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Free energy of transfer of methylamine, octylamine, methanol, and octanol from water phase to
sodium dodecyl sulfate (SDS) micelle has been calculated using thermodynamic integration method
combined with molecular dynamics calculations. Together with the results for alkanes obtained in
our previous study [K. Fujimoto, N. Yoshii, and S. Okazaki, J. Chem. Phys. 133, 074511 (2010)],
the effect of polar group on the partition of hydrophilic solutes between water phase and the micelle
has been investigated in detail at a molecular level. The calculations showed that the molecules with
octyl group are more stable in the SDS micelle than in the water phase due to their hydrophobicity
of long alkyl chain. In contrast, methanol and methylamine are stable in the water phase as well as
in the micelle because of their high hydrophilicity. The spatial distribution of methylamine, octylamine, methanol, and octanol has also been evaluated as a function of the distance, R, from the
center of mass of SDS micelle to the solutes. The distribution shows that the methylamine molecule
is adsorbed on the SDS micelle surface, while the methanol molecule is delocalized among the
whole system, i.e., in the water phase, on the surface of the micelle, and in the hydrophobic core
of the micelle. The octylamine and octanol molecules are solubilized in the SDS micelle with palisade layer structure and are not found in the water phase. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4747491]
I. INTRODUCTION

When spherical micelles consisting of surfactant
molecules are dissolved in water, water-insoluble substances
can be dispersed in the solution by binding to the micelle.
This phenomenon is called “solubilization” and is applied
to disperse perfumes, drugs, ink, and agrichemicals in
water.1–6 Drug delivery systems by micelles have also been
developed.7–9 For scientific research, water-insoluble membrane proteins were extracted from cell membranes using
the protein solubilization to the micelle.10–12 Furthermore,
highly selective and efficient syntheses are performed in the
reactant-solubilizing micelles.13, 14 Despite such utilities of
solubilization in a wide range of fields, molecular picture
of the solubilization, for example, to what extent, how, and
where the substance is bound to the micelle is still unclear.
In our previous works,15–18 two extremes of solubilization of water and hydrocarbons were investigated. First, we
performed molecular dynamics (MD) calculations and found
that the free energy of transfer of a water molecule from bulk
water to sodium dodecyl sulfate (SDS) micelle has a large
positive value, +28 kJ mol−1 , and that the water molecule
is seldom contained in the SDS micelle.15 In contrast, for
alkanes such as methane, ethane, butane, hexane, and octane
molecules,16 the calculated free energy of transfer was −5.4
– −28 kJ mol−1 , indicating that the alkanes are well solubilized by the micelle. The free energy decreases linearly as the
number of carbon atoms in the alkane molecule increases. The
a) Author to whom correspondence should be addressed. Electronic mail:

okazaki@apchem.nagoya-u.ac.jp.

0021-9606/2012/137(9)/094902/6/$30.00

enthalpy, H, and entropy, S, of transfer also decrease linearly with increasing number of carbon atoms.17 Second, in
order to clarify the penetrating process of molecules into the
micelle, the free energy profile of hydrophobic methane and
hydrophilic water was evaluated as a function of distance between the centers of mass of the SDS micelle and that of the
solute by calculating mean force acting on them.18 No free
energy barrier is observed for methane so that the methane
molecule easily penetrates into the micelle in order to avoid
the hydrophobic hydration. Then the solubilized methane may
move about in the micelle core since free energy profile is almost constant in the micelle. By contrast, the free energy barrier of the penetrating water was evaluated to be +24–35 kJ
mol−1 such that penetration of water into the micelle hardly
occurs because of the disadvantage of breaking hydrogenbonding with solvent water.
However, the solute molecules of practical use stated
above are intermediates between the two extremes, i.e., they
are, in most cases, organic compounds having hydrophobic
alkyl groups and hydrophilic functional groups simultaneously. Thus, in the present study, in order to clarify the solubilization of solute molecules with alkyl chain and polar groups
in the micellar solution, the free energy of transfer of methylamine, octylamine, methanol, and octanol from the water
phase to the SDS micelle has been calculated using thermodynamic integration method combined with MD calculations.
Effect of the polar groups and the length of the alkyl chain on
the solubilization have been investigated. The binding sites of
alkanes, amines, and alcohols in the SDS micelle have also
been analyzed.
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Computational details are given in Sec. II. The calculated
free energy of transfer and radial distribution of the solutes are
discussed in Sec. III. We conclude in Sec. IV.
II. METHOD

In the present study, free energy of transfer of methylamine, octylamine, methanol, and octanol molecules from
water phase to SDS micelle has been calculated using thermodynamic integration method combined with molecular dynamics (MD) calculations.
A. Free energy of transfer

We consider the system composed of a SDS micelle in
water and one solute molecule. Here, the solute is the methylamine, octylamine, methanol, and octanol molecule. A thermodynamic cycle shown in Fig. 1 of Ref. 16 in our previous
study is considered in order to calculate free energy of transfer of the solute molecule from the water phase to the SDS
micelle core and/or to the micelle surface, Gw→m . Gid→w
and Gid→m represent the free energy of transfer from the
ideal gas state to the water phase and the one from the ideal
gas state to the micelle. Then, Gw→m can be evaluated by
Gw→m = Gid→m − Gid→w .

(2.1)

solute molecule fully interacts with the other molecules at λ1
= λ2 = 1, that is, the solute molecule is in the micelle or in the
water phase. · · ·λ1 ,λ2 represents isothermal-isobaric ensemble average at fixed λ1 and λ2 , and C is an arbitrary integral
path from (λ1 , λ2 ) = (0, 0) to (1, 1). Here, a two-steps integral
path (0, 0) → (0, 0.5) → (1, 1) was adopted. At the second
step, λ2 was set to be λ2 = 0.5λ1 + 0.5.Then, the integral may
be described by

 0.5 
∂V
ex
dλ2
G =
∂λ2 λ1 ,λ2
0




 1 
∂V
∂V
+
+ 0.5
dλ1 .
∂λ1 λ1 ,λ2
∂λ2 λ1 ,λ2
0
(2.4)
The excess free energy of transfer of the solute molecule
from the ideal gas state to the water phase, Gex
id→w , and the
one from the ideal gas state to the SDS micelle core, Gex
id→m ,
were evaluated using Eq. (2.4). The parameter, δ, was introduced to ∂V /∂λ2 , and set to be 0.05 nm2 in order to avoid
the divergence of the Lennard-Jones potential due to the overlap of the solute molecule with the other molecules at small
λ2 value.19 Now, the excess free energy of transfer from the
water phase to the SDS micelle core, Gex
w→m , is obtained by
ex
ex
Gex
w→m = Gid→m − Gid→w .

(2.5)

Here, the total free energy of transfer, Gw→m , from the water phase to the SDS micelle core can also be evaluated by
B. Restriction on the space for the solute

Gw→m

Vm
= Gex
.
w→m − kB T ln
Vw

(2.2)

First and second terms of Eq. (2.2) are called the “excess
term” and the “ideal term,” respectively. kB and T are the
Boltzmann constant and the absolute temperature, respectively. Vm is the volume of the SDS micelle calculated by
4
3
π Rm
, where Rm is the radius of the SDS micelle. A fixed
3
value of 2.8 nm was adopted for the present Rm , which corresponds to the distance from the center of mass of SDS micelle
to the outer end of the distribution of hydrophilic group. It reflects roughness of the micelle surface as well as the breething
of the micelle itself. Vw is the volume of the water phase evaluated by V – Vm , where V is the volume of the total system,
ex
i.e., the simulation box. Gex
id→w and Gid→m may be calculated by thermodynamic integration method described in the
previous study.16
The excess free energy difference, Gex , between the
states at λ1 = λ2 = 0 and λ1 = λ2 = 1 can be calculated
by
Gex = Gex (λ1 = λ2 = 1) − Gex (λ1 = λ2 = 0)




 
∂V
∂V
=
dλ1 +
dλ2 ,
∂λ1 λ1 ,λ2
∂λ2 λ1 ,λ2

(2.3)

C

where λ1 and λ2 are the coupling parameters for Coulomb
interaction and Lennard-Jones interaction, respectively, as
shown in Eq. (3) in Ref. 16. The solute molecule does not
interact with the other molecules at λ1 = λ2 = 0, where the
solute molecule is in the ideal gas state. On the other hand, the

ex
In order to evaluate Gex
id→w and Gid→m , accessible
configurational space for the solute must be restricted in the
water phase or in the micelle, respectively, during the MD
calculation. We introduced a soft-core wall potential for the
solute,

ϕwall (R, Rm ) =

A
,
(R − Rm )12

(2.6)

where R is the distance between the center of mass of the
micelle and that of the solute. A is the interaction parameter,
which was adopted to be the same as the repulsion between
the oxygen atoms of SDS.
C. Molecular dynamics calculation

The aggregation number of SDS micelle was set to be
60 in the present study since our previous work20 as well as
the light scattering experiments21, 22 and time-resolved fluorescence spectroscopy23 indicated that the micelle composed
of 60 SDS molecules is thermodynamically most stable in
water. The 60 SDS molecules, 8360 water molecules, and
a solute are contained in a cubic simulation box with periodic boundary condition. Since the critical micellar concentration (CMC) of SDS is 8.1 mM, the concentration of
our system corresponds to 50 CMC. TIP4P24 and CHARMM
potential25, 26 were used for water and other molecules, respectively.The pressure and temperature were controlled at
P = 0.1 MPa and T = 300 K, respectively, using algorithms proposed by Martyna et al.27, 28 Inertial constant of
the barostat was set to be 6.7 × 10−17 J s2 such that the
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relevant time constant is 2.0 ps. Nosé-Hoover chain thermostat of five chains was connected to the particle degrees of freedom and barostat, separately. The inertial constant of the thermostat for the former was set to be 3.6
× 10−21 J s2 for the first chain and 1.2 × 10−21 J s2 for the
remaining higher order chains and that for the latter to be 4.2
× 10−18 J s2 for the first chain and 7.5 × 10−23 J s2 for the
remaining chains. The time constants are all 0.5 ps.27, 29 The
time step, t, was set to be 2 fs. The particle mesh ewald
(PME) method was used in order to calculate the coulomb
interaction. The cutoff distance of the Lennard-Jones interaction and that of the real space of PME method were both 1 nm.
The parameter α and the grid points of PME method were 0.4
× 1010 m−1 and 64 × 64 × 64, respectively.30 SHAKE/ROLL
and RATTLE/ROLL methods were used to constrain the bond
length between heavy atoms (carbon, oxygen, and nitrogen)
and hydrogen (H) atoms in dodecyl sulfate (DS) ions, solute, and water. Hydrogen-hydrogen distance constraints were
also used in order to constrain the bending angles H–C–H of
methylene groups, H–O–H of water, and H–N–H of amine.
Suitable sets of the coupling parameters (λ1 , λ2 ) were
selected in order to execute the numerical integration of
Eq. (2.4) with high accuracy. For two small solutes (methylamine and methanol molecules), 1ns-long molecular dynamics calculations have been performed for 12 sets of λ: (λ1 , λ2 )
= (0, 0), (0, 0.05), (0, 0.1), (0, 0.2), (0, 0.3), (0, 0.4), (0, 0.5),
(0.2, 0.6), (0.4, 0.7), (0.6, 0.8), (0.8, 0.9), and (1, 1). For long
solutes (octanol and octylamine molecules), additional 1nslong MD calculations have been performed for two sets of the
parameters, (λ1 , λ2 ) = (0, 0.01) and (0.025), in addition to
the previous 12 (λ1 , λ2 ) sets. The first 0.5-ns trajectory was
excluded from the analysis.
In order to calculate the radial distribution of the solute in the micelle solution (see in subsection III C), another 15 ns-long normal MD calculations (λ1 = λ2 = 1)
have been performed, too, without wall potential ϕ wall (R, Rm ).
The simulation box contains again 60 SDS molecules, 8360
water molecules, and one solute (methylamine, octylamine,
methanol, or octanol) molecule. Other calculation conditions
were the same as the above free energy calculations. The last
10-ns trajectory was used for the analysis.

J. Chem. Phys. 137, 094902 (2012)

erage for octylamine as a function of time at λ1 = 0 and λ2
= 0.05, where convergence of the cumulative average is the
slowest and the error in ∂V /∂λ2 λ1 ,λ2 is the largest among
the λ ’s. A dashed line in Fig. 1 represents the average value
obtained from 0.5-ns MD calculation. As shown in the figure, the cumulative average converged well, implying that the
0.5-ns MD calculation is sufficiently long to obtain satisfactory statistics for the integrand.
A. Excess free energy of transfer from the ideal gas
state to the water phase and to the SDS micelle

Excess free energy of transfer of methylamine, octylamine, methanol, and octanol from the ideal gas state to
ex
the water phase, Gex
id→w , and to the SDS micelle, Gid→m ,
has been calculated by numerical integration according to
ex
Eq. (2.4). The calculated Gex
id→w and Gid→m are shown
in Fig. 2 as an energy level diagram. In Fig. 2, blue and red
ex
lines represent Gex
id→w and Gid→m , respectively. Solid circles are experimental hydration free energy obtained by solubility measurement for these molecules in pure water.31 It
is interesting to find that Gex
id→w is in good agreement with
the experimental hydration free energy despite difference between the water phase in the micellar solution and pure water. For instance, the calculated Gex
id→w of octanol is −14
± 3 kJ mol−1 , and the corresponding experimental value is
−17 kJ mol−1 . Within the error, these values agree well with
each other. The other solutes also show a similar level agreement. The solutes may be considered to interact weakly with
the present sodium ions in the water phase.
Gex
id→w of hydrophobic methane and octane molecules
are 9.8 ± 0.6 and 15 ± 1 kJ mol−1 , respectively. These
molecules are less stable in the water phase than in the
ideal gas state due to the hydrophobic hydration. In contrast,
Gex
id→w of methylamine, octylamine, methanol, and octanol
molecules which also have hydrophilicity are −15 ± 2, −21
± 1, −12 ± 4, and −14 ± 3 kJ mol−1 , respectively, i.e.,

III. RESULTS AND DISCUSSION

Figure 1 shows the instantaneous value of ∂V /∂λ2 , the
integrand of the first term of Eq. (2.4), and its cumulative av-

FIG. 1. The calculated ∂V /∂λ2 in Eq. (2.4) for the octylamine at λ1 = 0 and
λ2 = 0.05 as a function of time (gray line) as well as its cumulative average
(black line). Dashed line is the average.

FIG. 2. The calculated free energy of transfer from the ideal gas state
to the water phase Gid→w (blue) and to the SDS micelle Gid → m
(red) for methane, octane, methylamine, octylamine, methanol, and octanol
molecules. Solid circle is the experimental hydration free energy.
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negative values. This is because hydrogen bond is formed between amino or hydroxyl group and the solvent water. These
solutes are more stable in the water phase than in the ideal gas
state.
Comparing octyl group with methyl one, Gex
id→w of the
solute with octyl group is 3−7 kJ mol−1 larger than that
with methyl one. Increase of the alkyl chain length causes
the stronger hydrophobic hydration in the water phase, and
has an influence on the stability of the solutes. However, for
the case of Gex
id→m , the instability is less than this as stated
below.
Concerning Gex
id→m , methane has a positive value (4.4
± 0.9 kJ mol−1 ), and is unstable in the SDS micelle. In contrast, Gex
id→m of the other solutes has negative values. These
molecules are 17–22 kJ mol−1 more stable in the SDS micelle than in the ideal gas state. The trend is the opposite to
the case of Gex
id→w . The longer the alkyl chain of the solute
is, the stronger the interaction between the alkyl chain and the
hydrophobic core of the SDS micelle becomes.
B. Stability of the solutes in the SDS micelle

In this subsection, we discuss the stability of the solutes
by comparing it between in the SDS micelle and in the water phase. Table I lists the free energy of transfer, Gw→m ,
from the water phase to the SDS micelle. Here, it is noted that
Gw→m obtained by Eq. (2.2) includes the ideal term of the
free energy calculated as a function of the ratio of volume of
the SDS micelle (Vm ) to that of the water phase (Vw ). In this
paper, the concentration of SDS in the simulation box corresponds to 50 CMC. Then, the value of kB T ln VVmw is 1.8 kJ
mol−1 .
We can see from Gw→m in Table I that the solutes except for methanol are more stable in the SDS micelle than in
the water phase. The stability may come from the alkyl chain
of the solutes interacting with the micelle core by hydrophobic interaction. It is remarkable for the solute molecules with
long alkyl chain. The difference of the Gw→m becomes as
great as 23–26 kJ mol−1 for octyl group. On the other hand,
in the case of the short alkyl chain, i.e., methyl group, the stability of the solutes in the SDS micelle is relatively small.
For example, Gw→m of methylamine and methanol are
−1 ± 4 and + 1 ± 3 kJ mol−1 , respectively.
When one methylene group is added to the chain, the increment of Gw→m of amine and alcohol may be roughly

estimated to be 3 kJ mol−1 . This is in good agreement with
the case of alkane (3.3 kJ mol−1 ).16 The result indicates that
alkyl chain length of the solute plays a very important role in
the stabilization of the solute in the micelle.
The difference, Gw→m , of the Gw→m between alkane
and amine or alcohol having the same carbon chain length
as alkane is listed in Table I. Gw→m of methanol is almost
equal to that of the methylamine. Similarly, Gw→m of octanol is similar to that of octylamine. This implies that hydrophilicity of the hydroxyl group is similar to that of the
amino group. This is due to the strong hydrogen bonding ability of alcohol and amine, which affects the binding ratio of the
solute to the micelle.
The binding ratio of the solutes in the SDS micelle to that
in the water phase is also listed in Table I. Here, the binding
ratio was evaluated from exp (−Gw→m /RT ), where R and
T are the gas constant and the temperature, respectively. The
binding ratio of small solutes (methane, methyl amine, and
methanol) is small ranging between 0.7 and 5. The molecules
must be widely distributed in the whole region of the micellar
solution, i.e., both in the micelle core and in the water phase.
In contrast, the binding ratio of the solutes having a long alkyl
chain such as octane, octylamine, and octanol is several ten
thousands, such that the solute molecules may penetrate into
the SDS micelle and are localized there because of the hydrophobic nature of the long alkyl chain.
C. Distribution of the solutes

In order to clarify what part of the SDS micelle the solute
is bound to, the radial distribution of the solute in the SDS micellar solution has been calculated using the trajectory of MD
run for 15 ns without wall potential (see Sec. II). The radial
distribution f(R) of the hydrophobic part and sulfate ion of the
SDS micelle, sodium ion, and water molecule are shown as
a function of the distance, R, from the center of mass of the
SDS micelle in Fig. 3(a). The calculated radial distribution
functions, f(R), of alkane, amine, and alcohol are presented in
Figs. 3(b)–3(d), respectively. Each f(R) was obtained from the
number density profile ρ(R) of the solute divided by Jacobian
4π R2 : f(R) = ρ(R)/4π R2 . Then, f(R) should be in proportion
to exp −Gex
w→m /RT . It is noted that ρ(R) is proportional
to exp (−Gw→m /RT ). The red and black lines in Figs. 3(b)–
3(d) represent methyl and octyl groups in the solutes, respectively. The solid and dotted lines are the f(R) of hydrophobic

TABLE I. The total free energy of transfer, Gw→m , from the water phase to the SDS micelle calculated by
Eq. (2.2) and the difference Gw→m between Gw→m of the alkanes and that of the amines and alcohols with
the same carbon chain length. The binding ratio of the solute in the SDS micelle to that in the water phase was
calculated by exp (−Gw→m /RT ). H, NH2 , and OH represent alkane, amine, and alcohol, respectively. The
errors of methane and octane are re-evaluated using our previous data.16 The error in the present work represents
80% confidence interval.
Methyl groups

Gw→m /kJ mol−1
Gw→m /kJ mol−1
Binding ratio

Octyl groups

H

NH2

OH

H

NH2

OH

−4 ± 1
...
5

−1 ± 4
+3 ± 4
1

+1 ± 3
+5 ± 3
0.7

−26 ± 2
...
30 000

−26 ± 8
0±8
30 000

−23 ± 6
+3 ± 6
10 000
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be considered as a result of the competition between the hydrophilicity of the polar amino group and the hydrophobicity of the non-polar methyl group. Furthermore, methylamine
easily moves to the water phase, since Gex
w→m of methylamine, −3 ± 4 kJ mol−1 , is as small as the thermal energy.
In contrast, for the octylamine, its alkyl chain is buried in the
hydrophobic part of the SDS micelle to avoid hydrophobic
hydration, whereas the amino group keeps the hydrogen bond
with the solvent water molecules. Thus, the octylamine is solubilized in the SDS micelle with the palisade layer structure.
Figure 3(d) shows the radial distribution f(R) of methanol
and octanol as a function of R. Methanol is distributed in the
whole region of the micellar solution from the hydrophobic
core of the micelle to the water phase. Although methanol
molecule is found in the micelle, Gex
w→m of the methanol
molecule is −1 ± 3 kJ mol−1 , which is half of the thermal
fluctuation energy (2.5 kJ mol−1 ) at T = 300 K. Then, the
methanol can dissolve into the water phase and move about in
the whole region of the micellar solution. On the other hand,
the alkyl chain of octanol is buried in the hydrophobic SDS
micelle core in the same way as the case of octylamine in order to avoid the hydrophobic hydration. Octanol is, then, solubilized in the SDS micelle with the palisade layer structure.
IV. CONCLUSION

0

1

2
R (nm)

3

FIG. 3. (a) Radial distribution f(R) of SDS micelles as a function of radial
distance R from the center of mass of the SDS micelle (green: hydrophobic carbon atom, red: sulfur and oxygen atom of the sulfate ion, blue: water molecule, and brown: sodium ion). Radial distribution f(R) of alkane (b),
amine (c), and alcohol (d) as a function of radial distance R. The red and
black lines represent f(R) of methyl and octyl groups of the solutes, respectively. The solid and dashed lines are f(R) of hydrophobic carbon chain and
hydrophilic group of the solutes, respectively.

carbon chain and hydrophilic group, respectively. Here, the
above two distributions are compared directly with each other,
though, in a similar way, a comparison of the free energy can
also be made.
As shown in Fig. 3(b), methane and octane molecules are
distributed more in the SDS micelle than in the water phase. In
particular, binding probability increases in the vicinity of the
center of mass of the SDS micelle where the density of the
hydrophobic alkyl chain is low. In the water phase, f(R) for
methane is small, and that for the octane is almost 0. Gex
w→m
of methane is −5 ± 1 kJ mol−1 , only twice as large as thermal fluctuation energy (2.5 kJ mol−1 ) at T = 300 K such that
methane can be distributed in the water phase, too. In contrast,
octane has a large value, −28 ± 6 kJ mol−1 , and is localized
and stabilized in the SDS micelle core avoiding the contact
with the solvent water molecules.
Figure 3(c) shows the radial distribution f(R) of methyland octylamine. Methylamine is distributed in the vicinity of
the surface of the SDS micelle (1≤ R ≤ 2 nm). This may

The free energy of transfer of methylamine, octylamine,
methanol, and octanol from the water phase to the SDS micelle has been calculated by MD calculation. The calculated
free energy was compared with that of alkanes obtained in our
previous work.
The calculated free energy of transfer, Gw→m , showed
that all the solute molecules are stable in the SDS micelle.
With increasing alkyl chain length, the solute is more stable
in the SDS micelle. Stability of the solutes is in the order,
alkane > amine ≈ alcohol. Methanol and methylamine are
stable in the water phase, too, at 50 CMC because of their high
hydrophilicity. The binding ratio for the small solutes such as
methane, methylamine, and methanol in the SDS micelle is
small ranging from 0.7 to 5. In contrast, the ratio for the large
solutes such as octane, octylamine, and octanol is as large as
several tens of thousands.
The radial distribution of methane, octane, methylamine,
octylamine, methanol, and octanol has been evaluated as a
function of the radial distance, R, from the center of mass of
SDS micelle to the solutes. The octane molecule is found only
in the SDS micelle core. However, Gex
w→m of methane is
small enough for it to move about the whole solution, going
in and out the SDS micelle. Methylamine was adsorbed on the
SDS micelle surface. Methanol moves about from the surface
of the SDS micelle to the water phase since Gex
w→m of the
methanol molecule is as small as −1 ± 3 kJ mol−1 , which
corresponds to the half of the thermal fluctuation energy,
2.5 kJ mol−1 , at T = 300 K. Octylamine and octanol are solubilized in the SDS micelle with the palisade layer structure.
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