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Brownian dynamics of mixed surfactant micelles

Geuorgui K. Bourov and Aniket Bhattacharya®

Department of Physics, University of Central Florida, Orlando, Florida 32816-2385
(Received 14 April 2005; accepted 26 September 2005; published online 23 November 2005)

We investigate micelle formation in a system containing two or more different amphiphiles with
different geometries using a stochastic molecular-dynamics (MD) simulation method. For a binary
system containing two amphiphiles, we calculate the critical micelle concentration (CMC) and
cluster distribution for the mixture at several mole fractions and compare the simulation results with
those predicted by analytic theories in the dilute limit and with experiments. We find that the CMC
obtained from molecular mean-field theory agrees well with our simulation results. Motivated by the
industrial use of mixed surfactant systems, we then extend our studies to a system containing six
different chain lengths drawn from a Poisson distribution. We find that unlike a binary mixture of
amphiphiles, the different species cancel the effects of each other so that the cluster distribution for
the mixture has a shape of a system consisted entirely of amphiphiles of length equal to the mean
chain length of the Poisson distribution. © 2005 American Institute of Physics.

[DOL: 10.1063/1.2125687]

I. INTRODUCTION

A mixture of surfactants quite often give rise to en-
hanced performance over its individual components in indus-
trial and technological applications.l’2 Surfactants have natu-
ral polydispersity in length when they are produced with
chain polymerization; therefore, obtaining a pure system re-
quires additional processing and can be more expensive to
produce. Moreover, for many applications additives are
needed for better stability and control of the physical prop-
erties. Thus, a surfactant mixture with a distribution of
lengths, or a mixture of two or more different type of surfac-
tants (e.g., neutral and charged) often is a more desirable
product for the industry.

At a fundamental level studies of mixed surfactant sys-
tems may serve as platforms to explore coexistence and tran-
sitions among different exotic phases in soft matter systems.3
For example, a mixed surfactant system consisting of posi-
tively and negatively charged hydrophilic heads has been
experimentally found to produce vesicles in aqueous
solution.* The transition from spherical micelles, which is
the characteristic of pure aqueous solution of each species, to
vesicles is important in a number of practical applications
and has been recently investigated with scattering probes.5 A
routine way to produce vesicles of desired size and shape
will be an extremely useful technology, as synthetic, biocom-
patible vesicles can be used as carriers of drugs. A mixed
cationic and anionic surfactant system is capable of produc-
ing wormlike micelles® which have been used for linear
polymers and polyelectrolytes. Recently, shear-induced mor-
phologies and near Maxwellian rheological behavior of these
mixed surfactant systems have attracted a lot of attention
both from academic and applied perspectives.

A very natural and tempting idea is to extend basic ther-
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modynamic theory of self—assembly7 to a mixture of surfac-
tants and to treat micelles as a separate phase under the as-
sumption that mixing is ideal, which renders the analytic
treatment simple. This method, aptly known as the
pseudophase separation model, was the first theoretical tool
applied to the ideal mixing of binary nonionic amphiphilic
systems.gf10 A disadvantage of this method is that, since the
theory treats each micelle as a single phase (“pseudophase”),
it is incapable of furnishing information regarding aggregate
sizes and their distribution, etc. In more explicit molecular
appro::1ches,“’12 the free-energy contributions from different
molecular interactions are taken into account. Thus, the mac-
roscopic properties, e.g., the size of aggregates, the CMC of
the mixture, etc., can be linked to the characteristics of the
individual amphiphilic molecule, e.g., size, type of hydro-
philic head group, ratio of the hydrophilic to hydrophobic
segments, etc.

Computer simulation has played a major role in studying
the properties of self-assembling amphiphilic systems. The
great advantage of simulation studies is that one can obtain a
microscopic understanding of the thermodynamic properties
and a detailed picture of the self-assembled phases from the
characteristic features of a single amphiphile and the inter-
action parameters of the models. The simulation results have
been very useful for further refinement of theoretical models
and understanding their limitations as well. Surprisingly, de-
spite increased interest in mixed surfactant systems, com-
pared with studies of the bulk properties of amphiphiles of a
given type using Monte Carlo”? (MC) and
rnolecular-dynamicszl*29 methods, simulation studies are
relatively few.?"! Recently Gharibi et al.,” and Zaldivar
and Larson®' studied binary amphiphilic systems using lat-
tice Monte Carlo method. Both groups have studied the cor-
relation between interaction energy parameter representing
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nonideal behavior among different species and aggregation
properties of the binary mixture. There has been no report of
simulation on the off-lattice models so far.

In this work we report the Brownian dynamics simula-
tion results on mixed surfactant systems using a Grest-
Kremer-type bead-spring model for the surfactants.*® First
we study a series of binary systems of amphiphiles and focus
on how geometry itself introduces nonideality. Then we go
beyond binary mixtures and study a more realistic system
where the lengths of the amphiphiles are drawn from a Pois-
son distribution which mimics the distribution obtained dur-
ing a synthesis process. The outline of our paper is as fol-
lows. In the next section we review some of those theoretical
predictions which we will later compare with our simulation
results. The model and simulations strategies are outlined in
Sec. III. Section IV is devoted to the results that we obtained
using Brownian dynamics simulation. Section V deals with
the summary and discussion.

Il. THEORY

For a binary mixture denoting the molar concentrations
of two types of amphiphilic molecules in solution as X; and
X,, respectively, the mole fraction x; for the amphiphile of
type 1 in the solution is given by

X +X,

(1)

X1

The mole fraction x, for the amphiphile of type 2 is then
Xy = 1 —X1. (2)

Evidently, the micellization of both amphiphiles is affected
by the presence of the other type of molecule. This leads to
new aggregation properties. One of the most important char-
acteristics of the mixture is its critical micelle concentrations
(CMC). If the CMC of pure amphiphiles are known, then
according to the the molecular theory model,'* the CMC of
the mixed system Cj, can be obtained as

L I=x 3)

Cu fi€1 16
Here C; and C, are the CMC for the type-1 and type-2 am-
phiphiles, respectively, and f; and f, are the activity coeffi-
cients of the amphiphiles taking into account the nonideality
of the interactions between molecules of different types.

For a multicomponent system Eq. (3) can be generalized
as follows:

n
1 X;

—=3-L )
Cv iz fi€

We will use the above two equations to compare the CMC
for a mixed amphiphilic system obtained from our simula-
tion. In this paper, we restrict our studies to mixtures of
neutral amphiphilic molecules with the same type of interac-
tions, and therefore the activity coefficients for all compo-
nents are unity.
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TABLE I. Interaction parameters for the amphiphiles.

Interaction r;;/ oy gjj €;
Head-head 2176 1.50y, 2.00y, 3.00y 1.0
Head-tail 216 (ot 0y /2) 1.0

Tail-tail 25 1.0 1.0

lll. MODEL AND METHOD

The details of the model and the method are given in
Refs. 28 and 29. Here we briefly mention the information
pertinent to the choices for the mixed micellar system. An
amphiphile is represented as h,,f, with m hydrophilic head (
h) and n hydrophobic tail () beads connected by m+n—1
bonds. We use a Grest-Kremer-type model*? so that the non-
bonded potential acting between any two beads is chosen to
be a Lennard-Jones (LJ) interaction and the interaction be-
tween successive beads is given by a finite-extendable non-
linear elastic (FENE) potential as given below.

12 6 12
iy e | (D) - (%) - (%
L] rl] - El] ¢

rij rij r

ij

.. 6
+(ZZ¥) }, r<rg, (5a)
i
r ., rij 2
Uchain(rij)z_EkRijln - r) I (5b)
ij

where rfj is the cutoff distance beyond which the L] interac-
tion is set to be zero, r;;=|r;—r;| and r;, r; are the locations of
the ith and the jth monomers, respectively. Amphiphilicity in
this model is introduced by a repulsive cutoff distance for the
head-head and head-tail interactions (rf,=2"00y,, 7,
=2"6¢y,), and an attractive cutoff for the tail-tail interaction
(rg=2.50). k and R;; are the force constant and the length
parameters of the FENE potential. We have chosen &
=30(ey/ 07, R;;=1.50;; and &;;=1. The choice of the LJ pa-
rameters are summarized in Table I. Each monomer is
coupled to a heat bath and its equation of motion is

mii:i=_VUi_Fl"i+Wi(t)’ (6)
where
Ui=2 <UEJ(rij) + 2 Uchain(rij))’
i#j Jj=ixl

m; is the mass of the ith particle, I' is the monomer friction
coefficient, and W,(r) describes the random force of the heat

TABLE II. Types of amphiphilic molecules studied.

Type Configuration Head Size Length
1 hyty 1.5 5
2 hyty 2.0 5
3 hytg L5 7
4 hytg 2.0 7
5 hytg 3.0 7
6 htg 2.0 9
7 htg 3.0 9
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FIG. 1. Concentration of free amphiphiles X, as a function of the total
concentration X for a mixture of /¢, and ht4 for several mole fraction x; for
hit,. The knee of the curve is used to extract the CMC.

bath acting on each monomer as a Gaussian white noise with
zero mean satisfying the fluctuation-dissipation relation

(W,t) - W,(t')) = 6mikeg TT 5,8t ).

The stationary solutions of the above equations of motion
produce a Boltzmann distribution, and therefore the simu-
lated system represents a canonical ensemble. Additionally,
we use reduced units throughout this study; the unit of length
is 0, the unit of time is 7=0,(m/e,)"? and the unit of
temperature is €,/kp where kg is the Boltzmann constant. All
beads have equal mass which is set to unity. The parameter
I'=1.0, and the integration time step Ar=0.017. We have
kept the reduced temperature at Te/kz=0.9 for all the results
reported here.

In order to carry out simulations of mixed micellar sys-
tems, we have chosen various combinations of hydrophilic
and hydrophobic segments which are summarized in Table
II. First we study a binary mixture of amphiphiles. Then we
extend our studies to amphiphiles whose lengths are drawn
from a Poisson distribution.

IV. RESULTS

The simulations are carried out in a 32X 32X 32 box
with periodic boundary conditions. Typical length of the runs
are (5—10) X 10° MD steps excluding 10° equilibrating MD
steps. The maximum number of chains in the box is 1920.
We have used a link-cell list and a fast Gaussian random
number generator to expedite the calculations.

A. Critical micelle concentration

First we consider a mixture of two amphiphilic mol-
ecules with the same length but different head sizes. Previ-
ously we have studied how the hydrophilic head group ge-
ometry affects the CMC, shape, and sizes of the cluster
distribution.”*’ Here we extend this calculation for a mix-
ture of these two types of amphiphiles of same tail length but
with different head sizes. We chose molecules of type 1 and
type 2 to be amphiphiles with head sizes 1.50y and 2.00y,
respectively. The total concentration of amphiphiles in the

J. Chem. Phys. 123, 204712 (2005)

0.0045

»Mixture of h;t, molecules with 6, =1.56, and 6, =2.06,,

—— Theory
€ Simulations

0.004[

4
) 0.0035F ™.

M
T
14
1
!
!
1
I

0.003- it BN

~—

~—e

0.0025

T
]
é-
a4

L | ' | L | ' L ‘
000—%2 ~04 06 08 1
Fraction of ht, with 6, =1.56,

FIG. 2. A comparison of the CMC for h;t,. Data from Fig. 1 are used to
obtain CMC from simulations (squares). The corresponding theoretical
curve (dotted line) is calculated using Eq. (3).

solution is kept constant at X=0.7%. From our previous
studies we found that larger head group implies a higher
value of the CMC.?**’ Here we notice that as we increase the
molar fraction of the amphiphiles with smaller head group,
the CMC of the mixture systematically decreases and inter-
polates between the CMC of two pure systems. This is
shown in Fig. 1.

From Fig. 1 we can calculate the CMC for the mixed
system for various mole fractions for the type-1 molecules.
From simulation results for the pure systems we find the
CMC for type 1 and type 2 to be C;=0.0025 and C,
=0.0037, respectively. We then calculate the CMC of the
mixture from Eq. (3). This comparison is shown in Fig. 2.
Theoretical predictions are within the error interval of the
simulation results.

B. Cluster distribution

Now we systematically study the effect of mixing two
different amphiphiles on the cluster distribution. First, we
keep the hydrophobic tail part of the molecules the same and
only vary hydrophilic head sizes. In previous paperszg’29 we
reported how the shape and peak of the cluster distribution
are affected by the head group geometry. Here we extend
similar analysis for a mixture of amphiphiles only differing
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=
50.02-
g
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FIG. 3. Cluster distributions for a binary mixture of &,#,-type amphiphiles
with oy,=1.50y and oy,,=2.00,, at different molar concentrations.

Downloaded 21 Mar 2006 to 132.170.161.174. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



204712-4 G. K. Bourov and A. Bhattacharya

0.03

Mixture of h t, (th=1.50'n) and hlt6

o—o 0,,=2.00
x,=0.5 0

0.0251

&—a 6,=3.00,

Cluster Distribution
o
S o g
=
[

0.005-{

0 - 20 40 60 80 ~ 100
Cluster Size

FIG. 4. Cluster distribution for a 50-50 mixture of h,t,(oy,=1.50y) and h,t,
with y,=2.00, (circles) and oy,=3.00, (squares).

in the hydrophilic head size. In particular, we show results
for a binary mixture of two h,t, differing only in their hy-
drophilic head sizes chosen to be oy,=1.50 and oy,
=2.00y, respectively.

The cluster distribution depends on the composition and
is plotted in Fig. 3 for total molar concentration X=0.7%.
The composition x;=0.0 and 1.0 corresponds to the pure
systems amphiphiles with head oy,=2.00, and oy,=1.50y,
respectively. Earlier we found that amphiphiles with bigger
head group have sharper distribution peaked at a smaller
value of the cluster size. We notice that by mixing the two
surfactants with o, =1.50y and oy, =2.00, one can interpo-
late between the limits. This may be a useful information for
synthesis of surfactant mixtures.

In order to explore the effect of the head group geometry
further, next we simulate a 50-50 mixture of &ty (o,
=1.50,) and hjts for oy,=1.50y and o0y,,=2.00y, respec-
tively. The cluster distributions are shown in Fig. 4. It is
notable that the difference in cluster distribution arises solely
due to different head sizes (oy,=1.50 and o0},=2.00y for
h\t) as the contribution from k¢, remains the same in both
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FIG. 5. Cluster distribution for a 50-50 mixture of h,#,(oy,=1.50y) and h,tg
with oy,=2.00, (circles) and oy,,=3.00y (squares).
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the ratio of chains of each species in a given cluster as a function of cluster
size.

150

cases. Even within a mixture, the larger head group produces
a sharper distribution, a conclusion that we obtained before
in the case of pure surfactants.”®® A similar study is also
made for a 50-50 mixture of iz, and h,tg shown in Fig. 5 to
see the effect of the longer chain. One notices that the cluster
distributions for the amphiphilic mixture show multiple
peaks.

Figure 6 shows a comparison of the cluster distributions
of two pure systems consisting of hts with oy,=1.50 and
hitg with oy,,=2.00y and a 50-50 mixture of these two spe-
cies. The cluster distribution for the binary mixture is signifi-
cantly different from those of the pure systems. Positions of
the peaks are shifted. How do the surfactants mix in different
clusters? Figure 7 shows a typical snapshot for a mixture of
hitg with oy,=1.50 and htg with oy, =2.00y. It appears
from the picture that the two species mix equally. The inset
of Fig. 6(c) shows the ratio P;(N)/P,(N), where

N N>
Pi(N)=— and P,(N) = —,
()=~ and Py(N) =~

and N; and N, are the number of two types of surfactant
chains present in a cluster of size N=N;+N,. For larger clus-
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FIG. 7. Snapshot of mixed micelles formed from a 50-50 mixture of h;z¢
with oy,=150 and htg with o0y,=2.00y. The simulation is done at total
amphiphile concentration X=0.007.

ters, the ratio stays close to unity implying that both surfac-
tants participate equally in the formation of mixed micelles.

C. Amphiphilic mixture with the poisson
distribution

The commercial applications of surfactants typically in-
volve a mixture of surfactants as they can be produced at a
relatively lower cost, and often outperform single surfactant
solutions. Synthesis via chemical reactions leads to a mixture
of molecules with various degrees of polymerization. There-
fore, for realistic modeling of surfactants it is more important
to study the aggregation properties of a mixture of surfac-
tants with a certain distribution of lengths to mimic the ex-
periments more closely. A typical distribution of length N in
the polymerization process of amphiphiles can be character-
ized by the Poisson distribution given by

ANe
Pv="N

: ()

where A\ is the mean degree of polymerization.
We have simulated two systems where the chain lengths
are sampled from a Poisson distribution with mean degree of

TABLE III. Characteristics of amphiphilic molecules with Poisson distribu-
tion of the length.

Type Configuration Length Molecules
1 hts 6 261
2 hytg 7 330
3 hyty 8 361
4 hytg 9 361
5 hyty 10 330
6 hytyo 11 277

J. Chem. Phys. 123, 204712 (2005)
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FIG. 8. Poisson distribution for A=9. The shaded region represents the area
covered by the six values of length (1) chosen in our simulation. The tail
lengths of surfactants chosen in our simulation satisfy this distribution.

polymerization A=9. We compare the cluster distributions
obtained for these mixed surfactant systems with those ob-
tained for the pure systems. For the pure system simulations
we chose amphiphiles /4,7 (type 6 and 7 in Table II) of chain
length 9 with different hydrophilic head sizes oy,=20y and
own=30y, respectively. For simulating the mixed system we
have chosen six different chain lengths drawn from the Pois-
son distribution as expressed in Eq. (7). The characteristics
of the surfactants are summarized in Table III. It is worth
mentioning that since only six lengths are chosen from an
infinite number of chain lengths, this does not reflect a true
Poisson distribution. As shown in Fig. 8 we only sample
points from the shaded area of the given Poisson distribution
for A=9. The total number of chains in the simulation was

0.15

o—o pure G, =2.0
o—e mix G, =2.0

0.1

)
W

n
o

o—o pure G, =3.0
o—o mix G, =3.0

Cluster Distributio
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FIG. 9. Cluster distribution for a pure and a mixed amphiphilic system with
Poisson distribution of the lengths for two different head sizes.
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1920 with six different chain lengths weighted according to
Fig. 8. For example, the total number of chains for length 8
and 9 is 361 while the total number of chains for length 6 is
261. The number of chains for the other lengths are chosen in
a similar manner.

The cluster distributions obtained in our simulation are
shown in Fig. 9. In the same figure we show the cluster
distribution for the chain length corresponding to the mean
degree of polymerization A=9. We notice that the cluster
distribution of a mixed system of chains with a Poisson dis-
tribution of lengths is close to the cluster distribution of the
pure system with a length equal to the mean length of the
Poisson distribution. We find it to be true for two different
systems. Unlike binary mixture of amphiphiles, the distribu-
tion remains practically unaffected. The presence of shorter
and longer chains somehow cancel out the effect of each
other. It will be very interesting to verify this result experi-
mentally and for other distributions as well.

V. CONCLUSION

In summary, in this paper we report Brownian dynamics
simulation of mixed micelles. This is, to the best of our
knowledge, the first systematic study of mixed amphiphilic
systems in continuum. We first calculate the CMC for a bi-
nary mixture of amphiphiles as a function of the mole frac-
tions for one of the components and compare our result with
those obtained from molecular mean-field theory. Our results
are consistent with the theoretical predictions. Next we have
studied several other binary mixtures of amphiphiles specifi-
cally addressing the role of hydrophilic head size. We notice
that a larger hydrophilic head still produces a sharper peak in
the cluster distribution for the mixture. In other words, just
by changing the volume of the hydrophilic head (this implies
attaching different hydrophilic moiety which is not difficult
to engineer) one can change the peak of the cluster distribu-
tion. In general, we find that for a simple binary mixture of
amphiphiles, changing the hydrophilicity affects both the dis-
tribution and the CMC.

We then extended the study to amphiphiles whose
lengths are drawn from a Poisson distribution. Unlike a bi-
nary mixture, we find that the cluster distribution does not
show any characteristic feature; instead it roughly follows
the cluster distribution of the corresponding mean length of
the distribution. It will be nice to see some experimental
work along this line.

Finally, in this work we specifically addressed the case
where the intrachain and interchain interaction parameters
are identical. This study is important to carry out, because it
shows only the effects of excluded volume and entropy.
Breaking this symmetry will certainly have interesting non-
trivial effects which are currently under investigation. There
are a number of important issues in mixed amphiphilic sys-
tem that need to be addressed. For example, simulation stud-
ies of transition from micelle to vesicle is an interesting
problem. In general, a thorough study of the phase diagram

J. Chem. Phys. 123, 204712 (2005)

of amphiphiles33 will be very interesting from both funda-
mental and technological perspectives. We will report some
of these studies in future publications.
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