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ABSTRACT: Dissipative particle dynamics (DPD) simulations are performed to study
the phase transition of sodium dodecyl sulfate (SDS) in aqueous solution, which is an
anionic surfactant commonly known as sodium dodecyl sulfate. In this work, the aim is
to nd a coarse-grained minimal model suitable to produce the full phase diagram of
SDS. We examine the coarse-grained models of SDS, which have been used in earlier 7//,,,,a&f‘é—e—a{,g(,@;{fff'f, 7
computational studies to produce the phases as well as for nding the critical micelle ——  ———

concentration (CMC) of SDS. We contrast the results based on these models with the

experimental observations to assess their accuracy. Our research also takes into account the importance of sodium ions, which come
from the partial dissociation of SDS, when dissolved in water. The e ect of sodium ion has not been considered explicitly in the
computational work done so far using dissipative particle dynamics. In light of the above explorations, we propose new models for
SDS and demonstrate that they successfully produce a compendious SDS phase diagram, which can precisely overlay the
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experimental results.

1. INTRODUCTION

Surfactants are chemical substances that consist of hydro-
phobic and hydrophilic parts. The amphiphilic nature of these
compounds results in a plethora of useful applications.
Surfactants are frequently used in domestic and industrial
applications like cleaning, hygiene, cosmetic, personal care
products, bers, textiles, paints, plastics, pharmaceuticals, food
products, petroleum, etc. Sodium dodecyl sulfate (SDS) is an
anionic surfactant. Its chemical formula is given by
CH3(CH,),;SO4Na. It consists of a chain of 12 carbon
atoms attached to a sulfate group. The polar head group SO,
and a hydrocarbon tail give amphiphilic properties to this
synthetic organic compound. When added to water, SDS has a
tendency to form di erent self-assemblies with change in
concentration. They can form micelles above a certain
concentration called critical micelle concentration (CMC).*
SDS has been extensively used in the above-mentioned
examples due to its low cost and easy availability. SDS shows
many interesting properties when mixed with other surfactants.
Thus, it is of much interest for industry and science alike to
develop a better understanding of its assemblies and how it
varies with di erent thermodynamic parameters.” The phase
diagrams of many amphiphilic systems have been explored
using experimental methods.> * However, the experiments
have their own constraints and sometimes the results can only
provide a brief idea about complexities of the system and its
evolution in time. In contrast, computational methods serve as
a very powerful and e cient means to study complex
structures at various levels. In the computational approach,
once there is a standard model for a given system, it becomes
way easier to explore complexities of the system in the
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presence of other chemical substances without actually
performing the corresponding experiments.

In the list of computational methods, molecular dynamics
(MD) is an earmarked simulation method. However, perform-
ing molecular dynamics for the self-assembling process is very
much demanding in terms of memory and time. For instance,
CMCs are of the order of 10 °> 10 * M, where M stands for
mole per liter. To simulate such a system with such a
concentration, we need to have particles of the order of 107,
which is way too large for computational approaches like
molecular dynamics (MD).> ™ When it is required to simulate
the process on a large scale, especially when one is considerate
with time scales relevant to phenomena akin to the formation
of membranes, etc., methods like mesoscale models are
used.** *° However, with a coarse grain technique, such as
dissipative particle dynamics (DPD), the complexity of the
system can be signi cantly reduced. We can work for a larger
system with a simpli ed model, retaining a reasonable accuracy
of the result. In DPD, the clusters of atoms, within a molecule,
are replaced by appropriate single units, called beads. These
beads are subjected to conservative, dissipative, and random
forces as per the model. The time evolution is calculated using
Newton’s equation of motion. The preference of DPD over
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other coarse grain techniques relies on the simplicity and
reproducibility of di erent complex phases in soft matter. The
DPD technlque was rst proposed by Hoogerbrugge and
Koelman®® in 1992 and was rst implemented by Groot and
Madden in 1998°* to study block copolymers. Since then DPD
has been applied to a wide variety of soft matter
problems.*® “° Ample computational studies using DPD
have been carried out to understand the CMC behavior of
SDS.*%*! However, the complete phase diagram of SDS is yet
to be produced using computational techniques.

The experimental phase diagram of SDS was obtained by
Kekiche et al., and it was published long back in 1988.% Our
paper is focused on two objectives: rst, to investigate the
e cacy of all of the SDS models available in the existing
literature, and second, try to produce the full phase diagram of
SDS using the DPD technique. In our literature survey, we
came across broadly two types of papers, which are related to
SDS or the mixture of SDS with other amphiphilic surfactants
and ionic salts.** The rst type of papers focus on CMC
behavior of SDS,**** while the second type of papers aim to
produce phases of mixture of SDS with other surfactants. To
the best of our knowledge, no one except Kim et al.* has
attempted to produce the full phase diagram of SDS.
Unfortunately, the results presented therein do not agree
with the true experimental phase diagram. A few groups have
tried to obtain CMC of the sodium dodecyl sulfate and have
been successful to some extent. For instance, in 2006, Wu et
al.*” obtained the CMC of SDS using DPD. Their results are
qualitatively close to the experimentally obtained results.
However, this paper did not include the rigidity in the
simulation model, the importance of which has been
emphasized in later publications. % In a subsequent work by
Mai et al. in 2014,*° a CMC of 9.020 mmol/L was obtained,
which is in close agreement with the experimentally obtained
value. In their work, two distinct features were included in the
model: rst, the e ect of rigidity, and second, the e ect of
electrostatic interaction, which was included implicitly. In
2015, Mao et al* included the e ect of electrostatic
interaction using smeared charged distribution in the DPD
model, giving a di erent CMC. Some papers reported the
simulation of surface tension of SDS using DPD.*

The remaining of this paper is organized as follows. In
Section 1, a succinct idea of SDS and need for SDS modeling
has been given. In Section |1, simulation details are thoroughly
elucidated. In Section I1l, various models mentioned in the
literature are examined, and in Section 1V, some new models of
SDS are proposed and the relevant interaction parameters are

xed wherever it is required based on the meticulous study
done so far. Section V enlists all of the simulation results. In
Section VI, a brief summary of the research is given, which is
further concluded with future perspectives.

[I. SIMULATION DETAILS

Dissipative particle dynamics (DPD) is a coarse grain
technique particularly designed for simulating the hydro-
dynamic behavior of a given system. DPD is a particle-based
technique in which atoms and molecules are lumped together
as DPD beads, where the number of atoms packed together in
a lump is known as coarse-graining parameter and is usually
represented by Ng. This lumping into DPD beads is an
important feature of this technique as it plays a major role in
computational speedup. It is similar to the molecular dynamics
simulation, but with this technique, it is possible to analyze

complex phenomena such as self-assembly of the surfactants,
which is not feasible with classical methods due to limited time
and length scales. DPD gives rise to decreased degrees of
freedom, which enables one to analyze complex systems at a
bigger time and length scales, thus making it computationally
e cient and cheaper. The approach is straightforward, as it
starts with Newton’s second law, which is the rst step in
molecular dynamics also. But unlike conventional molecular
dynamics, here, the net force acting between beads i and |,
separated at a distance r = |r;  rj| and relative velocity v; = v
v, consists of three components conservatrve (F

d|SS|pat|ve (F ) and random (F} i) forces.** The total force

D can be ertten as the sum of the three forces mentioned
above

FiDPD: ( IJC+ F + Fj

i 1)
where the constituent forces are of the form,
) (@S if g<r,
" if o> 0
FP=S Py ®3)
Fi= Ry 527 )

where a; is the maximum repulsive conservative force between
particles i and j, is the friction coe cient in dissipative force,
and is the noise amplitude in random force. The weight

D(rij) can be chosen arbitrarily, but it should satisfy the
following relation

°m) =1 Ap1? ©)
and

= 2 kgl )

where kg is the Boltzmann constant. A simple choice for the
weight function is given by

1S)? ifr<r,
") = .
ifr r, )

In this paper, only reduced units have been used. The mass is
given by m for all of the particles, and the unit of length is r,
i.e., the cuto value. While studying the system, we have kept
=3and kgT = 1, which gives = 4.5 from eq 6. The timestep,

t, is kept to be 0.03 (' is the time unit). Lammps was
used to integrate Newton’s equations of motion using the
Shardlow algorithm.** For bonding between particles of
surfactant, we have used a harmonic spring force given by F;
= C(rj  ry)r, where Cis the sgrmg constant and has a value
equal to 4 and r, is set to zero.

Rigidity is mtroduced by controlllng the potential energy U,Jk
associated with each bonding angle in the molecule, viz.

|]k k( |]kS c) (8)

where k represents the bending angle force constant, . is the
angle between bonds ij and jk, and , represents the
equilibrium bending angle. We have used k =6 and , =
in our simulation.
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oep i the number of beads per unit volume in simulation
units. Every bead assumes the volume of approximately three
water molecules, which is equal to 90 A% at room temperature.
oep IS chosen such that ppp 12 = 3, and thus the volume of r2
has a net physical volume equivalent to 270 A%, which leads to
the radius of interaction r, = 6.46 A. The size of the simulation
box used in our simulation is 20 x 20 x 20, and the number
density is set to ppp = 3, giving a total of 24 000 DPD beads.
Periodic boundary conditions and NVT ensemble were
adopted. The simulations were also performed for a box size
of 30 x 30 x 30 at 45 and 80 wt % (model V) so asto nd out
the e ect of box size on our simulation results. However, we
did not nd any signi cant di erence between the outcomes of
the two. In this work, 25 x 10° DPD steps were carried out.
The computing time was long enough for the system to
achieve an equilibrium state (see Figure 1). The simulation
results were tested for di erent initial states.

! @~ Energy evolution with time
31
30
m}
=
29
8§
28
LY
T —————————ce
6 8 10 12 14

In(t)

Figure 1. Ln In plot of the variation of total energy with time for
model 1l at 60 wt % of SDS.

The pivotal parameter for performmg DPD simulation is &;.
According to Groot and Warren,** the interaction parameters
aj, between same type of beads is derived from the
compressibility of liquid, which is given by

16N, S 1 kgT

a. =
: 0.2 DPD ©)]

where N, is the number of water molecules coarsened in one
bead. For di erent types of beads, we have
1
+ —
0.231" (10)
where ;is the Flory Huggins parameter. From eq 9, for N, =
3, issetto 78. For di erent types of particles i and j, j can

be obtained by estimating the mixing energy between two
molecular entities

1éaa+@1

i~ 2 RT

g =

(11

where z is the coordination number, E; is the mixing energy of
a particular ij pair, R is the ideal gas constant, and T is the
temperature. The Flory Huggins parameters for eq 10 can be
obtained from the research work done by Chen et al.** Monte
Carlo simulation can be performed to compute the mixing free
energy of two kinds of substances from their pair contact
energies. The computed average mixing energies then leads to
evaluation of the Flory Huggins parameter, ;. However, the

DPD parameters that have been used in the current research
are derived from j, which is dlrectly taken from Mai et al.*°
The set of  values is given in Table 1, with H and T

Table 1 Bead Bead Repulsion Parameter taken from Mai
et al.*

Bead Bead i g
H H 2 86.7
H T 15 105 84 124
H W 3to 05 65 75.8
TT 0 78
T W 27 6 90 104
W W 0 78

representing head and tail in the models adopted for SDS (see
Section 1I1). One may note that, to account for increased
repulsion between ionized beads, the repulsion parameter (&)
between the ionized beads has been changed from 78 to 86.7.
We have chosen the same value in our simulations followin
Mai et al., and a detailed analysis can be found in the citation.”

[ll. COMPARATIVE STUDY OF VARIOUS MODELS

To establish a model that can produce a phase diagram of SDS,
it is necessary to go through the experimental work centrally
based on SDS. In that sequence, the rst accountable
experimental work was done by Reiss-Husson and Luzzati.*®
According to this work, spherical micelles for SDS appear at
0.07 weight fraction, sphere-to-rod transition appears around
0.25 weight fraction, and on further increasing the weight
fraction to 0.40, more complex phases appear.~>“> Another
calorimetric study was done by Fontell in 1981*° and Kekiche
et al. in 1988.%% A sketch of the phase diagram, obtained with
these references is drawn in Figure 2. This gure gives a coarse
idea of the actual phase diagram, and the actual phase diagram
could be seen in the publication by Kekiche et al. in 1988.%
Hitherto, many researchers have attempted to work on SDS
with several objectives. The most commonly used computa-
tional technique has been molecular dynamics. However,
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Figure 2. Schematic phase diagram of SDS (sodium dodecyl sulfate)
and water drawn after studying experimental papers by Fontell*® and
Kekiche et al.* This diagram only gives a coarse idea about the
phases of SDS. For details on the actual phase diagram of SDS, refer
to the above-mentioned research papers. Regrlnted in part with
permission from the reference number [32].** Copyright [1989]
Elsevier.
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molecular dynamics has its limitations when it comes to
complex uids due to time and length scales and majorly
because of the interaction potential used between the atom or
molecules. Despite all constraints, in 1990, a research paper
based on molecular dynamics simulation of SDS was reported
by Shelley, Watanabe, and Klein.> It involved a 182 ps
simulation of a 42-monomer SDS micelle. In 1995, a 120 ps
simulation of a 60-monomer SDS micelle was performed.*’
Again, due to the limitations of length and time scales, it was
computationally di cult to extend it to larger systems.
However, with DPD, it is possible to perform the simulation
for a bigger system. As it gives us the advantage of soft
potential with which computational cost can be signi cantly
reduced, in 2005, a DPD simulation was performed for SDS
solution by Kim, Byun, and Kwak.*® In this simulation, the
coarse grain model that was adapted for SDS was H1T4
(where H in H1T4 represents the head of the SDS surfactant,
whereas T represents the tail part of SDS). The e ect of Na
ion was incorporated bby coarse graining it with water. It was
found in this work®® that the simulation results were
dependent upon the initial condition. Moreover, the results
obtained therein were not similar to the experimentally
obtained results (even qualitatively). In this league, a few
more models of SDS were explored as discussed in Section 1.
In 2006, Wu et al.*>" also used the H1T4 model for SDS with
di erent interaction parameters a;. The CMC obtained by Wu
et al. using the H1T4 model was 1.7 + 0.2 x 10 * in mole
fraction. However, there was no physical basis provided for the
interaction parameters that were used in the paper. In 2009,
one more study was done for determining the CMC of SDS by
Duan et al.*® by relating CMC with the interaction between
water and tail beads. However, the scheme of varying the
interaction between tail and the water bead was not accurate.

In 2014, Li et al.* published a paper for a catanionic system
consisting of SDS and DTAB. We extracted the relevant
parameters from this paper® for SDS and performed the
simulations to check phases of SDS formed at di erent
concentrations. Unfortunately, it did not emerge as a potential
model for SDS surfactant as phases obtained with the extracted
parameters were not at all similar to the experimental phases.
To continue our study, the simulation model for SDS as given
by Mai et al.** was investigated. This was preferred among all
of the models discussed so far because their CMC results were
closest to the experimentally obtained results.*®*° However,
we found that at higher concentrations, it could not produce
the experimentally obtained phases of SDS. From the above
discussion, it can be concluded that there is no single set of
interaction parameters in the literature that can reproduce the
full phase diagram of SDS. In the subsequent year, one more
study was conducted by Mao et al** by taking explicit
electrostatic interaction into consideration. However, if we
want to make the model simple and proceed without bringing
any additional explicit force in picture, such as electrostatic
interaction between the ions as done in the previous paper,
then we have to come up with a scheme that can account for
the e ect of ions present in the solution. This could be done in
two ways, either we need to consider the impact of ionic nature
of surfactants implicitly or we need to incorporate the sodium-
ion bead explicitly in the modeling scheme. Due to the
reversible reaction of the counterions with the parent body, we
took the association parameter into account* ** in a coarse-
grained model of the system of SDS. According to ref 42, a part
of SDS dissociates into sodium ions and ionized surfactants. A

theoretical result in support of the above conclusion was also
found,®® which emphasizes the point of micellar dissociation
too. Considering all of the aspects of SDS models discussed in
this section, we propose new models for SDS, with an aim to
cover all of the facets of SDS without adding any additional
potential. A thorough description of the models, which we
have considered for our research, are given in the subsequent
section.

IV. SDS MODELS USED IN OUR SIMULATION

In our investigation, we realized that unfortunatelg no model
mentioned in the existing literature®**+36373940 can fylly
describe the experimentally obtained phase diagram. Thus, it
was required to build a better model, which can produce all the
experimentally obtained phases. Aided with the knowledge
acquired from the existing literature, we propose seven new
models for SDS, which put emphasis on various aspects of the
SDS properties required to be undertaken for coarse-graining
the system. To simulate the e ect of counterions in the
aqueous solution of SDS, we need to consider the dissociation
of SDS, viz.

CHy(CH,),SONa) CH4CH,,SO+ N4 (12)

This is a reversible chemical reaction, and depending on the
chemical equilibrium, the solution will involve a mixture of
undissociated SDS molecules (CH;(CH,),,;SO,Na) as well as
dissociated ions. In principle, we must tune the interaction
between CH3(CH,),;SO* and Na* so that it will balance the
required dissociated and undissociated molecules of SDS. In
the rst attempt, we want to avoid this tuning of the reaction
kinetics and want to see the e ect of mixing of dissociated and
undissociated molecules of SDS on the equilibrium phases of
SDS in water. In Figure 3, we depict the DPD coarse-graining
scheme that has been adopted for our investigation. In this
scheme, three water molecules and one sodium ion are
considered to form a single bead, which is denoted by WNa,

Ionized SDS

0—S—0-Na*

!

00000

SDS

H,0 H,0 H,O H,O
- O — Wy
. e

H0

Figure 3. Coarse grain model for SDS used in our simulation. Sodium
dodecyl sulfate (SDS) is expressed as H1T4, where H and T represent
the head and tail parts of SDS, respectively. Here, SDS is expressed in
two forms; 1. lonic SDS (Na ion dissociated from the rest of SDS)
represented as H in green and T in black, 2. Unionized SDS (Na ion
intact) is represented as H in red and T in black. In the model, three
water molecules are lumped together to form a single water bead and
the dissociated counterion Na that comes from ionized SDS (head
shown in green) is lumped with three water molecules to form a single
WNa bead. lonic SDS is denoted by SDS(D), and unionized SDS is
denoted simply by SDS.
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whereas three water molecules constituting one DPD bead is
denoted by W. Coarse-grained SDS molecule is modeled in
two forms, one with charged head H(SDS(D)), and another
with uncharged head H(SDS) depending on whether the SDS
is ionized or not. SDS(D) represents the sodium dodecyl
sulfate, from which Na ion has been dissociated. As explained
further in the caption of Figure 3, coarse-grained model for
SDS used in our simulation is expressed as H1T4, where H
and T represent the head and tail parts of SDS, respectively.
Here, SDS is expressed in two forms: (i) ionic SDS (Na ion
dissociated from the rest of SDS) represented as H in green
and T in black, and (ii) SDS (Na-ion intact) represented as H
in red and T in black. In the model, three water molecules are
lumped together to form a single water bead W and the
dissociated counterion Na that comes from ionized SDS (head
shown in green) is lumped with three water molecules to form
a single WNa bead. Note that ionic SDS is denoted by SDS(D)
and unionized SDS is denoted simply by SDS. To have a clear
idea about our approach, it is necessary to have a look at the
models given in Figure 4, for which simulations were

Figure 4. Classi cation of all of the models that have been shaped and
used in our simulation study of SDS. This classi cation primarily deals
with two classes: 1. Considering the tuning of H H interaction
parameter (model I and model I1) and 2. Considering the dissociation
of SDS surfactants into ions. Model IIl involves dissociated
surfactants SDS(D) and undissociated SDS surfactants in the ratio
of 25:75, and the dissociated sodium ions Na* are incorporated with
water beads, which is further explained in Figure 5. Similarly, 50% of
SDS surfactants are dissociated in model 1V and the corresponding
dissociated sodium ions Na* are clubbed with water beads
accordingly. Model V contains 100% of SDS surfactants dissociated
(SDS(D)), and corresponding dissociated sodium ions are clubbed
with W beads changing them into WNa beads. In this manner, model
Il involves 0% of SDS surfactant dissociated. Model VI and model VII
are derived from model 111 and model 1V by ignoring the dissociated
sodium ions. Model I can be considered the same as model V (100%
dissociation of SDS) but ignoring the inclusion of dissociated sodium
ions.

performed. We work for seven models in this research by
incorporating the coarse grain scheme that has been just
discussed. As shown in Figure 4, we classify the models into
two categories, tuning head, where the interaction parameters
between heads (H H) were tuned with values g = 86.7
(model 1) and a; = 78 (model I1), and tuning dissociation,
where dissociation of SDS has been varied from 0 to 100,
considering the dissociation of SDS surfactants into ions.
Model 11 involves dissociated surfactants SDS(D) and
undissociated SDS surfactants in a ratio of 25:75, and the
dissociated sodium ions Na* are incorporated with water
beads, which is further explained in Figure 5. Similarly, 50% of
SDS surfactants are dissociated in model IV and the

Model T
Model 11
Model 111
Model IV
Model V
Model VI

Model VII

Figure 5. Schematic categorizing various beads, which have been used
in di erent models. It shows a one-to-one correspondence of the
model and beads.

corresponding dissociated sodium ions Na* are clubbed with
water beads accordingly. Model V contains 100% of SDS
surfactant dissociated (SDS(D)), and the corresponding
dissociated sodium ions are clubbed with W beads changing
them into WNa beads. In this manner, model Il is 0%
dissociated. Model VI and model VII are derived from model
Il and model IV by ignoring the dissociated sodium ions.
Model | can be considered the same as model V (100%
dissociation of SDS) but ignoring the inclusion of dissociated
sodium ions. The repulsion parameters used in this simulation
are listed in Table 2. One may note that, to account for

Table 2. Interaction Parameters j Used in DPD
Simulations of SDS for the Proposed Models®

H(SDS) H(SDS(D)) T(SDS) W  WNa
H(SDS) 78 78 104 65 65
H(SDS(D)) 78 86.7 104 65 60
T(SDS) 104 104 78 935 935
w 65 65 935 78 78
WNa 65 60 935 78 86.7

®Note that ionic SDS is denoted as SDS(D) and unionized SDS is
denoted simply as SDS, as explained in Figure 3. H(SDS) denotes
head bead associated with unionized surfactant, H(SDS(D)) is the
head bead associated with ionized surfactant, W denotes a bead
containing three water molecules, and the bead denoted by WNa
contains three water molecules and a sodium ion Na*.

increased repulsion between ionized beads, the repulsion
parameter (a;) between the ionized beads has been changed
from 78 to 86.7. We have chosen this value following Mai et
al.*® wherein a detailed analysis can be found.

V. RESULTS AND DISCUSSION

After going through refs 30, 31, 36, 37, 39, 40 that were
mentioned in the previous sections, a set of models were
developed for SDS by describing minute details wherever
possible. These simulations were carried out at room
temperature (27° C).

V.I. Self-Assembly of the SDS System. Simulations were
performed at various concentrations for all of the classes of
models as discussed above and are depicted in Figure 4. As a
result of this study, a variety of self-assemblies were obtained,
which are listed in Table 3. Comparing the results given in
Table 3 with the experimental phase diagram given in Figure 2,
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Table 3. Phases Obtained as a Result of Simulation of Various Models of SDS at Di erent Concentrations®

SDS (wt %) model | model 1l model 111
25 micelles micelles micelles
30 micelles micelles micelles
35 micelles + rods micelles + rods micelles
38 micelles + rods micelles + rods micelles + rods
40 micelles + rods micelles + rods rods
42 hexagonal micelles + rods rods
45 hexagonal hexagonal hexagonal
48 hexagonal hexagonal hexagonal
50 hexagonal hexagonal(S) hexagonal
52 rods hexagonal(S) hexagonal
55 rods hexagonal(S) hexagonal
58 interwoven rods rods interwoven rods
60 interwoven rods interwoven rods rods
75 rhombohedral lamellar lamellar
80 lamellar lamellar lamellar

model IV model V model VI model VII
micelles micelles micelles micelles
micelles micelles micelles micelles
micelles micelles micelles micelles + rods
micelles + rods micelles + rods micelles + rods micelles + rods
micelles + rods micelles + rods rods micelles + rods
micelles + rods rods rods hexagonal
interwoven rods hexagonal hexagonal hexagonal
hexagonal hexagonal hexagonal hexagonal
interwoven rods hexagonal interwoven rods interwoven rods
interwoven rods hexagonal hexagonal hexagonal
hexagonal hexagonal hexagonal(S) interwoven rods
hexagonal hexagonal interwoven rods interwoven rods
interwoven rods hexagonal hexagonal interwoven rods
lamellar lamellar rhombohedral lamellar
lamellar lamellar lamellar lamellar

SMicelles refers to the spherical micelles, rods to the cylindrical micelles, hexagonal to the hexagonal columnar phase, hexagonal(S) to the
hexagonal columnar phase formed by not so straight rods, where S stands for swirly, interwoven rods to the merged rods, rhombohedral to the
bicontinuous rhombohedral form formed by the tail part, lamellar to the layers stacks of SDS, respectively.

it is clear that for all of the models, simulation results are
matching qualitatively with the experimental result. However,
we could see a minor di erence in the onset of phases. For
instance, for model I, we could nd the onset of hexagonal
phase at 45 wt % of SDS; for model 11, it starts at 42 wt %; for
model 111, at 45 wt %; for model 1V, at 48 wt %; and for model
V, at 45 wt %. Model V gives the closest match with the
experimental phase diagram in our simulations. With some
models, we could nd the bicontinuous forms. In the
beginning, it was assumed that they are not the stable forms
and with increment in simulation run, a discrete phase would
be obtained. However, it persisted even when the simulation
time was doubled.

Model | and model V di er from each other only by the
presence of sodium ions. Comparing the phases of model | and
model V in Table 3, we nd that at concentration 52 wt %, the
hexagonal phase is not stable in model 1. It starts to di er from
model V, which consistently shows hexagonal phase up to 60
wt %. At 75 wt %, model | assumes the rhombohedral phase,
whereas model V shows lamellar phase. Interestingly, model VI
also shows rhombohedral phase and model VII shows lamellar
phase. In construction, model VI is close to model V, whereas
model VI is close to model I. Model 111 and model VI di er by
the presence of sodium ions; here, again, we see model Il
preferring stable hexagonal phase. Model 1V and model VII
also di er by the presence of sodium ions, but in this case, we
could not say anything conclusively. Overall, it seems that the
addition of sodium ions provides more order and the system
prefers hexagonal phase. Model Il shows bend or swirly
hexagonal and di ers from model | in head head interaction.
It seems that the increased value of head interaction prefers a
more straight and rigid hexagonal phase.

Formation of self-assembly is also determined by the
interaction between the aggregates formed, which causes
transition to ordered “mesophase” structures. At this level, we
are not including any explicit long-range interaction. However,
DPD preserves the hydrodynamic interactions, which is a long-
range interaction. At lower concentrations, say above CMC,
but less than 40 wt % of SDS (in DPD units), we got micelles
of SDS. It is shown in Figure 6. Initially, when the
concentration of SDS is less, the surfactants self-assemble

Figure 6. Micelle formation at 5 wt %. The color scheme used is as in
Figure 3. This simulation is done for model I11.

into micelles to minimize the contact of hydrophobic part, i.e.,
the tail with water, as shown in Figure 7 at 25 wt %. On further
increasing the concentration of SDS, we observed a change of
phase at 45 wt %, from spherical to rodlike structures, as shown
in Figure 8. Therefore, at higher surfactant concentrations,
spherical micelles transform into rodlike structures. On further
increasing the concentration, it remains at the rodlike micelle,
as shown in Figure 9.

Our simulations show that at higher concentrations, these
rods align to form a hexagonal columnar phase, as shown in
Figure 10a. To obtain the information on the aggregate shape,
we plotted the radial distribution function o(r) in Figures 10b
and 11. In Figure 10b, we plot radial distribution function o(r),
between heads of SDS, and in Figure 11a, we plot the RDF
between head and tail of SDS for model 11l at 45 wt %. In
Figure 11b, we plot the distribution of sodium ions around the
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Figure 7. Micelle formation at 25 wt %. The color scheme used is as
in Figure 3. This simulation is done for model I1I.

cylinders of SDS. For plotting the sodium-ion distribution
around cylinders, we actually calculated the radial distribution
function between last tail bead and sodium ions. Figure 12
shows how SDS evolves with an increase in concentration for a
given temperature. Figure 12b,d,f gives a virtual idea of how
the self-assembly would look like at the given concentration.
However, Figure 12a,c,e shows the result of the performed
simulation. For clarity, only the tail part (black) is shown in
Figure 12b. Here, a general trend was observed in all models,
i.e., the transition from micelle to rod and then to hexagonal
form (other forms were obtained too, which are enlisted in
Table 3). Figure 13 shows how the total average energy of the
system varies with concentration, and hence, it can be
concluded that the average energy increases linearly with an
increase in the concentration of SDS in water. All of the
models show the same trend; however, model 1V and model V
show low energy at high concentration because of the presence
of sodium ions. The attractive interaction among sodium ions

Figure 9. Simulation result simulated at 45 wt %. For clarity, we have
shown the tail (in black) part only. The self-assembly obtained here is
still hexagonal. Again, this simulation result has been performed for
model 111.

and heads of the micelles results in reduction in the total
energy.

As a part of our investigation, CMC for all of the models
discussed above was also calculated. The estimated result is
given in Table 4. The CMC obtained with all of the models in
our simulations was in close agreement with the experimentally
obtained result, which is 8.2 x 10 3 mol/L obtained by
electrical conductivity method.*®“° This serves as a validation
for the models proposed by us for SDS.

VI. CONCLUSION AND FUTURE PERSPECTIVE

In this work, our key goal was to design a DPD model of SDS
that can provide a fundamental understanding of the SDS
system. In this search, various models were studied and
benchmarked.*%3136:37:3940 |t as anticipated that the available

Figure 8. Hexagonal phase at 45 wt %. (a) Top view and (b) side view of the rod phase. For clarity, we have shown the tail (in black) part only.

This simulation result is for model I11.
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Figure 10. (a) Cross section of the simulated result for model 111 at 45 wt % of SDS, which forms a hexagonal structure. (b) Radial distribution
function between the beads of heads at 45 wt % of SDS for model IlI.

Figure 11. (a) Radial distribution function o(r) as a function of the distance between head and tail of SDS for model Il at 45 wt % of SDS. (b)
Distribution of sodium ion around cylindrical micelles for model 111 for 45 wt %.

Figure 12. Schematic of the evolution of SDS phases with increase in

cloncenFration at 27 °C. (b, d ) Phases obtained as a .result (.)f Figure 13. Variation of average of energy with concentration of SDS
simulation. (a, ¢, e) Actual simulation result. (¢) The tail part is in water.

shown for clarity.

achieve our goal. It was observed that when we performed the

models for SDS would give some insight for the system of SDS simulations using the SDS models available in the literature,
and water, and with some minimal modi cation, we would they could not produce the expected phase diagram. We
22898 https://dx.doi.org/10.1021/acsomega.0c02255
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Table 4. CMC Obtained as a Result of Simulation for
Various Models

s.no. model CMC (mol/L)
1. model | 69 x 10 ®
2. model 11 659 x 10 3
3. model 111 6.299 x 10 °
4, model IV 6.064 x 10 ®
5. model V 6.970 x 10 3
6. model VI 6.5946 x 10 3
7. model VII 6.958 x 10 °

attributed these deviations to the parameter values considered
in the earlier works, due to which a major portion of the
experimental phase diagram could not be produced. To
establish adequate models for SDS, we checked the e cacy of
the force parameters for SDS that have been used in earlier
works, 203136373940 It was perceived that the models for SDS,
existing in the literature, were e cient for nding CMC only
and a very few were good up to certain concentrations. To
achieve the various phases at di erent concentrations, either
one has to change the parameters of the DPD model or bring
additional degrees of freedom by introducing charges as done
in ref 31. This modi cation of force parameters becomes
necessary due to various chemical changes at di erent
concentrations. We proposed that the SDS can be modeled
by measuring the in uence of each attribute like H H
interaction or Na-ion contribution. Accordingly, we came up
with seven candidate models. Analysis of the simulation results
of these models shed some light on the e ect of dissociation,
inclusion of sodium ions, and head head interaction. Model |1
and model V with the current values of interaction parameters
produce qualitatively a major part of SDS phase diagrams in
sequence as they appear in experiment. We found that model V
is the best among all, as it is able to yield results very close to
experimental observation. However, it will require further ne
tuning to make agreement even better. Rest of the models also
produce a major part of the phase diagram, but other phases
also appear in-between, which are di erent from experimental
results. Inclusion of sodium ions reduces the total energy of the
system, as shown in the graph depicted in Figure 13. The
present study was done at room temperature. In the near
future, we aim to extend this model for higher temperatures as
well. Investigation of kinematical aspects will also be of
interest.
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