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We show that the interaction potential between sterically stabilised, nearly hard-sphere (PMMA-
PLMA) colloids at a water-oil interface has a negligible unscreened-dipole contribution, suggesting
that models previously developed for charged particles at liquid interfaces are not necessarily ap-
plicable to sterically stabilised particles. Interparticle potentials, U(r), are extracted from radial
distribution functions (g(r), measured by fluorescence microscopy) via Ornstein-Zernike (OZ) in-
version and via a reverse Monte Carlo scheme. The results are then validated by particle tracking
in a blinking optical trap. Using a Bayesian model comparison, we find that our PMMA-PLMA
data is better described by screened monopole only rather than a functional form having a screened
monopole plus an unscreened dipole term. We postulate that the long range repulsion we observe
arises mainly through interactions between neutral holes on a charged interface i.e. the charge of
the liquid interface cannot, in general, be ignored. In agreement with this interpretation, we find
that the interaction can be tuned by varying salt concentration in the aqueous phase. Inspired by
recent theoretical work on point charges at dielectric interfaces, which we explain is relevant here,
we show that a screened 1

r
2 term can also be used to fit our data. Finally, we present measure-

ments for PMMA-PHSA particles at a water-oil interface. These suggest that, for PMMA-PHSA
particles, there is an additional contribution to the interaction potential. This is in line with our
optical-tweezer measurements for PMMA-PHSA colloids in bulk oil, which indicate that they are
slightly charged.

I. INTRODUCTION

The interaction between particles adsorbed to a liq-
uid interface, and therefore their microstructure, affects
the rheological properties of that interface [1]. These
properties play a role in the formation and stability
of systems with large interfacial area, such as particle-
stabilised emulsions and foams [1–3], which have well-
known and widely used applications in the personal care,
mineral, and food sectors [4–7]. Understanding the inter-
particle interaction is therefore important to understand
the properties of Pickering systems.
Previous work has considered the microstructure and

interactions of charge stabilised particles at liquid-air
or liquid-liquid interfaces. Pieranski [8] showed that,
for polystyrene particles at a water-air interface, the
interaction can be described by a long range dipole-
dipole interaction. Further work showed that a combi-
nation of a screened Coulomb potential and a long range
dipole-dipole interaction gave a more complete descrip-
tion [9, 10],

U(r) =
A

r
e−κr +

B

r3
, (1)

where A and B are prefactors related respectively to the
charge and the effective dipole moment of the particles,

∗ j.h.j.thijssen@ed.ac.uk

κ is the screening length in water, and r is the sepa-
ration between two particles. More recently, studies on
polystyrene particles at oil-water interfaces [11, 12] con-
cluded that the colloidal repulsion observed there might
be due to either residual charges on the oil side [11] or
charges on the water side [12] of the particle.

In contrast, there has been less work investigating
the nature of the interaction between sterically sta-
bilised interfacial particles, which can behave as nearly
hard spheres [13]. Like charge stabilised particles, ster-
ically stabilised colloids can be used to stabilise large
interfaces. A common particle choice is poly(methyl
methacrylate)(PMMA) with polymer hairs grafted to
the surface to prevent aggregation due to Van der
Waals forces [13, 14]. PMMA stabilised with poly(12-
hydroxystearic acid) (PHSA) is often used in dodecane
as a model hard sphere system [15, 16], although it has
recently been noted that when these particles attach to
a dodecane-water interface the particles appear to show
a long range repulsion [17] – the origin of this repulsion
is unclear as these particles have been shown to behave
as hard spheres in dodecane [15, 16] and are not sta-
ble in water. Additionally, it was found that PMMA-
PHSA particles display a dipole-dipole repulsion on in-
terfaces between water and a cyclohexyl bromide (CHB)-
alkane mixture which is prone to light-induced dissocia-
tion [18, 19]. It was suggested that this arises because
PMMA-PHSA particles suspended in the CHB compo-
nent acquire an effective charge – this is consistent with
them forming colloidal crystals with large lattice spacings
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in this solvent [20].
In the present work, we first investigate the long range

interaction of PMMA particles sterically stabilised with
poly(lauryl methacrylate) (PLMA), as these behave as
hard spheres in oil and are unlikely to acquire charge in
water. We find that models previously developed for par-
ticles at liquid interfaces are not applicable; specifically
we show that our data is better described by a screened
monopole only rather than equation (1), and propose a
new model for the long range interaction observed. We
use two methods to find the pair potential, U(r), for in-
terfacial PMMA particles. First, we measure radial dis-
tribution functions g(r) from fluorescence micrographs,
which we convert to pair potentials using an Ornstein-
Zernicke inversion; we also fit g(r) by a reverse Monte
Carlo method. Second, we employ a blinking optical
trap to measure U(r) between interfacial particle pairs.
Our data suggest a negligible dipole-dipole contribution
and are better fitted with a screened Coulomb potential
only. We also find that this interaction can be tuned
by introducing salt in the water phase, which lessens the
repulsive interaction between the particles. The negligi-
ble dipole component we measure suggests that previous
models developed for charge stabilised particles at liquid
interfaces [11, 12] are inapplicable to our system. We in-
stead attribute the long range interaction to the repulsion
between neutral holes on a homogeneously charged inter-
face. We also present measurements for PMMA-PHSA
particles at a water-oil interface, as these particles are
widely used in the literature as near hard spheres. We
find that PMMA-PHSA colloids in bulk dodecane are
slightly charged and that this leads to an additional term
in the interaction potential when attached to an interface,
especially at large separations. Finally, we compare our
experimental data for PMMA-PLMA to recent theoreti-
cal results for the interaction between point charges at a
dielectric interface, which we argue are relevant here.

II. EXPERIMENTAL METHODS

For the experiments reported here, we used two types
of colloidal particles, PMMA stabilised with PLMA
(poly(lauryl methacrylate)) with diameter 2.4 µm and
polydispersity of 2.5% (determined by Static Light Scat-
tering, SLS) (synthesised following [21]), and PMMA sta-
bilised with PHSA with diameter 2.2 µm and polydis-
persity 2.4% (SLS) (synthesised following [15]). These
are referred to as PMMA-PLMA and PMMA-PHSA
particles respectively. For the measurement of g(r) at
low surface fraction (Fig. 2(c)), PMMA-PLMA with di-
ameter 3.0 µm and polydispersity 5% was used. The
PLMA has a radius of gyration of 2.5 nm in good sol-
vent (n-dodecane; Acros organics, 99%) from Dynamic
Light Scattering (DLS), while the PHSA has a radius
of gyration of 2.6 nm from DLS and an end-to-end dis-
tance of 19 nm when grafted to the colloid surface [22].
PMMA-PLMA has a contact angle of 123° at the wa-
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FIG. 1. (Colour online)(a) Schematic of a colloidal parti-
cle at a liquid-liquid interface. (b) Experimental micrograph
(PMMA-PLMA) showing the structure of these colloidal par-
ticles when adsorbed to an interface (zoomed in and inverted
from original image for clarity). Gravity points into the page.
Scale bar is 100 µm. (c) The radial distribution function, g(r),
of interfacial PMMA-PLMA particles (radius R = 1.5 µm)
extracted from a series of these micrographs at two different
particle surface coverages, φ, 0.32% and 2.53%. The lower
surface fraction is shifted vertically by 0.5 for clarity. Errors
in g(r) are of the same order as the symbol size.

ter/oil interface (determined by a Light Extinction tech-
nique, LE [23]) and PMMA-PHSA has a contact angle of
121° at the water/oil interface (LE).
All particles were kept as dispersions in n-dodecane

which had been filtered 3 times through an alumina col-
umn to remove polar impurities. Distilled and deionized
water (Milli-Q, resistivity 18 MΩcm) was used as the
subphase in all interfacial experiments. We used sodium
chloride solutions to perform measurements with a salt
solution subphase at 0.01 M, 0.1 M and 1.0 M.

All interfaces were prepared using the same method. A
small polytetrafluoroethylene well was filled with water
to a sharp aluminium ledge in order to pin the interface.
Above the water layer, 3 ml of low volume fraction dis-
persion (. 0.005%) of PMMA in dodecane was gently
spread over the water layer and the flat part of the pin-
ning ledge, Fig. 1(a). This setup was left for 1-2 hours
to allow the particles to settle at the interface.
A fluorescence microscope (Nikon Eclipse E800, 10×

0.3 NA objective) was used to take at least 600 snapshots
of the interface at an interval of 1 s – an example snapshot
is shown in Fig. 1(b). The radial distribution function,
g(r), was found from these images using Python code
written in-house. Enough snapshots were taken such that
the noise in g(r) (quantified by the standard deviation)
was ≤ 0.03 at large separations r (where g(r) itself is
∼ 1).

We also measure the interparticle potential using a
direct method, both in bulk dodecane and at the oil-
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water interface. A dilute layer (surface coverage ≪ 1%)
of particles was adsorbed onto the oil-water interface,
and two particles were trapped using a blinking optical
trap (BOT) with a power of 0.46W and a wavelength
of 1064nm (Diode pumped Nd:YAG Laser, IPG photon-
ics). The particles were brought to a separation where
the potential is expected to be small. The optical trap
then blinked on and off at a frequency of 20Hz. Dur-
ing the time that the lasers were off, the particles’ mo-
tions were tracked and the diffusion coefficient and speeds
were measured from mean squared displacement (MSD)
vs time and displacement vs time plots. The force was
then calculated using the Stokes-Einstein relation

F =
kBTv

D
, (2)

where v is the speed, D is the diffusion coefficient and
kBT is the thermal energy. This was repeated at closer
and closer separations. Interparticle potentials were then
calculated via a numerical integration using the cumula-
tive trapezoidal method.
Zeta potential measurements were performed using a

Malvern Nano-Z Zetasizer on a mixture of dodecane and
water in a ratio of 1:9. The mixture was emulsified by
a vortex mixer for 1 minute with no stabiliser present
before measuring the zeta potential using a dip cell.
The research data presented in this publication are

available on the Edinburgh DataShare repository [24].

III. RESULTS AND DISCUSSION

From the radial distribution function shown in Fig.
1(c) we can see long range order in this system, with
measurable correlations persisting up to ∼ 20 particle
diameters. The source of this repulsion is unclear, with
PMMA-PLMA acting as a hard sphere in dodecane (see
below) and unlikely to acquire charge in water (given it
has no dissociable groups).
We start our quantitative analysis by considering the

measurements for interfacial PMMA-PLMA particles.
g(r) for PMMA-PLMA particles at the water-oil interface
at low surface fraction (0.32%), shown in Fig. 1(c), were
converted to pair potentials, U(r), using an Ornstein-
Zernicke (OZ) inversion with the Percus-Yevick (PY) ap-
proximation [25, 26]. We fit the pair potential to equa-
tion (1) as well as to a single screened Coulomb potential
(i.e. only the first term in equation (1)); the results are
summarised in Table I. We see that the dipole contri-
bution is negligible, which we can quantify by observing

the dimensionless quantity Bκ2

A
≪ 1. The almost iden-

tical values of reduced χ2 indicate that both models fit
the data comparably, with the extra fit parameter due to
the second term in equation (1), leading to a slightly less
favourable fit.
We also wish to find interparticle potentials at higher

density, where the OZ inversion becomes less reliable [26].
With this in mind, the g(r) were also inverted to U(r)

via a reverse Monte Carlo scheme in order to obtain fit
parameters at a higher surface fraction (2.49%), as OZ
inversion only works reliably at low surface fraction [26].
Analysing experimental data obtained at higher parti-
cle surface fractions is beneficial as it probes smaller in-
terparticle separations. A parameterised pair potential
was used to run a Monte Carlo simulation and g(r) was
extracted from the results. The parameters were then
varied to find an optimum fit, corresponding to a mini-
mum in a normalised χ2

g parameter. Given the results of
our OZ inversion (Table I), we use a screened monopo-
lar potential as our parameterisation. The parameterised
potential and form of χ2

g are

U(r) =
A

r
e−κr,

χ2
g =

1

N

N∑

i=1

(g
(i)
expt(r)− g

(i)
sim(r))

2

∆2
i

,

(3)

where ∆i is the measured error on point i, and there are
N such points. Using this reverse Monte Carlo scheme,
the pair potential for PMMA-PLMA has been obtained.
Fig. 2 shows the results of this method. A set of param-
eters providing good fits are A ≃ 1964 kBTµm, κ ≃ 0.38
µm−1 (Fig. 2(b-c)).
A few remarks are in order at this point. First, there

are multiple values of (A, κ) which provide similar val-
ues of χ2

g (Fig. 2(b)) – the order of magnitude is the

same though. For instance, the minimum in χ2
g occurs

at (1964 kBTµm, 0.38 µm−1) with χ2
g = 0.1102, whereas

χ2
g = 0.1110 at (931 kBTµm, 0.29 µm−1), close to the

values obtained from OZ inversion. This is expected as
phase behaviour should largely depend on the second
virial coefficient (rather than on A and κ separately).
Second, the relatively large value of the Debye screening
length, κ−1 ∼ 3 µm, implies that the interaction propa-
gates, at least in part, through the oil phase as water has
a maximum Debye length of ∼ 1 µm at very low ionic
strengths [27] [28].
The interparticle potentials for PMMA-PLMA mea-

sured using the BOT are shown in Fig 3. The energy
curves were fit to a screened Coulomb interaction [29]
given in equation (3). The prefactor is

A =
Q2

eff

4πǫǫ0
, (4)

Model A/kBTµm κ/µm−1 B/kBTµm3 Reduced χ2

D 1036 0.27 1.36×10−16 0.0054
M 1036 0.27 - 0.0053

TABLE I. Summary of the results of fitting U(r) from an OZ
inversion, using the PY closure relation, to experimental data.
D refers to a screened monopole plus a dipole (equation (1)),
while M refers to just a screened monopole, i.e. just the first
term of equation (1). The reduced χ2 statistic assumes the
same error on each data point and includes division by the
number of degrees of freedom.
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FIG. 2. (Colour online)(a) Simulated snapshot of particles
at an interface, scale bar is 100 µm. (b) Contour plot of χ2

as a function of κ−1 and A for PMMA-PLMA. Optimal fits
are minima in this plot. (c) Comparison of experimental (red
line, ©) and simulated (blue line, △) g(r) for PMMA-PLMA
particles at φ = 2.53%; the experimental and simulated line
overlap visually. (d) Plot of g(r) for PMMA-PLMA at an
oil-water interface at various salt concentrations. r is scaled
by r̄, the average interparticle separation based on surface
coverage. Surface fractions are: 0.00 M - 3.40%, 0.01 M -
3.23%, 0.10 M - 4.04%, and 1.00 M - 2.92%.
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FIG. 3. (Colour online) Energy profiles for PMMA-PLMA
when in bulk dodecane (a) and adsorbed to a dodecane-water
interface (b) measured with a blinking optical trap. r is core-
to-core separation and R is the particle radius; different sym-
bols/colours correspond to different particle pairs.

where ǫ is taken to be the average permittivity of the two
phases and κ is the inverse screening length. We see from
Fig. 3(a) that, as expected, our PMMA-PLMA particles
only have a relatively small force in dodecane, approach-
ing hard-sphere-like behaviour. Moreover, the chemical
structure of the PLMA stabiliser does not appear to fea-
ture any dissociable groups, so there is no obvious mech-
anism for these particles to acquire charge in water. This
suggests that the long-range interaction between interfa-
cial PMMA-PLMA particles observed here is indeed due
to the liquid interface.

For the interfacial case (Fig. 3(b)), the optimal fit pa-
rameters were found to be A = 3400± 900 kBTµm and
κ = 0.310± 0.008 µm−1. From this, we can calculate the

effective charge, Qeff , and find the surface charge density
of the oil-water interface, σ = Qeff

πR2 sin2(θ)
. Doing this we

find σ = 7.8 ± 0.9 nC·cm−2. Using the prefactor value
obtained from inverting g(r) we obtain σ = 5.9 ± 0.6
nC·cm−2, which is in fair agreement. Differences between
BOT and g(r) inversion results can be attributed to the
heterogeneity of the interparticle interaction between dif-
ferent particle pairs, where g(r) inversion involves the
entire ensemble, whereas the BOT experiment relies on
specific pairs of particles. Park et al. note that particle
pair interactions at the lower end of the distribution have
a disproportionate effect on the structure of the ensem-
ble, leading to g(r) measurement techniques consistently
finding apparently weaker interaction strengths [30].

To determine whether the interfacial BOT energy
curves are better described by a functional form hav-
ing a screened Coulomb plus dipole term, equation (1),
or a screened monopole term only, equation (3), we per-
formed a Bayesian model comparison [31]. This anal-
ysis shows that the posterior probability ratio for each
curve is ∼40, in favour of the model with a screened
monopole term only (with an effective screening length,
see SI). The same Bayesian method was used to com-
pare a screened monopole term to other possible models,
for example screened dipole or screened monopole plus
screened dipole, which gave similar values of the posterior
probability ratio i.e. of order 40. These analyses show
that a single screened Coulomb potential with an effec-
tive screening length provides a decent fit to our data,
and the best fit of the models tested here, in line with
our numerical solution to the interaction between point
charges at a dielectric interface (see SI).

Based on the hard sphere behaviour of PMMA-PLMA
particles and the consideration that PLMA has no mech-
anism to acquire charge in water, previous theories for
charged particles at liquid interfaces [11, 12] are not di-
rectly applicable. For these reasons, we propose an al-
ternative model based on the idea of neutral holes in a
charged plane. It is known that water/alkane interfaces
can become charged [32–35], and further, our measure-
ments of the zeta potential of dodecane droplets in wa-
ter give -65±13 mV, which is in line with measurements
made by Marinova et al. [32] and Creux et al. [34]. Invok-
ing superposition at the level of the Poisson equation, we
can consider that an array of neutral holes on a charged
sheet will behave as an array of charged holes on a neu-
tral sheet as far as in-plane interactions are concerned
(we neglect the homogeneous electric field perpendicular
to the interface as it does not contribute to the pair inter-
action). The holes will have an effective charge given by
Qeff = aσ, where a is the cross-sectional area of the par-
ticle at the interface and σ is the surface charge density
of the bare liquid interface.

The interaction between the effectively charged holes
can be found by solving an interfacial Poisson-Boltzmann
equation. The solution is obtained by using the methods
in [9, 10], and may be approximated at relatively short
distances by a screened Coulomb potential. Moreover,
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a single screened Coulomb potential with a modified ef-
fective screening length provides a decent fit to the data
over a large range of separations r (see SI).

If the repulsion we observe is caused by neutral holes
existing in a charged plane, it is fundamentally an elec-
trostatic one. We therefore tested the effect on the in-
teraction of adding salt to the water phase. Comparing
g(r) measurements at comparable surface coverage shows
a decrease in order upon increased aqueous salt concen-
tration, quantified by a lowering of the first peak height
as salt concentration is increased, Fig. 2(d) (see SI). This
decrease in order can be explained in one of two ways,
a decrease in the effective charge or a decrease in the
screening length.

A change in effective charge could be achieved by a
changing contact angle as the area blocked by the parti-
cle is given by A = πR2 sin2(θ). A light extinction tech-
nique to measure contact angle [23] was used to check
this and it was found that, for PMMA-PLMA, there is
no apparent dependence of contact angle on salt concen-
tration. As there is no evidence for the salt dissolving in
the oil phase, and so we expect no change in screening
in the oil phase, the salt must directly lower the inter-
facial charge itself. This conclusion is in line with mea-
surements of a lower absolute value of zeta potential of
the bare water-dodecane interface upon salt addition by
Marinova et al. [32] and Creux et al. [34]. Note that, for
the case of charge-stabilised particles, a relatively weak
dependence of interfacial particle interactions on aqueous
salt concentration can be explained by nonlinear charge
renormalisation at the particle-water surface [36]. How-
ever, this model also predicts a 1

r3
dependence of the in-

teraction potential, which does not align with our data.

We have also performed both the g(r) and the BOT
experiments on water-dodecane interfaces laden with
PMMA-PHSA particles, as these have been widely used
in the literature as near hard spheres. In Fig. 4(a), we ob-
serve that the parameterised potential (equation (3)) pro-
vides a decent fit, with fit parameters A ≃ 4136 kBTµm,
κ ≃ 0.35 µm−1. It is worth noting that this value for A
is within error of that obtained for PMMA-PLMA par-
ticles whereas the g(r) of PMMA-PLMA and PMMA-
PHSA are markedly different. We see that a moderate
change to the interaction potential results in a consider-
able change (at least qualitatively) to the g(r). However,
it is clear that this fit is not as good as that seen for
PMMA-PLMA in Fig. 2(c). This suggests that there
might be additional contributions to the interaction be-
tween interfacial PMMA-PHSA particles i.e. beyond the
interaction between neutral holes in a charged plane.

The BOT data in Fig. 4(b) reveals that the PMMA-
PHSA particles do not behave as hard spheres in bulk
dodecane (also see [37]). The long range force that we
measure can be fit with a screened monopole (equa-
tion (3)) leading to optimal fit parameters of A =
1400 ± 70 kBTµm and a decay length, κ−1, of 10.9 ±

1.1 µm. Using the bulk equivalent of equation (4) we
find that the particles have a surface charge density of
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FIG. 4. (Colour online)(a) Comparison of experimental (red
line, ©) and simulated (blue line, △) g(r) for PMMA-PHSA
particles at φ = 2.19%; the experimental and simulated line
overlap visually. (b) and (c) Energy profiles for PMMA-PHSA
when in bulk dodecane (b) and adsorbed to a dodecane-water
interface (c) measured using a blinking optical trap. r is core-
to-core separation and R is the particle radius; different sym-
bols/colours correspond to different particle pairs..

2.3× 10−4 µC cm−2. It is worth noting that this surface
charge density is 4 orders of magnitude lower than the
particles used by either Aveyard et al. [11] or Masschaele
et al. [12]. However, when fitting the BOT data at the
interface (Fig. 4(c)), the Bayesian model comparison in-
dicates that these data are ∼10 times more likely to be
described by a screened monopole than a combination of
a screened monopole and dipole.
These considerations imply that for PMMA-PHSA the

potential is more complicated as the missing area repul-
sion is complemented by an additional repulsion between
surface charges, which are in general off the liquid in-
terface. This explanation is in line with the g(r) data
in Fig. 4(a), where the simulated g(r) and experimental
g(r) begin to diverge from each other at larger r.
We also tested the effect on the interaction of PMMA-

PHSA of adding salt to the water phase. Fig. 5 shows
the results for PMMA-PHSA of salt addition resulting in
0.1 M and 1 M solutions as well as with no salt added in
Fig. 5(c). We observe aggregation [38] into colloidal clus-
ters of self-limiting size (microphase separation). This
can be explained as follows. Initially, the salt reduces
the electrostatic repulsion, allowing capillary and Van der
Waals interactions to facilitate aggregation (see below for
a more quantitative discussion of these). As the aggre-
gates grow, the area of interface blocked by that aggre-
gate increases and therefore so does the effective charge of
that neutral hole. We therefore observe aggregates even-
tually behaving as larger, interfacially adsorbed particles
which have their own long range repulsion and order.
Such aggregates of self limiting size have been observed
previously for charge stabilised colloidal systems [39].
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FIG. 5. (Colour online)(a,b) Snapshots of a collection of
PMMA-PHSA colloids at a dodecane-salt solution interface,
at 0.1M (a) and 1.0M (b) NaCl, showing aggregation upon
addition of salt. Surface coverages were 2.45% (for the 0.1M
case) and 3.6% (for the 1M case). (These surface fractions
lead to similar number fractions of aggregates plus individual
particles.) The scale bars are both 100 µm. (c) Measured g(r)
for PMMA-PHSA partices at a water-oil interface where NaCl
has been added to the water phase at different concentrations.

So far, we have not estimated possible sources of at-
traction between the particles. As in the bulk, we ex-
pect Van der Waals forces should be counteracted by
the steric stabiliser, especially given that the majority
of the particle sits in the oil phase (θ ≃ 120°). Capil-
lary forces, however, may be present. The Bond num-
ber gives the ratio of gravitational to surface tension ef-
fects, Bo = R2∆ρg/(γ(1 − cos θ)) where ∆ρ is the den-
sity difference between the particle and the lower phase,
g is acceleration due to gravity, γ is the interfacial ten-
sion and θ is the contact angle [40]. For our particles
Bo ∼ 10−8 ≪ 1, indicating that gravitational effects are
negligible and therefore there should be no flotation cap-
illary forces [41]. Surface roughness, however, due to the
polydispersity in stabiliser length, could induce capillary
attractions, which may cause attraction when the elec-
trostatic repulsion is suppressed by the addition of salt
to the water phase [42].

The analysis of our experimental data so far has been
based on equation (1), suggesting that the interaction be-
tween sterically stabilised particles at a water-oil inter-
face can be described by the interaction of neutral holes
in a charged liquid interface only, particularly in the case
of PMMA-PLMA. We have also argued that, as far as
in-plane interactions are concerned, this is equivalent (at
the level of the Poisson equation) to the interaction of
disks of charge Qeff on a neutral interface. Replacing the
charged disks with point charges Qeff at the centres of
the disks, this should be equivalent to the interaction be-
tween point charges at a dielectric interface, which has
recently been solved analytically [43]. The theoretical

result can be described as a single screened Coulomb po-

tential (with κwater = 10κoil) crossing over to e−κoilr

r2
. As

the crossover distance for our experiments is estimated
to be 10 µm [43] we re-analyze our PMMA-PLMA data
by fitting the following functional form:

U(r) = A
e−κoilr

r2
(5)

to our g(r) data for PMMA-PLMA, where most of the
data is in the region r > 10 µm.
Numerically, a screened monopole provides a

(marginally) better fit than equation (5), but the
latter provides fitting parameters that are physically
more consistent. For example, screened-monopole fits re-
sult in values for A and κ that change non-monotonically
with increasing salt concentration in the aqueous phase.
On the contrary, fits using equation (5) result in
6.0 < κoil < 6.5 µm and a monotonically decreasing
value for A upon increasing salt concentration from 0
to 1.0 M. Notably, κoil = 6.5 µm is closer to the decay
length of 10.9 µm that we obtained in bulk dodecane
than the ∼ 3 µm from the screened-monopole fit in the
no-salt case, and the decrease in A corresponds with
a similar trend observed in our measurements upon
salt addition (Fig. 2(d)). At high salt concentration,
i.e. 0.1 M and 1.0 M, fits using equation (5) are less
good (see SI), which is in line with the emergence of a
screened-dipole regime in the theory [43].
In addition, fits to the BOT data for PMMA-PLMA

using equation (5) result in similar fit parameters to the
fits to our g(r) data for PMMA-PLMA. Our Bayesian
analysis indicates that, when fitting every data point,
equation (3) provides a better fit, whereas if we fit for r >
7 µm only, equation (5) provides a better fit. Therefore
we can say that our data for PMMA-PLMA can be better
described by either a screened monopole or by the form
given in equation (5) rather than a dipolar fit.

IV. CONCLUSION

In conclusion, we have experimentally shown that ster-
ically stabilised, nearly hard-sphere PMMA-PLMA par-
ticles exhibit a long range repulsion when attached to an
oil-water interface. We have also demonstrated that this
interaction can be altered by changing the salt concen-
tration in the aqueous phase. Quantitatively, the long-
range repulsion observed has a negligible unscreened-
dipole contribution; instead our data is better described
by a screened Coulomb potential with an effective screen-
ing length. We attribute this long-range interaction to
the particles acting as neutral holes in the charged plane
of the water-oil interface. Hence, we have also fitted our
data to recent theoretical results for the interaction be-
tween point charges at a dielectric interface. This fit is
marginally worse than the screened-monopole case, but
it provides fitting parameters that are physically more
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consistent, especially when considering the addition of
salt to the aqueous phase.
We have also presented measurements for PMMA-

PHSA particles at a water-oil interface. At relatively
small interparticle separations r, the data is consistent
with the interaction between neutral holes in a charged
plane. At larger r, the data suggests that an addi-
tional contribution to the interaction potential is re-
quired, which is in line with our optical-tweezer measure-
ments that indicate that our PMMA-PHSA particles are
slightly charged in bulk dodecane.
The generic point of our results is that, while ex-

isting models for particles at liquid interfaces consider
the charge at the particle-water and/or particle-oil sur-
faces [11, 12], the charge of the liquid interface cannot, in
general, be ignored. Notably, this statement applies to
any Pickering system where the fluid-fluid interface has a
charge, not an unlikely scenario given [32–35]. Finally, to
provide a further test for our neutral hole explanation, fu-

ture experiments could focus on varying the charge den-
sity of the liquid interface, for example by changing the
pH and the salt concentration in the aqueous phase in a
controlled manner, so as to keep the ionic strengths (and
hence the Debye lengths) in the two phases constant.
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