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ics simulation of four typical
surfactants in aqueous solution†

Peng Shi,ab Hui Zhang, *a Lin Lin,a Chunhui Song,a Qingguo Chen*a

and Zesheng Li c

The thermodynamic values of the four surfactants, anionic surfactants, nonionic surfactants, zwitterion

surfactants and gemini surfactants, were calculated by molecular dynamics simulation. The calculated

results of thermodynamic parameters showed that the four surfactant can form micelles spontaneously.

The mainly force for micellization process is entropy-driven, and as the temperature increases, the

entropy-driven contribution is gradually reduced. There are linear enthalpy–entropy compensation

phenomena for the four surfactants. Among the studied four surfactants, the gemini surfactant is the

easiest to form micelles and has good stability, the zwitterion surfactant is the second, and the anionic

surfactant is the least stable.
1. Introduction

Surfactants are amphiphilic molecules which contains both
a hydrophilic polar head group and a hydrophobic hydrocarbon
chain known as tail group.1 Surfactants include nonionic,
anionic, cationic, and zwitterionic in nature, it will self-
assemble and may form a variety of structures that includes
micelles, vesicles, liposomes, microtubules, and bilayers.2

Surfactants have turned into a subject of research on account of
their properties and have been used in pharmaceutical, chem-
ical industry or environmental applications. People have gotten
extensive consideration of uses in cosmetics, paints, dyestuffs,
pharmaceuticals, agrochemicals, bers or plastics.3–5 When the
surfactant is dissolved in water, the surfactant molecules
aggregate into micelles whose hydrophilic heads are exposed to
water at the surface and their hydrophobic tails are shielded
inside. The driven force of self-assembly have hydrophobic, van
der Waals forces, hydrogen bonding and electrostatic interac-
tions in addition to the interaction of the head groups. Ben-
Naim A. Y.6 claried the concept of hydrophobic interactions
and discussed in detail about temperature and pressure
dependence of the hydrophobic interactions and the impact on
thermodynamics. These studies by the author lay the
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tion (ESI) available. See DOI:
foundation for the hydrophobic interaction theory of aqueous
solution. The performance of self-assembling spontaneously of
surfactants makes them convincing used in colloidal system.
The surfactants are mixed with other substances has a wide
range of applications, including microemulsions for enhancing
oil recovery (EOR).7

Although it is clear that surfactant micelle formation has
many meaningful applications, but we should pay more atten-
tion to howmicelle formation process, what is important is how
the molecular structure of the surfactant and its physicochem-
ical properties in solution affect the micellization behavior.8

Aniansson and Wall9,10 described the surfactant micellization
process, which includes only the insertion/extraction of a single
unimers.11 In the rst step of micellization, the aggregation of
micelles is redistributed while the number of micelles remains
unchanged. In the next step, the number of micelles changes
through the formation and decomposition process, and the
micellization process approaches equilibrium. The theory has
been widely accepted. Bai12 measured thermodynamic values of
gemini cationic surfactants were determined by microcalorim-
etry, which monitoring and recording the calorimetric curve of
a change process by microcalorimeter, one can nd that the
micellization process for C12C12C12Br2 is driven jointly by
enthalpy and entropy, and the contribution of the enthalpy to
DGmic is about 61%. However, the micellization process for
C12C6DAB is driven mainly by entropy, and the contribution of
DHmic to DGmic is just about 3.4%.

Molecular simulation plays an increasingly important role in
providing detailed information on the self-assembly of surfac-
tants in aqueous solutions. Micelle formation process can be
simulated at atomic level; Stephenson13 evaluate the free-energy
change associated with changingmicelle composition. Through
the comparison between the two models, indicted that the
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Molecular structure of four surfactants.
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selection of the thermodynamic integration free-energy method
was justied and predicted which model was closer to the
experimental data. Alessandra and Mark14 studied solvent water
analogs of 18 of the 20 naturally amino acids. The estimation of
solvation free energy in cyclohexane solution and chloroform
solution was based on the calculation of thermodynamic inte-
gral free energy using molecular dynamics simulation. Calcu-
lation results showed force eld reproducible experimental
solvation free energy of non-polar analogs with reasonable
accuracy. The existence of enthalpy–entropy compensation in
surfactant systems has been reported by many scholars,15–21 but
its formation process and causes have different opinions.22–24

Liu25,26 investigated enthalpy–entropy compensation for simu-
lating sulfobetaine-type zwitterionic gemini surfactants and
ionic liquid surfactants, free energy data at different tempera-
tures were obtained. The results show that the micellization of
surfactant in aqueous solution is an entropy-driven processes,
a longer hydrophobic chain length will enhance the stability of
the micelles of growth of surfactants. These show that free-
energy calculations have emerged as a powerful tool that can
play a predictive role in micellization. However, these studies
only deals with the same series of gemini surfactants. It remains
to be veried whether this method is suitable for other types of
surfactant systems. Therefore, for the rst time, this paper
attempts to explain the micellization of different types of
surfactants from a microscopic perspective, which will be an
interesting and valuable study.

In the previous work,27,28 we systematically discussed the
behavior of four different types of surfactants at the oil/water
interface and the salt resistance. It was found that the system
formed by the gemini surfactant is the most stable and the
effect of reducing the interfacial tension is the highest, while
the surface activity of the gemini surfactant and the zwitterion
surfactant showed good salt resistance. This paper supplements
the research of four surfactant systems, focusing on the micel-
lization ability and thermodynamic properties of different kinds
of surfactants, and discuss the thermodynamic parameters
such as enthalpy and entropy. It can explain the mechanism of
surfactant formation of micelles from microscopic phenomena
and provide theoretical guidance for the application of
surfactants.

2. Simulation details
2.1 Molecular models

The four types of surfactants made in this article are anionic
surfactants, nonionic surfactants, zwitterion surfactants and
gemini surfactants, respectively. The molecular structures of
anionic, zwitterion, nonionic, and gemini surfactants are
shown in Fig. 1. The initial structure of the four types of
surfactants was drawn by ChemDraw, then the molecules were
optimized using the B3LYP/6-31+g(d) basis set in GAMESS
(US)29,30 soware, and the charge distribution was calculated
using the Kollman–Singh31 method. All simulations were
carried out by GROMACS (5.1.2),32–35 and we use GROMOCS
53a6 force eld to describe and constrain atoms in simulation.
Force eld parameters in the database were corrected through
This journal is © The Royal Society of Chemistry 2019
the Automated Topology Builder (ATB).36 ATB cannot be directly
calculated for molecules with more than 40 atoms. For this
reason, we cut the surfactant molecules into fewer than 40
fragments, redistribute the charge and bond parameters, and
nally merge the fragments to form force eld parameters. The
water molecule adopted for the simple point charge SPC/E
model.37

The simulation calculation uses the SD frog hopping algo-
rithm. Firstly, the steepest descent method and the conjugate
gradient method are used to minimize the energy of the system
in the vacuum conguration. Aer the 5 ns equilibrium simu-
lation is completed, the equilibrium state of each conguration
in the extraction vacuum is placed in a 3 � 3 � 3 nm box and
then solvated the entire system, last subjected to a 10 ns
molecular dynamics simulation, and then changed the l value
to run 20 times, each 10 ns simulation operation. In this
process, one surfactant molecule and 856 water molecules are
optimized. The integral steps in vacuum and aqueous solution
are 0.5 fs and 2 fs, respectively, and NVT and NPT are selected.
The pressure is 1 atm, the temperature is set to 300, 310, 320,
330, 340 K, the temperature coupling uses the Langevin piston
method, the van der Waals truncation radius in the solution is
1.2 nm, and the long-range electrostatic interaction uses PME38

Method calculation.
2.2 Free energy calculations

Free Energy Perturbation (FEP) theory is a method based on
statistical mechanics that is used in computational chemistry
for computing free energy differences from molecular
dynamics. Its specic theory has been reported by many
scholars.39–41 In the explanation of the principle from state A to
state B. The change in free energy can be calculated by the
formula.42

DGAB ¼
ð1
0

�
dH

dl

�
dl (1)

In this approach the Hamiltonian H is made a function of
a coupling parameter, l. The l dependence of the Hamiltonian
denes a pathway that connects states A and B. In this
RSC Adv., 2019, 9, 3224–3231 | 3225
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Fig. 2 Thermodynamic cycle diagram.

Fig. 3 Free energy corresponding to different l.

Table 1 Gibbs free energies of four different types of surfactant at
different temperatures

T/K

DGq
mðkJ mol�1Þ

Anionic Nonionic Zwitterion Gemini

300 �18.59 � 0.67 �18.67 � 0.45 �26.06 � 0.75 �24.62 � 0.67
310 �19.28 � 0.75 �19.97 � 0.92 �28.76 � 1.11 �26.84 � 0.85
320 �20.09 � 0.54 �21.86 � 0.51 �31.56 � 0.68 �41.78 � 0.94
330 �21.54 � 0.83 �25.11 � 0.62 �32.49 � 1.11 �45.59 � 1.89
340 �22.47 � 0.48 �27.25 � 0.69 �33.10 � 0.40 �46.05 � 0.40
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simulation l is calculated by the xed-length window growth
method at states A (l ¼ 0) to states B (l ¼ 1), and the average is
divided into 20 equal parts. For every l-point system value is
simulated using the method described in 2.1. The averages of
the derivatives, vH(l)/vl at each of the l-points [eqn (1)] were
then obtain DGAB.

The hydration free energy of the surfactant, that is, the
change in the free energy of a surfactant molecule from
a vacuum to an aqueous solution, the hydration free energy can
be calculated by the thermodynamic cycle of Fig. 2. DGsolv called
solvation free energy, is the work required to transfer amolecule
from the gas phase into solution. In Fig. 2, DG1 is the work
required to remove all internal non-bonding interactions in the
compound in a vacuum. DG2 refers to the work required to
transfer the dummy solute from the vacuum to the solvate
phase. DG3 refers to the work required to remove solute–solvent
and solute intramolecular interactions. This is accomplished by
gradually mutating all atoms in a given compound (state A) to
“virtual” atoms (state B).
3. Results and discussion
3.1 Hydration free energy of four types of surfactant

The gmx bar module of the GROMACS was used to analyze the
data, and the Bennett Acceptance Ratio (BAR) was used to
calculate the free energy difference.43 Take the simulation of
zwitterion surfactant as an example, Fig. 3 shows free energy
corresponding to different l. The relative free energy difference
and the cumulative free energy of each l interval of the
surfactants are added, and it can be seen that the displayed data
overlap signicantly, which can achieve the purpose of suffi-
cient sampling. From the data in Table 1, the calculated free
energy difference uctuates less and the error is within 5%. And
the four surfactants DGq

m are negative in the simulated
temperature range under investigation, indicating that the
micellization process of the four types of surfactant in aqueous
solution is spontaneous, and the micelle solution formed is
a thermodynamic stable system. This is consistent with some of
the thermodynamic parameters measured by traditional
experimental methods, which shows that the molecular
3226 | RSC Adv., 2019, 9, 3224–3231
simulation method can better explain the formation mecha-
nism of surfactant aqueous micelle.44,45

DGq
m reduced as the temperature rises, this is mainly because

the association of the hydrophobic chains strengthened of the
surfactant molecules with temperature rises, which is condu-
cive to the formation of molecular aggregates. The process of
forming micelles is dehydration and the rise of the temperature
destroys the hydrogen bonding between the water molecules
and the oxygen atoms in the head group, that is, reduces the
hydration of the head group and promotes micelle formation.
Comparing different types of surfactants, it can be found that
the gemini surfactant is most likely to form micelles with
increasing temperature, followed by zwitterion surfactant, and
the most difficult to form micelles are anionic surfactant.
Analysis of the reason may be the double-tailed chain of gemini
surfactant has a strong hydrophobic effect.
3.2 Prediction of thermodynamics parameters

Based on the calculated DGq
m; we can calculate and derive the

thermodynamic parameters of the micellization process using
the following formula.46,47

DGq
m ¼ 2RT ln cmc or DGq

m ¼ RT ln cmc (2)
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 ln(cmc)–T plots of four different types of surfactant.
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DHq
m ¼ �2RT2

�
v ln cmc

vT

�
or DHq

m ¼ �RT2

�
v ln cmc

vT

�
(3)

DSq
m ¼ �

DHq
m � DGq

m

��
T (4)

where R is the molar gas constant, T is the thermodynamic
temperature, and cmc is the critical micelle concentration.
There are different calculation formulas in formula (2) and (3),
mainly for different treatment methods for ionic surfactants
and nonionic surfactants. The data of Table 1 is substituted into
the mass action model of the micellization process (eg, formula
(2)–(4)), ln(cmc) at different temperatures can be calculated by
the formula (2). As shown in Fig. 4, using the curve of ln(cmc)
and T, the slope (bias) of each point can be obtained, and then
Table 2 Thermodynamics parameters of the micellization of four differ

Sample T/K DHq
mðkJ mol�1Þ

Anionic 300 2.04
310 3.92
320 15.77
330 18.00
340 9.42

Nonionic 300 19.67
310 29.21
320 59.76
330 64.44
340 46.89

Zwitterion 300 53.20
310 56.50
320 29.08
330 �6.94
340 �12.72

Gemini 300 40.62
310 233.02
320 264.04
330 26.56
340 �31.33

This journal is © The Royal Society of Chemistry 2019
the thermodynamic parameters such as standard molar
enthalpy changes and entropy change in the micellization
process can be obtained by formula (3) and (4). The nal results
are shown in the Table 2. It can be seen from Table 2 that the
inuence of four different types of surfactant from �TDSqm to
DGq

m is more obvious than DHq
m; indicating that entropy driving

contributes a lot in the process of micellization. As the
temperature increases, �TDSqm has a decrease rst and then
increasing, DHq

m and DSqm have the opposite trend, which
indicates that the entropy drive is dominant in the micellization
process, with increasing temperature, its dominant role grad-
ually diminished. When the temperature is low, it is absolutely
dominant. As the temperature rises to a certain extent, this
contribution shows a downward trend, and the driving force of
enthalpy is opposite to this effect, and the contribution is
gradually increased.

In particular, when the temperature of zwitterion surfactants
and gemini surfactants reached 330 K and 340 K respectively,
their enthalpy value was negative, and the micellation process
turned into the exothermic process. From the temperature of
300–340 K, the micellation of anions and nonionic surfactants
is an endothermic process.

At present, the mechanism of micelle formation of single-
head chain in aqueous solution has been recognized by most
people, that is, the main reason is the hydrophobic interaction
of alkane chains.48,49 Tanford48 pointed out that liquid water
mainly consists of two forms, the rst, it is a structured icy water
molecule (iceberg structure) formed by hydrogen bonding, and
the second is a non-hydrogen bonded free water molecule.
When the surfactant molecule is dissolved in water, it promotes
the formation of ice-like water molecular structure. An iceberg
structure is formed around the alkane chain, resulting in
a decrease in the water entropy value. The water system
discharges the hydrophobic alkane portion of the surfactant
ent types of surfactant in aqueous solutions

DSq
mðkJ mol�1 K�1Þ �TDSq

mðkJ mol�1Þ

0.07 �20.63
0.07 �23.20
0.11 �35.86
0.12 �39.54
0.09 �31.89
0.13 �38.34
0.16 �49.18
0.26 �81.62
0.27 �89.55
0.22 �74.14
0.26 �79.23
0.28 �85.26
0.19 �60.64
0.08 �25.55
0.06 �20.38
0.22 �65.24
0.84 �259.86
0.96 �305.82
0.22 �72.15
0.04 �14.72

RSC Adv., 2019, 9, 3224–3231 | 3227
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Fig. 5 DHq
m � DSqm plots of four different types of surfactant.
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molecule as much as possible to destroy the iceberg structure
and increase the entropy of the system. The nal result is that
the hydrophobic alkane chains aggregate to form a micelle. But
the reason for the increase in entropy value Lee49 deemed that
the disintegration of the iceberg structure increases the degree
of disorder of water, thereby promoting the formation of
micelles. Sequencing also increases the entropy of the system.
From the data we simulated, the main driving force for the
formation of micelles in different types of surfactant aqueous
solutions is derived from the entropy effect. Since the gemini
has two hydrophobic tail chains, the entropy change is much
larger than the other three surfactants. The positive and nega-
tive values of enthalpy are mainly compared with the two forces
of orderly polymerization of surfactant monomer and destruc-
tion of iceberg effect. When the energy required to destroy the
iceberg effect is greater than the monomer aggregation, it
mainly reects the endothermic, DHq

m . 0; and the energy
required to destroy the iceberg effect is less than the energy
3228 | RSC Adv., 2019, 9, 3224–3231
released by the polymerization of the monomer to form the
micelle, the process is exothermicDHq

m\0: Nusselder and
Engberts50 believed that negative DHq

m; dispersion forces play
an important role in micelle formation, surfactant and solvent
interactions leads to the observed exotherm. From the point of
view of the above, zwitterionic and gemini surfactants
contribute more to Gibbs free energy and are more likely to
form micelles, especially at high temperatures.
3.3 The enthalpy–entropy compensation of micelles

There is a clear linear relationship between the enthalpy change
and the entropy change in the host–guest interaction solution
system, in the solution reaction system and in some thermal
decomposition reaction systems, this phenomenon is called
enthalpy–entropy compensation.15 In fact, a large number of
enthalpy–entropy compensation phenomena have been re-
ported in surface adsorption, micelle formation, and related
research.16–21 The enthalpy–entropy compensation of the same
This journal is © The Royal Society of Chemistry 2019
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Table 3 Results of fitted equation of DHq
m � DSqm and DS*m

Sample R (%) Tc/K DH*
mðkJ mol�1Þ DS*

mðkJ mol�1 K�1Þ

Anionic 99.95 314 �19.69 0.06
Nonionic 99.97 312 �20.58 0.06
Zwitterion 99.99 321 �31.93 0.10
Gemini 99.90 321 �39.63 0.12
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type of surfactant has a linear relationship and the temperature
concentration is around 307 K, which has been conrmed by
Lai,22 but whether the different types of surfactants follow the
linear relationship, there are few reports. According to Lumry23

on the study of enthalpy–entropy compensation phenomenon,
the micellization process is mainly divided into two processes.
One is the “desolvation” part, i.e., the dehydration of the
hydrocarbon tail of surfactant molecules. Second is the aggre-
gation of the hydrocarbon tails of surfactant molecules to form
a micelle while the micellization process is dominated by
entropy driving, but in this process, the entropy changes, the
initial contribution is larger, and the later stage is relatively
small, but it is still the main driving force compared with
enthalpy. In combination with the above two processes, the
mutual enthalpy change DHq

m and entropy change DSqm of the
surfactant micellization process can be described by the
formula (5).

DHq
m ¼ DH*

m þ TcDS
q
m (5)

It can be seen from eqn (5) that when DSqm is 0 (a hypothetical
limit condition), the value of enthalpy is equal to DH*

m; which
reecting the interaction between the solute and the solute,
ignoring the inuence of the solvent, it is a phenomenon on the
molecular alkane chain aggregation process. Here the smaller
DH*

m value, the more stable of the formed micelle system.
Similarly, in another limit condition, when DHq

m is 0, the
micelle formation process is mainly entropy-driven, and the
obtained entropy is DS*m; the larger DS*m value is, the more
stable the micelle system is. The slope of Tc called the
compensation temperature, can be explained as the character-
istic of the solute–solute and solute–solvent interactions in the
above two extreme condition.

Fig. 5 is a DHq
m � DSqm graph of four different types of

surfactant in the micellization process of aqueous solution.
From our simulation study, one can nd that four different
types of surfactant show a good linear relationship between
enthalpy–entropy compensation. However, the compensation
temperature is slightly different. According to Lai22 research, if
the compensation is due to temperature change, the compen-
sation temperature gives the information of energy transfer,
whether the compensation temperature is the same can be used
to infer whether the micellization process follows the same
mechanism. If it is not temperature disturbance, compensation
temperature on the process mechanism is not indicative.

Ranatunga24 also believes that the compensation tempera-
ture only indicates that the relative contributions of entropy and
enthalpy to free energy are equal and cannot be used as
evidence that the process follows the same mechanism. The
mechanism in this aspect needs to be further explored. It can be
seen from Fig. 5 in this work that the anion and nonionic
surfactant compensation temperatures are 314 K and 312 K,
respectively, while the zwitterion surfactant and the gemini
surfactant have a compensation temperature of 321 K. The
difference of temperature is small, indicating that the dehy-
dration effects of different surfactant molecules may be similar.
This journal is © The Royal Society of Chemistry 2019
Table 3 shows the calculation results of the curve
ðDHq

m � DSqmÞ tting into a linear equation and the sum about
DH*

m and DS*m:. From the data in the table, one knows that the
order of the values is anionic > nonionic > zwitterion > gemini
surfactant, and the value of DS*m is exactly the opposite. Gemini
surfactant have the strongest ability and stability to form
micelles, followed by zwitterion surfactant, and the worst is
anionic surfactant, mainly because of the higher number of
hydrophobic chains of the zwitterion and nonionic surfactant.
Therefore, the micelle formation is tighter and the stability is
high. Nonionic surfactant has a double bond structure in the
hydrophobic chains, which leads to an increase in the degree of
branching of the hydrophobic group and an increase in the
volume of the space, thereby weakening the hydrophobic effect,
resulting the tight in the micelles formed by the surfactant
being inferior to the zwitterion and gemini surfactant.

4. Conclusions

In this paper, FEP calculation was used to study surfactant
polymerization mechanism in aqueous solution, this process is
achieved by molecular dynamics simulation. The main
conclusion is listed below:

(1) We calculate the Gibbs free energy of four surfactants at
different temperatures. The smaller the values of the solvating
free energy change, the better the stability of the surfactant
molecules. The same type of surfactant is easier to form
micelles with increasing temperature. At the same temperature,
gemini surfactant > zwitterion surfactant > nonionic surfactant
> anionic surfactant.

(2) From the 20 systems of the four surfactants at different
temperatures, it can be found that the micelles formed by each
system are spontaneous, entropy plays a leading role, but as the
temperature increases, the dominant role of entropy decreases
gradually, the contribution of enthalpy to it gradually increases.
At the same time, we also found that the temperature of the
different types of surfactants during the micellization process
will have different degrees of inuence on the enthalpy. The
micellarization process between anionic and nonionic surfac-
tants at 300–340 K is an endothermic process. The amphoteric
and gemini surfactants changed from an endothermic process
to an exothermic process at 330 K and 340 K, meaning that the
thermodynamic properties of micellization changed at this
temperature.

(3) There are enthalpy–entropy compensation phenomena in
the micelle formation process of different types of surfactant in
aqueous solution, and the compensation temperatures are 314,
312, 321, 321 K, respectively. And it can be seen from the values
RSC Adv., 2019, 9, 3224–3231 | 3229
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of DH*
m and DS*m that the gemini and zwitterion surfactant have

strong ability to form micelles and have good stability.
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