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We use molecular dynamics simulations to study the effect of surfactants on the mechanism of drop defor-
mation in shear flows. Our results show deviations from fluid mechanics predictions, in both the high and the
low surfactant concentration limits. We find that these deviations are a result of the local conformation of the
surfactant layer which mediates the stress transfer across the interface. We show that the ability of the surfac-
tant to affect the stress transfer across the interface is a result of the interplay between the architecture of the
surfactant and the surface coverage.
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The mechanisms controlling droplet deformation and
breakup in the presence of surfactants, though critical to pro-
cesses as varied as oil recovery, food processing and multi-
phase polymer blend production, are still not understood
�1–3�. Fluid mechanics theories predict that the process is
controlled by the gradients in interfacial tension that result
from the redistribution of surfactants on the drop surface by
the external flow field �4–8�. These theories assume that the
only role of the surfactant is to reduce the interfacial tension
of the drop. The experimental evidence on this score, how-
ever, is contradictory; for though there are some experiments
that support fluid mechanics assumptions �9,10�, there are
others which indicate that the surfactant participates in the
deformation process by altering the interfacial rheology
�11–14�. In this paper, we examine this contradiction by us-
ing a simulation that studies the process at a molecular level.
We show that the role of the surfactant on droplet deforma-
tion is not limited to interfacial tension reduction alone.
Rather, we find that the local conformation of the surfactant
layer �which is controlled by the architecture of the surfac-
tant and the surface coverage� affects the stress transfer
across the interface and is key to the deformation process.
Since these effects are determined by the molecular structure
of the surfactant, fluid mechanics calculations will need to
account for such local effects in order to model the system
accurately.

Within the explanations that have been postulated to rec-
oncile the points of coincidence and conflict between experi-
ments and existing fluid mechanical theories of drop defor-
mation in the presence of surfactants �9–14�, it has been
recognized that the interfacial layer between the two phases
is key to the deformation process. A fundamental understand-
ing of the process would hence require that the problem be
studied at a length scale that is on the order of the size of the
interfacial layer. Neither experimental studies �which are
limited by difficulties in visualizing the surfactant layer dur-
ing shear�, nor fluid mechanics theories have the necessary
detail to study such fine length scales. By using a molecular
dynamics �MD� simulation, however, we can follow the tra-
jectory of individual molecules during the deformation pro-
cess, and isolate the role of the surfactant on the drop defor-
mation process.

In the simulation water and oil molecules are modeled as
atomic liquids �15� and the surfactant is modeled using a

bead-spring model with a chain length of eight segments
�16�. Species of mass m, and separated by a distance r, in-
teract via a generalized Lennard-Jones �LJ� potential of the
form V�r�=4���� /r�12−��� /r�6� for r�r c=2.2�. Here �
and � are the characteristic energy and length scales, and the
potential is zero for r�r c. Adjacent monomers along the
chain are coupled by an additional potential: VCH�r�
=−�1/2�kR0

2 ln�1− �r /R0�2�, for r�R0 where R0=1.5� and
k=30� /�2. � is set to 1.0 for same species and is chosen as
0.25 between the water and oil molecules to ensure immis-
cibility. A planar Couette geometry with the oil drop in the
center is used in our simulation. The simulation box is
bounded by the walls in the z direction and periodic bound-
ary conditions are applied in x and y directions. Wall atoms
are neutral to all other species. All species have the same
length scale, energy scale and mass. The density of the fluid
system is fixed at 0.81 and the temperature is 1.1 � /kT. The
total number of particles is 56 700, with 600 oil atoms in the
oil drop and 5760 wall atoms. � is the characteristic time
scale of the simulations defined as �= �m�2 /��1/2. Snapshots
of the simulation configuration are shown in Fig. 1, for both
the pure drop as well as the surfactant coated drop systems.
After equilibration, the top and bottom walls are moved si-
multaneously in the x direction with opposite velocities
=0.6� /� to set up an approximately linear shear flow. Con-
stant temperature is maintained by damping the walls and the
y component of the velocity of the fluids using a Langevin
damping factor. We study the effect of surfactant structure on
drop deformation by explicitly modeling two types of surfac-
tants in a water/oil mixture: a homosurfactant �where each

FIG. 1. �Color online� Snapshots of the MD simulation showing
the geometry of the system. �a� An oil drop in the center of the
simulation box shown in depth view. �b� A xy projection of the
system showing the surfactants adsorbed onto the drop. Only the
adsorbed surfactants are shown for clarity
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bead is neutral to both oil and water atoms� and a diblock
surfactant �consisting of one hydrophilic and one hydropho-
bic block of equal lengths�. Here a homosurfactant is used as
a prototype for random copolymer surfactant �17�.

The crucial parameters used to characterize the deforma-
tion of a drop in fluid mechanics theories are three dimen-
sionless numbers: �i� the capillary number Ca=�DG / �� /a�,
which defines the ratio between the viscous stresses as a
result of the shearing forces and interfacial tension stress on
the surface of the droplet �where �D is the viscosity of the
dispersed phase, � the interfacial tension of an oil drop in the
continuous phase, G the shear rate, and a the drop radius�;
�ii� the Peclet number Pe=Ga2 /DS, which expresses the rela-
tive importance of convection to diffusion �where DS is the
surface diffusion constant of the surfactants�, and �iii� the
elastic parameter 	=−d�� /�0� /d
, which indicates the sen-
sitivity of interfacial tension to variations in surfactant sur-
face concentration �where �0 is the interfacial tension of a
drop without surfactants, and 
 is the ratio between the sur-
face concentration of surfactant under flow and surface con-
centration in the absence of flow�.

Fluid mechanics theories use the relative magnitude of
these numbers to make two main predictions about the pro-
cess of drop deformation. The first, that in both the soluble
and insoluble limits, at lower concentrations of surfactants,
when Pe�1, the distribution of surfactants on the drop sur-
face is controlled by the parameter 	. Thus, at low values of
	, there will be an accumulation of surfactants at the ends of
the drop in shear or extensional flow �4–8�, whereas as 	
increases, Marangoni stresses due to the interfacial tension
gradient will pull the drop fluids and surfactants to the equa-
tor of the drop, resulting in a uniform distribution of surfac-
tant over the drop surface �4–8�. The second prediction states
that at higher concentrations of surfactants, when the drop is
uniformly covered with surfactants, the deformation of the
drop will be the same as a surfactant-free drop with an
equivalent interfacial tension �7,8�.

We use our MD simulation to examine these two predic-
tions by locating our simulation in the same regime as fluid
mechanics theories �18�. Our calculations of Pe, Ca, 	, and
the interfacial tension � are shown in Table I. As the size of
surfactant is much smaller than the size of the drop and it is
much simpler to carry out calculations in a planar geometry,
these parameters are derived from the surface tension and
diffusion constant determined from a planar oil/water inter-
face. The parameters used in our MD simulation are in the
same range as experimental and fluid mechanics calculations
�18�. We take care to locate ourselves in the Pe�1 regime,
because it is a theoretical limit that can also be accessed by

experiments. To ensure that our simulation is able to recover
the same macroscopic behavior as fluid mechanics theories,
we consider the limit without any surfactants because it is a
limit where there is excellent agreement between fluid me-
chanics theories and experiments. The deformation ratio D of
the oil drop �where D= �l−b� / �l+b�, and l and b are the
major and minor axes of an elliptically deformed drop� cal-
culated by our simulation agrees well with fluid mechanics
calculations over a range of interfacial tensions between the
oil and the water phase. For example, a droplet with an in-
terfacial tension of �=2.16�� /�2� in the simulation gives D
=0.20±0.01 compared to D=0.23 which is calculated from
the linear theory of Taylor �19� using the equation D
=35Ca /32. �Other studies have already established that this
simple equation gives excellent agreement over a large range
of Ca �20�.� This indicates that our system size is large
enough to recover the bulk properties of the drop system.

We first study the effect of shear on the surfactant distri-
bution on the surface of the drop at low surfactant concen-
trations. Surfactants are allowed to adsorb onto or desorb
from the drop �soluble limit�. In some cases we change non-
adsorbed diblock surfactants to water molecules so the total
amount of surfactant is fixed and no desorption and adsorp-
tion occurs in shear �insoluble limit�. In the soluble surfac-
tant limit, we find that the homosurfactant �which has a
larger 	 value� is uniformly distributed on the drop surface,
while the diblock surfactant �which has a small 	 value�
accumulates at the ends of the drop, in agreement with the
first prediction of the fluid mechanics theories. We quantify
this phenomena by plotting the correlation function, g�r�, for
the adsorbed surfactants in Fig 2. The correlation function
g�r� is defined as g�r�=n�r� /�n�r�, where n�r� is defined as
the probability that a monomer on a surfactant chain is lo-

TABLE I. Characteristics of the drop system.

Type
Concentration

�%�
Surface coverage
�monomers/�2�

Interfacial Tension
��2 /�� Ca Pe 	

Homo surfactant 0.625 0.40±0.01 1.8±0.1 0.26±0.02 47±10 0.15±0.01

1.25 0.92±0.05 1.4±0.1 0.38±0.04 62±10 0.35±0.05

Block surfactant 0.625 0.40±0.01 1.9±0.1 0.25±0.02 54±10 0.10±0.01

1.25 1.06±0.05 1.6±0.2 0.35±0.06 85±30 0.27±0.02

FIG. 2. A plot of the monomer-monomer correlation function
g�r� for adsorbed surfactants as a function of r, the distance be-
tween monomers, in the low surfactant coverage limit. The main
plot shows the time evolution for the soluble diblock surfactant
covered drop. The inset shows the steady state g�r� for the insoluble
diblock surfactant and the soluble homo-surfactant covered drops.
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cated at a distance r away from the monomer of interest,
normalized by the sum over all possible pairs in the system.
For the homosurfactant covered drop, g�r� shows only a
single peak �Fig. 2�, confirming that the homosurfactants are
always distributed uniformly along the drop surface during
the shearing process. For, the diblock surfactant g�r�, which
starts off as a single peak, splits into two peaks after the
shear is applied, the second peak signaling the existence of
two surfactant clusters �Fig. 2�. In the insoluble surfactant
limit, however, we find a discrepancy between our simula-
tions and the fluid mechanics theories. When we fix the total
amount of block surfactants at the drop surface by changing
all the nonadsorbed surfactants to water molecules, we find
that, though the diblock surfactants accumulate at the ends of
the drop at the initial stage of shear �below 200 ��, they
distribute uniformly over the drop surface at steady state
�Fig. 1�, in contrast to the prediction of fluid mechanics theo-
ries, where one would still expect to see accumulation of
surfactants at the ends of the drop. Further, we note that the
soluble diblock surfactant covered drop breaks up in the late
stages of shear into two drops, while both the insoluble
diblock surfactant covered drop and the soluble homosurfac-
tant covered drop do not break up, but reach a steady state
deformation. The soluble block surfactant covered drop
breaks up at a point at which its deformation ratio Dsb is
�0.7, a value larger than the predicted critical deformation
ratio �Dc� for break up �Dc�0.55�. The steady state defor-
mation ratio’s for the soluble homosurfactant and the in-
soluble block surfactant are Dsh=0.38±0.01 and Dib
=0.32±0.02, respectively.

We find that the discrepancies between fluid mechanics
theories and our simulations are magnified in the high sur-
factant concentration limit. Fluid mechanics theories state
that, in this limit, the extent of deformation of a surfactant
covered drop should be the same as a drop without any sur-
factants but with the same interfacial tension as the surfac-
tant covered drop �which we henceforth referred to as a
“clean” drop�. Our simulations, in both the soluble and in-
soluble surfactant limit, show that both the homosurfactant
covered drop and the diblock surfactant covered drop deform
much more than the equivalent “clean” drop �Fig. 3�.

Our results indicate that the role of the surfactant is not
limited to interfacial tension reduction, since surfactants with
similar interfacial tensions but with different architectures
show qualitatively different behavior �Table I�. Yet, what are
the other possible mechanisms by which the architecture of
the surfactant participates in the deformation process? One
possibility is suggested by an analogous polymeric system—
the strengthening of the interface between two incompatible
polymers by a compatibilizer, which is a high molecular
weight surfactant. The compatibilizer serves not only to re-
duce the interfacial tension, but also to bridge the two
phases, thereby acting as a means by which stress is trans-
ferred across the interface �21�. Studies of this system have
shown that the stress transfer across the interface is affected
by the extent to which the compatibilizer penetrates each
phase. Equilibrium mean field studies of copolymer adsorp-
tion at liquid interfaces have shown that the extent of pen-
etration depends on both the molecular architecture and the
concentration of compatibilizer �22�. Extending this analogy

to our system would suggest that the surfactant, which also
bridges the two phases, contributes to the deformation of the
drop by improving the momentum transfer between the two
phases. This explanation is supported by studies showing
that in the absence of surfactant, the interfacial region is
characterized by a depletion zone �where there is a local
reduction in the density� which reduces the efficiency of mo-
mentum transfer between the two phases �23�.

To verify our hypothesis, i.e., that the surfactant layer
mediates the stress transfer across the interface, we designed
a MD simulation for an oil-water-surfactant system with a
planar interface. The system is split into a top part �water
phase� and a bottom part �oil phase�. The system size is the
same as the drop system. By moving the walls with the same
velocity as in the drop system, a similar velocity field is
established. The equilibrium properties of the system �in par-
ticular, the width of surfactant layer� at both low and high
concentrations of surfactants are shown in Table II. The ef-
fects of surfactants on the interfacial rheology can be studied
from steady state velocity profiles in shear flow. To quantify
our results, we define the “slip” or “stick” length as the dis-
tance between the points when the velocity profiles of the oil
and water phases are extrapolated to zero. �In the absence of
an interface, the velocity at the center of the system is zero.�
A slip interface refers to the situation that the slope of veloc-

FIG. 3. The top plot shows the deformation ratio Dsh for the
homosurfactant covered drop, the deformation ratio Dh-clean of the
equivalent “clean” drop, and the number of homosurfactants ad-
sorbed Nh on the drop as a function of time. The lower plot shows
the deformation ratio of the soluble block surfactant Dsb, the defor-
mation ratio Disb for the insoluble block surfactant, the deformation
ratio Db-clean of the equivalent “clean” drop, and the number of
block surfactants adsorbed Nb on the drop as a function of time.
These plots are in the high surfactant coverage limit.

TABLE II. Characteristics of the planar interface system.

Type
Surface coverage
�monomers/�2�

Width
���

Stick length
���

Homosurfactant 0.58±0.02 1.31±0.01 1.0±0.3

1.00±0.01 1.63±0.02 1.6±0.1

Block surfactant 0.60 2.53±0.02 1.6±0.3

1.19 2.64±0.02 3.1±0.3
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ity at the interface increases compared to the bulk value
while a stick interface refers to that the slope of velocity at
the interface decreases compared to the bulk value. Figure 4
shows the velocity profiles for oil-water system, oil-water-
homosurfactant system and oil-water-diblock surfactant sys-
tem under shear. In the absence of surfactant, a clear slip is
observed for pure oil-water system with a slip length S
=3.22±0.04�. The addition of surfactant, changes the “slip”
to a “stick” behavior. In Table II we show the effect of both
the low and the high surface coverage of surfactants on the
interfacial behavior. In all cases stick interfaces are observed.
Our results clearly show that both the adsorbed amount and
the structure of surfactants affect the stick length. However,
diblock surfactants are much more effective at enhancing the
momentum transfer across the interface. This is due to a
much larger extension of diblock surfacants into both phases
at same surface coverage �Table II�. We note that during the
simulation we observe that while homosurfactants desorb
from the drop surface, block surfactants never desorb. This

indicates that block surfactants need much larger shear to
remove them and as a result should contribute more to the
stress transfer across the interface. However, we cannot ex-
tract any quantitative information about this effect on drop
deformation. Therefore, when we compare the exchange ki-
netics effect to the much clearer correlation of stress transfer
with the extension of the surfactant layer into the water
phase, we believe the exchange kinetics is at best a second-
ary effect.

The ability of the surfactant layer to improve the stress
transfer across the interface also effects the point at which
the drop will break up. While a slip interface �no surfactants�
is a result of a lower interfacial viscosity �when compared to
the bulk�, a stick interface results from a higher interfacial
viscosity. This implies that though the adsorbed surfactant
increases the deformation ratio of a drop due to reduction of
slip, it also increases the critical deformation ratio for
breakup due to an increase in the effective viscosity of the
drop. In other words, the increase in the critical deformation
ratio necessary for break up that we observed for the soluble
block surfactant covered drop could be a result of the en-
hanced interfacial viscosity of the drop.

Our simulations show that local effects resulting from
changes in the architecture of the surfactant molecules can
result in behavior that cannot be predicted using continuum
theories. As the system size becomes comparable to the size
of the interfacial layer, a limit that is being rapidly ap-
proached in emerging micro/nano-fluidic techniques, these
local effects will dominate and it will become increasingly
important to account for molecular phenomena in order to
model the system accurately.
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