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Abstract: To explore the rheological behavior of anionic/zwitterionic surfactant mixtures,
we performed molecular dynamical simulations at different molar ratios (Xtps =
[TPS)/[TPS]+[SDS]) and Ca?* concentration of sodium-dodecyl-sulfate (SDS) and
tetradecyl-dimethyl-ammonium-propane-sulfonate (TPS) aqueous mixtures, which were
investigated previously in experiment [1]. The simulation results indicated that with the
increase of Xrtps, the micelle aggregation evolving path is interdigitate-wormlike-sphere.
Furthermore, with increasing Ca?* concentration, the micelle aggregation evolving path is
also interdigitate-wormlike-sphere. We can conclude that there exit an appropriate molar
ratio and salt concentration to form wormlike micelle in the anionic/zwitterionic systems.

1. Introduction

Surfactant can spontaneously self-assemble into a wide variety of micellar structures such as
spherical, wormlike, vesicle, lamellae or bilayer phases [2-5] in solutions due to the coexistence of
both hydrophilic head groups and hydrophobic tail in the molecule. The structural phase of micelle
depends sensitively on the molecular structure, concentration, salt, and temperature/PH. Because of
the fascinating structural characters and rheological properties, micelle has a wide range of
applications such as viscosity enhancers, cosmetics, drag delivery, personal care products [6-8]etc.
To investigate the microscopic nature of the aggregates and understand the formation of aggregates
in solutions, many modern experimental techniques, including Raman scattering, nuclear magnetic
resonance, light scattering and small angle neutron scattering have been used[9-14].

In recent years, due to the substantial increase in computational power, computer simulations such
as Monte Carlo (MC)[15,16] and Molecular dynamics (MD)[17-20] have proved to be a powerful
tool in analyzing microscopic details and dynamics properties of aggregates at atomic level. In the
past decades, many molecular dynamics simulation research have been utilized to study self-assembly
in surfactant solutions. H. T. Davis[21], Wang ZW[22], and Sangwai AV[23,24] have studied the
properties of cationic surfactant CTA" in the presence of NaCl and NaSal salt, the Sal- ion is known
from simulations to facilitate the spherical to wormlike micelle transition. Sammalkorpi et al. [25,26]
have studied the influence of temperature and inorganic salt to the anionic surfactant SDS solutions.
They found SDS surfactants form crystalline aggregate at low temperatures and micelles at elevated
temperatures, the adding inorganic ions especially Ca?* can induce more compact and densely packed
micelles. Velinova Maria[27] use coarse-grained molecular dynamics simulation to describe micellar
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assemblies of nonionic surfactant pentaethylene glycol monododecyl ether (C12E5) at different
concentrations. With the increase of surfactant concentration, the spherical to rod-like aggregates
transition is observed. Zana et al[28] have proved that cationic gemini surfactant alkanediyl-a, o-
bis(dodecyldimethylammonium bromide) (C12CmC12Br2) with short spacer group can self-
assemble into wormlike micelles.

Mixture of surfactant aqueous can exhibit much richer phase behavior than single surfactant and
form relatively complicated aggregates. There are more and more reports on the studies of different
combinations of mixed surfactant system viz. cationic/anionic [29-32], anionic/nonionic [33,34],
anionic/zwitterionic [1,35-37], etc. Raghavan et al has reported the synergistic growth of wormlike
micelles when there is an optimal surfactant tail lengths in anionic sodium oleate(NaOA) and cationic
trimethylammonium bromide(CnTAB) systems[29]. Grillo et al find that in the mixture of anionic
sodium bis(2-ethyl hexyl)sulfosuccinate AOT and nonionic Tetraethylene glycol monododecyl ether
C12E4, Spherical micelles are present for AOT-rich composition while cylindrical micelles for
C12E4-rich [33]. Similarly, various micelle aggregates can be achieved in the anionic/zwitterionic
systems. Ghosh et al observed bilayer vesicles formed in dilute mixture solutions of zwitterionic
surfactant Ci2GLY and anionic surfactant SDS in low molar fractions, X(=[Ci2GLY]/
[C12GLY]+[SDS]), and fingerprint-like structure when X increased to X=0. 5 [35]. Qiao et al
investigated that the wormlike micelle formed when the molar ratio X ([tes]/[TPS]+[SDS]) reach to
X=0. 6 and Ca?" concentration increased in the SDS/TPS/Ca(NO3)2 system[1]. In this paper,
atomistic MD simulations are performed to probe the effect of molar ratio and salt concentration to
the anionic/zwitterionic mixed system.

2. Models and methods
2.1 Simulated parameters

All MD simulations were performed using the GROMACS 5. 0. 2 software package with the
AMBER99 force field in this study. All those parameters which are not found in the AMBER99 force
field such as the angle C-O-S or torsion C-C-C-O are selected from Hui Yan’s[38] work. The
simulations were run using the leap-frog algorithm with a 2-fs integration time step. Long-range
electrostatic interactions were calculated using the particle mesh Ewald (PME) technique with a real-
space cutoff distance of 1. 2 nm. The Lennard-Jones interactions were truncated at a cutoff distance
of 1. 2 nm. All bond lengths were constrained using the linear constraint solver (LINCS) algorithm.
The pressure was controlled using isotropic Parrinello-Rahman method at 1 bar with a coupling
constant of 1. 0 ps. Temperature control was achieved by using the Nose-Hoover algorithm with a
coupling constant of 0. 2 ps. All systems were simulated with three-dimensional periodic boundary
conditions. First, each system was energy-minimized using 5000 steps of steepest descent method to
relax any steric conflicts generated during system setup, then the system equilibrium was performed
by a 1 ns MD run with positional restraints on all surfactants in the NVT ensemble at 340K, Finally,
all the systems were performed a 60-ns simulation in the NPT ensemble at 300K. Visualizations of
all molecular configurations are done in molecular graphics software, VMD.

2.2 Simulated System.

Our simulation systems include the ionic surfactants SDS, TPS, water molecules, Ca?* and CI-
ions. Water was described by the Tip3P model, which is known to provide a good representation of
the dielectric properties as well as the thermodynamic properties. Atom charges in our work were use
the Gaussian 09 package at the B3LYP/6-31+G* level to optimize the structures of the two surfactants
and calculate the ESP atomic charges. All the molecules were placed randomly within the simulation
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box initially, as shown in Figure 1. In this study, we performed six simulated systems at fixed
surfactant numbers but different ratios with 1Mol/L Ca?* and six simulated systems at fixed ratio
(X7rs=0. 6) but different Ca** concentration respectively. All the systems are summarized in Table 1,
Table 2.
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Figure 1: Left: SDS and TPS molecule, Right: An example of a random initial configuration of the

60SDS+90TPS in 1. 0M Ca?* system. Sulfur, oxygen, nitrogen, and carbon that belong to the
surfactants are shown as yellow, red, bule, and cyan spheres, respectively

Table 1: Simulated systems |

System| TPS|SDS|Ca2+|CL- |Tip3p | Xtes |Box Size

A 0 |150| 300 |600[13492| 0 |8>8>8nm"
30 [ 120| 300 | 600 [13304| 0.2 |8>8>8nm"
60 | 90 | 300 [ 60013132 0.4 [8>8>8nm]
90 | 60 | 300 | 600 [12946| 0.6 |8>8>8nm’
120 30 | 300 |600(12787| 0.8 |88>8nm’]
150 0 | 300 |600(12601| 1 |858>8nm’

Ol|lo|lo|o|w

Table 2: Simulated systems 11

System|TPS[SDS|Ca2+|CL- |Tip3p| C |[Box Size
a [ 90|60 0 | 0 [13846| 0 |8>8>8nm’
b |90 |60 30 | 60 [13756| 0.1 |8>8>8nm]
¢ | 90|60 150 | 300 [13396] 0.5 |8x8>8nm’
d | 90|60 300|600 |12946| 1.0 |8x8>8nm’]
e | 90|60 | 450|900 [12474| 1.5 |8>8>8nm’]
£ 19060600 [1200[12059| 2.0 |8>8>8nm’]

3. Results and discussion
3.1 Molar ratio

3.1.1 Aggregation Structure and Equilibration

We investigated the self-assembly processes of SDS and TPS mixtures at varying molar ratio
(X7rs=0, 0. 2, 0. 4, 0. 6, 0. 8, 1. 0) with the presence of 1mol/L Ca®*" by molecular dynamics
simulations. By monitoring the trajectories, the micelles once formed are found to remain stable
throughout the production run. The equilibration of the simulation systems is determined by
monitoring the time-scaled potential energy of SDS/TPS mixtures. Figure 2 shows an example of
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system D (Xtps=0. 6) that the potential energy profile reaches a stable equilibrium after about 30 ns
of simulation time. It indicates that 60ns is enough for our simulation. The snapshots of the system
(A-F) configurations at the end of 60 ns equilibrium NPT are shown in Figure 3. From the figure, we
can found that the surfactants assembled into micelles after a long MD run.
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Figure 2: Time evolutions of the Potential energy with system D.
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Figure 3: Snapshots of the configurations of SDS/TPS mixtures at varying XTPS (system A-F) at
t=60ns. Sulfur, oxygen, nitrogen, and carbon that belong to the surfactants are shown as yellow, red,
bule, and cyan spheres, respectively; hydrogen atoms, water and other ions are omitted for clarity.

Table 3: Micelle structure statistics

Molar ratios(Xtps) Number of micelle Molecular number in micelles
0 98,21, 20,11

74, 40, 36
78,53, 19

117, 33

. 42,34, 26, 26,13,9
1. 61,29, 21,16,12,11

From the Figure 3 we found the surfactant solutions formed various aggregation at different Xrtps.

For SDS-rich systems, the predominant structure is interdigitated aggregation in which the SDS and
TPS molecules are parallel settle aligned to each other (see Figure 3A-3C). As the Xrtps increased to
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0. 6, a wormlike micelle which SDS and TPS surfactants intersect arranged was formed, as shown in
Figure 3D. However, with the increase of Xrtps, the wormlike micelle become unstable and spilt into
several disperse spheres (see in Figure 3D-3F). We have statistic the micellar number and molecular
number in Table 3, In SDS-rich systems (Xtps<0. 6), the number of micelle shown a decline tendency
while the molecular number in the largest micelle increase with the increase of Xtps. It indicates that
with the increase of Xrps, the systems formed less but larger micelles. And when Xtps=0. 6, we found
that the micellar number is the least but the size of the micelle is the largest. In TPS-rich systems
(Xtps>0. 6), we can found more number but smaller size micelles. It reveals that the wormlike micelle
is unstable and split into more small spheres when Xtps>0. 6.
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Figure 4: Radial distribution function between: SDS head group O to head group O in single and
mixed solution (1) TPS head group O to head group O in single and mixed solution (I1).

3.1.2 Molecular distribution

From a theoretical aspect, the molecular packing parameter[39] P = Vo/ ao*L, is generally used to
rationalize or predict the aggregate shape Where Vo and L are the hydrophobic volume and length of
the hydrophobic tail respectively, ao is the average area of the head groups at the aggregation surface.
The simple rule of 0=P=1/3 for spheres, 1/3=P =1/2 for wormlike and p~1 for bilayer, has been
widely accepted to explaining amphiphilic self-assembly. Radial distribution function (RDF), go-o (r),
between head group oxygen atoms of the SDS and TPS molecules are shown in Figure. 4 for systems
A-F. From Figure 4(l), A main peak appear at the same place located at r=0. 31nm in all systems
(Xtps=0. 6), but the peak value becomes lower and lower with the increasing of TPS ratio. This
implies that the molecular distribution between the SDS surfactants become more and more loose
with the Xtps increase. The loose micelle lead to a large ao that decrease the value of P. That is why
the structure of micelle transformed from interdigitate (P~1) to wormlike (1/3=P =1/2). Similarly,
the TPS-rich systems in Figure 4(I1) also shows that the peak appear at the same place but peak value
of the go-o (r) become lower and lower between TPS surfactants with the increasing of TPS ratio. It
means that the micelle become more and more loose with the Xtps increase. So the structure of micelle
continue transformed from wormlike (1/3 =P =1/2) to spherical (P =1/3).

3.2 Salt concentration

3.2.1 Aggregation Structure

In the saline solutions, all the systems a-f were fixed at Xtps =0. 6 of 60 SDS and 90 TPS at varying
salt concentration. As shown in Figure 5, the surfactants aggregate to several disperse interdigitate
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micelles with SDS and TPS surfactants parallel arrange to each other in the salt-free system in Figure
5 (a). With the Ca?* concentration increased to 0. 1 and 0. 5mol/L (Figure 5 b and c), the micelle
become more compact and bigger. This can be attributed to the fact that more Ca?* added is sufficient
to provide an effective screening of the SDS and TPS head group charges. When Ca?* concentration
increased to 1. Omol/L, a thick and compact wormlike micelle is formed in Figure 5 (d). However,
when Ca?* concentration increased to 1. 5 and 2. Omol/L, the wormlike micelle split into some small
clusters in Figure 5 e-f. It reveals that the excess Ca?* ions will lead the micelle drastic fluctuate and
break into some small clusters.

@ : @ ' ®

Figure 5: Snapshots of the configurations of 60 SDS and 90TPS mixtures in different Ca?* solutions
(system a-f) at t=60ns: (a) Omol/L; (b) 0. 1mol/L; (c) 0. 5mol/L; (d) 1. Omol/L; (e) 1. 5Smol/L; (f) 2.
Omol/L.

3.2.2 Molecular distribution and orientation

We calculate the density distribution of the SDS and TPS head group O along the Y axis in the
largest micelle in system b and d. As show in Figure 6, In system b, we can see two distinct peaks for
the density distribution of SDS and TPS head group O along the Y axis, it demonstrate that the
molecular orientation of SDS and TPS are monotonous to parallel to the Y axis in the interdigitate
micelle. The characteristic of the surfactant distribution cause the micelle more likely to relative slide
to each other. While the distribution of the surfactants in the wormlike micelle are various orientation,
and because of the ‘head’ in wormlike, the edge of the micelle is much stable to avoid the molecules
to slide away. As show in Figure 7, we have statistic all the orientations of the molecules in the biggest
micelle in system b and d. All the orientations are calculate the angle between the direction of
surfactant and the Y axis as the green arrow shown in Figure 5. From the angle probability distribution,
we found that most angles are =109r=170<indicate that all the surfactants are basically parallel
align to each other in system b, see Figure 7(left). While in the wormlike micelle, the probability
distribution of the angle has a wide range from 0% 180<indicates that the molecular orientation is
various. So compare to interdigitate, wormlike micelle is not easy to slide away under the shear force
and have a higher shear rate viscosity in the experiment [1].
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Figure 6: Density distributions of the SDS and TPS head group O in system b (Ca?*=0. 1mol/L) and
d (Ca?"=1. Omol/L) along the Y axis.
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Figure 7: The orientations of the surfactants in the biggest micelle in system b (Ca?*=0. 1mol/L)
left; d (Ca?*=1. Omol/L) right

3.2.3 Salt bridge

Salt bridge could be a plausible explanation for the structural difference between the micelles
formed in different Ca?* concentration. To study this aspect, the probability of a salt bridge between
nearest neighbor head group pairs has been assessed. We defined a salt bridge to exit when two head
group S atom were bridged by one Ca?* ion while the Ca?* resides within a distance Reu=0. 45nm
from two S atoms in the surfactants. The specific value for Rcu=0. 45nm is based on the radial
distribution functions corresponding to Ca?* condensation radii measured from the S-atom in the head
group in Figure 8. Figure 9(1) illustrates one Ca?* bridging between two surfactant head group which
is selected randomly in system d. Then we calculate the number of salt bridge in different salt
concentration, as show in Figure 9(11). The number of salt bridge is rapidly increased from salt-free
system to 0. 5mol/L Ca?* systems. That means more and more Ca?* ions bound to the surfactant head
groups to screen electrostatic interaction. However, the salt bridge number in 0. 5mol/L system
increased slowly to 1. Omol/L systems indicates that the number of Ca?* ions is already enough to
screen electrostatic interaction. So when Ca?* concentration increased from 1mol/L to 1. 5 and 2.
Omol/L, too many Ca?* ions bound to the head of surfactant lead to a high local charge density. That
induce the wormlike micelle unstable and split into sphere micelles.
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Figure 8: Radial distribution function between: (left) S atom in SDS and Ca ions; (right) S atom in
TPS and Ca ions at varying Ca?* concentration
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Figure 9: (1): Salt bridging observed corresponds to the binding of two head group with Ca?*, the
color code is the same as Figure 3 (purple sphere is Ca?*). The upper-right inset shows highlighted
by the blue circled area on an enlarged scale; (11): The number of salt bridge in different salt
concentration

4. Conclusion

We have explored the formation of micellar aggregates in systems of different molar ratio with
1mol/L Ca?* solution, and a constant molar ratio Xtes=0. 6 at varying Ca?* concentration for SDS/TPS
mixtures. The results show that the potential shape evolution rule in the SDS-TPS—Ca?* system with
different molar ratio Xtps was interdigitate-wormlike-sphere. Only when Xrps increased to 0. 6, a
compact and cylindrical wormlike micelle is formed in our simulation. As the effect of salt
concentration, we investigated that surfactant solutions can form interdigitate micelle in low salt
concentration. With the Ca?* increased, more and more Ca?* ions distribute around the negative head
group to neutralize the electrostatic repulsion lead to a transition of interdigitate to wormlike. But too
many Ca?* added will make the local charge density too high to make the wormlike unstable and split
into small clusters. So we conclude that there exit an appropriate molar ratio and salt concentration
to form wormlike micelle in the mixed surfactant solutions.
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