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DPD simulations of anionic surfactant micelles:
a critical role for polarisable water modelsT

Rachel L. Hendrikse, (2 *® Carlos Amador® and Mark R. Wilson (@

We investigate the effects of polarisable water models in dissipative particle dynamics (DPD) simulations,
focussing on the influence these models have on the aggregation behaviour of sodium dodecy! sulfate
solutions. Studies in the literature commonly report that DPD approaches underpredict the micellar
aggregation number of ionic surfactants compared to experimental values. One of the proposed reasons
for this discrepancy is that existing water models are insufficient to accurately model micellar solutions,
as they fail to account for structural changes in water close to micellar surfaces. We show that
polarisable DPD water models lead to more realistic counterion behaviour in micellar solutions,
including the degree of counterion disassociation. These water models can also accurately reproduce
changes in the dielectric constant of surfactant solutions as a function of concentration. We find
evidence that polarisable water leads to the formation of more stable micelles at higher aggregation
numbers. However, we also show that the choice of water model is not responsible for the
underestimated aggregation numbers observed in DPD simulations. This finding addresses a key
question in the literature surrounding the importance of water models in DPD simulations of ionic

rsc.li/soft-matter-journal micellar solutions.

1 Introduction

Since its inception, DPD has found widespread use in the
simulation of complex and computationally demanding soft
matter systems, including polymer and surfactant solutions.'
DPD allows for significantly faster equilibration time than tradi-
tional molecular dynamics (MD) approaches, making it particu-
larly applicable to systems where spontaneous aggregation occurs:
such as micellar solutions,'® lyotropic liquid crystals,>"*™" and
chromonic mesophases'®'” or systems where complex molecular
self-organisation occurs.'®2° In this paper, we study the aggrega-
tion behaviour of the well-known anionic surfactant sodium
dodecyl sulfate (SDS) using DPD, and address one of the key
weaknesses of standard DPD approaches: the inability to predict
the correct dielectric behaviour of aqueous solutions.

SDS has been the focus of many experimental studies across
literature, due to its widespread use in commercial products,
particularly in personal care products. Aqueous SDS solutions
are arguably one of the most studied systems in surfactant
research. This is particularly true of the micellar phase,**
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although higher concentration liquid phases have also been
extensively characterised.***® Much of the literature dedicated
to micellar solutions has focused on determining the shape,
size, and structure of micelles, as well as looking at the impact
of variables such as salt,>®?>*"?° temperature,®>" and
concentration.”* >3 Other research has looked at the
impact of mixing surfactants with other components such as
other surfactants,*>*?%3° to understand the changes this may
produce in micellar properties. However, despite the abun-
dance of SDS studies in literature, experimental data can
often be difficult to interpret as studies can often conflict with
each other. In particular, different experimental approaches
usually lead to different conclusions surrounding the size and
shape of SDS micelles, complicating our understanding of
these systems.

Due to the difficulties associated with interpreting experi-
mental data, as highlighted above, SDS has also been the focus
of numerous existing theoretical and modelling studies.
Such studies can help provide insight where experiments may
struggle. Theoretical thermodynamic models have been used to
predict the properties of micelle solutions using the free energy
of formation of an aggregate in solution.”” *° These models can
be used to predict the critical micelle concentration (CMC), and
the average expected size and shape of aggregates. Simulation
studies range from detailed all-atom MD approaches,* ™ to
those using coarse-grained approaches such as DPD.'™ Here,
MD simulations are typically limited to studying very small
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systems and are often prohibitively computationally expensive
for studying systems consisting of multiple micelles, or for
studying the aggregation process itself. This makes it desirable
to develop accurate DPD modelling techniques to allow one to
study far larger systems at longer time scales using a simulation
approach. Other approaches to predicting surfactant properties
include field-based approaches such as self-consistent field
theory.**™*8

There are several existing studies using DPD to study SDS
solutions. However, most of these studies have taken the
traditional DPD approach:*® i.e., simulations are carried out
with an uncharged model in which explicit electrostatic inter-
actions are not included. The first attempt to model SDS with
explicit electrostatics was presented by Mao et al.,> which was
followed a few years later by Anderson et al.®> Both models were
found to significantly underestimate the aggregation number
in comparison to experimental values. Potential reasons proposed
by the authors for this discrepancy include equilibration issues,
inadequate calculation of the short-range repulsion parameters,>*
and the treatment of charged particles.”

One interesting suggestion made by both sets of authors,>?
is that underpredicted aggregation numbers may result from
the typical treatment of water in DPD. Specifically, coarse-
grained simulation techniques such as DPD are typically per-
formed using a constant dielectric constant across the simula-
tion box. This approach may be inadequate for taking into
account the structural changes of water near charged surfaces,
such as those seen with a charged micelle.**”>" We propose that
this may result in the degree of counterion dissociation being
artificially inflated, and causing smaller micelle sizes. A change
in counterion dissociation is also highly likely to influence
micelle-micelle interactions. In this article, we aim to address
this suggestion by making use of a polarisable water model.

Very few polarisable water models for DPD have been
proposed in the existing literature. Existing models are those
presented by Peter and Pivkin,>* Peter et al.,>® Vaiwala et al.>*
and, most recently, Chiacchiera et al.> In this paper, we begin
by presenting a study of these existing models for the purpose
of applying them to micellar solutions. However, we show that
the Peter and Pivkin®* and Peter et al.>®> models do not repro-
duce the dielectric constants that they claim to, and instead
produce dielectric constant values for water which are much
lower than the experimental values. Therefore, we base our
polarisable water model on the work of Vaiwala et al.>* To the
best of our knowledge, this is the first attempt at modelling
ionic micelles using DPD with a polarisable water model.

2 Dissipative particle dynamics
2.1 Overview of forces

DPD is a coarse-grained simulation method in which groups of
atoms are represented by soft ‘beads’. The relative softness of
the interbead forces allows for long time steps, enhanced
diffusion, and faster equilibration times in comparison to both
atomistic and coarse-grained molecular dynamics.
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The total force acting on bead i can be written as a sum of
contributing forces from bonded and non-bonded components:

_ C D R E B A
fi=> | F§ +F)+F} +F; +F} +F} )
J#i —

non—bonded bonded

where F;; are the forces acting on bead i by bead j. The non-bonded
contribution is made up of the conservative F§;, dissipative Fy,
random Fjf and electrostatic F;j‘ forces. These forces act within a
defined cut-off range rc (excluding the electrostatic force) and
beyond this they are taken to be zero. This relatively short cut-off
range contributes to the fast computational speed of the DPD
method. The conservative force takes the form

C

where 0 < a; which results in a repulsion between beads 7 and j
since r; = r; — 1;is the vector between beads i and j and unit vector
t; = r;/|ry|. The dissipative and random forces are given by the
following expressions

FD = —0°(r)Ey vy 3)

Fg = G'u)R(rl‘j)Cy'f'l‘jAtillz, (4)

where " and o® are weight functions that vanish when |r;| >
rc. 7 is a friction coefficient and ¢ is the noise amplitude,
v; = v; — v; is the velocity between beads 7 and j, At is the time
step and ((t) is a randomly fluctuating Gaussian variable with
zero mean and unit variance. To satisfy the fluctuation-
dissipation theorem,’® the relationship between the weight
functions has the requirement that

o® = [0 (5)
and the relationship between the amplitudes is
6% = 2k T, (6)

where kg is the Boltzmann constant and T is the temperature.
In this work, we set kgT = 1 and set values for the constants ¢ = 3
and y = 4.5. The form chosen for the weight functions is

wP = (1 —%)2 (7)

for when |r;| < rc, since it maintains simplicity. The bonding
forces are calculated from bonding potentials Uj; and Uy}, where
Uy chemically bonds beads together, while Uj; defines a rigidity

between molecules. These potentials take the form

C
up :52(&/*10)2, (8)
7

D
Uy = 32(9% — 00)%, (9)

J

where [, is an equilibrium bond length and C is a constant
defining the strength of the bond. 0, is a bond angle between
beads i, j and k, and 0, is an equilibrium bond. The constant D
defines how strongly this rigidity is implemented. Note that we

This journal is © The Royal Society of Chemistry 2024
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use a timestep of At = 0.01 for all of the simulations conducted
in this work.

The rc parameter serves as a means for converting DPD
length scales into real units. A value for ¢ is usually calculated
by matching the density of water simulated to the density of
water experimentally at room temperature. This is dependent
on the choice of bead density pp and the degree of coarse
graining used for water Nc. We take the conventional choice of
pp = 3r¢ >, resulting in ¢ being determined by the expression

(3NCMW) 173
re=|——

(10)
PMass

where M,, is the mass of one water molecule and pyas iS the
experimental value of the density of water at room temperature
Pvass = 997 kg m™3. In this work, we make use of two different
models for coarse-graining. Hence, the values calculated for .
are given in Section 4 once the surfactant models have been
introduced. All simulations described in this article are per-
formed using the LAMMPS software package.””

2.2 Electrostatics in DPD

Electrostatics are implemented using smeared charges to avoid
artificial ion pair formation. This has become the standard
approach for DPD simulations.>*>*® Vvarious forms of the
smearing function have been proposed in the literature,*
including a linear charge distribution, where the charge dis-
tribution p(r) is given as

02403

where R is the smearing distance and q is the charge. A popular
alternative is to use the Slater-type smearing, where the charge
distribution is given by

— A oexp(
Plr) =2 e"p( z)’

where A is the decay length of the charge. This charge distribu-
tion results in a relatively complex expression for the electro-
static potential:>®

(11)

(12)

Ug = ZZ:I,} [1 - (1 + %ﬁrﬁ + %ﬁzr,»,-z + éﬁ%,-ﬁ)e*zf""ff] (13)
where g; and g; are the charges on two beads, I" = e’/(kpTeoesrc)
is a dimensionless electrostatic coupling parameter, = 1/4 is
the Slater parameter, ¢, is the permittivity of free space and ¢ is
the background relative permittivity. Therefore, typically a
simplified form of the potential is usually used:

_Tawg

U
E 4TEV,:/

[1— (14 Bry)e i, (14)

which is also the form we choose to use in this work. Note that
when standard (non-polarisable) water models are used, the
relative permittivity of the solvent ¢, replaces ¢, in the definition
of I, becoming the background permittivity. For simulations in
which we use standard DPD water, we set ¢ =~ 78.3. For
polarisable water models, one can choose to set the background
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permittivity equivalent to that of a vacuum (¢; = 1) or potentially
of another material. For example, since we do not intend to
consider the electrostatic interactions of the hydrophobic core
of the micelles we simulate, one could set the background
screening to a value which reflects a screening comparable to
alkanes. This will be discussed in more detail in the following
section.

We base our polarisable water model on the work of Vaiwala
et al.,”* who used a linear charge distribution function (with R =
1.67¢, as suggested by Groot®®). However, the surfactant models
we use were originally tested using the Slater-type charge
density distribution. These parameterisations were calculated
by Anderson et al.® (using f8 = 0.9297, as suggested by Gonzalez-
Melchor et al.®°) and Mao et al.” (using f§ = 4r¢). The R = 1.67¢
and f = 0.929r¢ choices for the linear and Slater smearing result
in nearly identical electrostatic potentials, and in particular the
Slater-type potential with f# = 0.9297¢ has been used extensively
throughout the literature. Consequently, throughout this work,
we chose to use the Slater-type potential with f = 0.929r¢.
Noting that a slight variation of electrostatic treatment from
the original Vaiwala et al. paper may result in very slight
differences in results compared to those originally published.

3 Polarisable water model and
calculating the dielectric constant

The polarisable water model used is based on the work of
Vaiwala et al.>* and is illustrated in Fig. 1. We note in passing
the similarity of this model to the polarisable Martini model
and variants®*"®* that are commonly used in coarse-grained
models of biological®®® and soft-matter systems.®! It is also
noted that an interesting alternative is provided by a charged
dimer model, such as discussed in the recent work of
Chiacchiera.”® In Fig. 1, water particles are treated as Drude
oscillators with a central water bead (W) and two attached
oppositely charged beads (D). The central bead represents
multiple water molecules (2 or 4 waters in this work - see
Section 4). It is important to note that beads that are directly
bonded do not interact with each other (i.e. the central water
bead and Drude beads do not interact with each other through
space when they belong to the same particle). Drude beads (D)
interact with the Drude beads of another particle via the
dissipative, random and electrostatic forces, but do not interact
via the conservative force. Central water beads (W) interact via

Fig. 1 Model for polarisable water particles. Each particle is made up of a
central water bead (W) attached to two charged Drude beads (D) posses-
sing charges +q.

Soft Matter, 2024, 20, 7521-7534 | 7523
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Table 1 Summary of how beads interact with each other within water
particles

F§ Fp Fj Fj; Fj Fj
W-W v v v
W-D (intra) v
W-D (inter) v v
D-D (intra) v
D-D (inter) v v v

all forces except the electrostatic force. These force interactions
are summarised in Table 1.

The total mass of the water particle is m, where the central
water bead has mass 2m/3 and each of the Drude beads has
mass m/6. In practice, reduced units are used where the DPD
particle mass m = 1. The bond between Drude beads and water
beads is controlled by eqn (8), where the length of the bond is
set as [, = 0.357¢, and the strength is set by C = 512kgT/rc’. The
angle between the bonded beads (D-W-D angle) is controlled
by eqn (9) where the equilibrium bond angle 6, = 0 and
D = 1kgT/rad” These parameter choices are based on the work
of Vaiwala et al>* It is important to note that although the
Drude beads do not interact within their own particle, we
observe that there is no effect on the temperature control
because of this. All beads are thermalized by collisions in the
system, and we find no difference in the temperature of
individual beads across the simulation.

The relative permittivity (dielectric constant) of the solvent ¢,
is calculated using classical Frohlich-Kirkwood theory,®”®
using the fluctuations of the total dipole moment M

& (M?) — (M)?

=14 —L * 7 15
& + 3eges Vhkg T (15)

where T is the system’s temperature and V is the volume. The
Nw

total dipole moment is calculated as M= |g| > (r} —rf)
k=1

where g is the Drude charge, Ny is the number of water
particles, and r;" and r;~ are the positions of the positively
and negatively charged Drude beads. Note that in the absence
of an external field, we expect that (M) = 0.

Similarly to Vaiwala et al.,>* we chose to set & = 2. Since
alkanes tend to possess a dielectric constant value ~2,% this
choice reasonably reproduces the dielectric screening of
the micelle core. Therefore, to reproduce the correct relative
permittivity for water, we aim for a target value of &/e5 =
78.3/2 ~ 39.2.

Vaiwala et al>® base their water parameterisation on a
mapping of four water molecules per DPD bead. The model
is parameterised to reproduce the compressibility of water at
room temperature and relative dielectric permittivity. The
compressibility of the fluid is primarily influenced by the
choice of aww. To reproduce the compressibility of water at
room temperature, the conservative repulsion for water beads
aww is typically defined as aww & 25NckpT/rc, where N¢ is the
degree of coarse graining. Using this relation, Vaiwala et al.>*
choose to set aww = 100.
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The relative dielectric permittivity is largely influenced by
the choice of Drude charge g and the equilibrium bond length
lo. In the following sections, we discuss surfactant parameter-
isations based on the use of different values of aww, and
therefore we simulate using the same ayyw values that the
surfactant parameterisations were based on. In theory, deviat-
ing from aww = 100 also influences the calculated dielectric
constant (in addition to [, and g). However, we will show that
the dielectric constant calculated is largely independent of

aww-

4 Surfactant models

We apply the polarisable water model (discussed in the pre-
vious section) to solutions containing micelles formed by
sodium dodecyl sulfate (SDS). We investigate the effect of the
polarisable water on two different parameterisations of SDS.
The first of these models was developed by Mao et al.,”> which
was also one of the first models of SDS in DPD to explicitly
include electrostatic charges. The second of these models is
that developed by Anderson et al.®> The coarse graining of SDS
used in both of these parameterisation schemes is illustrated
in Fig. 2.

In the scheme developed by Mao et al.,” the a; interaction
values were determined by mapping to experimental values
for the solvent compressibility and infinite dilution activity
coefficient. Furthermore, the bond parameters were also para-
meterised via matching to atomistic molecular dynamics cal-
culations. In this scheme, they coarse-grain water beads to four
water molecules (N¢ = 4). In the Anderson et al.’> scheme, the
authors vary both the interaction value a;; and the bead cut-offs
rc in their parameterisation. Their parameters are fit to a
combination of mutual solubilities, partition coefficients, and
molar volumes (densities). They choose to coarse grain water
beads in terms of two water molecules (N¢ = 2).

While both of these models were found in their original
articles to do a reasonably good job of predicting the CMC
value, they were also both found to underpredict the aggrega-
tion number when compared to experimental data. At a concen-
tration of 7 wt%, the aggregation number calculated by Mao
et al? is reported as N ~ 30, while in the Anderson et al.’

+
= H,0 H,0
W\ ’O Na
/\/\/\/\/\/\0’ \ H,0

b) i

q§,0
NN 0 \\o

Fig. 2 Coarse-graining used in the (a) Mao et al.? and (b) Anderson et al.*
parameterisation schemes of SDS. Beads are coloured according to type.

This journal is © The Royal Society of Chemistry 2024
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scheme they report an aggregation number of N = 47. Both of
these are significantly lower than the experimentally predicted
value of N ~ 80.%

A length scale for the system r; can be calculated by
matching the density of a water simulation to the experimental
density of water at room temperature. Since the surfactant
models discussed in this section are based on different
coarse-grainings of water, this will result in two different length
scale conversations. For the Anderson et al® scheme this
results in 7cV°2 = 5.65 A, while for the Mao et al.? we calculate
rcNe™* =7.11 A. The impact of this on the dielectric constant will
be discussed in the following section.

It is also important to note that both of these parameterisa-
tions were originally developed under the assumption that
bonded beads interact with each other, and therefore the
models will not produce the correct surfactant behaviour if
bonded interactions are turned off. Therefore, we stipulate that
while bonded beads do not interact within water particles, they
do within our surfactant molecules.

Henceforth in this article, for simplicity, we will refer to
Mao et al.>’s parameterisation as scheme A, Anderson et al.*’s
representation as scheme B.

5 Dielectric constant of water and
aqueous salt solutions

For scheme A (using N¢ = 4), the Drude bead charge is set as
g"“™* = 0.6e, based on the work of Vaiwala et al.>* For scheme B
(using N¢ = 2), keeping the same equilibrium bond length [, =
0.357¢ and the same charge g = 0.6e will result in a different
value of the dielectric constant, due to the effective shortening
of the bond length from changing rc.

Therefore, to generate the correct dielectric constant for
water, we must in theory alter either the equilibrium bond
length or the charge on the Drude bead. Here, we keep the
bond length constant in DPD units ([, = 0.35r¢), and tune the
Drude charge appropriately.

We note in passing that, within LAMMPS, the charge is set
in terms of unit-less quantities (unit style ‘lj’), where the charge
is input in reduced units ¢* = ¢/v/4neorckg T, which is a result
of setting 4me, = 1 in this units system. Therefore, eqn (15) tells
us that the dielectric constant for scheme B will be the same as
scheme A if we maintain the same value of g*. In units of
electronic charge (due to the change in ¢ when the degree of
coarse-graining is varied from Ng = 4 to Ng = 2) this is
equivalent to altering the charge on the Drude bead to

gNe=? = gNe=4 r’c\lczz/rgcz4 ~ 0.534¢. Further details on the

reduced charge can be obtained in the ESI.}

In addition to the Vaiwala water model, we also calculated
the dielectric constant produced by models by Peter and
Pivkin®®> and Peter et al.>® These simulations are performed
using 24 000 water particles in a cubic simulation box with
periodic boundary conditions and an edge length L = 20.
We simulate for an equilibration period of 30000 time steps

This journal is © The Royal Society of Chemistry 2024
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Table 2 Comparison of key parameters used in existing polarisable water

models from literature. For each model, we calculate the value of ¢ /e
produced for bulk water

Peter and Pivkin®*>  Peter et al>®  Vaiwala et al.>*

Iy (Rc) 0.2 0.2 0.35
lq] (e) 0.2 0.75 0.6
C (ksT/RS) 1 x 10° 1 x10° 512
D (KgT/rad®) 1 7.5 1

0 (degrees) 0 0 0

& 1 1 2
Aww 35 35 100
Rc (A) 6.46 6.46 7.11
At 0.001 0.001 0.01
&dlts 3.2 4.3 40.9

before we begin collecting data. We then run for a further
70000 timesteps, calculating the dipole moments every 100
timesteps.

The differences between the three water models discussed in
this article are highlighted in Table 2. However, we find much
smaller values for ¢, than reported in the original articles, finding
values ¢, = 3.2 (Peter and Pivkin®?) and &, = 4.3 (Peter et al.*®), which
greatly differs from the experimental value of ¢,/es = 78.3/2 ~ 39.2.
We suggest that the authors in these articles may not allow for the
necessary equilibration time of dipole moments before calculating
& (suggested by the relationship the authors present between angle
constant D and ¢;). However, we will show here that the dielectric
constant calculated based on Vaiwala’s parameters matches the
experimental value much more closely.

5.1. Relationship between &, and aww

As mentioned above, we find that the value for ¢, is indepen-
dent of the value of the interaction parameters aww, which we
show in this section. To do this, we perform a parameter sweep
over different values of awyw and calculate the dielectric con-
stant, keeping the value of charge and bond length constant.
These simulations are performed in the same way as previously
(Table 2).

Fig. 3 shows the value of ¢,/¢s calculated as a function of the
number of time steps. Also presented is the final value of ¢,/es
over the entire simulation run time, where we see negligible
difference between different values of aww within the expected
simulation error. This allows us to apply the polarisable water
model described in this article to systems with different degrees
of coarse-graining without any concern about how it impacts
the dielectric constant.

5.2 Aqueous NaCl solutions

Experiments have shown that aqueous salt solutions exhibit a
reduction in dielectric constant with increasing salt content,”®
which has also been shown to be reproducible in molecular
dynamics simulations.”*””* Before we apply the water model to
micellar solutions, we test whether the polarisable water model
can reproduce dielectric decrement behaviour.

We test the polarisable water using both scheme A (Mao
et al®) and scheme B (Anderson et al®) coarse-graining
approaches and set up the simulations in the same manner

Soft Matter, 2024, 20, 7521-7534 | 7525
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— aww =25, &/es=40.07
aww =50, &/es =41.43
1001 —— aww=75, & /es=41.16
—— aww = 100, &,/es =40.92
801
%]
L
w 601
40 A Fk;
201

0 100000 200000 300000 400000 500000
Elapsed time steps

Fig. 3 Ratio of relative permittivity of the solvent ¢, to the background
permittivity &5 for varying values of interaction parameter aww.

as described in Section 5.1. The sodium chloride salt is repre-
sented as two oppositely charged beads corresponding to hydrated
ions, each of which has a charge of magnitude |g| = e. The short-
range a; interactions are set as the same as those for water beads.

Fig. 4 presents the impact of varying the salt content in the
two different models, compared with experimental data. The
polarisable water model correctly predicts the drop in relative
permittivity with the addition of ions. There is a small dis-
crepancy between the experimental data and the simulated
data, however, the DPD model is shown to be just as accurate
as molecular dynamics approaches.””?

6 Micellar solutions

In this section, we compare the differences in surfactant
aggregation behaviour when standard water and polarisable

1.00 1 ® Simulated, Scheme A
N ® Simulated, Scheme B
0.95 1 \‘\‘\.\\ ® Experimental data
W AN
0.90 1 }\% L
\ \\\

0.85 o o

W \\\.‘ \\\ ()
N N
= 0.80 e,
w NN S
hY AN S
0.75 Son e
N, \\
0.70 N e -
‘e RN
N N,
0.65 1 N S
\\ \\\
° A
0.60 1 °
0 1 2 3 4

Salt Concentration (M)

Fig. 4 The ratio of the dielectric of a salt solution ¢* to that calculated for
pure water ¢, shown as a function of NaCl salt content. We show simulated
data for both scheme A (Mao et al.?) and scheme B (Anderson et al.®) SDS
models. Experimental data taken from Buchner et al.”®
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water models are applied. We also compare the effect that
polarisable water has on the two different SDS models dis-
cussed thus far. In their original papers, both models showed a
fairly strong relationship between aggregation number and
concentration. Therefore, in each case, calculations are per-
formed at four different concentrations: 2.5, 5, 7.5 and 10 wt%
(corresponding to molar concentrations 87, 173, 260 and 346
mM). Each simulation is conducted in a cubic box with edge
length L = 20r¢, with a total number of beads n = 24 000. Details
on the number of water and surfactant beads this corresponds
to can be found in the ESIL. ¥

6.1 Aggregation number

For each simulation, we calculate a weighted aggregation number,
o0

defined as Ny = (N*)/(N) where (N?) = 3 N?Ppicee(N). Here
N=1

N is the number of monomers in a given molecule, and Pycee iS
the probability of finding a monomer existing in a micelle of size
N. The use of the weighted aggregation number, as opposed to
simply the aggregation number, better represents polydisperse
systems and is also more comparable with the experimental
aggregation number. For this calculation, we output trajectory
information every 10 000 time steps.

The instantaneous aggregation number as a function of time
step is shown in Fig. 5. We note that the micelles produced by
scheme B (Anderson et al.®) are generally larger and more stable
than those produced by scheme A (Mao et al.?).

We equilibrate our micellar solutions until the final aggre-
gation number no longer appears to be changing with further
simulation time steps. Fig. 6 shows the calculated aggregation
numbers, where the weighted aggregation number is calculated
from the final 100 000 time steps. This figure shows that we do
not see a significant difference between the polarisable and
standard water models, at least with regard to the instanta-
neous aggregation number. The experimental value of the
aggregation number varies between different experimental
methods but is usually reported as between ~75-110 in this
concentration range.”®*”**?" As reported in the original DPD
studies, the aggregation number is underpredicted in Fig. 6
compared with experimental data. However, we note an increase
in the average aggregation number with increasing concen-
tration, which is in line with experimental observations.>®

6.2 Pre-assembled micelles

In Section 6.1 we initialised our simulations with random
initial configurations, allowing the surfactant molecules to
equilibrate into aggregates. Besides the issue of the dielectric
constant, one additional frequently proposed reason that aggre-
gation numbers are underpredicted is related to equilibration
issues. Equilibration issues are expected to be more significant
for ionic surfactants (than nonionic ones) on account of the
strong electrostatic repulsion involved between the surfactant
head groups.

Therefore, we also study micelles which are pre-formed at
aggregation numbers close to the experimentally known values.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Final weighted aggregation number using aggregation data from
the final 1 x 10° time steps.

This allows us to analyse if there is any difference in the
behaviour of the polarisable and non-polarisable models at

This journal is © The Royal Society of Chemistry 2024

larger aggregation numbers. While other authors have taken the
approach of placing micelles in a structured arrangement at the
start of a simulation, we take a more practical approach. We initially
simulate for a short period during which we apply no electrostatic
interactions (effectively turning the counterions and head groups
into water beads). We find that in all cases this leads to the relatively
quick formation of a single micelle in the simulation box, owing to
the lack of head-group repulsion limiting the micelle size. We take
this as equivalent to a pre-assembled micelle. Then we simply turn
on the electrostatic interactions and equilibrate.

We perform these calculations using SDS scheme B only,
conducting simulations in a box with edge length L = 15r¢.
Fig. 7 shows the final aggregation number after approximately
4.5 x 10° time-steps, relative to the aggregation number the
micelle is initialised at. We observe that the micelles in the
simulations containing the polarisable water model appear to
be significantly more stable than the micelles using standard
water. In the case of using standard water, at preassembled
aggregation numbers of > 60, the micelle breaks down into two
different aggregates, while in the polarisable case, the micelle
remains a single whole micelle.

Soft Matter, 2024, 20, 7521-7534 | 7527
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Fig. 7 Final aggregation number of micelles which are pre-assembled
into a single micelle.

Above the upper limit of aggregation numbers shown in Fig. 7
(N > 90), we find that the micelle fragments when the electro-
static interactions are switched on in both water models.
However, we also note that the fragmentation becomes some-
what more random for larger initial micelle sizes. For example, a
micelle with an initial size N = 100 may fragment into two or
three micelles in independent simulations. We find that this is
usually related to how evenly the first ‘split’ of the initial micelle
is. For example, if the micelle initially fragments into two
micelles of approximately equal size (resulting in Ny = 50),
then it will not divide any further. However, if it initially
fragments unevenly, (e.g. N = 20 and N = 80), then the larger
micelle may divide again. This behaviour could make it difficult
to ascertain an equilibrium aggregation number Ny using this
approach, due to the randomness in how larger micelles can
fragment.

6.2.1 Micelle shape. The shape of SDS micelles has
been extensively studied experimentally using small-angle
neutron®'>*?°?" and X-ray’>** scattering. It can generally be
concluded’ that experimental data shows that micelles are
spherical or nearly spherical at most concentrations in the
micellar range. However, at very high concentrations the aver-
age aggregation number can increase, and for SDS experi-
mental results are interpreted to show a transition to ‘worm’-
like or ‘rod’-like micelles, at aggregation numbers around N =~
130.?® This transition takes place at larger concentrations and
larger aggregation numbers than those used in this study.
Therefore, we expect our simulated micelles to be relatively
spherical.

We can quantitatively determine the degree of spherical-
ness of the micelles in these simulations by calculating the
eccentricity e, which we define using the moment of inertia
of the micelle:

I, min

e=1-
IAvg

(16)
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Fig. 8 The eccentricity of micelles (a) using the Anderson et al.* para-
meterization as a function of their size N, where the error bar represents
the standard deviation over the measurement period. Figure (b) shows two
examples of the micelle shape when aggregation number N = 90. Images
taken from the same simulation at two different time steps. Note the bead
colour indicates the bead type, where: CHz bead (pink), CH, bead (blue)
and head group (purple).

where I,;, is the smallest moment of inertia in any dimension
and I, is the average over all dimensions. A value of e = 0
corresponds to a perfectly spherical micelle. Fig. 8a shows the
value for e as a function of the final size N. We take the value
for eccentricity for the micelles in non-polarisable water when
N > 60 during the period of the simulation after the charges
have been turned on, but before the micelle has not broken
down into two aggregates. We also show the standard deviation
for the measured eccentricity, which is intended to show how
much fluctuation there is in the micelle shape over the
measurement period. We see that the shape (and shape fluc-
tuation) of the micelles in standard water and polarisable water
are relatively similar, despite the difference in their relative
stability.

In both models, the eccentricity value is relatively small,
particularly within the range 30 £ N < 60. This is in good
agreement with the experimental measurements discussed
above, which indicated relatively spherical micelles. The
micelles are most spherical around the size of N = 40, before
increasing in eccentricity for larger N. The error bars plotted for
large N indicate significant amounts of fluctuation in micelle
shape. Fig. 8b highlights the variation in shape for aggregates
at sizes N = 90, showing that the micelle varies from nearly
completely spherical to almost rod-like (note that more details
about the fluctuation of eccentricity over the simulation time

This journal is © The Royal Society of Chemistry 2024
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can be found in the ESIf). This significant fluctuation in
micelle shape has also been observed for SDS in molecular
dynamics*® and experimental studies.”” Palazzesi et al use
molecular dynamics to also calculate the eccentricity of an
SDS micelle with an aggregation number of N = 60, finding
an average value of e = 0.154, which we note is in excellent
agreement with our average value using DPD.

6.3 Dielectric constant

6.3.1 Bulk water. We investigate whether our polarisable
water model is behaving correctly by calculating the dielectric
constant of the solvent as a function of surfactant concen-
tration. Note that only water molecules are involved in this
calculation. The effect of surfactant concentration on the bulk
water is shown in Fig. 9, in which we observe a decrease in the
solvent relative permittivity with increasing surfactant concen-
trations. This behaviour is in agreement with experimental
observations.”®”” We also observe that there is relatively little
difference in behaviour between the two surfactant molecules
in the level of decrement. This gives us confidence that the
water model is behaving as expected in the presence of surfac-
tant, allowing us to investigate the dielectric constant across
the domain in more detail.

6.3.2 As a function of distance from a micelle. It has been
suggested in theoretical works’® that there is a reduction in
relative permittivity near charged surfaces. In contrast, mole-
cular dynamics simulations have indicated that the solvent
polarisability oscillates near the surface,”*’® although these
two pictures have been shown to agree with each other if the
oscillations are spatially averaged, leading to an overall
decrease in the permittivity near the surface.”® Therefore, one
might expect to observe the same effect near the surface of
ionic micelles.

This decrease in relative permittivity has been suggested to
arise from a variety of possible origins, including the orienta-
tional ordering of water molecules close to the surface’®%*%'
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Fig. 9 Decrease in dielectric constant ¢, of the bulk water molecules with
increasing surfactant concentration.
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and a decrease in the density of water molecules due to the
presence of counterions.”®®> We propose that a reduction in ¢
leads to a reduction in charge screening between the head
groups of surfactant molecules. Therefore, a greater number of
counterions condense at the micelle surface (in comparison to
a case in which there is no reduction) to screen electro-
static interactions between the negatively charged head groups.
It is of interest that previous works,*" in which various MD
water models and force fields have been investigated for SDS
micelles, appear to illustrate a link between counterion con-
densation and water model. We note that the authors appear to
report a higher degree of condensation when models with lower
dielectric constants are chosen.

It is nontrivial to calculate the dielectric constant as a
function of position in our micellar systems, which would allow
us to assess this theory. The dielectric constant is fundamen-
tally a macroscopic property, and it is an open area of research
concerning how the relative permittivity can be studied for
inhomogeneous systems. While for a bulk material one can use
Frohlich-Kirkwood theory (eqn (15)), in inhomogeneous sys-
tems this equation becomes invalid. However, some studies
have successfully calculated dielectric profiles for systems in
which there is some spatial symmetry, for example in lipid
bilayer systems®® or in slab geometries,”* where one has to
assume dipole fluctuations in different perpendicular layers are
not directly coupled.

In a similar manner, we estimate the variation in the relative
permittivity as a function distance from the micelle’s surface,
by calculating the mean square dipole my of an inner spherical
region of radius R (where R = 0 is the micelle’s centre of mass).
We estimate

&(R) dn 5

=1 R
. 375 (R)

(17)

where Vg is the volume of a sphere of radius R. This is
an approximate approach,®® which has also been used
previously.*®> We perform a similar simulation to those
described in Section 6.2, however, slightly increasing the box
size from L = 157 to L = 20r to allow us to study the dielectric
constant at a slightly longer range from the micelle. We
simulate a micelle containing 60 surfactant molecules.
When the electrostatic interactions are turned off, all surfactant
molecules aggregate into a single micelle. Once the electro-
static interactions are turned on, the micelle loses a number
of its monomers into the bulk, so that the aggregation number
of the micelle we analyse is around N = 56 over the
analysis time.

Fig. 10 shows a plot of ¢(R) as a function of R, where we also
show the density profiles for the micelle and water. We see that
the calculated value of ¢(R) increases with distance from the
micelle centre, and appears to be particularly tied with the
increase in the water density. This suggests that indeed we do
see a lower local dielectric constant closer to the micelle surface,
which is strongly linked to an excluded volume effect due to the
presence of ions.
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Fig. 10 The density, plotted on the LHS axis, of various beads as a
function of distance from a micelle of aggregation number N ~ 56 using
the Anderson model for the SDS surfactant. We also show (red) the
dielectric constant of the water particles on the RHS axis.

6.4 Counter-ion behaviour

In this section, we investigate the impact of the water model
and SDS model on the degree of disassociation of counterions.
The degree of disassociation o potentially plays a role in the
transition from spherical to rod-like micelles. The transition to
elongated micelles can lead to viscoelastic behaviour, therefore
accurate calculations for o are a crucial area of research.
However, there exists a wide range of o values in the
literature,®*®® resulting from different experimental techni-
ques and a lack of consensus over the definition of ‘dissociated
ions’, an issue which has been discussed in literature.®” How-
ever, values of around « = 0.3 are most commonly reported.®**”
The calculation ofx from simulations is complicated by the fact
that molecular dynamics simulations have shown that the value
of o can depend on the choice of force field.*!

Fig. 11 shows the radial distribution function (RDF) between
the SO4 (SO*) and NA (Na) beads for different simulation
cases. We observe that in the polarisable models, the head
group and their counterion are closer than in the standard
water case, and are significantly closer in the scheme B surfac-
tant model. This shift in the radial distribution function
(between the micelle and counter ions) has also been observed
when comparing polarisable and non-polarisable MARTINI
force fields.** While molecular dynamics simulations have
reported*’ that there are generally two distinct peaks within
the first 0.6 nm, corresponding to the first two sodium shells,
we only observe a single, broader peak. We attribute this to the
coarse graining used in this work, which smears these into a
single peak.

We calculate the number of ions bound to the micelle
(where bound ions =1 — «), defining an ion to be bound if it is
within a defined cut-off of one of the surfactant head groups.
Molecular dynamics simulations®' report that, depending
on the force field used, there exists on average around 60%
(range 45-70% for the six force fields tested) of the sodium
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Fig. 11 Radial distribution function between the SO4 and NA beads for

different simulation cases. All data presented for simulations at 10 wt%.

Both SDS parameterisation schemes are shown: A (Mao et al?) and B

(Anderson et al.).

atoms within 0.6 nm of the RDF shell. We choose our cut-off
distance to be Rcy¢ = 0.8R¢ for the scheme A (Mao et al.?) SDS
model, and Rcy = 1Rc for scheme B (Anderson et al’).
Converted into real units, both of these cut-offs are approxi-
mately 0.57 nm, allowing for direct comparison with the
molecular dynamics data.

Fig. 12 shows the fraction of ions bound to the micelles in
each simulation case (note that we only consider ions asso-
ciated with micelles in this calculation and surfactants which
are considered free monomers are not included). The number
of bound ions increases with concentration and is consistently
higher in the polarisable models compared to standard water.
The introduction of the polarisable model also causes the
number of bound ions to be more comparable with both
molecular dynamics data, and experimental data.
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Fig. 12 Fraction of sodium ions within a defined cut-off range of head
group beads. Cut-off distances of Rcy = 1R¢ in the Anderson et al.® SDS
model, and Ry = 0.8 Rc for the Mao et al.2 model.
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6.5 Micelle interactions

Finally, we briefly consider the impact of the polarisable water
model on micelle-micelle interactions. The interactions
between micelles are primarily influenced by the electrostatic
interaction, as there is a net long-range force acting on micelles
due to their net charge. We focus on scheme B for the
surfactant and analyse the trajectories from simulations
described earlier in this article (Section 6.1) for the micelles
that form at 2.5 wt% SDS. At this concentration, we have three
micelles, with an average aggregation number of Ny, ~ 25. The
radial distribution function g(r) between the COM of micelles is
calculated, and shown in Fig. 13 where we can see that there are
only minor differences between the predictions from the two
models. To further probe differences between the water
models, we perform an additional set of simulations for a
micellar system with added salt. The aim here was to bring
the micelles slightly closer together, as in Fig. 13 it can be
observed that they remain reasonably far apart during the
whole measurement period.

We simulate a system consisting of two micelles of sizes N =~
64 and N ~ 48, in a simulation box of size L = 23 which
corresponds to a concentration of ~2.5 wt% (85 mM). There is
a small amount of fluctuation in the micelle sizes over the
measurement period, but never more than AN + 2. Here we can
access larger micelle sizes, due to the enhanced head group
screening that the salt provides. We then swap a number of the
water particles for salt particles, which are defined in the same
way as discussed in Section 5.2. We swap 200 water molecules
for 100 sodium and 100 chloride ions, giving a salt concen-
tration of ~76 mM.

We generate the initial configuration of the two micelles by
performing a similar trick to that discussed in Section 6.2,
where we initially turn off the electrostatic charges to encourage
micelle formation, and then turn them back on again once
this has occurred to study their behaviour. In this case, rather
than allowing a single micelle to form as before, we pause the
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Fig. 13 Radial distribution function g(r) between the COM of micelles in
an aqueous solvent both with and without added NaCl salt.
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Fig. 14 Potential of mean force between micelles, calculated using the
RDF in Fig. 13.

simulation at the point where we have our two micelles,
allowing us to use this as the starting configuration. Fig. 13
shows the radial distribution function g(r) between the COM of
the two micelles. Here, with salt present, we see more variation
between the two water models. It appears that, on average, the
micelles get closer more often, an indication of the better
electrostatic screening provided by the polarisable water model.

The potential of mean force (PMF), W(r), can be obtained
from g(7)

W(r) = —kgTIn g(r). (18)

From these simulations, W(r) is shown in Fig. 14 both with and
without salt. Here, we have truncated the PMF when 1.5 < W(r),
due to the high amount of uncertainty in our statistics at short
micelle separation. The additional salt shields the micelles,
such that (even though the micelles are larger) there is a lower
W(r) for the systems with salt below a distance of 8 nm. We see
very little difference in the PMF between the two water models
for the solutions without added salt. However, in the salt
solutions, we see that there is a reduction in the PMF in the
range & 6-8 nm. This is reflective of the differences we observe
in the radial distribution function between the two water
models.

Increases in the PMF at shorter distances are expected as the
electrostatic repulsion grows as the charged micelles get closer.
However, we note that there is a significant region in which
W(r) < 0, implying that at larger distances there is an attractive
force between the micelles. Interestingly, a description of
intermicellar interactions in terms of a balance between a
repulsive and an attractive potential has been proposed and
discussed from both an experimental® and theoretical®"**
point of view, but is not always observed in simulations.”?

7 Conclusions

We investigated the impact of polarisable water models on the
aggregation behaviour of sodium dodecyl sulfate, allowing us to
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study whether the under-predicted aggregation numbers in
DPD simulations can be improved with more complex water
modelling. This polarisable water model was tested on simple
salt solutions to confirm the correct dielectric behaviour of the
model. Following this, the models were applied to the more
complex surfactant solution cases.

We conclude that the underprediction of aggregate sizes in
DPD models cannot alone be attributed to water modelling.
However, there is evidence that polarisable water models
produce micelles, which are more stable at larger aggregation
numbers, and provide more accurate predictions for counter-
ion behaviour. The use of polarisable water significantly
increases the number of bound ions to the micelle, resulting
in estimates for the number of bound ions much closer to
experimental values, as well as being more in line with what is
observed in molecular dynamics simulations. The observation
that polarisable water leads to more stable micelles implies that
equilibration is a key influence in the underprediction of
aggregation numbers, particularly when our simulations are
initialised with random positions for the surfactant molecules.

Furthermore, we show that the calculated dielectric constant
increases as a function of distance from the surface of the
micelle, as was initially postulated at the start of this article.
This effect is likely due to the presence of counterions sur-
rounding the micellar surface and is a phenomenon that would
not normally be reflected in traditional DPD simulations using
nonpolarisable water models.

It is possible that there are other simplifications in coarse-
grained modelling that influence micelle formation and could
be the source of aggregation under-prediction. For example,
molecular dynamics® simulations of SDS micelles in water
have shown that water molecules near the headgroup exhibit a
distortion of the water-water hydrogen bonding. There have
been some efforts to incorporate explicit hydrogen bonding
into DPD, via the inclusion of a Morse potential,”® and it would
be interesting in future to assess whether models such as this
have any impact on aggregation in DPD simulations.

We note that polarisable water models are more compu-
tationally demanding than the traditional DPD modelling
approaches and therefore may not be appropriate for all
systems of interest. However, for systems where counterion
behaviour is a key aspect of interest, a polarisable water model
is essential. We also note that our polarisable DPD model is still
more computationally efficient than traditional fully atomistic
approaches. We expect the models described here to find use in
a range of diverse situations, including systems with charged
surfaces, concentrated electrolyte solutions, and future studies
of specific ion effects, as demonstrated, for example, in the
Hofmeister series.
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