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Using coarse-grained molecular 
dynamics (CGMD) with polarization, we 
find that the surface polarization plays an 
important role for inter-droplet 
interactions:

1. For water droplets in oil, the surface 
polarization makes the major 
contribution for the inter-droplet 
attraction.

2. For oil droplets in water, the surface 
polarization significantly counteracts 
the inter-droplet attraction.

3. The surface polarization also 
indirectly influences the ion-ion 
interaction by affecting the ion 
distribution. The interaction energy between two ion-

containing (a) water droplets in oil and (b) oil
droplets in water.
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FIG. 1. Ion-ion (blue circles, fit in blue dotted lines), ion-
induced charge (red triangles, fit in red dashed lines) and
total (black squares, fit in solid black lines) inter-droplet in-
teractions as a function of inter-droplet distance (a) between
water droplets immersed in oil and (b) between oil droplets
immersed in water. Inter-droplet interaction with uniform
water permittivity (green crosses and fit in green solid lines
in (a)) and with uniform oil permittivity (green pluses and fit
in solid lines in (b)). Insets are snapshots of the simulations.
Red means positive charges, and blue means negative charges.
Videos are available in SM [18]. Color online.
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where ! is the surface induced charge, q is the charge of
an ion, R is the radius of the sphere, d is the distance
from the ion to the center of the sphere, ✓ is the polar
angle, l is the order of each term in the expansion, and
✏
in

and ✏
out

is permittivity inside and outside the sphere,
respectively. Eq. (3) shows that the induced charges
are of the same sign as the ion inside the sphere when
✏
in

> ✏
out

. Consequently, the induced charges increase
the total dipole moment formed by the real charges in
each droplet, which enhances the inter-droplet attraction.

By contrast, in case (b), the ion-surface induced charge
interaction between the droplets is repulsive, while the
ion-ion interaction between the droplets is still attractive
(Fig. 1(b)). These two types of interactions counteract
each other, leading to a very small inter-droplet attrac-
tion (Fig. 1(b)). As shown in the inset in Fig. 1(b) and

the videos in SM [18], the surface induced charges are
of the opposite sign as the charge of the ion adjacent to
the interface grids, which cancels out the dipole moment
formed by the ions within the droplet. This is consistent
with the spherical harmonics expansion approximation in
Eq. (3).

To reinforce the importance of including surface polar-
ization for the inter-droplet interactions, we perform sim-
ulations without considering surface polarization, using
uniform permittivity throughout the system and com-
pare with simulations that consider surface polarization.
Fig. 1(a) shows that when water permittivity is used
throughout the system (case (c) shown in green crosses
in Fig. 1(a)), the total inter-droplet interaction is close
to the ion-ion interaction between the droplets for wa-
ter droplets in oil. This is not surprising, consider-
ing that only ion-ion interaction exists for simulations
with uniform permittivity, and the permittivity inside
the droplets in the two cases is the same. This com-
parison also indicates that using uniform water permit-
tivity underestimates the total inter-droplet interaction
for water droplets in oil by a large amount when surface
polarization is neglected. Moreover, by comparing case
(a) (black squares in Fig. 1(a)) with case (d) (green plus
signs in Fig. 1(b)), we find that simulations with uniform
oil permittivity overestimates the inter-droplet interac-
tion by an order of magnitude. We attribute this to the
increased electrostatic interaction between ions due to
decreased permittivity. The above comparisons indicates
that the total inter-droplet interaction is not simply re-
produced by arbitrarily choosing the permittivity inside
or outside the droplets.

On the other hand, the comparison between case (b)
(black squares in Fig. 1(b)) and case (d) (green plus signs
in Fig. 1(b)) shows that when uniform oil permittivity is
used, the total inter-droplet attraction is overestimated
for oil droplets in water. Moreover, uniform water per-
mittivity in case (c) also overestimates the total inter-
droplet interaction for oil droplets in water.

It is interesting that the inter-droplet interaction for
case (d) with uniform oil permittivity is at least twice the
inter-droplet ion-ion interaction for oil droplets in water
in case (b) (Fig. 1(b)). This seems inconsistent with the
fact that the permittivity inside the the droplets is the
same for the two cases, which seems to correspond to sim-
ilar ion-ion interactions between the droplets for the two
cases, based on Eq. (2). To understand this di↵erence in
ion-ion interactions with or without accounting for sur-
face polarization, we recall that surface polarization not
only is determined by the ion distribution, but also de-
termines the ion distribution, and consequently ion-ion
inter-droplet interactions. The e↵ect of surface polariza-
tion on the ion-ion inter-droplet interaction can be ana-
lyzed with dipole-dipole interactions by simply modeling
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