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ABSTRACT: Using dissipative particle dynamics (DPD) simulations, we
explore the specifics of micellization in the solutions of anionic and cationic
surfactants and their mixtures. Anionic surfactant sodium dodecyl sulfate
(SDS) and cationic surfactant cetyltrimethylammonium bromide (CTAB)
are chosen as characteristic examples. Coarse-grained models of the
surfactants are constructed and parameterized using a combination of
atomistic molecular simulation and infinite dilution activity coefficient
calibration. Electrostatic interactions of charged beads are treated using a
smeared charge approximation: the surfactant heads and dissociated
counterions are modeled as beads with charges distributed around the bead
center in an implicit dielectric medium. The proposed models semi-
quantitatively describe self-assembly in solutions of SDS and CTAB at
various surfactant concentrations and molarities of added electrolyte. In
particular, the model predicts a decline in the free surfactant concentration
with the increase of the total surfactant loading, as well as characteristic aggregation transitions in single-component surfactant
solutions caused by the addition of salt. The calculated values of the critical micelle concentration reasonably agree with
experimental observations. Modeling of catanionic SDS−CTAB mixtures show consecutive transitions to worm-like micelles and
then to vesicles caused by the addition of CTAB to micellar solution of SDS.

1. INTRODUCTION

Dissipative particle dynamics (DPD) simulations1 have become
a powerful tool for modeling soft matter systems on the spatial
and temporal scales that cannot be accessed on the quantum or
atomistic levels. In the common implementations of DPD, the
molecule of interest is dissected into fragments of approx-
imately equal volume. The atoms of each fragment are lumped
together and represented as spherical quasiparticles (“beads”)
that interact via short-range soft-core repulsive potentials. This
approach provides a superb computational efficiency. The price
to pay for that is a crudeness of models that limits the range of
systems and phenomena, for which DPD simulations are
capable of quantitative predictions. Traditional applications of
DPD include self-assembled nonionic systems (such as micellar
solutions, block copolymers, lipid bilayers),2−7 while the
attempts to extend the soft-core models to the systems,
where long-range electrostatic interactions play a key role, are
quite sparse.
Technical problems with treating electrostatic forces in DPD

originate from divergence of the Coulomb potential at small
distances between the beads, which may overlap in soft-core
models. A popular approach to avoid apparent difficulties of
accounting for explicit long-range electrostatic interactions in
DPD consists of their replacement by effective short-range
potentials.8−10 This method was also used in the mesoscale
dynamic density functional theory.11 However, this approach is

based on the Donnan approximation, which is only valid at very
high ionic strength.12 To enable explicit charge simulations,
Groot13 introduced a smeared charge model, where, in contrast
to the point charge model standard in molecular dynamics
(MD), the charge is distributed around the bead center.
Linear,13 Slater-type exponential,14 Gaussian-type,15 and Bessel-
type16 distributions of charge density have been considered in
the literature. The smeared charge models imply two main
assumptions: (1) charge distribution is isotropic and spherically
symmetric that rarely corresponds to the actual structure of
complex cations or anions of ionic surfactants and polyelec-
trolytes; (2) charges interact in an isotropic medium
characterized by a uniform dielectric constant ε, that means
that the local environment does not affect the pairwise
electrostatic interactions. The smeared charge models have
been applied to complex systems and phenomena, such as bulk
electrolytes, individual polyelectrolyte molecules in electrolyte
solutions, polymer brushes, polyelectrolyte translocation
though narrow pores, hydrated polyelectrolyte membranes,
peptides, and even dendrimer interactions with lipid
bilayers.13,14,17−21 Nevertheless, the predictive capabilities of
the soft-core smeared charge models remain unexplored.
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Various charge distribution functions used in simulations and
their influence on the thermodynamics and structure of
electrolytes are yet to be examined. Warren and Vlasov16

advise to choose the type and parameters of the charge
distribution function to maximize the computational efficiency
rather than to match particular thermodynamic or structural
properties. Even on a qualitative level, the capabilities of DPD
with smeared charges have not been rigorously tested, and the
range of phenomena they are able to describe on a quantitative
basis remains unclear.
The difficulties in the treatment of electrostatic interactions

are not specific to DPD and are also present in other coarse-
grained techniques like MD, Brownian dynamics (BD), and
lattice Monte Carlo (MC) simulations. It is worth noting that
the MC technique was recently successfully employed in
simulation of micellization in solutions of ionic surfactants
providing quantitative agreement with the experiment. Cheong
and Panagiotopoulos22 modeled sodium dodecyl sulfate (SDS)
solutions with the lattice MC technique using different volumes
of head and tail beads and explicit charges. The model
reproduced a nontrivial dependence of the critical micelle
concentration (CMC) on the temperature with a characteristic
minimum. At the same time, the absolute value of CMC was
underestimated by approximately an order of magnitude at
room temperature. In the lattice MC simulation of Jusufi et
al.,23 the coarse-grained interaction parameters for the head and
counterion beads were obtained by matching structural
quantities of explicit solvent MD and implicit solvent MC
systems, while the parameters of hydrophobic attraction
between the tail beads were matched to experimental CMC
via histogram reweighting MC simulations. The authors
transferred the obtained potentials to similar surfactants with
different counterions and tail length and obtained reasonable
agreement with experimental CMC and the aggregation
number Nag.
DPD studies of ionic surfactants using charge smearing have

been quite limited. Very recently, Posel et al.17 tested the pH-
dependent self-assembly of diblock copolymer using a Slater-
type smearing charge distribution. In order to model the
dependence of ionization on pH, the authors varied the charge
of the hydrophilic block according to dissociation constant (a
similar approach was used earlier in DPD simulations of
peptides20). The authors found a clear transition from dissolved
to associated state occurred at a narrow pH range above pKa

that is in agreement with experiment.24 The parameters
obtained were then applied in a systematic study of electrostatic
assembly of diblock copolymer with opposite charges (An

−Bn
and An

+Bn).
25 With a very short smearing length (λ = 0.2), the

aggregation behavior of compatible copolymer and the
influence of counterion were qualitatively reproduced. How-
ever, we are not aware of systematic studies of micellization of
ionic surfactants using the smeared charge models and attempts
to use DPD to account for the salt effect and the interactions of
cationic and anionic surfactants in catanionic mixtures.
In this paper, we examine the capabilities of DPD models

with smeared charge electrostatic potentials for modeling ionic
surfactant self-assembly. As a case study, we consider the
specifics of micellization in single component and binary
solutions of two common surfactants: sodium dodecyl sulfate
(SDS, Figure 1a) and cetyltrimethylammonium bromide
(CTAB, Figure 1b). Section 2 is devoted to the description
of the DPD methodology along with the coarse-grained model
and force field development. In section 3, we present the results
of DPD calculations of the CMC. Micelle sizes in single-
component surfactant solutions are considered in section 4.
The effect of charge screening caused by the addition of salt is
described in section 5. Section 6 explores the specifics of
micellar aggregation in the mixtures of cationic and anionic
surfactants. The significance of the proposed approach and its
limitations are summarized in section 7.

2. SYSTEMS, METHODS, AND SIMULATION DETAILS

2.1. Coarse-Graining of Surfactants and Forces
between Coarse-Grained Particles. The conventional
DPD methodology requires the use of the coarse-grained
beads of the same size. This restriction dictates the choice of
the dissection of the surfactant molecules considered in this
study (SDS and CTAB) into the fragments of approximately
similar size: hydrophobic tail T beads lumps together four
methyl/methylene groups, so that the size of the hydrophobic
tail beads conveniently equals those of hydrophilic heads. The
latter are denoted as S bead for the sulfate head of SDS and N
bead for the trimethylammonium head bead of CTAB, as
shown in Figure 1. Water is modeled with W beads, and each
W bead contains four water molecules (NW = 4) in order to
match the volume of the tail fragment according to the liquid
densities of water and octane.26 In previous simulations of ionic
systems, the coarse graining level was varied from NW = 2 (ref

Figure 1. Schematics of the coarse-grained models of SDS and CTAB. SDS (sodium dodecyl sulfate) is represented as a chain of three tail T (T1−
T3) beads and one anionic head bead S. CTAB (cetyltrimethylammonium bromide) is represented by four tail T beads (T1−T4) and one cationic
head bead N. Counterions hydrated by three water molecules are represented by cation C and anion A beads. Water bead W contains four water
molecules.
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20) to NW = 11 (ref 27). NW = 4 chosen in this work was
previously applied in simulations of hydrated Nafion and is far
from the limit, where artificial freezing of DPD solvent28 can be
observed. Cation C and anion A beads represent counterions
and the ions of added salt; each of them effectively represents
an ion atom hydrated by three water molecules. They are
modeled as “charged water” beads,13,18 with the same mass and
conservative parameters as W beads but bearing either positive
+e or negative −e charge. Each tail bead equals four methyl/
methylene groups of the alkyl chain.29 SDS and CTAB
molecules have three and four T beads, respectively.
We employed the conventional DPD scheme with the

particles interacting via pairwise conservative soft repulsive
Fij
(C)(rij), bond Fij

(B)(rij), and electrostatic Fij
(E)(rij) forces, as well

as random Fij
(R)(rij) and velocity dependent drag Fij

(D)(rij, vij)
forces:

= + + +

+

F r F r F r F r F r

F r v

( ) ( ) ( ) ( ) ( )

( , )

ij ij ij ij ij ij ij ij ij ij

ij ij ij

(C) (B) (E) (R)

(D)
(1)

All beads are assigned an equal effective diameter Rc. The soft
repulsion force Fij

(C) acts between overlapping beads: Fij
(C)(rij) =

aIJ(1 − rij/Rc)rij/rij at r < Rc, Fij
(C)(rij) = 0 at r ≥ Rc, where aIJ is

the repulsion parameter specific to a given bead pair of type I
and J. Following the standard approach to DPD simulations of
self-assembly,7 the intracomponent repulsion parameters aII
between beads of the same type are set equal, irrespective to the
bead type. The beads are tightly packed with a substantial
overlap. We accepted the reduced bead packing density of ρRc

3

= 3, common in DPD simulations.7

The Langevin thermostat is maintained by random and drag
forces, acting between overlapping beads along the vector rij
connecting the bead centers. The random force Fij

(R) that
accounts for thermal fluctuations is taken proportional to the
conservative force: Fij

(R)(rij) = σwR(rij)θij(t)rij, where θij(t) is a
randomly fluctuating in time variable with Gaussian statistics.
The drag force is velocity-dependent: Fij

(D)(rij, vij) = −γwD(rij)-
(rij*vij), where vi and vj are the current velocities of the particles,
and vij = vj − vi. We assume the common relationships between
the drag and random force weighting functions w(r) and
parameters σ and γ that determine the levels of energy
fluctuation and dissipation wD(r) = [wR(r)]2 = (1 − r/Rc)

2 at r
< Rc and σ2 = 2γkT. This allows a constant temperature to be
maintained in the course of simulation via the Langevin
thermostat. We assumed γ = 4.5, a common value used in DPD
simulations of water.7

The chain beads are connected by either harmonic or FENE
bonds that Fij

(B)(rij) = Kb(r0 − rij)/(1 − ((rij − r0)
2/rm

2))rij/rij,
where Kb is the bond rigidity, r0 is the equilibrium bond length,
and rm is the maximum bond length. Following our recent
papers,29,30 in addition to this nearest neighbor (1−2) bond, we
introduced the second neighbor (1−3) harmonic or FENE
bonds in order to control the chain flexibility. As shown below,
this approach provides for the systems studied good agreement
between the conformation of atomistic and coarse grained
chains without invoking a torsion (1−4) potential.
The electrostatic interactions are modeled using the smeared

charge approach with the Slater-type charge density distribution
with an exponential decay,14 f(r) = (q/πλ3) exp(−(2r/λ)),
where λ is the effective smearing radius. The electrostatic force
Fij
(E) between charged particles i and j in eq 1 is expressed as

π ε ε
λ

λ λ

= − −

+ +

e q q

kT R r
R r r

R r R r
r

F r

r

( )
4

[1 exp( 2 / )

(1 2 / (1 / ))]

ij ij
i j

ij
ij ij

ij ij
ij

ij

(E)
2

0 r C
2 C

C C
(2)

At long range, the electrostatic interaction of smeared charges
(eq 2) reduces to the Coulomb potential and the standard
Ewald summation31 is used to account for the periodic
boundary conditions. The choice of the smearing radius λ =
0.25Rc for all charged beads was made due to technical reasons,
as described in the Supporting Information, section S2.

2.2. Parameterization of the DPD Model. Accurate
parametrization of coarse-grained interaction potentials from
independent data taken either from experiments or from
quantum mechanical and atomistic simulations is a prerequisite
for constructing DPD models with predictive capabilities. In
our recent papers,20,29 we suggested a strategy for determining
the intracomponent and intercomponent repulsion and bond
parameters. Following this strategy, we first determine the
intracomponent repulsion parameter from the solvent
compressibility at the given coarse-graining level (NW = 4),
which is dictated by the chosen dissection of the molecules into
beads of equal size (Figure 1). The intracomponent repulsion
parameter is set the same for all bead types aWW = aTT = aHH =
aCC = 106.5 kBT/Rc, the value found from the water
compressibility at NW = 4.20 This value sets the benchmark
for determining the intercomponent repulsion parameters from
the correlation of the infinite dilution activity coefficients
(IDAC) in binary solutions of reference compounds.
The bond parameters are determined from the correlation of

the chain rigidity of reference compounds on the atomistic and
coarse-grained level. The bond parameters for tail−tail bead
interactions in the alkyl chain are found from the analysis of
conformations of hexadecane presented on the coarse grained
level as a tetramer of T beads. Using the CHARMM-27 force
field,32 we performed atomistic MD simulations of pure
hexadecane. The details of the MD simulation are described
in the Supporting Information, section S1. Each molecule was
dissected into four fragments (four CHx groups each), and the
probability distributions of the intramolecular distances
between the centers of mass of each fragment were calculated.
In parallel, we conducted DPD simulations of pure tetramers
melting with aTT = 106.5 kBT/Rc at similar conditions and fitted
the nearest neighbor and second neighbor bond parameters to
reproduce the distributions of distances between first, second,
and third neighboring beads obtained in atomistic separations.
The results shown in Figure 2 confirm that the proposed
coarse-grained model is able to reproduce accurately the alkyl
chain rigidity without employing additional torsional potentials.
The potential parameters are given in Table 1.
In the next step, we evaluate the repulsion parameter aWT

between T and W beads from the mutual solubilities of octane
and water.29 Octane molecule is presented as a T−T dimer
with the repulsion parameter aTT and the FENE bond potential
determined above for the alkyl chain. aWT is calculated from the
best match between the solubility of the DPD model of octane
in the DPD model of water and the experimental solubility.
The aWT dependence of the IDAC of the T−T dimer in the
bath of water W beads is obtained from the MC simulation
using the Widom test particle insertion method.33 This
dependence serves as the calibration curve to find the value
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of aWT that provides the experimental IDAC of octane in water.
The procedure is repeated to determine the IDAC of water in
octane. In the latter simulation, the bead density in the system
is set at 3.05 in order to equalize the pressures in the water and
octane baths. The value of aWT obtained from the water-in-
octane solubility somewhat differs from that obtained from the
octane-in-water solubility; the average of these two values is
taken as the tail−water repulsion parameter, aWT = 129.9 kBT/
Rc, for further DPD simulations. It is worth noting that the
parameters for T−T bond and W−T repulsion in this work
slightly differ from those used in ref 29 due to the refined
calibration of the bond parameters (Figure 2). They also differ
from the ΔaTW calculated from the Flory−Huggins parame-
ter,29 since the Flory−Huggins model implies a fully flexible
chain with the bead diameter comparable to the persistent
length. In the case of the relatively small beads considered here,
this assumption may alter the sizes and shapes of the simulated
micelles, even when the CMC is correctly reproduced.29

The surfactant heads are assumed hydrophilic aWS = aWN =
aSN = 106.5 kBT/Rc, and the head−tail parameters were
assigned approximately, since strict parametrization techniques
for charged beads are still lacking in the literature. Sulfate−alkyl
S−T interactions were made strongly unfavorable, aTS = 136.5
kBT/Rc, and alkylamine−alkyl N−T interactions, about half as
unfavorable as T−W interactions, aTN = 111.5 kBT/Rc.. The
parameters for 1−2 and 1−3 bonds are found similarly to those
for T−T bonds. We simulated dilute aqueous solutions of SDS
and CTAB in atomistic MD simulations and fitted the DPD
bond parameters to match the distribution of interbead
distances in the coarse-grained surfactant molecule to the
MD results. Figure 3 shows a good match of the surfactant
conformations in DPD and MD simulations. The interaction
parameters are given in Table 1.

2.3. DPD Simulation Details. The DL_MESO package34

is employed for DPD simulations of micellization. All
simulations are performed in periodic cubic boxes. The box
size is varied from 30 to 40 Rc in order to collect sufficient
statistics. The surfactant volume fraction ϕ is varied from 0.02

Figure 2. Fitting the bond rigidity in the DPD model of liquid
hexadecane C16H34 to the results of atomistic MD simulations at T =
298 K. The distribution of distances between the chain DPD beads
separated by one (1−2), two (1−3), and three (1−4) nearest-neighbor
bonds are matched to the distributions of distances between the
centers of mass of the corresponding fragments of the atomistic chain,
each of which contains four CH3 or CH2 groups. The solid lines are
obtained by MD simulations and open symbols by DPD simulations.

Table 1. Repulsion and Bond Parameters of the DPD Modela

Repulsion Parameters

bead type fragment W T S N C+ A−

W 4H2O 106.5
T (CHx)4 129.9 106.5
S −OSO3 106.5 136.5 106.5
N −N(CH3)3

+ 106.5 111.5 106.5 106.5
C+ Na(H2O)3

+ 106.5 129.9 106.5 106.5 106.5
A Cl/Br(H2O)3 106.5 129.9 106.5 106.5 106.5 106.5

Bond Parameters

bond type bead type Kb/kBT r0/Rc rm/Rc

1−2 T−T 280 0.605 2.0
T1−S 300 0.5 ∞ b
T1−N 200 0.4 ∞ b

1−3 T−(T)−T 20 1.5 4.0
T2−(T1)−N 150 1.3 ∞ b
T2−(T1)−S 120 1.1 ∞ b

aShort-range repulsion parameters aIJ are given in kBT/Rc units.
bHarmonic bond.

Figure 3. Fitting the parameters for head−tail bonds S−T1, S−T2,
N−T1, and N−T2 in the DPD model to the results of atomistic MD
simulations of SDS and CTAB in dilute aqueous solution at T = 298
K. The bead denotations correspond to Figure 1. DPD distributions of
distances between the beads are matched to the distributions of
distances between the centers of mass of the corresponding fragments
(Figure 1). The solid lines are obtained by MD simulations and open
symbols by DPD simulations.
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to 0.08. For all simulations, the time step δt is set equal to
0.02(Rc

2mW/kBT)
1/2, where mW is the mass of water bead and

the friction parameter γ is set to 4.5 in order to keep
temperature deviation under 1%. The length of each simulation
was 2 × 106 steps; half of that was discarded for equilibration.
Configurations are dumped to a trajectory file every 2000 steps
after equilibration for processing and analysis. After the
equilibration is complete, the number of free surfactant
molecules and the average micelle size fluctuate around their
average values; however, significant alterations of the overall
morphology are observed (Supporting Information, section
S3).

3. SELF-ASSEMBLY IN SINGLE-COMPONENT
SURFACTANT SOLUTIONS. CRITICAL MICELLE
CONCENTRATION

Aggregation of surfactant is characterized using the geometrical
criteria employed in ref 29. Two surfactant molecules are
assumed to belong to the same aggregate if any two of their tail
beads overlap. If an aggregate contains more than a certain
threshold nmic of surfactant molecules, it is counted as a micelle.
If a surfactant molecule belongs to a cluster containing less than
nmono surfactant molecules, it is assumed to be part of the “free
surfactant”. Aggregation is considered as complete and
equilibrium reached when the free surfactant concentration
stabilizes and becomes practically insensitive to the choice of
nmono and nmic within reasonable limits. A detailed discussion of
choosing nmono and nmic can be found in ref 29.
Figure 4 shows the probability of a surfactant molecule to

belong to an aggregate of size N in CTAB and SDS aqueous

solutions of different concentration. The difference between
micelles and small short-living aggregates is very clear for
sufficiently high concentrations. On the basis of these
distributions, we used nmono = 5 and nmic = 20 for SDS and
nmono = 3 and nmic = 8 for CTAB in order to calculate the free
surfactant concentration and the micelle size. At a small
surfactant volume fraction of ϕ = 0.02, there is no clear
boundary to distinguish between the aggregated and free
surfactant molecules, since the probability decreases almost
monotonically with the cluster size. This is probably related to
an insufficient system size.
The dependence of the free surfactant concentration Cf on

the total surfactant concentration CT is shown in Figure 5. The

concentrations are given in mol/L rather than in volume
fractions in order to compare with relevant theoretical
equations and experimental data, and calculated as C = n/
(NAL

3Rc
3), where n is the number of surfactant molecules (ntotal

or nfree) in the box. nfree includes surfactants in all aggregates
smaller than nmono, while ntotal is the number of total surfactant
molecules in the system. NA is Avogadro’s number, and L is the
box size in Rc. The volume fraction ϕ is calculated as the ratio
of the total number of surfactant beads excluding counterions
to the total number of beads in the system. The simulation
results are shown in Figure 5. Below the CMC when micelles
are absent, Cf = CT. As the CMC is reached, the dependence of
Cf on CT abruptly changes. In contrast to nonionic surfactants,
the formation of micelles leads to a decrease of the free
surfactant concentration Cf as the surfactant total surfactant
concentration increases (when CT > CCMC). For nonionic
surfactants, Cf slowly increases with ϕ and approaches a plateau
that can be identified with the CMC with a reasonable
accuracy.29 The decline of the free surfactant concentration
above the CMC is caused by electrostatic interactions between
micelles and free surfactant molecules. This phenomenon is
specific to ionic surfactants and was observed experimen-

Figure 4. Probability of a surfactant molecule to belong to an
aggregate of given size N in solutions of SDS (a) and CTAB (b) of
different total surfactant volume fraction.

Figure 5. Dependence of the free surfactant concentration Cf on the
total surfactant concentration CT for SDS and CTAB. Results of DPD
simulations are shown by open symbols. Dashed lines are the
dependence of the free surfactant concentration Cf of SDS and CTAB
according to eq 3. The red line represents the linear relationship Cf =
CT that is held in uniform solutions below the CMC. The CMC is
estimated as the intersection between the “Cf−CT” curve and dashed
lines obtained from eq 3. The CMCsexp are shown in filled symbols
(experimental data is from ref 39).
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tally35,36 and predicted theoretically37,38 and by MD
simulations.22,38

In order to estimate the CMC from the calculated values of
Cf, we employ the semiempirical theory of Sanders et al.,37,38

where the relation between free surfactant concentration Cf and
total surfactant concentration CT is expressed as

α α

α

= + −

− − +
−

⎛
⎝⎜

⎞
⎠⎟

C C

C C C
VC

log( ) (1 ) log( )

log
(1 )( )

1

f CMC

T f f

T (3)

V is the molar volume of surfactant, and the units of CT, Cf, and
CCMC are in mol/L.
The parameter α is the degree of association of the

counterions with the head groups of the surfactants forming
the micelles, which means that an aggregate consisting of N
surfactant molecules has N head beads and αN counterions and
bears a charge of ±(1 − α)N.38 The conventional DPD model
cannot describe a dissociation/association of ionic pairs, and
even the criteria of association are very hard to establish. We
therefore treat both the CMC and α as adjustable parameters.
Their values were determined from the best fit of Cf (CT)
dependence given by eq 3 to the Cf values obtained in our DPD
simulations.37,40 The results are shown in Figure 5. For SDS,
agreement between eq 3 and the DPD results is obtained at α =
0.73 and a CMC of 19 mM. Surprisingly, the obtained α is very
close to the experimental association degree used in ref 38. The
calculated CMC exceeds the experimental value of 8.2 mM by a
factor of 2.4. This (dis)agreement is acceptable given the state
of the art in DPD simulations of ionic compounds, as we
discuss in section 7. The accuracy of the DPD results for CTAB
does not allow fitting both α and CMC: very low Cf and higher
CT results in a high relative error (Figure 5). We opted to use
the experimental value of α = 0.78 and obtained a CMC of 2.6
mM, which is also somewhat higher than the experimental
value39 but yet reasonable given the accuracy of both
simulations and experiments.

4. MICELLE SIZE

The surfactant aggregate size distributions given in Figure 4 are
in general unimodal with well-defined maxima that is typical for
spherical micelles. At higher concentrations of CTAB, a small
fraction of elongated micelles is also observed. From these
distributions, we calculated the aggregation number Nag (that is,
the average number of surfactant molecules in a micelle).
Dependence of the aggregation number on the surfactant
volume fraction is shown in Figure 6. The micelles grow with
the total surfactant concentration, which is a well-established
phenomenon in surfactant solutions. However, the micelles
found in DPD simulations are 2−3 times smaller than those
experimentally observed. For example, the experimental
aggregation number in 0.05 M SDS solution is around Nag =
65,39,41 while we obtained a value around 30 at ϕ = 0.04
(approximately in 0.14 M SDS solution). CTAB forms
somewhat larger micelles compared to SDS. This is consistent
with the experimental results, for the CTAB molecule is longer
than SDS. The micelle surface area of CTAB is greater than
that of SDS micelle, so CTAB micelle can accommodate more
head groups. Noteworthy, the experimental values of the
aggregation number Nag reported for the same system vary with
the method used for its determination,37,42,43 which makes the
correlation of simulated and experimental data more difficult.

5. SALT EFFECT
Addition of extra electrolyte to the system causes the charge
screening effect on the micellization of ionic surfactant. As the
ionic strength of the solution increases, the Debye length
decreases, which reflects weakening the long-range electrostatic
effects in the solution. Screening of electrostatic interactions
changes the micelle size and shape: the micelles become larger
and tend to merge into worm-like, cylindrical aggregates. The
concentration of surfactant, at which the transition to worm-
like aggregates occurs, is defined as the critical aggregation
concentration (CAC). Addition of salt lowers the surfactant
CAC and causes an aggregation transition in solutions of ionic
surfactants that is well studied in the literature.
To demonstrate the ability of the proposed DPD model to

reproduce the salt effect, we perform DPD simulations with
SDS in a model 1:1 C+A− salt solution, effectively mimicking
NaCl. This system was thoroughly studied in the literature both
experimentally and with semiatomistic MD simulations.44−46

The surfactant volume fraction is fixed at ϕ = 0.04, and the box
size is L = 30 Rc. To increase the salt concentration, we replace
water beads by the hydrated ion beads C+ and A− to achieve a
salt concentration of 0.5, 1, 1.5, and 2 M.
Figure 7 shows equilibrated configurations of SDS at

different salt concentrations. Addition of salt increases Nag
from 26, observed in pure surfactant, to 47, obtained in 0.5 M
salt solution. Nevertheless, the micelles mostly retain a
spherical shape, despite an increased size. This observation
qualitatively agrees with experiments. However, the simulated
micelles are consistently smaller than the ones reported in
experiments, where the average size is 135 in 0.5 M electrolyte
solution.45 As the salt concentration increases, the micelles
grow further and the aggregation number continually increases
up to 133 in 2.0 M electrolyte. The micelles change in shape to
larger worm-like micelles as the salt concentration increases to
1 M (Figure 7b). The micelle size distribution changes along
with the distribution of the asphericity factors that is a
quantitative measure of the departure from spherical symmetry
of micelles.47 The asphericity factor A is obtained from the
gyration tensor S calculated for each individual micelle: Sij =
(1/N)∑l=1

N (Sil − Si
CM)(Sjl − Sj

CM), where Si
CM stands for the

center of mass coordinate (i denotes x, y, or z). After three
eigenvalues R1

2, R2
2, and R3

2 of the gyration tensor are
obtained, the asphericity factor is calculated as A = (1/2)
Rg

4[(R1
2 − R2

2) + (R1
2 − R3

2) + (R3
2 − R2

2)], where Rg
2 = R1

2

+ R2
2 + R3

2 is the radius of gyration. The asphericity factor is 0

Figure 6. Dependence of the aggregation number Nag on the
surfactant volume fraction ϕ for SDS and CTAB. The system size is 40
× 40 × 40Rc

3.
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for perfectly spherical micelles and reaches 1 for perfect
cylinders. As shown in Figure 8, it is clear that salt addition
sharply decreases the fraction of spherical micelles and
increases the number of elongated micelles at 0.5 and 1 M
salt concentrations. In 2 M salt solution, the asphericity factor
distributions show a well-defined peak corresponding to
cylindrical micelles. The limited system size does not allow
one to identify the aggregation transition, but worm-like
micelles become visually prominent between 0.5 and 1 M. In
experiment,44,45 the transition to worm-like micelles at a similar
surfactant volume fraction ϕ occurs when the salt concentration
reaches 0.6 M.

6. AGGREGATION IN CATANIONIC SURFACTANT
MIXTURES

Mixtures of cationic and anionic surfactants are of specific
practical interest, as they are widely used in surfactant
formulations.48 When an oppositely charged surfactant is
incorporated into a micelle, the overall micelle charge
decreases. The reduced charge weakens the repulsion between
the ionic heads in the micelle corona, thus decreasing the

Figure 7. Equilibrated configurations of SDS in the presence of model 1:1 salt C+A−. Salt concentrations are (a) 0.5 M, (b) 1 M, (c) 1.5 M, and (d)
2 M. The tail beads are red, and the head beads are green. The surfactant volume fraction is ϕ = 0.04.

Figure 8. Distribution of the asphericity factors of SDS micelles at
different salt concentrations. A = 0 corresponds to the spherical
micelle shape; larger values of A characterize aggregates of elongated
shape.
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chemical potential of surfactant molecules in the micelles and
lowering the concentration of the free surfactant. A lower
charge of the micelle surface causes an increase of the surface
density of the heads in the corona. Therefore, as the fraction of
oppositely charged surfactant grows, the spherical micelles
elongate, adopt a quasi-cylindrical shape, and then turn into
unilamella vesicles or multilamella formations.49 Lamella
formation is most typical when the micelle charge approaches
zero, that is, close to 1:1 surfactant ratio. Experimental studies
of the morphology of catanionic surfactant mixtures are very
limited. SDS-DTAB (dodecyltrimethylammonium bromide)
mixture was studied by Henderson et al.49 At constant
surfactant volume fractions between ϕ = 0.02 and ϕ = 0.05,
vesicles start to form. When the DTAB/SDS ratio reaches 35/
65, the transition to vesicles is preceded by the formation of
worm-like micelles. When the DTAB/SDS ratio exceeds
approximately 40/60, vesicles are in equilibrium with a bulk
precipitate.49 It should also be noted that the behavior of such
mixtures is very complex and the phase diagram boundaries are
not really precise. For example, an earlier cryo-TEM study by
Kamenka et al.50 revealed coexistence of worm-like micelles,
multilamella vesicles, and unilamella vesicles in the same SDS/
DTAB sample. This behavior cannot be reproduced in a
relatively small DPD box and probably is not entirely
reproducible in experiments.50

We performed simulations of SDS−CTAB mixtures at
constant ϕ = 0.08 and three SDS/CTAB molar ratios9/1,
2/1, and 1/1with the interaction parameters from Table 1.
Figure 9a shows a snapshot of the surfactant configuration for
the 9/1 SDS/CTAB mixture. Addition of CTAB causes
elongation of micelles that tend to adopt a worm-like shape.

As the SDS/CTAB ratio decreases to 2/1, the micelle
configuration drastically changes, with a substantial decrease
in the average asphericity factor from 0.11 in 9/1 mixture to
0.05. Instead of the cylindrical aggregates, we observe
spheroidal shell-like micelles with ionic heads located both
outside and inside the aggregates, as shown in Figure 9b. The
inner part of the shell-like micelles contains a certain amount of
solvent. The shell-like micelles are very small vesicles, but
interestingly, the shell-like micelles never merge or form a
single bilayer. Such morphological stability makes shell-like
micelles suitable as drug delivery vehicles.
The free surfactant concentration drops dramatically

compared to pure SDS even for the 9/1 mixture, and it is
barely detectable for the 2/1 mixture. If the fraction of CTAB
increases further to a 1/1 ratio, the shell-like vesicles merge and
a phase separation occurs onto water and amphiphile-rich
phases. The latter has an irregular structure and processes a
substantial share of water inclusions, as shown in Figure 9c.
This phase separation reflects surfactant precipitation that is
similar to the experimental observations.49,50 Making an exact
analogy to these observations is rather difficult, because the
precipitate in experiment often contains surfactant crystal-
hydrates, that is not captured in the soft-core DPD models.
Overall, the DPD model reproduces general qualitative features
of the surfactant precipitation phenomenon, but the
quantitative deviations from the experimental behavior are
quite substantial.
While the short-range repulsion parameter aHW barely

influences the CMC for pure SDS, it affects substantially the
segregation morphology as the concentration of CTAB
increases. Figure 9d−f shows the structural evolution of the

Figure 9. Equilibrated configurations of micelles in SDS−CTAB mixtures of different composition (total surfactant volume fraction ϕtotal = 0.08)
obtained with different head−water repulsion parameters aHW: (a−c) aHW = 106.5kBT/Rc; (d−f) aHW = 96.5kBT/Rc. (a and d) 9/1 SDS−CTAB
mixture. (b and e) 2/1 SDS−CTAB mixture. (c and f) 1/1 SDS−CTAB mixture. The red beads and pink beads are SDS and CTAB tail beads, while
green beads and blue beads are SDS and CTAB head beads, respectively.
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same system with a reduced head−water repulsion parameter
aHW = 96.5 kBT/Rc (instead of aHW = 106.5 kBT/Rc). A smaller
value of aHW makes head−water interactions more favorable
than head−head or water−water interactions. In the 9/1 SDS/
CTAB mixture, we observe spheroidal aggregates (Figure 9d).
Further increase of CTAB fraction to 2/1 leads to a well-
defined cylindrical structure that is transformed into a
unilamella morphology at 1/1 mixture. The model with aHW
= 96.5 kBT/Rc seems to give reasonable agreement with
experiment as far as the morphology evolution is concerned.
However, the absence of an independent parametrization
method for the interactions between hydrophilic components,
in particular, between heads and water, limits predictive
capabilities of the proposed coarse-grained model to a
qualitative level.

7. CONCLUSIONS
In this paper, we examine the capabilities of the smeared charge
model within the standard DPD simulation scheme for studies
of micellization of ionic surfactants. We explore several featured
characteristics for ionic surfactants: (1) nonmonotonic depend-
ence of the free surfactant concentration on the total
concentration, (2) salt effect on the aggregation morphology,
and (3) transformation of micellar morphology in the mixtures
of ionic and anionic surfactants. As a case study system, we
consider the common industrial surfactants CTAB and SDS,
the coarse-grained models of which are carefully parameterized
on the basis of a combination of atomistic molecular
simulations and infinite dilution activity coefficient calibration.
Overall, the proposed model reproduces the qualitative

features of ionic surfactant systems fairly well. We correctly
reproduce the decrease in the free surfactant concentrations Cf
with the overall concentration CT after the latter exceeds the
CMC, which is a feature specific to ionic surfactants. The
decrease of Cf with CT was recently shown in semiatomistic
simulations of Sanders et al.38 but has not yet been reported in
DPD or other coarse-grained simulations. A substantial
difference in CMC values determined from the free micelle
concentration Cf and the premicellar concentration, which was
obtained by LeBard et al.51 in hard-core coarse grained MD,
indicated a similar correlation between Cf and CT. Sanders et
al.38 also noticed that the degree of dissociation between the
micelle-forming surfactant and the counterion is important and
should be taken into account when micellar solutions of ionic
surfactants are considered. The soft-core DPD models are
unable to account for the degree of dissociation, and the very
criteria of dissociation are difficult to establish. However, the
fact that the dependence of Cf on CT well fits a semiempirical
model (eq 3), which uses the experimental value of the
dissociation degree, is certainly promising.
The salt effect of charge screening achieved by addition of

electrolyte is qualitatively reproduced in the proposed DPD
model. The simulations manifest the micelle growth and
elongation with the added salt concentration, and the location
of the spherical-to-wormlike transition appears to correlate well
with the experimental data. It is also important that the model
qualitatively describes the structure of the anionic and cationic
surfactant mixtures: the transition from cylindrically shaped
micelles to vesicle-like aggregates occurs as the total charge of
the system decreases.
It is worth noting that, while the proposed DPD model is

capable of qualitative description of nontrivial behavior of ionic
surfactant solutions, its quantitative ability is limited. The

model overestimated the CMC for both SDS and CTAB
solutions by a factor of 2−3. This discrepancy is not that large,
considering the state of the art in DPD simulations of
electrolytes. The reason for this discrepancy is not yet clear,
and may be related to the short-range repulsion parameters,
which the CMC is extremely sensitive to. At the same time, the
model underestimates the micelle size. We hypothesize that this
deficiency is related to the isotropic charge distribution around
the ionic group and uniform dielectric constant. As a result, the
energy of interactions between two charged beads does not
depend on the environment. Two charged beads in the micelle
corona interact identically to a pair of ions separated by the
same distance and immersed in a water bath. The other issue is
the inability of the DPD model to account for dissociation and
recombination of ionic heads and their counterions. It is
possible that the dissociation degree for ionic groups in the
micelle coronas is artificially inflated, effectively increasing the
local charge and thus strengthening the electrostatic repulsion
between the heads, that causes smaller micelle size and larger
CMC. We suspect that these problems are inherent not only to
the DPD smeared charge model employed here but to all
coarse grained models that imply a uniform dielectric medium.
The simplicity of the water model, which is represented by
beads with isotropic interactions and uniform dielectric
constant, does not allow for accounting for the changes in
the water structure near the micelle surface caused by
hydrophobic and electrostatic interactions. This deficiency
may be overcome by polarizable water models for DPD, which
have been recently introduced by Peter et al.52,53

This study shows the directions for further development and
refinement of the DPD models of ionic systems. There is a lack
of methods for specific parametrization of the charged beads;
both the repulsive parameters and the electrostatic interaction
parameters, such as the effective smearing lengths, are currently
considered to be independent of the charge group type. For
example, a larger λ value for S− and a smaller λ for N+ in eq 2
seem to be appropriate considering the electron distributions in
sulfate and tetraalkylammonium groups. Currently, the choice
of λ is based on technical considerations rather than on special
physical criteria, which is an apparent shortcoming of the
current model. Let us assume that instead of SDS we would
have to develop a model for dodecyltrimethylammonium
chloride (DTACl). The only differences from the SDS model
would be the opposite charges of the head (+e instead of −e)
and the counterion (vice versa) and slightly different head−tail
bond rigidities, which would hardly affect the values of the
CMC and Nag in DPD simulations. However, the experimental
CMC of DTACl is about 20 mM,54 which is 2.2 times higher
than that for SDS and is very close to our DPD result (19 mM).
The current DPD models of counterions simply do not
distinguish between Cl− and Br− counterions, but experimental
CMCs do differ (DTAB has a CMC of 14−15 mM,55 lower
than DTACl). A similar problem was faced in the simulations
of hydrated metal-substituted Nafion:30 the properties of
Nafion polymer significantly depend on the counterion type,
but the DPD model does not account for that. Our results show
that the shape of aggregates and the conditions of
morphological transitions in catanionic mixtures are very
sensitive to the parameters of interactions between the ionic
groups and the solvent. This effect is expected, since as the
overall surface charge of the aggregates decreases, the
conservative repulsive interactions start to play a key role
affecting the system behavior. Even with refined conservative
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parameters, the current DPD model cannot reproduce the
experimental phase diagram for the SDS−DTAB−water system
that is strongly asymmetric: the micellar morphologies in
DTAB-rich mixtures are not the same as those in SDS-rich
mixtures with the inverse SDS/DTAB ratios. It is likely that
modification of electrostatic contributions or introduction of a
special “association” term is required to reproduce the
asymmetry.
Despite the deficiencies discussed above, we conclude that

the DPD model with smeared charge electrostatic potentials
represents a significant advancement in the coarse-grained
modeling of ionic systems. The rigorous parametrization of the
intracomponent and intercomponent soft repulsive potentials
and nearest neighbor and second neighbor bond potentials
secures the reproducibility of the basic thermodynamic
(solubility) and conformational (chain rigidity) properties.
The ability of qualitative description of such complex
phenomena like micellization of cationic and anionic
surfactants, salt effect, and morphological transitions in
catanionic mixtures makes the proposed model a promising
tool for studies of self-assembly and thermodynamics in
complex soft matter systems including multicomponent
electrolyte solutions, polyelectrolyte membranes, and biopol-
ymers.
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