-sulfobenzoic acid cyclic
anhydride.b) Determined by 'H NMR c) Determined by triple detection GPC with THF eluent. PDI represent the polydispersity index, ratio of the mass
average molecular weight M,, and the number average molecular weight M,,.d) Obtained from polymer solubilised in water at pH 2 by dynamic light

scattering. e) Obtained by titration ¢! on free pDMA solubilised in water,
droplets in water at pH 2.
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Fig. 1 'H NMR spectra of pDMA in CDCls, and pSHEMA in MeQOD, and
their corresponding chemical structure. * Represent deuterated
solvents. # Represents ftriethylamine.

tertiary amine, which can be reversibly removed upon increase
of the pH above its pK,. The pH transition range, or buffering
capacity, between the protonated and deprotonated amine can
be evaluated by titration (Titration curve available in ESI) and
considerably increased upon branching using DEGDMA as a co-
monomer, going from pH 4 to pH 8 with a corresponding pK, of
7.4 for linear poly(DMA)* to pH 4 to 10.5 with a correspond-
ing pK, of 6.7 when branched. The increase in buffering capacity
and the decrease of the pK, is a direct consequence of the steric
constraints imparted on the branched polymers compared to lin-
ear polymer. 12 Thus, pDMA was soluble from pH 2 to pH 10,
the working pH used in the emulsion characterisation, where lin-
ear poly(2-(dimethylamino)ethyl methacrylate) were reported to
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€2 on the emulsion droplet. f) Determined by laser diffraction of the emulsion

precipitate above pH 8. In addition, the surface charge of pDMA
merely varied from pH 2 to 10, {ppya =22 mV, corroborating the
titration data.

2-Hydroxyethyl methacrylate (HEMA) was polymerised and
subsequently functionalised by esterification of its alcohol residue
with 2-sulfobenzoic acid cyclic anhydride (SBA) with a yield of
85%.15 Through the conversion of hydroxyls to sulfonates, the
{-potential of the BCS fell from -4 mV to -30 mV, independently
of the pH (pH € [2;10], Figure in the ESI). Thus, this means
that over this range of pH, pSHEMA bears a permanent negative
charge. Interestingly, The functionalised poly(HEMA) (pSHEMA)
saw an increase in its MH-a from 0.32 to 0.38 indicating that
upon esterification, pSHEMA dilated its structure inducing a bet-
ter affinity for aqueous solvent. This increase could also be ex-
plained by a structural rearrangement of the BCS to accommo-
date the steric effect induced by introduction of the aromatic ring
of SBA.

The efficiency of the amphiphilic branched co-polymers was
accessed by measuring the interfacial surface tension (IST) of
the water-BCS-dodecane system using a drop-volume tensiome-
ter (Table and Figure in ESI). The tension between the two non-
miscible liquid decreased drastically when any of a BCS was
present in the aqueous phase over a wide range of pH. For exam-
ple, the IST went from 40.2 mN.m ! when the aqueous solution
was surfactant-free, to 8.2 mN.m ! when pDMA or pSHEMA was
present in solution at pH 2. These values were remarkably lower
than commercially available surfactants using similar experimen-
tal conditions (ISTsps=33.2 mN.m ! ; ISTp,;53=18.5 mN.m" !
; ISTerap=34.6 mN.m~!).16 This is highlighting that stronger
droplet adhesion was afforded by the multiple hydrophobic chain
ends of BCSs as compared to the single hydrophobic anchorage
of the standard surfactants.

Two emulsions were prepared in separate vials, one stabilised
by pSHEMA and the other by pDMA. In both cases, 2 w/v% of BCS
was dissolved in distilled water (pH adjusted to 2 by the addition
of 0.1 M HCI). An equal volume of n-dodecane was added and the
solution homogenised for 2 min at 35000 r.p.m. The emulsions
were left overnight to equilibrate before any further analysis was
performed. The emulsion droplets creamed due to the lower oil
density (ESI, Figure S6). Both emulsions appeared to be highly
stable with no demulsification was observed over 2 months with
a similar oil volume fraction, ®,; ~0.75. The volume average di-
ameter of the droplets (D(4,3)) was characterised by laser diffrac-
tion (Fig. 2). Although, the two BCSs were lowering the interfa-
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Fig. 2 a) Schematic representation of the different polymer architecture of the BCSs with DDT (green), DEGDMA (pink)} their corresponding functional
groups R (dark orange}, where R can be SHEMA, DMA or protonated DMA™; b) schematic representation of dispersed stable oil in water emulsion
droplets stabilised by pDMA (black) and pSHEMA (orange) under alkaline condition and their assembly upon increase of the pH when pDMA is
protonated (blue), the zoom in schematic (right) represent the nature of the electrostatic interaction between pSHEMA and pDMA at low pH; ¢}
Change in volume average diameters, D(4,3), of the emulsion droplet dispersions fabricated from pDMA and pSHEMA as well as their 1:1 v/v% mix as
a function of pH measured by laser diffraction; d) Confocal micrographs of the 1:1 v/v% pDMA and pSHEMA emulsion droplets mix loaded with
hydrophobic dyes, which were dissolved in n-dodecane prior to emulsion, at pH 10 (left} and pH 2 (right). Green emulsion droplets were prepared with
pDMA loaded with DiO whereas red emulsion droplets were prepared with pPSHEMA loaded with nile red; e) Digital images of engineered emulsion at
pH 10 (left) where pDMA is not protonated and pH 2 (right) where the electrostatic forces induced the aggregation of the emulsion droplets;

cial surface tension to the same extent, emulsion droplets formed
with pDMA were found to be smallet, D(4,3) ,py4=5.4 gm, than
the droplets by pSHEMA, D(4,3) psgEma =13.6 pm, which how-
ever stood constant overtime in mode and span. The larger size
of pSHEMA stabilised droplets might be due to the steric effect
caused by SBA residues or the electrostatic repulsion between ad-
jacent BCSs. However, the exact nature of this difference in size
remains unclear. Both systems were found to be highly stable
upon increase of the pH from 2 to 10 as shown in Figure 2-c. In-
terestingly, the surface charge of the droplets were similar to the
values obtained for the free polymers in solution. This is a good
indication that the SBA and dimethylamino residues were pref-
erentially located in the aqueous phase providing specific surface
functionality to these micro-scale objects. However, the pK, of
the droplets stabilised with pDMA was found to be lower than
when pDMA was free in solution (Table 1). This may suggest
that the amine residues were dynamically moving back and forth
from the aqueous phase to the oil phase without compromising
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the stability of the emulsion droplets.

The two emulsions were mixed at an equal volume ratio and
at pH 10 where pDMA is not fully protonated. It was expected
that upon decrease of the pH, i.e. full protonation of the amine
residues of pDMA, the disperse emulsion droplets aggregate due
to the electrostatic interaction of the positively charged pDMA
and the permanently negatively charged pSHEMA as shown in
the schematic presented in Figure 2-a. The aggregation phenom-
ena of emulsion droplets (Fig. 2-b) was study by laser diffraction
(Fig. 2-c) and confocal (fig.2-d) imaging where two hydropho-
bic fluorescent dyes were dissolved in the n-dodecane oil (0.03
w/v%), prior to homogenisation. As the pH decreased, visible ag-
gregation (D(4,3),x >D(4,3) ,saEma) Was observed from pH 5.8,
corresponding to a protonation ratio of the amine group of 83%
(Fig. 2-b). However, complete disassembly was reached at pH
7.6, where 26% of the amine group are still protonated. This hys-
teresis behaviour was assumed to be i) a direct effect of the nature
of the electrostatic forces that caused the emulsion droplets to ag-
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gregate. These forces, attracting two droplets of opposite charge,
are inversely proportional to their distance, meaning that a sub-
stantial ionic strength is required to break these dynamic bonds as
the droplets are in contact when assembled. 17 ii) As the aggrega-
tion took place, the diffusion of hydroxide, to break the assembly,
and cations, to stabilised SBA residues, were rather limited. 8
Despite the uncertainty on the mechanism, the average diameter
of the mix came back to its original value. Therefore, no coales-
cence of the droplets occurred at low pH when aggregated, which
also means that the BCSs provided enough stability to the droplet
to withstand the electrostatic forces present at their surfaces and
preserve their integrity. This was confirmed by light microscopy
(Figure in the ESI). At last, as seen in Figure 2-e, the emulsion
assembly could be easily shaped upon aggregation and retained
its shape when unmolded.

In conclusion, we are reporting for the first time the use of elec-
trostatic forces to induce the reversible formation of engineered
emulsion. Two set of BCSs were synthesised and characterised,
with one bearing a permanent negative charge and the other a
pH dependent positive charge, based on the protonation of the
amine residue of DMA. The aggregation of the disperse emulsion
droplets was shown to be reversibly switchable upon increase or
decrease of the pH around the pK, of poly(DMA). Due to their
compact monomolecular nature and the multiple hydrophobic an-
choring sites, the BCSs were highly effective at keeping the in-
tegrity of their corresponding emulsion droplets (no coalescence
or demulsification) upon aggregation and disaggregation. This
novel type of interaction in engineering emulsion has the great
potential to be used as a model to study natural occurring pro-
cesses involving dynamic electrostatic forces.
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This work is dedicated to the memory of our mentor and col-
league, Dr. Jonathan V. M. Weaver. The authors would like to
thanks the Royal Society University (UF090640) and the Islamic
Development Bank for Merit scholarship for science and technol-
ogy for funding.
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