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Shedding light on the different behavior of ionic
and nonionic surfactants in emulsion
polymerization: from atomistic simulations to
experimental observations†

Giulia Magi Meconi,a Nicholas Ballard, a José M. Asuaa and Ronen Zangi *bc

Although surfactants are known to play a vital role in polymerization reactions carried out in dispersed

media, many aspects of their use are poorly understood, perhaps none more so than the vastly different

action of ionic and nonionic surfactants in emulsion polymerization. In this work, we combine

experimental measurements of emulsion polymerization of styrene with atomistic molecular dynamics

simulations to better understand the behavior of surfactants at monomer/polymer–water interfaces. In a

batch emulsion polymerization of styrene, the nonionic surfactant Disponil AFX 1080 leads to two

nucleation periods, in contrast to the behavior observed for the ionic surfactant SDS. This can be

explained by the absorption of the nonionic surfactant into the organic phase at the early stages of the

polymerization reaction which is then released as the reaction progresses. Indeed, we find that the parti-

tion coefficient of the surfactant between the organic phase and water increases with the amount of

monomer in the former, and preferential partitioning is detected to organic phases containing at least

55% styrene. Results from molecular dynamics simulations confirm that spontaneous dissolution of the

non-ionic surfactant into a styrene-rich organic phase occurs above a critical concentration of the

surfactant adsorbed at the interface. Above this critical concentration, a linear correlation between

the amount of surfactant adsorbed at the interface and that absorbed inside the organic phase is

observed. To facilitate this absorption into a completely hydrophobic medium, water molecules

accompany the intruding surfactants. Similar simulations but with the ionic surfactant instead did not

result in any absorption of the surfactant into a neat styrene phase, likely because of its strongly

hydrophilic head group. The unusual partitioning behavior of nonionic surfactants explains a number of

observable features of emulsion polymerization reactions which use nonionic surfactants and should

help with future development of processes for improved control over polymerization.

Introduction

Following the development of emulsion polymerization in the
mid 20th century, extensive research has been conducted into
the fundamental mechanistic interpretation of this complex,
multiphase reaction system.1–3 However, despite substantial
effort, certain aspects of emulsion polymerization remain a
‘black box’, which are dealt with on a trial-and-error basis.

One area in particular that remains poorly understood is the
influence of surfactant structure on the emulsion polymeriza-
tion process. Surfactants are a vital component of emulsion
polymerization, which serve both to nucleate particles during
the polymerization and also to provide a barrier to coagulation
of the latex during synthesis and storage. However, in many
applications the surfactant causes significant problems and its
use must therefore be carefully regulated. For example, in
adhesive films cast from polymer dispersions the surfactant
tends to migrate towards to the polymer–air interface, resulting
in increased water sensitivity and poor substrate adhesion.4

The most commonly used surfactants in emulsion polymer-
ization can be classified into two groups; on the one hand ionic
surfactants such as sodium dodecyl sulfate (SDS), and on the
other nonionic surfactants, most of which are fatty alcohol
ethoxylates. The use of ionic surfactants is usually associated
with rapid nucleation of particles, which is necessary to achieve
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reasonable rates of polymerization, but latexes formed using
these surfactants provide poor colloidal stability in high ionic
strength media and poor freeze–thaw stability. Conversely,
nonionic surfactants provide good colloidal stability with
regards to high ionic strength media and freeze–thaw cycles,
but generally result in low rates of particle nucleation and
limited control of particle size. While the nucleation behavior
in emulsion polymerization using ionic surfactants is generally
well described by the theory of Smith and Ewart,5 the particle
nucleation behavior of nonionic surfactants shows substantial
deviations from this fundamental work and the origin of these
differences has been scarcely explored.

Piirma and coworkers were among the first to undertake a
comprehensive study of emulsion polymerization in the
presence of nonionic surfactants.6 Using the emulsifier Emul-
phogene BC-840 (with a 13 carbon hydrophobic chain and
15 ethylene oxide units) in the emulsion polymerization of
styrene, they observed two distinct rate regimes in the time-
conversion plot as well as bimodal molecular weight distribu-
tion and bimodal particle size distribution. Later, these authors
demonstrated experimental evidence to suggest that the cause
of the bimodality was a change in the nature of the emulsion.
They proposed that in the early stages of the reaction a water-in-
oil emulsion was formed and a large fraction of the emulsifier
was present in the monomer phase. As the amount on mono-
mer decreased a phase inversion occurred and an oil in water
emulsion was formed which marked the onset of the second
rate regime and the generation of a crop of new particles.7

Using Triton X-405 (with an octyl phenyl hydrophobic chain
and 40 ethylene oxide units) as nonionic surfactant in the
emulsion polymerization of styrene, Özdeǧer et al. observed
similar experimental results of two kinetic regimes and a
bimodal particle size distribution, but offered a different expla-
nation for the underlying cause for this phenomenon.8 They
proposed that the surfactant partitioned/absorbed into the
organic phase and attributed the second nucleation period to
the release of surfactant from monomer droplets as the reac-
tion progressed. Based on results with varying concentrations
of surfactant, it was suggested that the latest secondary nuclea-
tion occurred at the point at which monomer droplets dis-
appeared (B40% conversion in the emulsion polymerization of
styrene), thus assuming no absorption of the surfactant into
the polymer particles. Later, Okubo and coworkers showed that
absorption of the surfactant into polymer particles is often of
great importance, even at high conversion,9 and have used this
advantageously in the synthesis of hollow particles, which can
form as a result of surfactant induced absorption of water into
polymer particles.10,11

In our previous work, we have demonstrated stark differences
in the behavior of ionic and nonionic surfactants in emulsion
polymerization, which could be attributed to the different
adsorption behavior at polymer surface.12 It was observed that
the strength of adsorption of nonionic surfactants was signifi-
cantly higher than ionic surfactants, and was also strongly
dependent on the density of surfactant adsorbed to the surface.
Using atomistic molecular dynamics (MD) simulations, these

results were later explained in terms of the differences in
interactions of the polar group of the surfactant (sulfate in the
case of SDS and poly(ethylene glycol) in the case of the nonionic
surfactant) with the aqueous phase at varying surfactant
density.13 The use of atomistic MD simulations was particularly
useful in that they provided an insight into fundamental behavior
at the molecular level which is not possible experimentally.
Nevertheless as of yet, the vast majority of the computational
studies of surfactants are limited to the behavior at interfaces14–17

and/or inside aqueous solutions,18–21 whereas the behavior inside
an organic phase has been overlooked.

Inspired by previous experimental studies of emulsion poly-
merization in the presence of ionic and nonionic surfactants, in
this work we investigate the different behavior of the two types
of surfactant during the polymerization process as the organic
phase shifts from being a monomer-rich liquid to a polymeric
solid. First, an experimental study of two surfactants, SDS and
Disponil AFX 1080, is performed with a focus on the differing
behavior they induce with respect to particle nucleation and the
effect on the polymerization process. Second, using atomistic
MD simulations these results are subsequently explained and
characterized by examining the differences in surfactant behavior
at the interface between water and an organic phase with varying
binary composition of styrene and poly(styrene).

Methods
Experimental details

Materials. Technical grade styrene (styrene, Quimidroga)
was used as received. Sodium dodecyl sulfate (499.5%, Aldrich)
was recrystallized from an ethanol/water mixture, ammonium
persulfate (APS, 99%, Aldrich), 2,20-azodi(2-methylbutyronitrile)
(498%, Aldrich), dodecanethiol (498%, Aldrich) and Disponil
AFX 1080 (80% active content, BASF) were used as received. Doubly
deionized water was used throughout the work. All other solvents
were purchased from Scharlab and were of technical grade.

Latex characterization. Z-Average particle diameters were
determined by dynamic light scattering performed on a
Malvern Zetasizer ZS using a scattering angle of 1731 at a
standard temperature of 25 1C. Each measurement was con-
ducted in triplicate and the average of the three values was
taken. Drop shape analysis for surface tension measurements
were conducted using a DataPhysics OCA contact angle system.
The reported values are taken using an average of 5 measure-
ments with different drops.

Scanning Electron Microscopy (SEM) images were obtained
using a Quanta 250 FEG ESEM (FEI, Netherlands). An aluminium
stub covered with mica was used as a substrate. To obtain
monolayer coverage of polymer particles on the substrate, the
latex was diluted to 0.1 wt% solids content. A drop of the diluted
latex was placed onto the substrate which was dried. The images
were recorded under high vacuum at an accelerating voltage
of 10 kV.

Synthesis of low molecular weight poly(styrene). Low mole-
cular weight poly(styrene) (PS), to enable the handling of
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styrene/PS mixtures with high PS content, was synthesized by
solution polymerization in the presence of high amount of
chain transfer agent. Styrene (50 g), toluene (50 g), dodecanethiol
(2.5 g) and 2,20-azodi(2-methylbutyronitrile) (0.25 g) were added
to a 250 mL round bottomed flask equipped with reflux
condenser and nitrogen inlet and heated to 70 1C. The reaction
was left for 24 h and after cooling the polymer was precipitated
in MeOH. The solid was redissolved in chloroform, reprecipitated
in MeOH, filtered and dried under vacuum.

Surfactant partitioning behavior. Styrene/polystyrene solutions
ranging in composition from 0% polystyrene to 60% polystyrene
by mass were formed by dissolving the low molecular weight
polystyrene, synthesized as described above, over the course of
24 h. The partitioning behavior of the surfactants was analyzed by
mixing 4 g of 20 mM aqueous surfactant solutions of SDS and
Disponil AFX 1080 with 1 g of the styrene/polystyrene solution.
The vials were placed in a water bath at 60 1C equipped with a
shaking unit for 24 h to allow the surfactant to equilibrate with
the two phases. After this time, the aqueous phase was removed
and the solid content was analyzed gravimetrically. The residual
solid from the aqueous phase was also subjected to 1H NMR on a
Bruker Avance DPX 400 MHz spectrometer in (CD3)2CO at 25 1C.
A relaxation time of 10 s was used in NMR measurements to
ensure a quantitative measurement. In order to determine the
distribution of ethylene oxide groups in the two phases, the
average number of ethylene oxide groups in the surfactant parti-
tioned in the aqueous phase, NEO, was calculated by comparison
of the integrals of the terminal methyl group of the polyethylene
glycol chain at 0.9 ppm with the ethylene glycol groups at 3.6 ppm
using the formula,

NEO ¼
I3:6=4

I0:9=3
: (1)

Batch emulsion polymerization. Batch emulsion polymeriza-
tions were carried out in a Mettler Toledo RC1 calorimeter
equipped with an anchor type stirrer rotating at 150 rpm. Water
(390 g), styrene (100 g) and surfactant were added to the reactor
and degassed by nitrogen bubbling for 30 minutes, stirring
constantly, and then heated to 75 1C. Once at reaction tem-
perature, ammonium persulfate (1 g dissolved in 10 g water)
was added in a single shot. The reaction was continued until
the change in conversion was negligible as observed from the
heat flow. Conversion of monomer as a function of time was
determined from the evolution of heat flow during the reaction.
At selected time intervals samples of the reaction were taken for
particle size and surface tension measurements. The formula-
tions for the batch reactions carried out are given in Table 1.

Semi-batch emulsion polymerization. Semi-batch emulsion
polymerizations were carried out in a 500 mL glass reactor
equipped with an anchor type stirrer rotating at 150 rpm. Water
(390 g) and surfactant were added to the reactor and degassed
by nitrogen bubbling for 30 minutes, stirring constantly, and
then heated to 75 1C. Once at reaction temperature, ammonium
persulfate (1 g dissolved in 10 g water) was added in a single
shot and styrene (100 g) was fed over the course of 3 h. At the
end of the feeding period the reaction was held at 75 1C for an

additional 2 h in order to achieve full monomer conversion.
At selected time intervals samples of the reaction were taken for
conversion, particle size and surface tension measurements.
Conversion of monomer as a function of time was determined
gravimetrically. The formulations for the semi-batch reactions
carried out are given in Table 2.

Computational details

We conducted simulations of the adsorption of non-ionic
surfactants at the interface between water and an organic
phase. Five different organic phases with different composi-
tions of PS and styrene (S) were considered: 100% PS, 75%
PS/25% S, 50% PS/50% S, 25% PS/75% S, and 100% S. For each
type of organic phase we performed several simulations corres-
ponding to different concentrations of the surfactant. The
nonionic surfactant used, 10PEO6PE, is a block copolymers of
10 units of poly(ethylene oxide) (PEO) and 6 units of poly(ethylene)
(PE). In addition, to compare the behavior observed with that
for ionic surfactants, simulations with SDS molecules were
performed as well. In Tables S1 and S2 of the ESI† we report
the details of these simulations, and in Tables S4–S7 and
Fig. S1–S4 (ESI†) we provide the force-field parameters describ-
ing the (explicit-hydrogen all-atom) models for the surfactants
and organic phase.

In order to prepare the starting conformations, the organic
phase was pre-equilibrated as a bulk for 40 ns before the
addition of surfactants and water. Then, this organic phase
was placed in the middle of a rectangular box, larger along the
z-axis, and surfactants (in extended conformations in which
their long-axis normal and their tail point to the organic phase)
were equally distributed on each side of its two interfaces. The
region in the simulation box which does not include styrene
or PS was then filled with water molecules described by the
TIP4P-Ew model.22 Note that certain properties deducted from
simulations of charged surfactants can be sensitive to the choice
of the water model. This is noticeable only at high concentra-
tions of ionic surfactants at the interface. For example, SPC/E
and TIP4P-Ew water models yield very similar adsorption affinity
of SDS to a polymeric surface, however, at high concentrations

Table 1 Recipes for batch emulsion polymerization of styrene using ionic
(SDS) and nonionic (Disponil AFX 1080) surfactants

Water [g] Styrene [g] APS [g] SDS [g] Disponil AFX 1080 [g]

Run 1 400 100 1 0.58 (5 mM) —
Run 2 400 100 1 1.15 (10 mM) —
Run 3 400 100 1 2.30 (20 mM) —
Run 4 400 100 1 — 3.20 (10 mM)
Run 5 400 100 1 — 6.40 (20 mM)
Run 6 400 100 1 — 12.80 (40 mM)

Table 2 Recipes for semi-batch emulsion polymerization of styrene using
ionic (SDS) and nonionic (Disponil AFX 1080) surfactants

Water [g] Styrene [g] APS [g] SDS [g] Disponil AFX 1080 [g]

Run 7 400 100 1 2.30 (20 mM) —
Run 8 400 100 1 — 6.40 (20 mM)
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there are quantitative differences.‡ 13,23 Periodic boundary con-
ditions in all three dimensions were employed for the simula-
tions, nevertheless, the box lengths in the x- and y-directions
were large enough to ensure absence of short-range interactions
of any surfactant with its periodic image. These systems were
subject to an equilibration time of 100 ns. However for the 100%
S systems, this time was extended to 120 ns (for 0–20 surfactants)
and 150 ns (for 30–120 surfactant) due to the miscibility of the
surfactants, above a critical concentration, in the organic phase.
Then, the simulations were continued for additional 20 ns for
data collection. The amount of surfactants at the interface is
reported by the two dimensional density, r2D = m/2A, where m is
the mass of the surfactants and A is the area of the simulation
box in the xy-plane. The location of the interface was determined
by a drop of the water density to half of its value in the bulk, i.e.,
to B500 kg m�3.

The calculations and the preparations of the systems for the
Potential of Mean Force (PMF) of pulling one adsorbed surfac-
tant from the interface to the water phase were done according
to the protocol described in our previous study.13 In brief, the
reaction coordinate was described by the (shortest) distance, dc,
between the interface and a carbon atom of the hydrophobic
tail of the surfactant covalently bonded to the oxygen atom of
the hydrophilic head (see Fig. S3 and S4, ESI†). In practice, the
distance involving this carbon atom of the surfactant was
constrained relative to the center of mass of a cylindrical cut
of the organic phase, and only during analysis a shift to
represent the distance relative to the interface was applied.
For several distances along the reaction coordinate, the system
was equilibrated for a time period in the range of 14 ns to 50 ns
(depending on the time the system displayed convergence of
the constrained force). The average force that was required to
constrain the distance between the reference and the pull
group was calculated in a data collection step of additional
36 ns. To obtain the PMF (or free/Gibbs energy profile), this
average force was integrated as a function of the constrained
distance, dc. Because the PMF represents only relative values, it
was shifted such that the Gibbs energy of the state at the largest
separation corresponds to zero. Note that in these series of
simulations, only one interface between the organic phase and
water was initially adsorbed with surfactants. Further details on
this series of simulations are given in Table S3 (ESI†).

All computer simulations were performed using the mole-
cular dynamics package GROMACS version 4.6.5.24 A constant
temperature of 300 K was maintained by the velocity rescaling
thermostat25 with a coupling time of 0.1 ps. The box length
along the z-axis was fixed during the simulation, however, in
the xy-plane the pressure was maintained at 1.0 bar utilizing the
Berendsen barostat26 with a compressibility of 1 � 10�6 bar�1

and a coupling time of 1.0 ps. Electrostatic interactions were
calculated using the Particle-Mesh-Ewald method.27,28 Quadratic
interpolation was used with a real space cutoff of 0.9 nm and a

grid spacing for the reciprocal-space of 0.12 nm. A 0.9 nm cutoff
was also used to calculate the Lennard-Jones potential applying
long range dispersion corrections for the energy and pressure.
Water bond distances and angles were constrained using the
SETTLE algorithm,29 whereas all-other bond distances were
constrained using the LINCS algorithm.30 A time step of 2 fs
was used to integrate the equation of motion, except for
simulations utilizing the pull-code (for calculating the PMFs).
Constraining the distance within the pull-code resulted in
occasional instabilities, which disappeared upon reduction of
the time step to 1 fs. Therefore, in these simulations a 1 fs time
step was used. Two molecules were considered to be hydrogen
bonded if the distance between the donor (oxygen) and acceptor
(oxygen) is smaller than 0.35 nm and the hydrogen–oxygen
(donor)–oxygen (acceptor) interaction angle is smaller than 301.31

Fig. S6a and b (ESI†) indicate these values to be appropriate for our
systems as well.

Results and discussion

In order to gain an insight into the different behavior ionic
and nonionic surfactants have during emulsion polymeriza-
tion, we performed emulsion polymerization of styrene using
varying quantities of an ionic surfactant, SDS (5–20 mM), and a
nonionic surfactant, Disponil AFX 1080 (10–40 mM), at a solids
content of 20%. The reactions were carried out in a calorimeter
reactor to allow for continuous monitoring of the rate of
polymerization and samples were taken periodically for mea-
surements of the particle size and surface tension of the
aqueous phase. The evolution of the heat of reaction, particle
size, and surface tension as a function of conversion, for
various concentrations of SDS, are shown in Fig. 1.

Fig. 1 indicates that SDS behaves as a ‘classical’ surfactant in
the emulsion polymerization of styrene. Based on the surface
tension measurements, it is evident that initially the surfactant
concentration in the aqueous phase is slightly below the CMC
for Run 1 and above the CMC for Runs 2 and 3, as expected
based on the known CMC of SDS (8.2 mM)32 and the concen-
trations of SDS used. In the early stages of the reaction, the
surface tension rapidly increases in all cases as a result of
micellar particle nucleation and adsorption of the surfactant to
the newly formed interfaces. The surface tension reaches a
steady value close to that of pure water indicating a low
concentration of free surfactant in the aqueous phase. It can
be observed that the particle size increases with decreasing
surfactant concentration. At higher surfactant concentration
the initial number of micelles in the system is higher and thus
a higher number of particles are generated in the early stages of
the reaction, which are consequently of lower size. The evolu-
tion of the rate of polymerization, as reflected by the heat of
reaction, shows an initial rapid rate which slows to a constant
value, perhaps as a result of some coalescence of particles
which reduces the overall number of particles and thus the
polymerization rate. As may be expected due to effects of radical
compartmentalization, which results in a reduced termination

‡ We conjecture that different water models affect differently the extent of
counterion condensation onto the assembled structure of the surfactants leading
to different magnitudes of repulsive energy between the ionic head groups.
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rate for smaller particle sizes, this initial rise in the heat of
polymerization is largest for the reaction containing most
surfactant, where particle size is smallest. At around 80%
conversion, there is a rapid increase heat of reaction which
corresponds to the time at which the gel effect becomes
visible.33 In this region the rate of termination is lowered due
to restricted diffusion of the propagating chains which results
in an increase in the rate of polymerization.

The behavior of the nonionic surfactant Disponil AFX 1080
in the emulsion polymerization strongly differs from that of
SDS Fig. 2. Despite using a concentration of Disponil AFX 1080
which is at least an order of magnitude higher than the CMC,34

the surface tension measurements reveal that from the first
moment the concentration of surfactant in the aqueous phase
is below the CMC. The low concentration of surfactant in the
aqueous phase leads to nucleation of fewer particles, primarily
by homogeneous nucleation, which are consequently of a larger
size. The nucleation period is accompanied by a decrease in the
surfactant concentration in the aqueous phase for reactions
with 10 and 20 mM Disponil AFX1080, because the limited
amount of surfactant in the aqueous phase adsorbs to the
newly formed interfaces. The relatively large size of the particles
also means that in the early stages of the reaction the rate of
polymerization is low as reflected by initial values for the heat
of polymerization which are an order of magnitude below that

of the reactions conducted using SDS as surfactant. As the
reaction progresses, the concentration of surfactant in the
aqueous phase increases and eventually reaches the CMC. At
this point, the onset of nucleation of a second crop of much
smaller particles by heterogeneous (micellar) nucleation leads
to a decrease in the average particle size. Due to the increased
number of particles in the system and the well known effects of
radical compartmentalization in emulsion polymerization, the
nucleation of new particles also results in a concomitant
increase in the rate of polymerization, as is observed in the
rapid increase in the heat of polymerization. With lowering the
amount of surfactant in the formulation, this effect was
observed at a later stage in the polymerization process. It
should also be noted that contrary to the work of Özdeǧer
et al.8 this effect could be seen to occur after the disappearance
of monomer droplets (B40% for styrene) in some reactions. At
high conversion, as for SDS, the gel effect is observed which is
visible in the onset of a high rate of polymerization at around
80% conversion.

The appearance of a new crop of particles, arising from
secondary nucleation in the emulsion polymerization of styrene,
when using a nonionic surfactant is confirmed visually by
scanning electron microscopy images of the final latex dis-
played in Fig. 3. It can be seen that latexes synthesized with SDS

Fig. 2 Evolution of heat of reaction, surface tension and particle size as a
function of conversion for emulsion polymerization of styrene with 10 mM
(Run 4, red line and stars), 20 mM (Run 5, black line and squares), and
40 mM (Run 6, blue line and circles) Disponil AFX 1080.

Fig. 1 Evolution of heat of reaction, surface tension and particle size as a
function of conversion for emulsion polymerization of styrene with 5 mM
(Run 1, red line and stars), 10 mM (Run 2, black line and squares), and
20 mM (Run 3, blue line and circles) SDS.
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contain a unimodal distribution of small particles, whereas
those synthesized with Disponil AFX 1080 contain one crop of
large particles and a second crop of much smaller particles. The
larger particles are formed at the beginning of the reaction
where the aqueous phase surfactant concentration is low. The
large size of these particles is in agreement with the initial low
rate of polymerization as discussed above. The smaller particles
are formed at the point at which the CMC is reached in the
aqueous phase, which leads micellar nucleation and results in
a new crop of small particles as well as the reduction in the
average particle size as shown by DLS measurements (see
Fig. 2).

How is it possible that the amount of (nonionic) surfactant
in the aqueous phase increases during the polymerization
reaction? Note that the area of the interface at which the
surfactant adsorb only increases during the reaction. Similar
to the conclusions reported by Özdeǧer et al.,8 we hypothesize
that initially the surfactant is somehow partitioned into the
organic phase and later, as the reaction proceeds, is released
into the aqueous phase. It is therefore the purpose of this paper
to confirm this hypothesis, to investigate how a surfactant with
a hydrophilic head can partition into a completely hydrophobic

medium, and why it is then released at later stages of the
polymerization process.

We start by designing a simple direct experiment in which
we measure the partition coefficient of both SDS and Disponil
AFX 1080 between water and an organic phase containing
various compositions of styrene and PS. The partition coefficient,
Ps, was calculated by,

Ps ¼
ms;op

�
mop

ms;aq

�
maq

; (2)

where ms,op is the mass of surfactant in the organic phase and
mop is the mass of the organic phase. The corresponding terms
for the aqueous phase are ms,aq and maq. Note that in this
experiment it is not possible to distinguish between surfactants
adsorbed at the interface to those absorbed inside the organic
phase. Nevertheless, the area of the interface relative to the
volume of the organic phase is very small so the amount of
surfactant at the interface can be ignored. The results shown in
Fig. 4 indicate that SDS resides entirely (within experimental
error) in the aqueous phase. In this case, the surfactant may be
expected to behave as a classical surfactant in emulsion poly-
merization as initially postulated by Smith and Ewart.5 In
contrast, for Disponil AFX 1080 the surfactant is present sub-
stantially in the organic phase. As the quantity of monomeric
styrene in the organic phase increases the surfactant has an
increasing affinity for the organic phase. Furthermore for
organic phases containing less than 45% PS, the concentration
of surfactant in the organic phase is larger than in water. This
means that in emulsion polymerization the surfactant is parti-
tioned not just between the aqueous phase and the polymer–
water interface, but also partitions into the monomer droplets
and/or the polymer particles themselves.

Note that commercially available Disponil AFX 1080 con-
tains a distribution of surfactants characterized by different

Fig. 4 Partition coefficient, as defined in eqn (2), of SDS (open symbols)
and Disponil AFX 1080 (closed symbols) as a function of increasing fraction
of PS in organic phase. The dotted horizontal line denotes the value of the
partition coefficient at which the surfactant is partitioned equally between
the water and the organic (for emulsion composition of 20% organic
phase).

Fig. 3 SEM images of latexes synthesis using either (a) SDS (Run 3) or
(b) Disponil AFX 1080 (Run 5). In both cases the white scale bar represents
1 micron.

Paper PCCP

Pu
bl

is
he

d 
on

 0
7 

N
ov

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

D
A

D
 D

E
L

 P
A

IS
 V

A
SC

O
 o

n 
07

/1
2/

20
17

 1
1:

09
:3

2.
 

View Article Online

http://dx.doi.org/10.1039/c7cp05206e


31698 | Phys. Chem. Chem. Phys., 2017, 19, 31692--31705 This journal is© the Owner Societies 2017

lengths of the ethylene-oxide chain, albeit peaked at 10 units.
These different surfactants are likely to partition differently
between the two phases. By 1H NMR analysis, it was possible to
measure the average number of ethylene oxide groups of the
surfactants in the aqueous phase (see Fig. 5). As expected,
surfactants with a larger number of ethylene-oxide groups
displayed a higher propensity to reside in the aqueous phase.
As the amount of PS in the organic phase increases the average
number of ethylene oxide units decreases approaching the
value of 10.

To further examine our hypothesis that secondary nuclea-
tion is triggered by a late release of surfactants from the organic
phase, we conducted an additional set of experiments under
semi-batch conditions with slow addition of the monomer.
Under these conditions the monomer concentration remains
low throughout the experiment and the effect of surfactant
partitioning should therefore be avoided. In the case of SDS the
evolution of particle size and surface tension follow a similar
trend to the reaction in batch, although with a much smaller
particle size as a result of the low rate of particle growth
(see Fig. 6).35,36 As particles are nucleated, the concentration of
surfactant in the aqueous phase is decreased due to adsorption
to the newly formed water–polymer interface. The particle size is
small and thus rate of polymerization is high, resulting in a high
instantaneous conversion for the duration of the reaction.

In contrast, the reactions conducted using the nonionic
surfactant showed very different behavior in semibatch com-
pared to batch emulsion polymerization. In the early stage
of the reaction, the concentration of surfactant is above the
CMC and thus nucleation of particles decreases the amount
(and thereby, the concentration) of surfactant in the aqueous
phase because it adsorbs to the newly formed particles
(see Fig. 7). Compared to the reaction with SDS, the particle
size was larger which results in a lower rate of polymerization
and as a consequence the reaction did not proceed under starved
conditions, namely the concentration of monomers inside
the particles was higher than for a typical semi-batch reaction.

For this reason, we suspect that some surfactants were able to
partition to the organic phase and at later stages of the reaction
were released to the aqueous phase. This explains the small
reduction in surface tension at around 130 minutes in Fig. 7.
Crucially however, the amount of surfactant in the aqueous
phase does not reach the CMC and thus secondary nucleation
does not occur. The result is a monodisperse particle size
distribution standing in stark contrast to the results from batch
polymerizations. The absence of any secondary nucleation in the
semi-batch polymerization using Disponil AFX 1080 was further
evidenced by the highly monodisperse nature of the latex as
revealed by SEM (see Fig. 8).

To understand at the molecular level the absorption of a
nonionic surfactant (10PEO6PE) into a styrene-rich organic
phase we performed molecular dynamics (MD) simulations.
First, the adsorption character of the surfactant at the organic-
phase–water interface was investigated, and second, potential
spontaneous absorption into the organic phase was examined.
The results obtained with the nonionic surfactant were then
compared to those with an ionic surfactant (SDS).

It is reasonable to assume that the absorption into a styrene-
rich organic phase, and later, the release from a PS-rich phase
arise because the strength of binding of the surfactant to
styrene is stronger than that to PS. Therefore, in the first series
of simulations we calculated the potential of mean force (PMF)

Fig. 5 Average number of ethylene oxide units of the surfactant mole-
cules residing in the aqueous phase with increasing fraction of PS in
organic phase.

Fig. 6 Evolution of instantaneous conversion, Xinst, surface tension and
particle size during the semi-batch emulsion polymerization of styrene
using SDS as surfactant (Run 7).
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of pulling an adsorbed 10PEO6PE surfactant away from the
interface, towards the water phase, for three different surfac-
tant concentrations. In this case the organic phase was either
neat PS (results taken from our previous work13) or neat
styrene. The results are shown in Fig. 9 which suggests it is
not possible to attribute this peculiar behavior of the nonionic
surfactant to different binding strengths. The depths of the
minima of the PMFs (which occur around the same location

with respect to the interface) display similar values for the two
organic phases, except for r2D C 0.4 where binding to PS is
found to be stronger. Nevertheless, the shape of minima is
different. Whereas for PS the minima are well defined, indicat-
ing the surfactant experience substantial penalty when pushed
farther into the organic phase, for styrene the minima are very
shallow and at higher concentrations are almost completely
flattened. This means that at high concentrations, there is
hardly any penalty for the surfactant to penetrate and adsorb
at, the styrene phase. In Fig. 10 we display the last configu-
ration at each surfactant concentration for the simulations with
PS and styrene. For PS, the head groups of the surfactants are
always at the PS–water interface whereas the hydrophobic tails
can sometimes enter the organic phase. In contrast, for styrene
at the two highest concentrations the entire 10PEO6PE surfac-
tant penetrates the organic phase, and in fact, at the highest
concentration one surfactant even passed through the whole
styrene phase and adsorbed at the opposite interface that was
initially devoid of surfactants. Obviously once the devoid inter-
face becomes accessible, the concentration of the surfactant
at equilibrium at both interfaces should be equal because
of the 2-fold symmetry of the system. Therefore, if the starting
conformation includes surfactants only at one interface the
simulation time to reach equilibrium will be, unnecessarily,
very long.

As a consequence, we constructed another series of simula-
tions in which the starting configurations include the same
concentration of surfactant at both interfaces. In this case, we
also considered different chemical compositions of the binary
organic phase, in particular, we successively increased the
percentage of monomeric styrene, inside PS, in steps of 25%.
These different compositions of S/PS in the organic phase
correspond to different stages of the polymerization process.
In Fig. 11 we display the density profiles along the z-axis for all
different organic phases at surfactant density (i.e., the density
initially put at the interface) of r2D = 1.61 � 0.09 mg m�2,

Fig. 8 SEM image of latex produced by semi-batch emulsion polymer-
ization of styrene using Disponil AFX 1080 (Run 8). The white scale bar
represents 1 micron.

Fig. 9 The (Gibbs) free energy profile of pulling away one 10PEO6PE
surfactant from the organic-phase/water interface into the water phase as
a function of the constrained distance, dc. Different curves correspond to
different 2D-densities (in mg m�2) of the surfactant. Dashed lines are for
PS and solid lines are for styrene. The brown vertical dashed line marks the
interface.

Fig. 7 Evolution of instantaneous conversion, Xinst, surface tension and
particle size during the semi-batch emulsion polymerization of styrene
using Disponil AFX 1080 as surfactant (Run 8).
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alongside snapshots of the last configuration of the corres-
ponding simulations. For the systems with 100% PS, 75% PS,
and 50% PS, the hydrophilic head and hydrophobic tail of the
surfactants are at the interface where the former is positioned
more towards the water phase and the latter towards the
organic phase. However, a closer inspection of the density
profiles of these systems reveals that the surfactants shift into
the organic phase with the increase of the content of styrene.
Notably, at 50% content of PS there is an onset of a second peak
in the distribution of the surfactants heads that is closer to the
organic phase, and a concomitant extension of the tail of the
water distribution around this second peak position. These
trends are augmented in 25% PS and 0% PS (i.e., 100% S),
however, in these two systems some of the surfactants can be
clearly classified by visual inspection as being completely
dissolved (or absorbed) in the organic phase. For 100% S, the
density distribution of the surfactants is non-zero throughout
the entire styrene phase. These are unexpected results given the
common working assumption that below the CMC surfactants
adsorb at the interface, and above the CMC they form micelles
in the aqueous phase.

We now examine the extent of the absorption of the surfac-
tant into the organic phase for different concentrations of
surfactants initially placed at the interface. A surfactant is
considered to be inside the organic phase if the z-coordinate
of its first tail carbon atom (the atom covalently bonded to the

oxygen atom of the head), zs, satisfies the condition
(�zi + 2.5 nm) o zs o (+zi � 2.5 nm), where +zi and �zi are
the intersection points the two interfaces’ lines make with the
z-axis. The distance of 2.5 nm away from the interfaces lines
represents the region towards the organic phase that is still
considered to be the interface.§ At equilibrium, the chemical
potential of the surfactant at the interface equals its chemical
potential inside the organic phase. This equality determines
the partitioning of the surfactant into these two phases
(see eqn (S3) in the ESI†), and therefore, in Fig. 12a we plot
its 3D-density in the organic phase as a function of its
2D-density at the interface. For the systems of 100% PS and
75% PS, the organic phase entirely lacks any surfactant. The
50% PS (50% S) phase supports very small density of surfactant
starting at r2D B 0.7 mg m�2. However as the percentage of
styrene increases, i.e. the systems of 75% S and 100% S, there is
a substantial increase in the concentration of the surfactant
absorbed inside the organic phase. Nevertheless even at 100%
S, there is still a critical density at the interface below which the
surfactant does not absorb into the organic phase. The values
of this critical density are r2D B 0.7 and 0.3 mg m�2 for 75% S

Fig. 10 Side view of instantaneous configurations of the simulation box of the 10PEO6PE surfactants adsorbed at equilibrium (i.e. at zero pull-force) at
(a) PS/water interface and (b) styrene/water interface for the three 2D-densities (in mg m�2) studied. The poly(styrene) and styrene are shown in a surface
representation colored gray and beige, respectively. Water molecules are colored in pink with a ball-and-stick representation. The carbon, oxygen, and
hydrogen atoms of the surfactant are shown as space filling spheres colored in blue, red, and white, respectively. For clarity, the snapshots do not capture
the entire length of the simulation box along the z-axis (normal to the interface), nevertheless, the same figure displaying the entire simulation boxes is
given in Fig. S7 (ESI†).

§ Its value was determined from the distance in the density profile between the
point the distribution of the head atoms vanishes and the interface line, for a case
when no surfactant absorption was detected, i.e., for the system with 100% PS as
shown in Fig. 11.
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and 100% S, respectively. Above these points, we observe a
direct correlation between the surfactant concentration in the
organic phase with that at the interface. The curve for 100% S
seems to be linear (with a correlation coefficient of 0.983) as
dictated by the equality of the chemical potentials (see eqn (S3),
ESI†). Furthermore, the slopes of the lines in Fig. 12a reflect
the propensities of the different organic phases to absorb the
surfactants. In Fig. S8 and eqn (S7) (ESI†) we show that the
system with 75% S absorbs more, and the system with 50% S
absorbs less, surfactants than the amount predicted based on a
linear interpolation of the composition of styrene and PS in the
organic phase.

Note that our system contains three media in which the
surfactant can accumulate, and therefore, there is another
equilibrium between the surfactants at the interface and those
in the aqueous phase. In fact experimentally, this equilibrium

is more relevant to the changes observed during emulsion
polymerization (e.g. Fig. 2). In previous work13 we found that
only at high densities of the surfactant at the interface does the
difference in free energies between adsorption at the interface
and dissolution in the aqueous phase is small enough to
support significant partitioning into water. Thus, these two
equilibria set in successively and not in parallel. In other words,
the accumulation of surfactant in the water phase will start only
after the adsorption (at the interface) and absorption (inside
the organic phase) reached their maximum capacities. This
maximum amount of surfactant, Gmax, is estimated by,

Gmax = r2D,maxA + r3D,maxV, (3)

where A is the total interfacial area and V is the total volume of
the organic phase. By extrapolating the data shown in Fig. 12a
to the point which corresponds approximately to the maximum

Fig. 11 Left panel: Density profiles along the z-axis for the five systems with different PS/S binary compositions of the organic phase with the nonionic
surfactant 10PEO6PE. The surfactants were placed initially at the two interfaces at 2D-density of 1.61 � 0.09 mg m�2 and their profiles are decomposed
into heads and tails. Right panel: A snapshot of the last configuration of the corresponding simulations. Color code is the same as in Fig. 10.
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packing density of the surfactant (r2D,max = 1.6 mg m�2), the
value of (organic phase) can be obtained. Fig. 12b shows the
variation of for varying PS fraction. The different curves corre-
spond to particles with different diameters, yet under the
constraint that the total mass of the organic phase is constant
and equals 100 g (see experimental conditions in Table 1). At
low PS content large amounts of surfactant can be absorbed
into the organic phase and hence the value of Gmax is large. As
the PS content increases, Gmax decreases substantially and
above 75% PS its value remains practically constant with all
surfactant being adsorbed at the interface and no absorption
occurring. The value of Gmax is also affected by the particle size,

with smaller particle sizes having higher surface area for
adsorption, but as the total organic phase volume is constant,
the extent of absorption into the organic phase is not affected.

We now relate the value of Gmax obtained from the simula-
tion to the observation of a conversion dependent secondary
nucleation step in the emulsion polymerization of styrene.
When the amount of surfactant in the system is less than Gmax,
all surfactant molecules are removed from the aqueous phase
and occupy the particles’ interface and potentially also their
interior. However, when the amount of surfactant in the system
is greater than Gmax, excess surfactant will reside in the
aqueous phase. Secondary nucleation occurs as a result of an
increase in concentration of surfactant in the aqueous phase,
thus, the point at which Gmax becomes smaller than the total
amount of surfactant introduced to the system should signifies
the onset of secondary nucleation. In Fig. 12b the amounts of
surfactant used in Runs 4, 5 and 6 (see Table 1) are shown as
horizontal lines and the intersection points with the curves of
Gmax, accounted by the particle size, are marked by arrows. It
can be seen that these points are at PS content of approximately
63%, 50% and 45% for Run 4, 5 and 6, respectively, which
corresponds well with the observation of the occurrence of
secondary nucleation in the emulsion polymerization at conver-
sions of approximately 65%, 55% and 40% as shown in Fig. 2.

The penalty for the surfactant to enter the organic phase is
the loss of hydrogen bonds between the head groups and the
aqueous solution. To partially render the surfactant intrusion
easier, water molecules accompanied this absorption process
as evidenced in the density profiles in Fig. 11. In Fig. 13 we
calculated the number of water molecules absorbed inside the
organic phase (applying the same criteria described above for
the surfactant) and plotted it against the number of absorbed
surfactants. A strong correlation is evidenced for the three
systems exhibiting surfactant absorption. If we approximate the
curves as straight lines we find from the slopes that the number of
accompanying water molecules per surfactant is 1.3, 2.8, and 5.0
for the systems with 50% S, 75% S, and 100% S, respectively.

Fig. 12 (a) The density of the 10PEO6PE nonionic surfactant absorbed
inside the organic phase as a function of its density adsorbed at the
interface in equilibrium. Note that whereas the former is calculated using
the three-dimensional volume of the organic phase the latter uses the
two-dimensional area of the interface. The different curves corresponds to
different chemical compositions of the organic phase. Data points sur-
rounded by orange circles were considered for subsequent analysis in
Fig. S8 (ESI†). Results from simulations of SDS ionic surfactant with
100% styrene as the organic phase are also shown. (b) Correlation of the
maximum amount of 10PEO6PE surfactant that can be both adsorbed at
the interface and absorbed into the organic phase, Gmax, with varying PS
content. In these calculations we considered the mass of the organic
phase the same as in the experiment (100 g) and the diameter of the
particles to be 250 nm (black squares) and 600 nm (red circles). The
amounts of surfactant used in emulsion polymerizations using Disponil
AFX 1080 corresponding to the Runs 4, 5 and 6 from Table 1 are denoted
by horizontal lines.

Fig. 13 The number of water molecules as a function of the number
of surfactants, both of which are absorbed inside the organic phase.
The corresponding dashed lines are linear regression fits.
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In Fig. 14 we plot the number of hydrogen bonds the head group
of the surfactant forms with the surrounding water molecules as a
function of the surfactant position along the z-axis. Although
there is a reduction in the number of hydrogen bonds compared
with the values observed at the interface, the interaction between
the absorbed surfactant and the intruding water molecules is still
substantial ranging from four to two hydrogen bonds per surfac-
tant. Note that even when no surfactant is absorbed inside the
organic phase or adsorbed at the interface, the number of water

molecules inside the organic phase, albeit at low concentrations,
is not zero. This is shown in Fig. S9 (ESI†) which reveals a sharp
increase in the water density inside the organic phase of 100% S
reaching a value of 1.5–3.0 kg m�3 which is larger by a factor of
2.5–5.0 than that found experimentally.37

We also performed similar simulations with 100% S for the
organic phase but instead of 10PEO6PE we used SDS as the
surfactant. Here, in contrast to the results for the nonionic
surfactant, no absorption (zero density) into styrene was observed
and the density distributions of the head and tail of SDS are clearly
confined only to the interface region (Fig. 15). Given that 100% S is
the organic phase with the highest propensity to absorb the
nonionic surfactant, we anticipate to observe zero densities also
for systems containing any mixture of styrene and PS. As we found
in our previous study,13 the self-assembly of SDS at the interface is
very ordered (compared with that of the PEO–PE block copolymer
surfactants), and similarly, we attribute its exclusion from a styrene-
rich organic phase to its small and strongly hydrophilic head
group. Such a physico-chemical character of the head group would
impose a large energetic barrier upon intrusion into a medium
with a low dielectric constant. Why then, the nonionic surfactant is
able to absorb into styrene and not into PS. We speculate it is
because at room temperature styrene is liquid whereas PS is solid.
This relationship of states between monomers and their corres-
ponding polymers is likely to be the same for other materials, and
therefore, the effect induced by ionic and nonionic surfactants
during the course of the polymerization reaction is anticipated to
be similar to that described in this work.

Conclusions

In conclusion, we have demonstrated that nonionic surfactants,
such as poly(ethylene glycol)–poly(ethylene) block copolymers,

Fig. 14 The average number of hydrogen bonds (per surfactant) the
nonionic surfactant forms with its surrounding water molecules as a
function of its z-axis (as determined by z-coordinate of its first tail carbon
atom covalently bonded to the oxygen atom of the head) for the five
different organic phases for the systems shown in Fig. 11. The region
between the dashed brown vertical lines denotes the location we con-
sidered to be the interior of the organic phase.

Fig. 15 The density profile along the z-axis (upper panel) and a snapshot
of the last configuration (lower panel) for the simulations with SDS
surfactants at 2D-density of 1.65 mg m�2. The color code is the same as
in Fig. 10, sulfur atoms of SDS and the sodium counterions are shown as
yellow and green spheres, respectively. Similar results, of no absorption of
SDS into the styrene phase, were also obtained with a lower 2D-density
of 1.24 mg m�2.
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exhibit substantially different behavior in emulsion polymeriza-
tion as compared to the widely employed ionic surfactant SDS.
The emulsion polymerization with nonionic surfactants is
characterized by an increase in the rate of polymerization and
a second nucleation period, which can be related to an unex-
pected increase in the surfactant concentration at advanced
stages of the reaction. This can be explained by the partitioning
of the surfactant into the styrene-rich phase followed by its
release as the reaction progresses and the organic phase
becomes rich in poly(styrene). Using atomistic molecular
dynamics simulations, it was shown that when adsorbed above
a critical concentration at the interface nonionic surfactants can
absorb into the hydrophobic medium. For hydrophobic phases
with mixed compositions of styrene and poly(styrene), we found
the onset of surfactant partitioning at a content around (or just
above) 50% styrene. Alongside the dissolution of the surfactant,
water molecules penetrate the hydrophobic phase as well. The
number of accompanying water molecules per surfactant
depends on the composition of the hydrophobic medium. For
ionic surfactants, such as SDS, no absorbance of surfactant has
been observed under any conditions (e.g. neat styrene at high
surfactant concentrations). It is likely that nonionic surfactants
are able to absorb into these styrene-rich organic phases because
their head groups are not strongly hydrophilic rendering the
energetic penalty, relatively, small.
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Table S1: Details of the simulations for the five organic phases (different composition of PS and styrene)

studied. For each organic phase, we considered four concentrations (eleven for 100% S) of 10PEO6PE

surfactants. The average lengths of the simulation box along each axis are indicated (the interfaces

between water and the organic phase are normal to the z-axis). The values of the 2D-densities, ρ2D, are

initial values which do not take into consideration absorption into the organic phase at equilibrium. For

the system with 100% S the box lengths in the x- and y-axes are the same.

# 16-mer PS # S # 10PEO6PE ρ2D [mg/m2] # Waters 〈X〉 [nm] 〈Y〉 〈Z〉 [nm]

10
0%

S

0 2304 0 0 8170 5.17 5.17 25.00

0 2304 2 0.0405 8170 5.18 5.18 25.00

0 2304 6 0.121 8170 5.20 5.20 25.00

0 2304 8 0.161 8170 5.20 5.20 25.00

0 2304 12 0.240 8170 5.22 5.22 25.00

0 2304 18 0.378 8604 5.09 5.09 27.00

0 2304 20 0.419 8604 5.10 5.10 27.00

0 2304 30 0.619 8604 5.13 5.13 27.00

0 2304 40 0.814 8604 5.17 5.17 27.00

0 2304 80 1.53 11630 5.33 5.33 30.00

0 2304 120 2.20 11630 5.45 5.45 30.00

25
%

PS
/
75
%

S 36 1728 0 0 14208 5.64 6.74 22.00

36 1728 18 0.244 15130 5.79 6.92 22.00

36 1728 62 0.826 14208 5.84 6.99 22.00

36 1728 122 1.66 11628 5.79 6.92 22.00

50
%

PS
/
50
%

S 72 1152 0 0 13036 6.66 5.65 21.00

72 1152 18 0.255 13036 6.73 5.71 21.00

72 1152 56 0.767 12678 6.84 5.81 21.00

72 1152 114 1.56 13308 6.83 5.80 23.00

Continued on next page
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Table S1 – continued from previous page

# 16-mer PS # S # 10PEO6PE ρ2D [mg/m2] # Waters 〈X〉 [nm] 〈Y〉 〈Z〉 [nm]

75
%

PS
/
25
%

S 108 576 0 0 14392 6.79 5.50 22.00

108 576 18 0.256 14392 6.87 5.56 22.00

108 576 62 0.875 13138 6.90 5.59 22.00

108 576 124 1.70 11892 7.00 5.67 22.00

10
0%

PS

144 0 0 0 13238 6.35 5.94 21.00

144 0 18 0.252 13238 6.45 6.03 20.84

144 0 56 0.779 12148 6.47 6.04 20.86

144 0 112 1.56 10404 6.45 6.03 21.00
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Table S2: Details of the simulation setups for the SDS surfactants studied at two different 2D-densities

with 100% S as the organic phase. The data collection time was 20 ns, and the equilibration time was 80

and 100 ns for the systems with 146 and 200 SDSs, respectively. The box lengths in the x- and y-axes

are the same.

# SDS ρ2D [mg/m2] # S # Waters 〈X〉/〈Y〉 [nm] 〈Z〉 [nm]

146 1.24 2304 5286 5.31 22.80

200 1.65 2304 5203 5.39 22.80

Table S3: Details of the simulation setups for the calculations of the potential of mean force of pulling

one 10PEO6PE surfactant adsorbed at the interface to the water phase. The different densities, reported

as ρ2D, correspond to different numbers of surfactants initially placed at the interface.

# 10PEO6PE ρ2D [mg/m2] # S # Waters 〈X〉/〈Y〉 [nm] 〈Z〉 [nm]

1 0.0538 384 4113 4.50 9.70

8 0.453 384 11452 4.38 22.04

12 0.686 384 8006 4.36 17.05
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Models for Styrene and Poly(styrene)

The bonded and non-bonded parameters for styrene and PS were taken from the OPLS-AA force-field

of ethylbenzene and ethylene molecules.1–3 However for PS, in order to allow the connectivity between

the subunits and simultaneously maintain zero charge for each of these subunits, we made the following

changes. The partial charge of Cβ of the first residue was changed from -0.180 to -0.120, that of Cγ of the

last residue was changed from -0.115 to -0.055, and both changes were applied to the repeating residues.

The chain of PS is modeled as a 16-mer unit. Because the stereochemistry of each unit is randomly

generated during polymerization, we chose to model each chain with alternating Cα chiral centers (R

followed by S). The resulting model is shown in Fig. S1 and the non-bonded interactions are specified in

Table S4. Using this model, we obtained a value of 1.02 kg/m3 for the density of amorphous PS which is

close to its experimental value4 of 1.04–1.06 kg/m3. Furthermore, the calculated values of the radius of

gyration, 9.8 Å, and the weight-normalized end-to-end distance squared, 0.42 Å2· mol/g, are also in a very

good agreement with their experimentally determined values of 10.0 Å and 0.43 Å2· mol/g, respectively.
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Figure S1: The model for PS based on the OPLS-AA force-field. The partial charge and LJ parameters

describing each atom are detailed in Table S4. Note that the Cα of the repeating and last residues are

chirals, nevertheless, the parameters for the R and S configurations are the same.
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Table S4: Partial charges and LJ parameters for the PS model. The values refer to all residue types (first,

repeating, and last) unless otherwise indicated.

q [e] σ [nm] ε [kJ/mol]

Cα -0.005 0.350 0.276

Cβ -0.120 0.350 0.276

Cβ,last -0.180 0.350 0.276

Cγ -0.055 0.355 0.293

Cγ,first -0.115 0.355 0.293

Hα, Hβ +0.060 0.250 0.126

Cδ, Cε, Cζ -0.115 0.355 0.293

Hδ, Hε, Hζ +0.115 0.242 0.126
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Cγγ
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Figure S2: The model for a styrene molecule. The OPLS-AA partial charges and LJ parameters are

detailed in Table S5.

Table S5: Partial charges and LJ parameters for styrene.

q [e] σ [nm] ε [kJ/mol]

Cα -0.115 0.355 0.318

Cβ -0.230 0.355 0.318

Cγ -0.115 0.355 0.293

Hα +0.23 0.242 0.126

Hβ +0.115 0.242 0.126

Cδ, Cε, Cζ -0.115 0.355 0.293

Hδ, Hε, Hζ +0.115 0.242 0.126
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A Model for poly(ethylene oxide)-poly(ethylene)

O C
αα

H

H
αα

Hαα

C
ββ

H
ββ

H
ββ

C
ββ

H
ββ

Hββ

C
αα

H
αα

Hαα

O C

n m

H

H

C

H

H

H

TailHead

Figure S3: The model for 10PEO6PE surfactant (n=10 and m=11). The partial charges and LJ param-

eters, taken from the OPLS-AA force-field, are detailed in Table S6. For PEO, the values were based on

a dimethyl ether.

Table S6: Partial charges and LJ parameters for the PEO-PE surfactant model. The atoms are divided

according to their association to the head or tail groups.

q [e] σ [nm] ε [kJ/mol]

Head
Cα,β +0.140 0.350 0.276

Cα,first -0.015 0.350 0.276

Hα,β +0.030 0.250 0.126

Hα,first +0.040 0.250 0.126

O -0.400 0.290 0.586

Ofirst -0.683 0.312 0.711

Hfirst +0.418 0.000 0.000

Tail
C -0.120 0.350 0.276

Clast -0.180 0.350 0.276

H +0.060 0.250 0.126
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A Model for Sodium Dodecyl Sulfate

Partial charges, bonded and nonbonded parameters for SDS were adopted from the model of Shelley et

al.5,6. Note that this model integrates the hydrogens of the methyl and methylene groups into the carbons

to which they are connected. To obtain an all-atom representation, we represented the atom-types and

partial charges of methyl and methylene groups by the OPLS-AA force-field for hydrocarbons. The sum

of the charges for each of these groups is zero, therefore, in order to determine the partial charges of the

first methylene group (which has a total charge of +0.137 e), we performed quantum calculations (using

the Gaussian09 software7 at the MP2/6-31++G**) and followed the RESP (Restrained Electrostatic

Potential) charge fitting procedure8. Bonded interactions that were missing for the all-atom description

were taken from the corresponding interactions of the OPLS-AA force-field. The resulting model is

displayed in Fig. S4 and the non-bonded parameters in Table S7 The LJ parameters of the sodium

counterion, σ=0.333 nm and ε=0.0116 kJ/mol, were taken from the OPLS-AA force-field. Note that the

charges obtained by RESP reproduce the, quantum mechanically determined, electrostatic potential at

large number of grid points around the optimized geometry of the molecule. Thus, their values can differ

substantially from the atomic charges determined quantum mechanically (e.g, as defined by Mulliken) for

the same optimized molecular structrure (see Fig. S5).
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δ−

δ−

-
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Figure S4: The model for SDS surfactant. The partial charge and LJ parameters describing each atom

are detailed in Table S7.

Table S7: Partial charges and LJ parameters for the SDS model. The atoms are divided according to

their association to the head or tail groups.

q [e] σ [nm] ε [kJ/mol]

Head
S +1.284 0.355 1.046

O -0.654 0.315 0.837

Oester -0.459 0.300 0.711

Tail
Cα +0.077 0.350 0.276

Hα +0.030 0.242 0.063

C -0.120 0.350 0.276

Clast -0.180 0.350 0.276

H +0.060 0.250 0.126
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Figure S5: Atomic (Mulliken) charges (in elementary charge units, e) for the dodecyl sulfate anion

optimized quantum mechanically at the MP2/6-31++G** level. These charges were not used in the

classical simulations.
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Figure S6: (a) The radial distribution function between the oxygen atoms of the nonionic surfactant and

the oxygen atoms of the water molecules. (b) The distribution of the angle formed by the hydrogen–

oxygen(water)–oxygen(surfactant) atomic sites for donor–acceptor distances smaller than 0.35 nm. For

both plots, the corresponding distributions were calculated for three different chemical compositions of

the organic phase.
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2D
ρ    = 0.448

2D
ρ    = 0.666

2D
ρ    = 0.055

a) PS/Water interface 

b) S/Water interface

ρ    = 0.054 ρ    = 0.686
2D
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2D2D

Figure S7: Same as Fig. 10, however here, the entire length of the simulation box along the z-axis (normal

to the interface) is shown for all snapshots.
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Relation between the Surfactant Densities at the Interface and inside the Organic Phase

The chemical potential of the surfactant in the organic phase is given by,

µop = µ

op + RT ln aop = µ


op + RT ln

[
γop

ρop

ρ

op

]
, (S1)

where µ

op is the chemical potential in the organic phase under standard conditions of temperature,

pressure, and density. The term aop is the activity of the surfactants relative to the standard state, which

can be written in terms of the activity coefficient, γop, and the surfactant density relative to that chosen

for the standard state. A corresponding term holds at the interface,

µint = µ

int + RT ln

[
γint

ρint

ρ

int

]
. (S2)

At equilibrium, µop = µint, from which we get,

ρop =
γint

γop
·
ρ


op

ρ

int

exp
[
−
(
µ


op − µ

int

)
/RT

]
ρint . (S3)

The terms associated with the standard states and the activity coefficients are constants with respect

to the concentration of the surfactant, and therefore, a plot of ρop as a function of ρint should yield a

straight line as obtained in Fig. 12a. Note that the lines do not pass through the origin, because below

the critical density the surfactant does not absorb into the organic phase and the there is no equality

between the chemical potentials (i.e., Eq. S3 does not hold). In fact in this case, the chemical potential

of the surfactant in the organic phase is larger than that in that at the interface.

Taking the derivative of Eq. S3 with respect to ρint on both sides of Eq. S3 yields,

dρop

dρint
=
γint

γop
·
ρ


op

ρ

int

exp
[
−
(
µ


op − µ

int

)
/RT

]
, (S4)

which can also be written as,

ln

[
dρop

dρint

]
= µ


int/RT+ ln

[
γint

γop
·
ρ


op

ρ

int

]
− µ


op/RT . (S5)

Note that, in principle, for different organic phases µ

int is different. Nevertheless in our systems for which

the surfactant exhibits non-zero density inside the organic phase, it is almost exclusively styrene that is

found at the interface with water (see Fig. 11 for 100% S, 75% S, and 50% S). Because of this observation

we consider that µ

int and γint are independent of these three organic phases. In addition, we also make

14
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the assumption that the value of γop, which represents the degree of deviation from an ideal behavior, is

the same for these systems.

Under these two assumptions, Eq. S5 indicates that the natural logarithm of the slopes of the lines

in Fig. 12a, for different chemical compositions of the organic phase, are only a function of µ

op where all

other terms enter as constant parameters. For an organic phase composed of styrene and PS, one may

naively try to relate µ

op to the chemical potential of styrene in the standard state, µ


str, and that of PS,

µ

ps, weighted linearly by the corresponding fractions in the organic phase, χstr and 1 - χstr, respectively.

µ

op ' χstrµ



str + (1− χstr)µ



ps (S6)

In such a case, Eq. S5 becomes,

ln

[
dρop

dρint

]
=
(
µ


int − µ


ps

)
/RT+ ln

[
γint

γop
·
ρ


op

ρ

int

]
−
(
µ


str − µ

ps

)
/RT · χstr . (S7)

Thus, plotting ln
[

dρop

dρint

]
as a function of χstr should yield a straight line with a slope equals -

(
µ


str − µ

ps

)
/RT.

This is plotted in Fig. S8 for the three organic phases containing non-zero surfactant density.
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Figure S8: The natural logarithm of the slopes of the lines shown in Fig. 12a (for 100% S, 75% S, and

50% S) as a function of the mass fraction of styrene in the organic phase (see Eq. S7). Only points

surrounded by orange circles in Fig. 12a are used for the calculations of the slopes. The red line is a linear

regression obtained with a correlation coefficient of 0.888.
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The slope of 5.8 of the linear regression means that µ

str is smaller by 5.8 RT than µ


ps, which is in

agreement with the observation that the surfactant absorbs significantly more in the styrene phase relative

to the PS phase. Nevertheless, the relatively small correlation coefficient for the linear fitting suggests

that µ

op deviates from the simplistic expression we assumed, and/or the value of γop varies for the three

organic phases. In particular, for 75% S the organic phase resembles 100% S more than expected based

on linear interpolation of the mass fractions of the two components, whereas for 50% S, it resembles less.
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Figure S9: The density of the water molecules inside the organic phase as a function of the percentage of

styrene composing the organic phase. The data are plotted for cases in which no surfactant (10PEO6PE)

is either present at all in the system or absorbed inside the organic phase (but adsorb at the interface).

For the latter, we chose the system with the highest density of surfactant at the interface that does not

support absorbance into the organic phase.
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