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Interactions of anionic polyelectrolyte (PE) with cationic monomeric (MS) and dimeric surfactants (DS) have been
investigated by coarse-grained molecular dynamics (MD) simulation. A PE/surfactant mixture is observed to evolve over
time into micellar complex of increasing size. The critical aggregation concentration (CAC) is qualitatively found to be much
lower than the critical micellization concentration (CMC) of the free surfactant. Compared to the monomeric analog, a DS
interacts more strongly with the oppositely charged polyion chain. The equilibrium complex size becomes larger with
increasing surfactant concentration. Simulation results are consistent with experimental observations and reveal that the
electrostatic and hydrophobic interactions play an important role in the formation of micellar complex.
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1. Introduction

Polyelectrolyte (PE) and ionic surfactant mixtures have

received considerable attention because of their unique

properties and wide spectrum of industrial applications

[1]. The strong electrostatic attraction between oppositely

charged polyion chain and ionic head group in surfactant

can lead to the formation of micellar complex at a critical

aggregation concentration (CAC) [2], which is usually a

few orders of magnitude lower than the critical

micellization concentration (CMC), the concentration

threshold for free surfactant to aggregate into micelles.

The participation of PE in the aggregation significantly

decreases the repulsion force between ionic head groups,

consequently, PE induced micelles are more compact and

stable [3].

Numerous experimental studies have been devoted to

PE/surfactant mixtures [4–18]. In the structural analysis

of sodium poly(styrenesulfonate) (NaPSS) and dodecyl-

(DPC) and cetylpyridinium chlorides (CPC), Ksenija et al.

[8] found that surfactant aggregated into spherical PE-

induced micelles at various surfactant to polyelectrolyte

(S/P) molar ratios, and the micelles grew in size with

increasing S/P ratio. Guillot et al. [9,10] examined the

interactions between anionic carboxymethylcellulose and

cationic dodecyltrimethylammonium bromide (DTAB).

Mixed surfactant/polymer aggregates were observed to

form above a CAC of the surfactant accompanied by a

rapid collapse of the polymer chains and the size of

aggregate increased with increasing surfactant

concentration.

Alternatively, theoretical approaches have been

reported to investigate interactions between PE and

surfactant [19–27]. Kuhn et al. [22–24] presented a

mean-field theory for complex formation between a rigid

PE and an ionic surfactant, which fairly well elucidated

the experimentally observed cooperative transition of

condensed counterions being replaced by surfactant.

Diamant and Andelman [25,26] developed a chemical

association theory to study the collapse of semi-flexible

and flexible polymers due to the existence of small

surfactant molecules, where the long-ranged electrostatic

interactions were neglected. By means of a self-consistent

field lattice model with a spherically symmetric frame,

Wallin and Linse [27] predicted the formation of a

micellar complex comprising a core of neutral surfactant

tails along with a corona of surfactant heads and

oppositely charged PE chains.

Molecular simulations have played an increasingly

important role in disclosing the microscopic mechanism
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of complex formation between PE and surfactant. This is

the consequence of ever-growing computational resource

and of the development in robust simulation algorithms.

By using Monte Carlo (MC) simulations, Ferber and

Löwen [28,29] established a “phase diagram” for a single

PE chain with ionic surfactants based on the different

strengths of long-range electrostatic and short-range

hydrophobic interactions. Granfeldt et al. [30], Wallin

and Linse [31–33] also employed MC simulations to

assess the behavior of PE at charged micelles, in which an

ionic surfactant molecule was simply represented by a

large charged spherical particle. In addition, a recently

developed mesoscopic simulation technique called dis-

sipative particle dynamics (DPD) [34,35] has been applied

to analyze the aggregation of PE and surfactant [36,37].

The salient feature in DPD is that relatively long time and

length scales can be accessible [38,39].

The mixtures of PE and traditional ionic surfactant have

been widely studied by a large number of experimental,

theoretical and simulation studies, whereas the inter-

actions between PE and gemini surfactant have not been

fully understood. A gemini surfactant molecule is

composed of two identical traditional monomeric

surfactant (MS) molecules linked by a spacer chain, thus

it is also called dimeric surfactant (DS). Widespread

research on gemini surfactants has been stimulated by

their superior properties to the traditional surfactants, e.g.

increased surface activity, lower CMC and useful

viscoelastic properties such as effective thickening [40].

Thus far the interactions between gemini surfactant and

oppositely charged PE have been explored largely by

experimental methods [41–50] and simulation studies are

scarce. However, simulation can provide a detailed

microscopic picture at a molecular level, which is

otherwise experimentally difficult to characterize and

therefore simulation can elucidate the underling physics.

In this work, by using molecular dynamics (MD)

simulation we investigate the interactions in two mixtures,

one is MS/PE and the other is DE/PE. The long-ranged

electrostatic and short-ranged hydrophobic interactions

are explicitly accounted for in our MD simulations.

Following a brief description of the models and

methodology used, simulation results are presented. We

first show how a surfactant/PE mixture evolves over time

and then focus on how equilibrium structural properties,

including polyion conformation, complex size and local

structure, change with the increased concentration of

surfactant. The differences between the two mixtures are

compared and discussed.

2. Models and simulation method

A PE and surfactant mixed solution is described by a

mesoscopic coarse-grained model. Solvent is treated as a

continuous medium with a permittivity j. PE is

represented by flexible linear polyion chain and

corresponding counterion, in which a polyion chain has

50 connected negatively charged particles. A MS

molecule consists of one positively charged head particle

connected to three neutral tail particles, while a DS

molecule consists of two identical MS molecules with

connection at the two heads. Figure 1 illustrates the

schematic models for MS and DS, however, the counter-

ions are not shown. For simplicity, all the particles in

MS/PE and DS/PE mixtures are assumed to have the same

mass m and diameter s. Nevertheless, the extension to a

general case is straightforward.

The short-range interaction between particles i and j at a

distance r in the system is mimicked by the Lennard–

Jones (LJ) potential,

uLJ
ij ðrÞ ¼ 41bðs=rÞ12 2 ðs=rÞ6c; ð1Þ

where 1 is the well depth, rc is the cutoff length. For the

continuities of both potential energy and force at rc, we

adopt a truncated and shifted LJ potential, [51]

u0
LJ
ij ðrÞ ¼

41½ðs=rÞ12 2 ðs=rÞ6�2uc þ f cðr2 rcÞ r# rc

0 r. rc

;

(

ð2Þ

where uc and fc are the potential energy and force at rc,

respectively. From equation (1), we have

uc ¼ uLJ
ij ðrcÞ ¼ 41bðs=rcÞ

12 2 ðs=rcÞ
6c; ð3Þ

f c ¼2duLJ
ij ðrÞ=drjr¼rc

¼ 241s6ð1=rcÞ
13ð2s6 2 r6

cÞ; ð4Þ

For particles of like charge rc ¼ 21=6s, consequently, there

is purely repulsive interaction; while for all other particles

rc ¼ 2:5s.

The long-range interaction between charged particles i

and j with charges zi and zj is mimicked by the Coulombic

potential,

uELE
ij ðrÞ ¼

e2

4pj

zizj

r
; ð5Þ

where e is unit charge.

The connective interaction of two bonded particles

within polyion chain or surfactant is modeled by a finite

extension nonlinear elastic potential (FENE),

uFENE
ij ðrÞ ¼

2 1
2
kR2

0 ln 1 2 r 2=R2
0

� �
r # R0

0 r . R0

;

(
ð6Þ

where k ¼ 181=s2 is the spring constant, and R0 ¼ 2s is

the maximum extension. With these parameters, the

average fluctuation of bond length was found to be

about 5%.

Figure 1. Schematic models of MS and DS. Counterions are not shown.
† :head group; :tail group.
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The coarse-grained model adopted here for PE and

surfactant do not account for the molecular details,

however, they capture the essential characteristics of

realistic PE and surfactant in terms of long-range

electrostatic interaction, short-range dispersive inter-

action, chain connectivity, excluded volume and internal

flexibility.

The motion of each particle in the system is governed

by the stochastic Langevin equation, which accounts for

the viscous force from solvent and the stochastic force

from heat-bath, [52,53]

m€ri ¼ 27Ui 2 g _ri þWiðtÞ; ð7Þ

where ri is the position of particle i, g is a friction

coefficient set equal to 1 in this work. Wi(t) is a random

force exerting on particle i at time t, which satisfies

kWiðtÞWiðt
0Þl ¼ 6kBTgdijdðt2 t0Þ; ð8Þ

Ui is the interaction energy of particle i with all the other

particles

Ui ¼
X
j–i

uijðrÞ ¼
X
j–i

uELE
ij ðrÞ þ uLJ

ij ðrÞ þ uFENE
ij ðrÞ

h i
ð9Þ

In our MD simulations, a cubic box with a length

L ¼ 100s was used with the periodic boundary conditions

in all three dimensions. The simulation box was found to

be sufficiently large to eliminate the finite size effect. Each

system in simulation contained five PE molecules and

various numbers of MS or DS molecules. The temperature

under consideration was kBT=1 ¼ 1, where kB is the

Boltzmann constant, T is the absolute temperature of

system and the Bjerrum length e2=ð4pjkBTÞ was set equal

to s. It implies that each particle in our simulation has a

diameter s ¼ 7.145 Å in an aqueous solution at 298.15 K.

Surface-force measurements reveal that the size of a

sodium dodecyl sulfate micelle is approximately 40 Å

[54], which is substantially larger than individual particle.

Ewald summation method was used to calculate the

electrostatic energy, which was decomposed into the real

space contribution and the reciprocal space contribution

[55,56]. The half box length was selected as the cutoff

distance in the real space and the real/reciprocal space

partition parameter in the error function was chosen to be

5/L. The number of reciprocal lattice vectors was chosen

automatically by the code in such a way that the relative

deviation of electrostatic energy was less than 0.01%. The

virial of electrostatic contribution was set equal to the

negative of the electrostatic potential. The initial bond

lengths for polyions and surfactants were all set equal to s.

The integral time step is 0.005t, where t ¼ sðm=1Þ1=2.

The total time steps of simulation evolution were 2 £ 106,

in which the last 2 £ 105 steps were used to obtain

ensemble averages.

3. Results and discussion

3.1 Time evolution

Figure 2 shows the dynamic snapshots of a DS/PE mixture

with n ¼ 12 at different times, in which n is the number of

surfactant head groups with respect to the number of

polyion chains. Note that counterions of PE and DS are not

shown in the figure. Five PE molecules exist in this

mixture, consequently, there are 12 £ 5 ¼ 60 DS head

groups. At t ¼ 0, all the five polyions are in a relatively

stretched conformation with only a few DS molecules

adsorbed discretely along each polyion. At t ¼ 2500t and

5000t, more than two polyion chains are partially bound

by several DS molecules to form complex and show

random coiled structures. At t ¼ 7500t and 10,000t,

almost all the five polyions are bound with appreciable

number of DS molecules to form nearly spherical compact

complex and there are some free DS molecules existing in

the mixture. While figure 2 shows the time evolution of a

DS/PE mixture with a given n, we show below the effect of

n on equilibrium structural properties in both MS/PE and

DS/PE mixtures.

3.2 Polyion conformation

Polyion conformation can be quantitatively characterized

by the radius of gyration Rg and the end-to-end distance

Re. Shown in figure 3 are the root-mean-squared Rg and Re

of polyion as a function of n in MS/PE and DS/PE

mixtures. With increasing n, both Rg and Re in either

mixture exhibit similar trends. In the absence of surfactant

(n ¼ 0), polyion is primarily stretched as shown in

figure 4(a) because of the electrostatic repulsion between

the monomers of like charges, thus both Rg and Re have the

maximal values. With the addition of surfactant, Rg and Re

drop rapidly, in other words, polyion collapses. This is due

to the strong electrostatic attraction of polyion with

surfactant ionic head groups and sequent binding of

surfactant molecules onto polyion chain, as shown in

figure 4(b) and (d) at n ¼ 12. As a result, the electrostatic

repulsion between polyion monomers is substantially

screened; polyion chain shows random coiled confor-

mation. During this process, the counterions in the vicinity

of polyion are replaced by surfactants. The Rg and Re

continue to decrease until n ¼ 40 and then level off with

small fluctuations. Nevertheless, as we will see that the

complex size continues growing.

At a given n, i.e. the concentration of DS is half that of

MS, Rg and Re in a DS/PE mixture are consistently smaller

compared to a MS/PE mixture. This is because a DS

molecule has two ionic head groups and has a stronger

electric field than a MS molecule; it thus interacts more

strongly with oppositely charged polyion chain. This has

been observed in our recent experimental studies for the

interactions of sodium polyacrylate separately with

hexylene-1,6-bis(dodecyldimethylammonium bromide)

and DTAB, [44,57] and of bovine serum albumin

with alkanediyl-a,v-bis(dimethyldodecyl-ammonium
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bromide) and DTAB [58]. Consequently, more DS

molecules are bound onto polyion chain, which leads to

a stronger electrostatic shielding effect and a more

compact complex.

From figure 3, we can see that the aggregation of MS or

DS onto polyion begins at a very low surfactant

concentration. No free micelle is found to form by

surfactant itself at the highest n ¼ 160 considered in our

simulations. Our additional simulations of free surfactant

in box of same size show that free micelle starts to appear

when the number of surfactant molecules reach 140 and

60 in MS and DS, respectively, which could be regarded as

a rough estimation of the CMC. This is, the corresponding

ratio n are 28 and 24 in MS/PE and DS/PE mixtures,

respectively. Qualitatively, the CAC in either mixture is

far below the CMC. PE facilitates the oppositely charged

ionic surfactants to aggregate by suppressing the

electrostatic repulsion between ionic head groups. Such

behavior is well recognized and has been observed in

experimental studies. Quantitatively, we can estimate the

Figure 2. Time evolution of a DS/PE mixture with n ¼ 12 (counterions of PE and surfactants are not shown).

Figure 3. Root-mean-squared (a) radius of gyration Rg and (b) end-to-end distance Re of polyion as a function of n in MS/PE ad DS/PE mixtures.
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value of CMC by removing the polyion and seeing at what

concentration micellar formation starts to take place, just

as aforementioned. However, this time-consuming method

is not accurate and cannot be easily implemented to

predict the value of CAC. Therefore, a more effective

technique for quantitative predictions of the CMC and

CAC is yet to be developed.

3.3 Complex size

The changes of Rg and Re with n in figure 3 indicate that

further addition of surfactant beyond n ¼ 40 has little

influence on the change of polyion conformation.

However, the micellar complex still increases in size

with increasing surfactant concentration. This suggests

that there is no unique relation between polyion

conformation and complex formation. In our simulations,

all the particles were assumed to have an identical size; the

complex size was quantified by the number of particles

constituting an aggregate. If the distance between one of

the particles in an aggregate and that in another aggregate

is within a given cutoff Rc, the two aggregates are

considered to be one. Consequently, the size is expected to

depend on the value of Rc, as shown in figure 5. At a given

n, the ensemble averaged maximal complex size Smax first

increases with increasing Rc in either MS/PE or DS/PE

mixture and then approaches a constant value beyond

Rc < 1.6s.

Figure 6 shows the maximal complex size Smax as a

function of n at Rc ¼ 1.6s. In general, the complex size

becomes bigger as the surfactant concentration increases,

as observed in many experimental studies [8–10,42–44].

The behavior of Smax can be divided into two regions at

n ¼ 40. In AB/DE region, while there is a steep drop in Rg

and Re, Smax increases rapidly. This is due to the strong

electrostatic attraction between polyions and surfactant

head groups. In BC/EF region, Rg and Re hardly change,

whereas Smax increases slowly and tends to reach a

constant. In this region, the binding sites on polyions have

reached saturation and further added surfactants cannot

Figure 4. Equilibrium snapshots at different n in MS/PE ad DS/PE mixtures (counterions of PE and surfactants are not shown). (a) n ¼ 0; (b) and (d)
n ¼ 12; (c) and (e) n ¼ 40. :polyion monomer; † :head group of surfactant; :tail group of surfactant.

Figure 5. Ensemble averaged maximal complex size Smax as a function of cutoff distance Rc at various n in MS/PE and DS/PE mixtures.

Figure 6. Ensemble averaged maximal complex size Smax as a function
of n at Rc ¼ 1.6s in MS/PE and DS/PE mixtures.
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form new micellar complex, but rather enter into the

existing complex through the hydrophobic attraction

between tail groups. Compared to the electrostatic

attraction, the hydrophobic attraction is weaker; conse-

quently, the increase in size in the second region is slower

than the first region. At a given n, the maximal complex

size in DS/PE is consistently larger than that in MS/PE.

This is because of the chemical connection between the

two ionic heads in DS, which leads DS to form aggregate

more easily and a stronger interaction between DS and PE.

3.4 Local structure

The local structure is characterized by the radial

distribution function g(r). Figure 7 shows g(r) between

the polyion monomer and its counterion at various n in

MS/PE and DS/PE mixtures, respectively. In the absence

of surfactant, some of counterions are in the close vicinity

of polyion due to the electrostatic attraction. Upon

addition of surfactant, however, complex starts to form

gradually between polyion and surfactant and counterions

are replaced by surfactants and released. As a result, g(r)

peak intensity becomes smaller. The higher the surfactant

concentration is, the more significant this effect is.

Furthermore, this effect is more distinct in DS/PE mixture,

in which g(r) peak is smaller than that in MS/PE mixture

at a given n.

Figure 8 shows g(r) between the polyion monomer and

its counterion, head and tail groups of surfactant at a low

(n ¼ 12) and a high (n ¼ 120) surfactant concentration

in MS/PE and DS/PE mixtures, respectively. At n ¼ 12,

the local surfactant concentration near polyion chain is

higher than the counterion concentration, particularly, the

head group of the surfactant. This behavior is also

observed at n ¼ 120. This can be ascribed to the

cooperative contributions of the electrostatic and hydro-

phobic interactions, of which the former plays a dominant

role in the formation of surfactant/polyion complex. Upon

comparison with MS/PE mixture, g(r) peaks in DS/PE

mixture are significantly higher, showing that more DS

molecules take part in complex formation and DS is more

favorable to form complex with PE. Additionally, we have

made some elementary studies on the influence of the

spacer length of a gemini surfactant on its association

behavior with PE. It can be found similarly through the

radial distribution function in figure 9 that by increasing

the length of the spacer, gemini surfactant has a weaker

interaction with PE, for a longer spacer can make the two

ionic head groups more separated leading to a weaker

electric field.

4. Conclusions

By using MD simulation, we have examined the

interactions in mixtures of anionic PE separately with

cationic MS and DE. Strong electrostatic and hydrophobic

attractions lead to the formation of micellar complex.

With addition of surfactant, evidenced by the behavior

in radius of gyration and end-to-end distance, the

Figure 7. Radial distribution function g(r) between the polyion monomer and its counterion at different n in MS/PE and DS/PE mixtures.

Figure 8. Radial distribution function g(r) in MS/PE and DS/PE mixtures at n ¼ 12. The inset is at n ¼ 120. P, polyion monomer; H, head group of
surfactant; T, tail group of surfactant; C, counterion of PE.
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conformation of polyion chain changes from stretched to

random coiled and to spherical and moreover, the micellar

complex is observed to increase in size. The CAC of a

surfactant/PE system is lower than the CMC of a free

surfactant system; and a DS interacts more strongly with

oppositely charged polyion chain than its monomeric

analog. The simulation results in this work are consistent

with experimental studies and provide microscopic insight

into the aggregation process in PE and surfactant mixtures.
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