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I. General Introduction

4

A molecule consisting of hydrophilic group and hydrophobic group is called an amphiphilic

molecule or a surfactant. Over the critical micellar concentration (CMC), the surfactants form aggre-

gates where the hydrophobic group and the hydrophilic group of the surfactants are inside and outside
the aggregates, respectively.1 The aggregate is called “micelle”. In Japan the surfactant is produced one

million tons a year, and the market scale is over ¥200 billion.

A water-insoluble substance can be dissolved in water because it penetrates into the micelle.
This phenomenon is called “solubilization”.1 The solubilization is utilized in various scientific or prac-

tical fields. For example, in pharmaceutics, a water-insoluble drug is dissolved and dispersed in water
due to solubilization.2 Furthermore, micelles with high affinity to diseased part of a patient is actively
developed for drug delivery system.3-5 In cosmetics, a water-insoluble perfume is also dissolved by
using the micelle.6-10 In synthetic chemistry, syntheses are often performed in the core of the micelle.11,
12

Furthermore, in biochemistry, the solubilization of the proteins to the micelle is applied to extract

membrane proteins from cells.13-15 Now, more physicochemical studies of interaction between the mi-

celle and the solubilized (= penetrating) molecules is necessary in order to have an insight into the so-

lubilization phenomena.

So far, the free energy of transfer of the penetrating molecule from water phase into the mi-

celles, e.g. a series of alkanes (methane, ethane, n-propane, n-butane, n-pentane) from the water phase

into SDS micelles, was obtained experimentally by measuring the bound fraction of the penetrating
molecules in the micelles.16-21 The free energy decreases as a function of the number of carbon atoms
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of the alkanes with a decrement of 3.2 kJ mol−1 per one methylene group.19

The binding site of the various penetrating molecules with the micelles has also been obtained by X-ray scattering and NMR experiments.7, 22-25 The X-ray scattering experiments clarified that

the alkane molecule (n-pentane) penetrate into micelle, whereas polar compounds such as long alkyl

chain alcohols (n-heptanol, n-octanol, and n-decanol) and amine (n- decylamine) are solubilized in
palisade layer of micelles, forming mixed micelles.22, 23 25 In recent years, the binding sites of practical

perfume molecules (d-limonene (LN) and geraniol (GL)) were measured by X-ray small angle scattering experiment.7 The hydrophobic LN is found in the micelle core, but the hydrophilic GL is solubi-

lized in palisade layer of the micelle. The binding sites of the various penetrating molecules to mi-

celles are clarified by a large number of X-ray experiments. In these studies, however, the model

structure of micelle with the penetrating molecule is assumed in order to analysis the X-ray scattering
data. 19F-NMR measurement unveiled that methanol molecule slightly penetrates to the sodium 12, 12,
12-trifluorododecyl sulfate micelle, but the binding sites of it is not clarified.24

The binding sites and free energy of transfer of the penetrating molecule in the micelle may

be roughly obtained by several experiments stated above. However, in order to obtain more detailed

information on the binding sites and binding strength of the penetrating molecules, we must evaluated

the intermolecular interaction between the penetrating molecules and the micelle in atomic-level. It is

difficult to obtain such information by experiments. Theoretical studies can make a significant contri-

bution.
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Theoretically, the phase-separation model and the mass-action model are well known for the
thermodynamic models of solubilization phenomena in the previous studies1. In the former, the micelle

is regarded as an isolated phase (micellar phase) in bulk water, and solubilization of the penetrating is

treated as the partitioning of a water-insoluble molecule in the micellar phase. On the other hand, in

the mass-action model, solubilization is regarded as a chemical reaction between a water-insoluble

substance and the micelle. These models are powerful tools for understanding the solubilization phe-

nomenologically. However, these models have no way to quantatively predict the binding site or the

binding strength of the various penetrating molecules according to their chemical characteristics. In

order to overcome the lack of prediction, Molecular-Thermodynamic model is proposed by Blank-

schtein et al., where the partial free energy is assigned to each functional group of the surfactant mo-

lecules and the penetrating molecules, so that the free energy of new surfactant or penetrating molecule can be calculated by summing up the partial free energy of each functional group of them.26-28

The binding strength predicted by this model is in good agreement with experiments. However, this

model is also phenomenological. We need to construct the predictive method based on the statistical

mechanics and atomic-level intermolecular interactions.

In this viewpoint, molecular dynamics (MD) calculation is a powerful tool to study the mi-

celle and the solubilization. So far, MD calculation has given various molecular pictures of micelles.
29-31

A theoretical study of solubilization has been performed by Matubayasi et al., based on distribu-

tion function theory combined with MD calculations.32 The free energy profile was evaluated for pe-
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netration of methane, benzene, and methylbenzene. In our previous work, the free energy of transfer of

a water molecule was calculated using thermodynamic integration methods combined with MD calculations.33

In this research, the binding site and the binding strength of the penetrating molecule to mi-

celle are clarified from a molecular level using MD calculations based on the statistical mechanics and

the intermolecular interactions. The thermodynamic stability of the penetrating molecules between the

inside and outside of the micelles is evaluated by calculating the free energy difference of the pene-

trating molecules between them. Then, the free energy can be calculated by various statistical me-

chanical methods, i.e. energy representation method and free energy perturbation method. Except for

numerical error, a thermodynamic integration method is a strict method and easily implemented in our

MD program so that the method is adopted in this research.

The Sodium dodecyl sulfate (SDS) was adopted for our calculations since the aggregation

number and CMC of the SDS was most frequently reported in the surfactant molecules, and the SDS is

widely used in various industrial fields. Methane, ethane, butane, hexane, and octane molecules were

adopted as the hydrophobic penetrating molecules, and water, methanol, octanol, methylamine, and

octylamine as the hydrophilic penetrating molecules.

This paper is consisted of 7 parts.

In chapter II, calculation methods were described.

In chapter III, the free energy of transfer of methane, ethane, n-butane, n-hexane, and

8

n-octane molecules from water phase to SDS micelle was calculated to clarify the stability of alkanes

in the SDS micelle with increasing the number of carbon atoms.

In chapter IV, the enthalpy and entropy difference of transfer of the series of alkanes was

also calculated. The effect of the chain length of the alkanes to the entropy difference was discussed.

In order to clarify the relationship between the binding site of alkanes and the chain lengths, the radial

distribution of the alkanes from the center of mass of the micelle is also calculated.

In chapter V, the radial free energy profile for penetration of methane and water molecules

was calculated to obtain the binding site and the binding strength. Then, the free energy was divided

into four contributions, i.e., the hydrophobic parts and sulfate ions of SDS micelle, sodium ions, and

solvate water, and the contribution of each site is discussed.

In chapter VI, the free energy of transfer of methylamine, octylamine, methanol, and octanol

from water phase to SDS micelle was calculated in order to clarify the effect of polar group. To show

the relationship between the binding sites and the polar groups, the radial distribution of the alkanes is

also calculated.

We conclude in chapter VII.
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II Calculation Method
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A. Free energy
1. Thermodynamic integration method
Now we consider a process that a system changes from state i to j. Let G(λi) be the Gibbs
free energy of the whole system, where λi is a parameter which defines the state i of the system. The
Gibbs free energy difference ΔG between state i and j can be calculated by thermodynamics integra-

tion method as follows.

G(λ j ) G(λi )
λ j dG
dλ
λi dλ
λ j dV λ

ΔG

λi

where V λ

dλ

(2.1)

dλ.
λ

is a potential energy of the system which depends on the parameter λ . The ensemble

average of a derivative

dV λ dλ

λ

is obtained by MD calculation.

2. Free energy of transfer of solutes from water phase to SDS micelles
Free energy of transfer of a solute molecule from water phase in a micellar solution to the
micelle core, ΔGw→m, has been evaluated by

ΔGw

m

ΔGid

m

ΔGid

w,

(2.2)

where ΔGid→m and ΔGid→w are free energy of transfer of the solute molecule from an ideal gas state to
the micelle core and the one from the ideal gas to the water phase, respectively. Figure 2.1 shows this
thermodynamic cycle. The value of ΔGid→m and ΔGid→w may be calculated by the standard thermodynamic integration method combined with molecular dynamics calculations.

Now, we consider a system composed of N + 1 molecules. The first N molecules constitute

one spherical micelle in solution and the (N + 1)-th molecule is the solute molecule. Suppose that the
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solute molecule interacts with the micelle molecules as well as the solvent water through a set of ordinary interaction functions with coupling parameters, λ, such that the potential energy of the whole
system, V(rN + 1; λ), may be written as,
V(r N

; )

1

VN (r N )

ΔV(rN 1, r N ; )

VNintra1,

(2.3)

where VN (r N ) , ΔV(rN 1, r N ; ) , and VNintra1 represent the sum of intra- and intermolecular interactions over the first N molecules, the intermolecular interaction between the (N + 1)-the molecule and

the rest of the N molecules, and the intramolecular interaction of the (N + 1)-th molecule, respectively.
In the present study, a two-parameter formula by Zacharias et al.1 was adopted for the intermolecular

potential function between the (N + 1)-th solute molecule and the rest of N micelle and solvent water

molecules,

ΔV (rN 1, r N ; λ1, λ2 )

λ1
i M N j MN

1 qi q j
4πε0 rij
1
Aij

λ2
i M N j MN

1

[rij2

δ(1

(2.4)

Bij
λ2 )]6

[rij2

δ(1

λ2 )]3

,

where i ∈ MN represents the i-th atom in one of the N molecules and j ∈ MN+1 the j-th atom in the
(N + 1)-th molecule. ε0 is the dielectric constant of vacuum, qi and qj are the point charges of the i-th
and j-th atoms, respectively, and Aij and Bij are the Lennard-Jones parameters between the i-th and j-th
atoms. δ is a parameter which prevents divergence of the Lennard-Jones potential caused by the overlap of the (N + 1)-th molecule with any of the other N molecules. Here, the value of δ was set to be
0.05 nm2.
At λ1 = λ2 = 0, the (N + 1)-th molecule does not interact with the other N molecules. Then,
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the (N + 1)-the molecule can be regarded to form an ideal gas. On the other hand, at λ1 = λ2 = 1, the (N
+ 1)-th molecule fully interacts with the rest of the whole system. Then, the free energy difference ΔG
between the states at λ1 = λ2 = 1 and 0 can be calculated by Eq. (2.1).

ΔG

G(λ1

V
λ1

C

where

λ1, λ2

1)

λ2

G(λ1

λ2
V
λ2

dλ1
λ1, λ2

0)
dλ2 ,

(2.5)

λ1, λ2

denotes the isothermal-isobaric ensemble average at fixed λ1 and λ2, and C is an

integration path from λ1 = λ2 = 0 to λ1 = λ2 = 1. Integrands of Eq.(2.5) may easily be evaluated by ordinary molecule dynamics calculations

The integration path C in Eq. (2.5) may be chosen arbitrarily under the condition that the
starting and ending terminal points are fixed at λ1 = λ2 = 0 and 1, respectively. In chapter III and VI,
the integral paths C were chosen

ΔG

0.3
0
1
0

V
λ2
V
λ1

dλ2
λ1λ2

0.7
λ1λ2

V
λ2

(2.6)

dλ1,
λ1λ2

and

ΔG

0.5
0
1
0

V
λ2
V
λ1

dλ2
λ1λ2

0.5
λ1λ2

V
λ2

(2.7)

dλ1,
λ1λ2

respectively. In order to evaluate ΔGid→m and ΔGid→w separately by the thermodynamic integration
method, integration space for the solute molecule of interest must be divided into the water phase and

the micelle core. We defined that the solute is in the micelle where the distance from the center of
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mass of the micelle to that of the solute is shorter than the radius of the micelle Rm = 2.8 nm, i.e., the
average distance from the center of mass of the micelle to the interface between the micelle and water.

When the distance is longer than Rm, the solute is considered to be located in the water phase.
Suppose that the spaces of the micelle core and the water phase are represented by the volume Vm

4 3
πR
3 m

and Vw ( V

Vm ) , respectively, where V is volume of the MD box. Then,

excess free energy of transfer of the solute from an ideal gas to the water phase ΔGidex
micelle core ΔGidex

where ΔG(rN

1

m

1

Vw ) and ΔG(rN

ΔGidex

w

ΔG(rN

1

Vw ),

(2.8)

ΔGidex

m

ΔG(rN

1

Vm ),

(2.9)

Vm ) represent the free energy difference ΔG in Eq. (2.6) or

1

1

Vw and

Vm , respectively.
Then,

ΔGid

and to the

may be calculated by

(2.7) for which the sampling of the integrands is made for the location of the alkane rN

rN

w

m(

id
ΔGid

the

m

total
ΔGidex

free
m)

energy

of

transfer

ΔGid

w(

id
ΔGid

w

ex
ΔGid

w)

and

may be written as

ΔGid

m

ΔGidex

w

kBT ln

Vw
,
V

(2.10)

ΔGid

m

ΔGidex

m

kBT ln

Vm
.
V

(2.11)

Now, the total free energy of transfer ΔGw

m

of the solute from the water phase to the micelle is of

the form
ΔGw

m

ΔGwex

m
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kBT ln

Vm
,
Vw

(2.12)

where
ex
ΔGw

m

ΔGidex

ΔGidex

m

w.

(2.13)

Restriction on the space for solute molecule
In order to sample the integrands in Eqs. (2.6) and (2.7) efficiently, space for the solute

molecule of interest must be restricted in the water phase or in the micelle during the MD calculations.

In order to do so, we introduced soft core wall potential for the solute as
φwall (R, Rm; λ)

λ

A
[(R

Rm )

2

δ(1

λ)]6

,

(2.14)

in chapter III and
φwall (R, Rm )

(R

A
,
Rm )12

(2.15)

in chapter VI, respectively, where R is the distance between the center of mass of the micelle and that

of the alkane. Rm is the distance form the center of mass of the micelle to the wall, for which the radius
of the micelle is adopted. A is the interaction parameter between the solute molecule and the wall,
which was adopted to be the same as that for the oxygen atom of SDS. Here, λ in Eq. (2.14)was set to
be the same as λ2 . Then λ1 = λ2 = 0, the solute can go through the wall freely to be anywhere in the
simulation box, whereas at λ1 = λ2 = 1 the position of the solute is restricted in the micelle or in the
water phase, being separated by the wall. This wall potential causes an extra free energy to the system.

However, this is very small such that it may be neglected in the present study.

3. Free energy profile of solutes from water pahse to SDS micelles
In chapter V we consider the transfer process of the methane or water molecule from a position in the water phase far from a micelle to the micelle core. The system is composed of an SDS micelle in water and one methane or water molecule to be examined. Here, the methane and water mole-
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cules are called “solubilized” or “penetrating” molecules. Let r be the distance between the center of
mass of the penetrating molecule and that of the SDS micelle, and let G(r) be the Gibbs free energy of
the whole system, where the distance is constrained to r. The Gibbs free energy of transfer G(r) of
the penetrating molecule from a reference distance r0 to r may be calculated as3-5

ΔG(r)

G(r)
r
r0
r
r0
r

G(r0 )
dG(r ')
dr '
dr '
V
dr '
r ' r r'

(2.16)

F(r ') dr ',

r0

where F(r) is the force acting between the center of mass of the SDS micelle and that of the penetrating molecule, separated by a distance r, and <∙∙∙> represents the isothermal–isobaric ensemble average.
F(r) can be calculated as

F(r ')
i

ms

mm
F
mm i
Ms ms

j Mm

ms

mm

Fj u,

(2.17)

where Fi and Fj are the forces acting on atom i and atom j, respectively, from all surrounding atoms,
and ms and mm are the total masses of the penetrating molecule and the SDS micelle, respectively;

i

Ms and j

M m represent the i-th atom in the penetrating molecule and the j-th atom in the SDS

micelle, respectively; and u is the unit vector from the center of mass of the penetrating molecule to

that of the SDS micelle. The free energy profile can be evaluated from Eq. (2.16) using <F(r)> calculated from the MD.

B. Enthalpy and entropy
Enthalpy of transfer of a solute molecule form water phase in the micellar solution to the
micelle core, ΔH w→m , has been evaluated by
ΔHw→m

Hm
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Hw ,

(2.18)

where

Hm

and

Hw

are the enthalpy of the micelle solution where the solute is in the micelle

and the one where the solute is in the water phase, respectively. The

and

Hm

Hw

have been

evaluated by
Hm
Hw

where

Um

and

P0 Vm ,
P0 Vw ,

Um
Uw

(2.19)

Vm are the average of the total energy and volume of the system, respectively, in

which the solute is in the micelle core.

Uw

and

Vw are the ones where the solute is in the water

phase. P0 is the pressure controlled by the Andersen method2, i.e. 0.1 MPa.

U

and

V

have been

obtained by the molecular dynamics calculations.

Entropy has been calculated by subtracting the free energy calculated by Eq. (2.2) from the

enthalpy by Eq. (2.18)

TΔSw→m

ΔHw→m

ΔGw→m.

(2.20)

Since the enthalpy change is very small compared with its original value, large statistics was needed to
obtain a reliable value. In order to evaluate

Hw , space for the solute molecule of interest must be

restricted in the water phase. We use potential of Eq. (2.15).
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Fig. 2.1 Thermodynamic cycle for solubilization. Free energy of transfer of alkane from water phase to
the micelle core, ΔGw→m, may be calculated from the one from an ideal gas state to the water phase,
ΔGid→w, and the one from the ideal gas state to the micelle core, ΔGid→m. Rm is the radius of the spherical micelle, and Vm and Vw are the volume of the micelle and the water phase, respectively.
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III. Molecular dynamics study of solubilization of immiscible solutes by a micelle: Free energy of transfer of alkanes from water
to the micelle core by thermodynamics Integration method.
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A. Introduction
In this chapter, the free energy of transfer of a series of hydrophobic solute molecules, i.e.,

methane, ethane, n-butane, n-hexane, and n-octane, from water phase to the micelle core has been cal-

culated by thermodynamic integration method combined with molecular dynamics calculations in or-

der to investigate the solubilization of immiscible solutes by the spherical SDS micelle. The calculated
free energy is compared with the experimental one1-3 as well as the theoretical one for methane by
Matubayasi et al.4 based on their distribution function theory in the energy representation.

B. Molecular dynamics calculations
Free energy of transfer from water phase to the SDS micelle core has been calculated by

thermodynamic integration method combined with molecular dynamics calculations for methane,

ethane, n-butane, n-pentane, and n-octane. In these calculations, the aggregation number of the SDS
micelle was adopted to be 60 since our previous work5 as well as the experiments6, 7 showed that the

aggregation number around 60 is thermodynamically most stable in the micellar solution. One alkane

molecule, one spherical micelle, and 8,360 water molecules were contained in a cubic simulation box

with the periodic boundary condition. The micelle concentration of the present SDS corresponds to

about 50 CMC, i.e., about 10 wt%, where the SDS is found in the stable spherical micelle phase.
CHARMM force field8, 9 was used for the SDS and alkane molecules and TIP4P model10 for water.

The temperature and pressure were controlled at T = 300 K and P = 0.1 MPa, respectively, using the
algorithm proposed by Martyna et al.11, 12 Inertia of thermostat and barostat was set to be 3.0 × 10−12
and 0.5 × 10−12 s, respectively. The SHAKE/ROLL and RATTLE/ROLL algorithms were used to im-
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pose the constraints on the bond lengths relevant to the hydrogen atoms.12 Particle mesh Ewald (PME)
method was adopted for the calculation of the long range interaction.13 The Ewald dispersion parameter, α, was 0.375×1010 m−1 with the cutoff distance of 1 nm and the 128 × 128 × 128 grids for PME.
The time step ∆t was 1 fs. First, the molecular dynamics calculation was performed for 2 ns for equilibration of the micelle structure and spatial distribution of Na+ ion. Then, in order to obtain sufficient

statistics for the thermodynamic integration, molecular dynamics calculation was performed for
250–350 ps for each set of λ, for which the first 50 ps trajectory was excluded from the average.
During the MD calculations, location of the alkane molecule was monitored to decide at

every step time whether it is in the water phase or in the micelle core according to the criterion de-

scribed in the previous chapter. Following the decision, the integrand either for the alkane in the water

phase or in the micelle core was summed up, respectively, see Eqs. (2.8) and (2.9). Here, we sampled

the MD trajectories starting from two initial configurations. In one case, the alkane was located at t = 0

inside the wall, i.e., in the micelle, and, in the other case, it was set outside it, i.e., in the water phase.
The former is to sample the configurations important for ΔGidex
ex
ΔGid

w

m

efficiently and the latter is for

.
Free energy of transfer ΔGidex

pw

of the alkanes from their ideal gas state to pure water has

also been calculated in the same way as the case of the micelle solutions, where one alkane molecule

was dissolved in 1,300 water molecules in the periodic boundary condition. In this case, the system is

homogeneous such that no wall potential is needed.
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C. Results and discussion
Figure 2.1 shows the time evolution of the first term of Eq. (2.6) for n-octane at λ1 = 0 and λ1
= 0.5. Since this alkane is the longest among the solute molecules studied in the present study and,
further, the values of λ1 and λ2 are small, convergence of the cumulative average shown in the figure is
expected to be slow compared with the other systems. As an example, ensemble averages of

V

λ2

λ1, λ2

and

V

λ1

λ1, λ2

0.7

V

λ2

λ1, λ2

for n-octane transferring from the ideal gas state

to the micelle core are presented for a series of (λ1, λ2) values in Fig. 2.2. The resultant ΔGidex

was

m

− 13 kJ mol-1.
The error in ΔGidex

m

and ΔGidex

w

should be smaller than 3 kJ mol−1 in order to discuss,

at least, the carbon number dependence of the free energy of transfer ΔGw

m

of the alkanes from the

water phase to the micelle core. However, average of the integrands over 200–300 ps in the present
study might be too short to attain satisfactory statistics for the resultant ΔGid

m

and ΔGidex

w

. In

order to test this, additional long-time MD calculations for 3.5 ns have been done for two conditions in
Fig. 2.2, λ1 = 0, λ2 = 0.025 and λ1 = 0, λ2 = 0.05, for n-octane. The error of the integrand may be considered to be great for these two systems compared with the other conditions in the present study, i.e.,
the longest alkane and the smallest two λ1 and λ2’s.
The average

V

λ2

λ1, λ2

from the 3.5 ns MD trajectory for λ1 = 0 and λ2 = 0.025 were 165

and 166 kJ mol−1 for n-octane molecule in the micelle core and in the water phase, respectively, the

residence time being 0.75 and 2.75 ns, respectively. On the other hand, from the 300 ps trajectories,
these were 154 and 167 kJ mol−1 for the former and for the latter, respectively. Thus, the differences
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were 11 and 1 kJ mol−1, respectively. For λ1 = 0, λ2 = 0.05, the differences were calculated to be 8 and
5 kJ mol−1 for the alkane in the micelle core and in the water phase, respectively. Thus, we can assume

that the measure of the error in the calculated integrands in Fig. 2.2, for example, is, at most, 10 kJ
mol−1 on average for λ2 ≤ 0.1. For λ2 > 0.1, it can be assumed, at most, to be 5 kJ mol−1 since the value
of the integrand itself is much smaller than that found for λ2 ≤ 0.1.
In the present case, the free energy difference we calculate is a summation of the integrands
in Eq. (2.6) of the form ΔG

Δλi

V

i

λ

i λi

, the numerical integration, where, for simplicity,

only one term is written. However, since the trajectories of the MD calculations with different λi are
independent of each other, the calculated integrands may be considered to be independent of each other too. Then the error σΔG included in ΔG must be ζΔ2G
i

Δλ2i ζ λ2 where ζ λi is the error in the ii

th integrand since the covariances are all zero. The estimated value of σΔG following the above equation was as small as 2 kJ mol−1 even for the present very largely assumed values of ζ λ . The measure
i

of ζ λ assumed in the present analysis, 10 kJ mol−1, is presented by an arrow in Fig. 2.1. The figure
i

clearly shows that the convergence of the cumulative average of the integrand is satisfactory based on

the present 200–300 ps long MD calculation.

1. Excess free energy of transfer
Figure 2.3 shows the excess free energy of transfer from an ideal gas state to the water phase
in the micellar solution, ΔGidex

w

, and the one from the ideal gas state to the micelle core, ΔGidex

for a series of alkanes. It is found from the figure that ΔGidex

m

is smaller than ΔGidex

w

m

,

for all the

alkanes from methane to n-octane. The alkanes are, thus, configurationally more stable in the micelle
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core than in the water phase. Further, the value of ΔGidex

m

decreases monotonically as a function of

number of carbon atoms, nc, and becomes negative for nc ≥ 4, at this micelle concentration, ~50 CMC,
indicating that except for methane and ethane, the alkanes are thermodynamically more stable in the
micelle than in the ideal gas state with the volume V. On the other hand, ΔGidex

w

is positive for all

the alkanes.

2. Total free energy of transfer
In Fig. 2.4, the calculated total free energy of transfer of the guest solute from water phase in
the present micellar solution at 50 CMC to the micelle core, ΔGw

m,

calculated by Eq. (2.2) is

plotted for each alkane together with the experimental value at 8 CMC (Refs. 1 and 2) and that at 5
CMC (Ref. 3) from the solubility measurement as well as the theoretical one4 at 40 CMC based on the

distribution function theory.

Comparison of the free energy of transfer at different micelle concentrations has been made

by reducing the experimental and theoretical values to those at 50 CMC, i.e., by adding the correction
term

kBT ln Vw50CMC Vwc

to the experimental and theoretical free energies, where Vwc represents

the volume of the water phase at the concentrations adopted in the experiments and theory, respec-

tively. Here, only the translational free energy of the alkane in the volume is taken into account as-

suming that the micelle concentration dependence of the configurational free energy of the dissolved

alkane in the water phase may be neglected.

As clearly shown in the figure, the present study is in good agreement with both of the expe-

riments and theory at the common micelle concentration, 50 CMC. Further, the figure clearly shows

28

that ΔGw

ΔGw

m

m

decreases almost linearly as a function of nC except for methane. The decrement of

per methylene group (–CH2–) of the alkanes,

mol−1 by the linear fitting of ΔGw

m

ΔGw

m

nC , was evaluated to be −3.3 kJ

for 2 ≤ nc ≤ 8. The value is also in very good agreement with

the experiment, −3.2 kJ mol−1.1 The above agreement of the total free energy of transfer corrected for

the different concentrations as the volume effect implies that the excess free energy of transfer without

correction agrees well, too, among the present calculation, the experiments, and the theory.
The calculated free energy of transfer, ΔGid

m

and ΔGid

pw

, from the ideal gas state

kBT ln V0 V , where V0 is the volume of the ideal gas

with the volume V was corrected by adding

at 0.1 MPa and 300 K, in order to obtain the free energy of transfer, ΔGid

w

and ΔGid

pw

, from the

ideal gas state at 0.1 MPa. In Fig. 2.5, the calculated total free energy of transfer from the ideal gas
state at 0.1 MPa to the water phase in solution, ΔGid

w,

and to the pure water, ΔGid

pw

, calculated

in this study is plotted for the alkanes together with the experimental free energy of transfer from the
gas state at 0.1 MPa to pure water, ΔGg
the calculated ΔGid

pw

pw

. First, the calculated ΔGid

, and second, the calculated ΔGid

correspondence to the experimental ΔGg

pw

micellar solution has little influence on ΔGid

w

w

is in good agreement with

as well as the ΔGid

pw

is in good

. The former means that the presence of Na+ ion in the

w.

This may be caused by the rather weak interaction

between Na+ and alkane.

All the values plotted in Fig. 2.5 are positive due to the instability of hydrophobic hydration

of the alkanes. Furthermore, the hydration free energy has a minimum value for ethane both in the
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calculation and experiment. Stability of the alkane in water may be related to the hydration or the cage
formation by the solvent water molecules around it14 since the cage structure itself clearly depends on

the size of the alkane molecule. Thus, the present result indicates that the hydration structure of ethane
is most stable among the alkanes studied here. Further, the carbon number dependence of ΔGid
found in Fig. 2.5 is small compared with that of ΔGid
energy of transfer ΔGw

m

m,

w

see also Fig. 2.3. This implies that the free

in Fig. 2.4 is dominated by the dissolving process of the alkanes to the

hydrophobic micelle core.

Free energy of transfer of methane and n-octane from the ideal gas state at 0.1 MPa to the

micelle core and to the water phase in the micellar solution at the concentration of 50 CMC in the

present calculation is illustrated in Fig. 2.6 as an energy level diagram. The result for the guest water
molecule obtained in our previous study5 is also presented in the figure.
For methane, ΔGid

m

and ΔGid

w

are 2 and 6 kJ mol−1, respectively, showing that both

processes are thermodynamically unfavorable. The instability is greater in water than in the micelle
core. As a result, ΔGw

m

has a negative value of − 4 kJ mol−1. That is, the methane prefers moving

from the water phase into the micelle core to staying in the water phase under the condition that the
methane is in the micellar solution. Calculating the exp

ΔGw

m

/ RT , we can estimate the proba-

bility that the guest solute is found in the micelle core assuming that the only one solute is accommodated in the micelle core. The value of ΔGw

m

indicates that five of six methane molecules are

found in the micelle at T=300 K. On the other hand, for n-octane, ΔGid
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m

and ΔGid

w

were eva-

luated to be − 15 and 11 kJ mol−1, respectively. Here, it must be pointed out that the n-octane molecule

is more stable in the micelle core than in the ideal gas state at 0.1 MPa although it is unstable in water.
The combined effect gives the considerably negative ΔGw→m =− 26 kJ mol−1, implying that almost all
of the n-octane molecules are found in the micelle, only 1 of the 32,000 molecules being dissolved in

the water phase. This may be understood by the concept of hydrophobicity too. Almost all the alkane

molecules move from the water phase to the hydrophobic micelle core in order to avoid the contact

with water molecules and reduce the hydrophobic hydration.

Here, it is interesting to compare the above findings with the case of the water molecule. In
our previous work, the calculated ΔGw

m

for water was + 28 kJ mol−1. From this, we could evaluate

that only 1 of the 75,000 water molecules is found inside the micelle core while the rest of the water

molecules are free in the water phase. From the energetical point of view, water molecules do not like

to cut their hydrogen bonds with other water molecules to move into the micelle core.

D. Conclusion
In order to evaluate the solubilization free energy of alkanes, i.e., methane, ethane, n-butane,

n-hexane, and n-octane by the spherical SDS micelle, thermodynamic integration has been done ex-

ecuting the isobaric and isothermal molecular dynamics calculations for the micellar solution which
contains a single alkane molecule. Negative free energy of transfer ΔGw

m

from water phase to the

micelle core was obtained for all the alkane molecules in the present study, which indicates that al-

kanes are more stable in the micelle core than in the water phase. Reflecting this negative free energy,

the alkane molecules resided in the micelle core all the time during the calculation for a few nanose-
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conds without wall potential.
The calculated free energy of transfer ΔGw

m

decreases almost linearly as a function of

number of carbon atoms of the alkanes. It decreases by 3.3 kJ mol−1 per methylene group for the alkanes longer than methane. The factor exp ΔGw

m

/ kBT

at 300 K indicates that only 1 of the

32,000 n-octane molecules is dissolved in the water phase.

In the future work, the free energy of transfer of the second or third molecule as a solubilized

solute can be also evaluated by thermodynamic integration method. When the number of solute in-

creases, the micelle becomes emulsion.

32

Fig. 2.1 An example of the calculated first term of Eq. (2.6) as a function of time (gray dots) for
n-octane at λ1 = 0, λ2 = 0.05 as well as its cumulative average (black line). The arrow represents the
tolerance of the error, 10 kJ mol-1, which results in the error of 2 kJ mol-1 in the calculated free energy

difference (see text).
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Fig. 2.2 The averaged

V

λ2

λ1, λ2

and

V

λ1

λ1, λ2

0.7

V

λ2

λ1, λ2

, the integrants of the

thermodynamic integration method in Eq. (2.6), for n-octane transferred from the ideal gas state to the

micelle core.
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Fig. 2.3 The calculated excess free energy of transfer from an ideal gas state with the volume V to the
water phase of the micellar solution (●) at 50 CMC and from the ideal gas to the micelle core(■) as a
function of number of carbon atoms, nc.
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Fig. 2.4 The calculated total free energy of transfer from the water phase of the micellar solution to the
micelle core. (●) Present study, (□) theory by Matubayasi et al. (Ref.4), and [(○), (△), and (▽)]
experiments by Wishnia (Ref. 1), Han et al. (Ref. 2), and Hai et al. (Ref. 3), respectively.
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Fig. 2.5 The calculated total free energy of transfer from the ideal gas state at 0.1 MPa to the water

phase of the micellar solution at 50 CMC (●) and from the ideal gas state to pure water (▲) com-

pared with the experimental one (△) from the gas state to pure water (Ref. 15).
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Fig. 2.6 The calculated free energy level for methane, n-octane, and water molecules in the ideal gas at

0.1 MPa, in the water phase of the micellar solution at 50 CMC, and in the micelle core.
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IV. Enthalpy and Entropy of transfer of alkanes from water phase
to the micelle core

41

A. Introduction
In chapter III, free energy of transfer of a series of alkanes i.e. methane, ethane, n-butane,

n-pentane, and n-octane from water phase to the sodium dodecyl sulphate (SDS) micelle core has been

calculated by thermodynamic integration method combined with molecular dynamics calculations. In

this calculation, it was observed that the free energy of transfer decreases almost linearly with increas-

ing number of carbon atoms of alkanes. The finding may be simply explained by hydrophobicity of the

solutes.

In this chapter, free energy of transfer from water phase to the micelle core has been divided

into contributions from enthalpy and entropy. In particular, the entropy change as a function of size of

alkanes has been investigated in terms of spatial distribution of alkanes in the micelle core as well as

their conformational behavior.

B. Molecular dynamics calculations
Enthalpy and entropy of transfer from water phase to the SDS micelle core have been calcu-

lated by molecular dynamics calculations for methane, ethane, n-butane, n-pentane, and n-octane. In

these calculations, the aggregation number of the SDS micelle was adopted to be 60, since our previous work1 as well as the experiments2, 3 showed that the aggregation number around 60 is thermo-

dynamically the most stable in the micellar solution. One alkane molecule, one spherical micelle, and

8,360 water molecules were contained in a cubic simulation box with periodic boundary condition.
CHARMM force field4, 5 was used for the SDS and alkane molecules and TIP4P model6 for water. The

temperature and pressure were controlled at T = 300 K and P = 0.1 MPa, respectively using the algo-
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rithm proposed by Martyna et al.7, 8 Inertia of thermostat and barostat was set to be 3.0 × 10-12 s and
0.5 × 10-12 s, respectively. The SHAKE/ROLL and RATTLE/ROLL algorithms were used to impose
the constraints on the bond lengths relevant to the hydrogen atoms.8 Particle Mesh Ewald (PME) method was adopted for the calculation of the long range interaction.9 Ewald dispersion parameter, α, was
set to be 0.375 × 1010 m-1, with the cutoff distance of 1 nm and the 64 × 64 × 64 grid for PME. The
time step Δt was 2 fs. Molecular dynamics calculation was performed for 15 ns for each alkane, and

the last 10 or 12 ns data was used for analysis.

C. Results and discussion
Figure 4.1 shows a cumulative average of the enthalpy, Hm , of ethane. It shows that the
fluctuation of the cumulative average became small in 1 ns MD calculation. So, the average for 1 ns

was assumed as independent measurement such that the total average has been obtained from 10 or 12

independent measurements.

1. Enthalpy and entropy
Figure 4.2 shows the enthalpy, ΔH w →m , and entropy, TΔSw→m , of transfer of alkane from
water phase to the micelle core. As shown in the figure, the statistical error is not small such that it is

difficult to discuss the calculated enthalpy and entropy quantitatively. However, the calculated enthal-

py and entropy decrease with increasing number of carbon atoms of alkane. It is in good correspondence to the experiments6. Thus, we may discuss them qualitatively. The decrease of the enthalpy and

entropy can be explained by the spatial distribution of the alkanes in the solution and their intramole-

cular structures, as stated below.
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Other than the method used in this chapter, the entropy may be evaluated using thermody-

namics integration method or temperature dependence of the free energy. But the statistical error is

considered to be very large in both cases. In order to reduce the error, longer MD calculation is needed.

The statistical error of the entropy must be reduced to be less than 1/10 of the present result. To do so,
the calculation must be done more than 100 times longer than the present case (i.e. 1.5 μs). However, it

is quite difficult in the present computational capacity. More powerful computational technique should

be developed for entropy calculation.

2. Radial distribution of alkanes
Density profiles of hydrophobic and hydrophilic groups of the SDS micelle are presented in

Figure 4.3(a) as a function of radial distance from the centre of mass of the micelle. The functions are

also plotted in Figure 4.3(b) for the various alkanes in the micelle. In Figure 4.3(a), low density region

is found in the centre of the micelle. Further, Figure 4.3(b) shows that all alkanes except for methane

are localized in this low density region near the centre of the micelle. The longer the solute alkane

molecule is, the more localized its spatial distribution is in the micelle core. In contrast to this observa-

tion, the methane molecule is found everywhere in the micelle.

In order to investigate the difference in the behavior between the methane molecule and the

other alkane molecules, spaces or cavities in the micelle core which can accommodate a small mole-

cule were analyzed. Figure 4.4 shows the calculated density profile of the cavities with a diameter of

0.3 nm. As clearly shown in the figure, the cavities which can accommodate methane molecule (about

0.3 nm) but are not large enough for the propane, butane, etc., are distributed over the micelle core. It
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is interesting to find that the shape of the distribution is similar to that for the methane molecule. Thus,

the methane molecule may move around the micelle core passing through these cavities.

The restriction of the space for the solute molecule in the micelle core causes more negative

entropy of transfer from water phase where solute molecule may move almost freely. This explains the
decrease of TΔSw→m shown in Figure 4.2 as a function of number of carbon atoms of the alkanes.

3. Distribution of head to tail distance
In order to investigate the relation between the solubilization of alkane molecules and their
structural change, conformation of the alkanes was analyzed. The calculated distribution, f (r) , of the

head to tail distance, r, is presented in Figure 4.5 for the n-octane molecule in the micelle and in the

water phase. The figure clearly shows that the distribution has a sharp peak at r = 0.88 nm both in the

micelle core and in the water phase and a broad peak is also found at r = 0.76−0.86 nm. From the

conformational analysis, it is found that the former peak represents the all-trans straight conformation

and the latter shows the structure where one of five dihedral angles is gauche.

Integrating the function over the peak at r = 0.88 nm, it is found that 17% of the n-octane

molecules has the all-trans conformation in the micelle core while it is 14% in the water phase. Mole

fraction of the all-trans conformation of the solute in the micelle is greater than that found in the water

phase by 3%. Further, in the water phase, a small peak is found at r = 0.74 nm. This represents the

structure where two dihedral angles have the gauche conformation. Thus, the n-octane molecule has a

compact structure in water to reduce the contact with water by the hydrophobic interaction.

Thus, as clearly shown in Figure 4.5, the conformation of the long alkane is considerably
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restricted in the micelle core compared with that in the water phase. This results in smaller entropy of
the solute alkane in the micelle core than in water and, thus, the negative entropy of transfer TΔSw→m .
However, for short alkane, conformational degree of freedom is small. This is clear when we consider

methane molecule where no conformational degree of freedom is found. Thus, the shorter the solute

molecule is, the smaller the conformational effect on the entropy of transfer from water phase to the
micelle core, TΔSw→m . This explains well the findings for TΔSw→m shown in Figure 4.2.

D. Conclusion
In order to evaluate the solubilization enthalpy and entropy of alkanes, i.e., methane, ethane,

n-butane, n-hexane, and n-octane by the spherical SDS micelle, a series of molecular dynamics calcu-

lations have been done for the micellar solution which contains one alkane molecule. The calculations

showed that both of them decrease as a function of number of carbons of the alkane.

Spatial distribution of the alkanes in the micelle core as well as its conformation has been

analyzed. The calculated radial density profile of the alkanes from the centre of mass of the micelle

shows that the long alkanes are localized near the centre of the micelle core. In contrast, the small me-

thane moves to and from a number of vacancies distributed in the micelle. Further, the longer the al-

kane is, the more localize its spatial distribution is in the micelle core. Further, the alkane molecules

have more compact conformation in the water phase to reduce the contact with water, resulting in a

wide distribution. In the micelle core, however, n-octane, for example, has a stretched structure to fit

the linear alkyl chain of dodecyl sulfate ion. Thus, the calculated spatial distribution of the solute al-

kanes in the micelle core as well as their calculated torsional distribution explains qualitatively well
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the observed entropy of transfer form water phase to the micelle core, i.e. the longer the solute alkane

is, the more negative the entropy of transfer is.
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Fig. 4.3 The calculated density profile of (a) the hydrophobic group (―) and the hydrophilic group (---) of the micelle and (b) the carbon atoms of the solubilized alkanes,
methane (―), ethane (―), n-butane (―), n-hexane (―), and n-octane (―) as a function
of distance from the centre of mass of the micelle.
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Fig. 4.4 The calculated density profile of cavities (―) with a diameter of 0.3 nm. The expanded plot of the spatial distribution of methane (---) is also presented.
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Fig. 4.5 The calculated distribution function of the distance between the head and tail
carbons of n-octane in the micelle (―) and in pure water (---)
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V. Free energy profiles for penetration of methane and water
molecules into spherical sodium dodecyl sulfate micelles obtained using the thermodynamic integration method combined
with molecular dynamics calculations
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A. Introduction
In this chapter, in order to clarify where the solubilized molecule is bound and how to stabilize it in the SDS micelle, the free energy profiles of penetration of hydrophobic methane and hydrophilic water have been calculated as a function of the distance between the center of mass of the
SDS micelle and the penetrating molecule, using the thermodynamic integration method combined
with MD calculations. The binding site and free energy barrier have been quantitatively evaluated.
Furthermore, the solubilization free energy of the solubilized molecule was divided into four contributions, i.e., from the hydrophobic group, sulfate ions, sodium ions, and solvent water, in order to clarify
which part of the solution is important. Finally, cavity distribution in the micelle was analyzed.

B. Molecular dynamics calculations
In the MD calculations, an aggregation number of 60 was adopted for the present SDS micelle since our previous work,1 as well as light-scattering experiments2, 3 and time-resolved fluorescence spectroscopy,4 indicated that the aggregation number is thermodynamically most stable at about
60. Thus, 60 SDS molecules, 8,360 solvent water molecules, and one penetrating molecule (a methane
or water molecule) were contained in a cubic simulation box with the periodic boundary condition.
The SDS concentration in the present calculation is 50 CMC. TIP4P5 and CHARMM6, 7 potentials
were used for water and the other molecules, respectively. It is noted that the polarization of water
molecules near the micelle surface may be slightly different from that of bulk water because of the
presence of the sulfate and sodium ions. In order to take such polarization effect of water into account,
we can introduce high-cost polarizable model. However, in our previous free-energy study, fixed point
charge model well reproduced the experimental aggregation number of SDS micelle. Thus, we believe
that the fixed point charge TIP4P model is satisfactory for the present free-energy calculation. The
pressure and temperature were controlled at P = 0.1 MPa and T = 300 K, using the algorithm proposed
by Martyna et al.8–10 The inertial constant of the barostat was set to 6.7 × 10–17 J s2, so the relevant
time constant is 2.0 ps. A five-fold Hoover chain thermostat was separately connected to particle degrees of freedom and the barostat. The inertial constants of the thermostat for the former were set to
3.6 × 10–21 J s2 for the first chain and 1.2 × 10–21 J s2 for the second to fifth chains, and those for the
latter to 4.2 × 10–18 J s2 for the first chain and 7.5 × 10–23 J s2 for the second to fifth chains; the time
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constants of the five chains are all 0.5 ps. The time step, t, was 2 fs. The particle mesh Ewald
(PME)11 method was adopted to calculate the Coulombic interaction. The cutoff distance for the Lennard-Jones interaction and the real-space part of the PME method was 1 nm. The parameter  and the
grid points of the PME method were 0.4 × 1010 m–1 and 64 × 64 × 64, respectively. SHAKE/ROLL and
RATTLE/ROLL methods were used to constrain the bond length between carbon (C) and hydrogen
(H) atoms in the methyl and methylene groups of dodecyl sulfate ions, the bond length between oxygen (O) and hydrogen atoms in the water molecule, and the bending angles H–C–H in the methylene
groups and H–O–H in the water molecule.

2.1 SDS micelle
The initial configuration of the spherical SDS micelle was set such that the hydrophobic
group of the dodecyl sulfate ion is inside the micelle and the hydrophilic sulfate ion is outside. Water
molecules (8,360) were set around the SDS micelle in the simulation box. MD calculations were performed for 2 ns to equilibrate the micelle structure and spatial distribution of the sodium ions.

The initial configurations for the mean-force calculation were generated using the above

equilibrated configuration of SDS micelles in water. A single penetrating molecule was located at a

distance r from the center of mass of the SDS micelle. Here, the mean force <F(r)> was calculated at

seven distances: r = 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 nm. SHAKE and RATTLE methods were used

to constrain the distance from the center of mass of the SDS micelle to that of the penetrating molecule.

Each MD calculation was performed for 5 ns. The first 1-ns trajectory was excluded from the analysis.

At r = 0.1 and 0.5 nm, MD calculations performed for 4 ns for the production run were sufficiently

long to obtain the averaged value of <F(r)> because the trajectory of the penetrating molecule fully

covers the whole spherical region of radius r, and satisfactory statistics were obtained from this. At r =

1.0, 1.5, 2.0, 2.5, and 3.0 nm, however, two MD calculations, starting from different initial configura-
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tions, were performed at each distance to obtain enough statistics for analysis.

2.2 Dodecane droplet
In order to discuss differences between the penetration of the water molecule into the SDS

micelle and the penetration of the water molecule into a hydrophobic droplet, as discussed in Section

V.C, the free energy profile of water in a hydrophobic dodecane droplet has also been calculated. The

aggregation number of the dodecane droplet was set to 60, as for the SDS micelle. One dodecane

droplet, 8,397 water molecules, and one solubilized water molecule were contained in a cubic simula-

tion box with the periodic boundary condition. TIP4P and CHARMM potentials were used for the wa-

ter and dodecane molecules, respectively. The mean force <F(r)> was calculated at seven distances: r

= 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 nm. Each MD calculation was performed for 5 ns. The droplet,

which is thermodynamically in the metastable state, was stable during these calculations. The first 1-ns

trajectory was excluded from the statistics, and the remaining 4-ns trajectory was used for analysis.

Details of the MD calculation were the same as those for the SDS micelles stated above.

C. Results and discussion
Figure 5.1(a) shows the calculated radial number density profile (r) of carbon atoms in the
hydrophobic group, sulfur and oxygen atoms in the sulfate ion of the SDS micelles, solvent water molecules, and sodium ions. The (r) obtained in the present study is in very good agreement with the
results of other studies.12-14 For instance, the peak position of the sulfate ion of the SDS micelle is al-

most the same as that calculated by Matubayasi et al. Furthermore, as in the previous studies, a

low-density region is observed at the center of the SDS micelle in the present work. These results in-
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dicate that our calculations have been performed correctly.

1. Mean force
In Fig. 5.2, cumulative averages of F(r) of solubilized methane (Fig. 5.2(a)) and water (Fig.
5.2(b)) molecules at r = 1.5 nm, evaluated using Eq. (2.17), are shown as a function of simulation time.
The solid and dashed lines in Fig. 5.2(a) and (b) show the results of the MD calculations starting from
two different initial configurations. At r = 1.5 nm, convergence is slowest among the various r values
because of large fluctuations in F(r) in the boundary region between the hydrophobic groups and sulfate ions of the SDS micelles. It was found that two cumulative averages converged to the same value
F(r = 1.5 nm) = – 2.0 × 10–12 N for the methane and F(r = 1.5 nm) = 33 × 10–12 N for the water after
4-ns MD calculations. The 4-ns MD calculations are therefore long enough to obtain satisfactory statistics for the mean force <F(r)>. In order to evaluate the error of the mean force <F(r)>, independent
intervals were determined using the analysis of Fincham et al.15 In this research, the time average of
each 200-ps trajectory was regarded as an independent measurement of F(r). Forty samples were obtained from two different 4-ns MD calculations at each distance of r = 1.0, 1.5, 2.0, 2.5, and 3.0 nm,
and the statistical errors of <F(r)> were evaluated. At distances r = 0.5 and 0.1 nm, 20 samples were
obtained from 4-ns MD calculations. The 80% confidence interval of <F(r)> was evaluated, and is
shown by the error bar in Fig. 5.1.

Figure 5.1(b) shows the mean force <F(r)> of the solubilized methane and water molecules

at distances r = 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 nm. Positive values of <F(r)> indicate that the mean

force acting on the solubilized molecule is a repulsive force, and excludes it from the SDS micelle.

Negative values of <F(r)> indicate that the mean force acting on the solubilized molecule is an attrac-

tive force, and draws it into the SDS micelle. The figure shows that the interaction between methane

and the SDS micelle is attractive at a range of 1.5 < r < 2.5 nm, and that the interaction between water
and the SDS micelle is repulsive at 0.5 < r < 2.0 nm. At 0.1 ≤ r ≤ 0.5 nm, attractive interactions can be
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found for both methane and water. Details of the behavior are discussed in subsection V.C.3.

2. Free energy profile for penetration
Figure 5.1(c) shows the free energy profile G(r) for penetration of methane and water.
G(r) can be obtained by integrating <F(r)> according to Eq.(2.16). In chapter II the free energy of
transfer, G, of the methane from bulk water to the SDS micelle core rather than the free energy profile G(r) was calculated using the thermodynamic integration method with respect to the potential
parameters. The free energy profile G(r) for methane solubilization was also evaluated approximately
by Matubayasi et al. using distribution function theory combined with MD calculations.12 The results
are also plotted in Fig. 1(c). G(r) in the region of the SDS micelle (0.1 ≤ r ≤ 1.5 nm) is consistent
with the value of G(r) = –5 kJ mol–1 and is in reasonable agreement with the G(r) calculated by
Matubayasi et al.
A free energy barrier is not observed between the micelle core and the bulk water, so methane can be easily solubilized into SDS micelles in the process of penetrating the micelle. The free
energy in the SDS micelle core (r = 0.1 nm) is about 6 kJ mol–1 lower than in the hydrophilic part (r =
1.2–2.5 nm). This indicates that from the viewpoint of excess free energy, the methane is more stable
in the SDS micelle core than it is in the vicinity of the hydrophilic sulfate ions. However, the free
energy difference (6 kJ mol–1) between the micelle core and the hydrophilic part is not so large, only
2.4 times as large as the thermal energy at temperature T = 300 K. The solubilized methane might
therefore be nonlocalized in the micelle core and move around in the whole of the micelle. Furthermore, the free energy difference between the hydrophilic part and the bulk water is also 6 kJ mol–1, so
the methane can easily go in and out of the SDS micelle. Distribution of the methane in the micelle
will be discussed in more detail in subsection V.C.4.
With respect to the penetrating water molecule, a large positive G(r) value around 24–35 kJ
mol–1 is observed in the region r ≤ 1.0 nm in Fig. 5.1(c). This value is in good agreement with the free
energy of transfer of water from the water phase to the SDS micelle core of 28  4 kJ mol–1 in our previous work.22 It is certain that no water molecule permeates into the micelle core region in the present
calculation (Fig. 5.1(a)), where G(r) is larger than 10 kJ mol–1.
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The minimum G(r) of methane and water is found at the center of the SDS micelle in the
region r ≤ 0.5 nm. This feature is also observed in the free energy profile of a lipid membrane at the
center of the membrane.16-18 This phenomenon is commonly observed in the low-density region of the
hydrophobic groups of surfactant and lipid molecules, i.e., the contact region of the tail end.

3. Contributions from hydrophobic groups, sulfate ions, sodium ions, and solvent water to

G(r)
We clarify how hydrophobic groups and hydrophilic sulfate ions of SDS micelles, sodium
ions, and solvent water affect the penetration of methane and water molecules into the SDS micelles.
First, the force F(r) acting on the penetrating methane and water was divided into contributions from
the hydrophobic groups and sulfate ions of the SDS, sodium ions, and solvent water. When Fi and Fj
in Eq. (2.17) are divided into these four contributions, F(r) can be written as
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(5.1)
where the superscripts on Fi, Fj, i.e., pho, phi, sod, and w, stand for the hydrophobic groups and sulfate
ions of the SDS, sodium ions, and solvent water, respectively. For example, Fipho, found in the first
term, represents the force acting on atom i of the penetrating methane or water from the hydrophobic
groups of the SDS, and Fjpho represents the force on atom j of the hydrophobic groups of the SDS from
the penetrating methane or water. Thus, the first, second, third, and fourth terms in the right-hand side
of Eq. (5.1) are the contributions to the mean force <F(r)> from the hydrophobic groups and sulfate
ions of the SDS, sodium ions, and solvent water, respectively.
Formally integrating each contribution over r, we obtain a free energy-related quantity,
whose summation gives the correct free energy. Of course, the quantity is not the thermodynamically
defined free energy, but it works as a measure of the contribution to the free energy of interest. Here,
we describe this quantity using the same symbol, G(r), as that used for the free energy change. It
should be noted that an infinite number of paths may exist in an actual penetrating process, taking
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roundabout routes to the center of the micelle. However, in our analysis, the path dependence is averaged out and, at the same time, the force in only the r direction is investigated. Although contributions
to the force acting on a penetrating molecule along an actual path are path dependent, we believe that
the decomposition analysis in the present study is very useful in addressing the question of what role
each component plays in the permeation.

Methane
In Fig. 5.3(a), the calculated mean force <F(r)> acting on the penetrating methane is shown with
four contributions, i.e., from the hydrophobic groups and sulfate ions of the SDS micelle, sodium ions,
and solvent water. The red and brown lines in Fig. 5.3(a) indicate that contributions from the sulfate
ions and sodium ions are small in the whole region of r. This is because methane is a nonpolar molecule and interacts weakly with the sulfate ions and sodium ions. Even in the region 1.2 ≤ r ≤ 2.5 nm,
where the sulfate ions and sodium ions are largely distributed, contributions from the sulfate ions and
sodium ions are quite small. The weak Lennard-Jones interactions between methane and the sulfate
ions and sodium ions indicate that the methane is not in close contact with them. In contrast, contributions from the hydrophobic part and solvent water are dominant at r = 1.5 and 2.0 nm, the interface
between the micelles and the water phase. Thus, contributions from the hydrophobic groups and solvent water are important for the solubilization of methane in the SDS micelle.
We now consider the solubilization of methane in the SDS micelle using the schematic diagram shown in Fig. 5.4. The number densities of the hydrophobic groups of the SDS micelle are
represented by light and dark shades of gray; the darker the gray color, the higher the number density.
Closed circles represent the methane molecules. The green and blue arrows indicate contributions to
the mean forces <F(r)> on the methane from the interaction with the hydrophobic groups and solvent
water, respectively. The inset in Fig. 5.4 shows the radial number density profile (r) of hydrophobic
carbon atoms of the SDS micelle and solvent water.
At r = 3.0 and 2.5 nm in the water phase, only a very small force from the hydrophobic
groups and solvent water was observed, as shown in Fig. 5.3(a). The small interaction between methane and the hydrophobic groups is simply a result of the distance between them, i.e., the Lennard-Jones force is short-range. The small averaged force from the solvent water, in spite of the close
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contact, must be caused by symmetric hydration around the methane, which is located at a distance
from the interface with the micelle. So, no arrow is drawn in Fig. 5.4. At r = 2.0 nm, however, an attractive force (blue arrow) acts on methane from the solvent water. A repulsive force from the hydrophobic groups is also acting on the methane (green arrow). However, as shown in Fig. 5.4, the attractive force is stronger than the repulsive one, so the methane is drawn into the SDS micelle. The attractive behavior of the total mean force in this interface region is, of course, caused by the hydrophobic
interaction, which avoids the entropy loss of hydrophobic hydration of the methane. Here, we must
remember that the hydrophobic interaction is a solvent-induced interaction, where water–water interactions play an essential role. Thus, in the present case, we should understand that, first, the solvent
water molecules tend to gather together in order to reduce contact with the methane molecule located
at the interface with the micelles. Secondly, this tendency is observed from the force on the methane
from the water molecules (blue arrow), excluding it from the water phase. Thirdly, however, a small
amount of work is required to push the methane molecule into the high-density region of the hydrophobic groups (green arrow). At r = 1.5 nm, the situation is similar to that at r = 2.0 nm, but the attractive and repulsive forces are balanced. At r = 1.0 nm, no contribution from solvent water is observed
because the methane is not in contact with the solvent water at this distance, as shown in Fig. 5.1(a).
With regard to the contribution from hydrophobic groups, almost no force is acting on the methane at r
= 1.0 nm because the density gradient of the hydrophobic groups is small at that point, so the solvation
structure may be considered to be symmetric. In the region where r < 1.0 nm, an attractive force associated with the hydrophobic part acts on the methane because of the lower density inside the SDS micelle.
Contributions to the free energy profiles were evaluated by integrating <F(r)> according to
Eq.(2.16). The resulting profiles for four contributions are shown in Fig. 5.3(b). In this figure, contributions to the free energy profiles from the sulfate ions and sodium ions were found to be small, consistent with the results for the mean force <F(r)>. The methane in the SDS micelle is stabilized by
about 25 kJ mol–1 because of hydrophobic interaction induced by the solvent water, but it is destabilized by about 5–15 kJ mol–1 by the hydrophobic groups. Solubilization of methane into the SDS micelle therefore comes from avoidance of hydrophobic hydration of the methane.
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Water
Figure 5.5(a) shows the contributions to the mean force acting on the penetrating water from
hydrophobic groups, sulfate ions, sodium ions, and solvent water. These four contributions change in
complex ways compared with the case of methane. The contributions from sulfate ions, sodium ions,
and solvent water cancel one another. Thus, the total value becomes small, as shown in Fig. 5.5(a).
This is also the case for the free energy profile shown in Fig. 5.5(b), where the contributions from sulfate ions, sodium ions, and solvent water to the free energy profile also cancel one another, and as a
result, the total free energy change is small compared with the component changes.
In order to simplify the discussion, the mean force of water transfer to the dodecane droplet
has also been calculated as a reference, using the thermodynamic integration method combined with
MD calculations. The radial number density ρ(r) of the hydrophobic groups of the dodecane and water
molecules is presented in Fig. 5.6(a). Figure 5.6(b) shows the mean force between the water molecule
and the dodecane droplet with two contributions to the mean force of penetrating water from the hydrophobic groups and solvent water. The calculated free energy profile ∆G(r), together with its two
contributions relevant to the decomposition of the force in Fig. 5.6(b), is given in Fig. 5.6(c). First, we
discuss this reference system before we investigate the micelle system of interest. It was found that at r
= 1.0 and 1.5 nm, i.e., the interface region, a repulsive force acts on the water both from the hydrophobic groups and solvent water, resulting in the high free energy barrier found in Fig. 5.6(c). This
result is consistent with the well-known view that a water molecule is less stable in a hydrophobic environment than in the water phase because of the energetic disadvantage of breaking the hydrogen-bonds formed in the water phase. This view may also be applied to the case of SDS, where a water
molecule is unstable in the hydrophobic core of the micelle compared with in the water phase. The
degrees of instability are similar to each other: 24–35 kJ mol–1 for SDS and 25 kJ mol–1 for the dodecane droplet. However, the behavior found at the interface region is very different. An essential difference between SDS micelles and dodecane droplets is the sulfate and sodium ions found in the interface
region of the SDS micelles (see Fig. 5.1(a)). The radial distribution of ions shown in the figure forms a
strong dipole moment at the interface, where sodium ions are widely distributed outside the location of
sulfate ions. The structure of the solvent water must therefore be strongly influenced by this surface
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dipole moment or the two ions. In fact, vibrational sum frequency generation (VSFG) spectroscopy
shows that hydrogen atoms of water molecule near the interface of the SDS micelle are oriented toward the sulfate ion, and the hydrogen-bonding structure is different from that of the bulk water19.
It is reasonable to consider that the force on a penetrating water molecule around the interface is dominated mostly by this dipole moment. The calculated mean forces shown in Fig. 5.5(a) may
then be well understood as follows. At r = 3.0 nm, far from the interface, the mean forces acting on the
penetrating water are all almost zero since the water molecule is in a symmetric field, as in bulk water.
At r = 2.5 nm, near but outside the surface, forces from the solvent water and sodium ions cancel each
other out. At r = 2.0 nm, at the interface, the forces from sulfate ions and sodium ions are great compared with the other components. Although the sign of their forces is different, as a result of the complicated structure of the interface, it is important to find that the two forces, about +70 × 10-12 N and −
50 × 10-12 N from sulfate ions and sodium ions, respectively, or force from the dipole moments tend to
keep the penetrating water molecules inside the water phase. The small negative force from the solvent
water is no more than a secondary one after the ions at the surface have determined the structure, in
particular, the orientation of the penetrating water molecule as well as the orientation of the solvent
water molecules located across the ions. The orientations must be opposite, resulting in the negative
force. At r = 1.5 nm, the dipole moment at the surface strongly draws the penetrating water back to the
water phase, where the sign of the force is the same for sulfate ions and sodium ions. Furthermore,
high-density hydrophobic tail-groups also tend to exclude the water molecule from the micelle core.
Together with the counter-force from the solvent water, the total mean force on the water molecule is
about 30 × 10–12 N, drawing it back to the water phase. At r = 1.0 nm, the situation is similar to the
case at r = 1.5 nm, except for the values. At r = 0.5 nm and 0.1 nm, in the center of the hydrophobic
core of the micelle, the averaged forces are small because of the long distance from the interacting
groups or the symmetric force at a distance from the interface.

4. Methane distribution in the SDS micelle solution
The radial distribution f(r) of methane from the center of mass of the SDS micelle may be
evaluated by
f(r)  exp(–G(r)/RT),
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(3.1)

where G(r), R, and T are the free energy profile of methane as a function of r, the gas constant (R =
8.314 J mol–1), and the absolute temperature, respectively. In Fig. 5.7, f(r) is plotted together with ft(r),
which is the radial distribution of methane evaluated from the 15-ns trajectory of MD calculations in
our previous work. At r = 1.5 nm, ft(r) is reduced to the same value as f(r). As shown in the figure, the
shape of f(r) is in good agreement with ft(r). The radial distribution fv(r) of the space that can accommodate a sphere of diameter of 0.3 nm, i.e., a cavity, in the micelle is also plotted in Fig. 5.7. fv(r) is
also reduced to the same value as f(r) at r = 1.5 nm. A good correlation between fv(r) and f(r) indicates
that both methane and cavities are distributed in the micelle, and the methane is considered to move
about among the micelle cavities. As stated in subsection V.C.2, solubilized methane can come in and
out through the surface of the micelle, so a distribution of methane can be seen outside the micelle at r
 2.5 nm in f(r) and ft(r).
Both f(r) and ft(r) show a high probability in the vicinity of the center of the micelle. The
number of solubilized methane molecules can be calculated by multiplying the Jacobian 4r2 and f(r)
together, as shown in the inset of Fig. 5.7. Although the error included in the value is large, we may
qualitatively discuss the actual distribution of methane in the micelle. It is interesting to find that after
the volume factor 4πr2 is taken into account, the methane is most often observed at the interface.

D. Conclusion
The free energy profiles G(r) for penetration of methane and water molecules into SDS
micelles have been calculated using the thermodynamic integration method combined with MD calculations.
Methane is about 6 kJ mol–1 more stable in the vicinity of the sulfate ions of the micelle than it is in
the water phase. No free energy barrier is observed there, so the methane seems to be easily drawn into
the micelle. Furthermore, methane in the center of the micelle is about 6 kJ mol–1 more stable than it is
in the vicinity of the sulfate ions. The binding energy is about 2.4 times larger than the thermal fluctuation energy at T = 300 K. This value is relatively small, and therefore the solubilized methane may
move about in the micelle core.
The relative contributions of the hydrophobic groups and sulfate ions of the SDS, sodium
ions, and solvent water to methane solubilization in SDS micelles have been clarified. The contribu-
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tions of solvent water and hydrophobic groups are dominant. With respect to the contribution from
solvent water, in order to avoid hydrophobic hydration of methane in solvent water, the methane tends
to be excluded from the water phase to the micelle. Considering the mean force just from the solvent
water, the methane in the micelle is about 25 kJ mol–1 more stable than it is in the solvent water. In
contrast, in the crowded hydrophobic groups of the micelle core, the methane is destabilized by 5–15
kJ mol–1 because of the repulsive interactions between methane and the hydrophobic groups. As a result, the methane remains in the micelle because the stability provided by the hydrophobic interaction
is greater than the instability caused by the repulsive interactions between the methane and the hydrophobic parts.
The G(r) of the penetrating water is evaluated to be 24–35 kJ mol–1, so penetration of water
into the micelle hardly occurs. The mean force <F(r)> on the water was divided into four contributions.
These contributions change in complex ways as a function of r, and cancel one another out. In order to
solve this puzzle, we calculated the mean-force profile for transfer of water into the dodecane droplet
as a reference, using MD calculations. The essential mechanism of the penetration of a water molecule
is the same for the SDS micelle and the dodecane droplet; the water molecule is unstable in the hydrophobic core of the micelle and in the dodecane droplet compared with in the water phase. The
complex behavior observed in the SDS micelle is from the strong dipole moment formed at the interface by sulfate ions and sodium ions.

Finally, the radial distribution of solubilized methane has been evaluated from

exp{–G(r)/RT}. A good correlation was found between the radial distribution of 0.3-nm cavities in
the SDS micelle and that of the methane. The methane is considered not to be localized but to move

about in the SDS micelle using cavities in the hydrophobic core.
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Fig. 5.1 (a) Radial number density profile (r) of SDS micelles as a function of radial distance from
the center of mass of the SDS micelle (―: hydrophobic carbon atom, ―: sulfur and oxygen atoms of
sulfate ion, ―: water molecule, and ―: sodium ion), (b) the mean force <F(r)>, and (c) the free energy profile G(r) for penetration of a methane and a water molecule to the SDS micelle as a function of
radial distance from the center of mass of the SDS micelle to those of penetrating methane and water
molecules (●: methane and ○: water molecule). Open squares in Fig. 1(c) represent data obtained by
Matubayasi et al.12 Error bars in (b) and (c) represent 80% confidence intervals. See text for details.
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Fig. 5.2 Cumulative average of force F(r) as a function of simulation time between SDS micelle and
penetrating (a) methane and (b) water molecules at distance r = 1.5 nm. Solid and dashed lines are the
results of MD calculations starting from two different initial configurations. Straight lines in (a) and
(b) represent resultant averages of the mean force <F(r)>.
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Fig. 5.3 Contributions from hydrophobic groups (●), sulfate ions (●), sodium ions (●), and solvent
water (●) to (a) the mean force <F(r)> and (b) the free energy profile G(r) for solubilization of methane molecules into SDS micelles. ● represents the total.
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Fig. 5.4 Schematic diagram of solubilization of methane into SDS micelles. The inset shows the number density profile (r) of hydrophobic parts and water in SDS solution. The density of hydrophobic
groups of SDS micelles is shown by shades of gray. Darker gray represents higher density. The black
dot represents a methane molecule. The green and blue arrows represent mean forces <F(r)> arising
from the hydrophobic groups and solvent water, respectively.
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Fig. 5.5 Contributions from hydrophobic groups (○), sulfate ions (○), sodium ions (○), and solvent
water (○) to (a) the mean force <F(r)> and (b) the free energy profile G(r) for penetration of water
molecules into SDS micelles. ○ represents the total.
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Fig. 5.6 (a) Number density profile of a dodecane droplet solution (―: hydrophobic group; ―: water);
contributions from hydrophobic groups (○) and solvent water (○) to (b) the mean force <F(r)> and (c)
the free energy profile G(r) for transfer of a water molecule into a dodecane droplet. ○ represents the
total.
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Fig. 5.7 Distribution of methane as a function of radial distance r. ● and ― were calculated from the
free energy profile G(r) and 15-ns MD calculations, respectively. - - - is the distribution of space that
can accommodate a sphere of diameter 0.3 nm, i.e., a cavity, in the SDS micelle. All are scaled to the
same value at r = 1.5 nm. The density of methane molecules per Cartesian space calculated by multiplying by the Jacobian 4r2 is shown in the inset.
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VI. Free energy of transfer of alcohol and amine from water
phase to the micelle by thermodynamic integration method
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A. Introduction
In this chapter, in order to clarify the solubilization behavior 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 thermody-

namic integration method combined with MD calculations. The influence of the polar group and the

length of the alkyl chain on the solubilization is discussed. The binding sites of alkanes, amines, and

alcohols in the SDS micelle is also clarified.

B. Molecular dynamics calculation
The aggregation number of SDS micelle was set to 60 for present study since our previous
work1 and as well as light scattering experiments2, 3 and time-resolved fluorescence spectroscopy4 in-

dicated that the micelle composed of 60 SDS molecules is thermodynamically most stable in the water.

The 60 SDS molecules, 8360 water molecules, and a solute are in a cubic simulation box with periodic

boundary condition. Since a critical micellar concentration (CMC) of SDS is 8.1 mM, the concentration of our system corresponds to 50 CMC. TIP4P5 and CHARMM potential6, 7 were used for water

and other molecules, respectively. The pressure and temperature were controlled at P = 0.1 MPa and T
= 300 K using algorithms proposed Martyna et al8, 9. Inertial constant of the barostat was set to 6.7 
10–17 J s2 such that the relevant time constant is 2.0 ps. Nosé-Hoover chain thermostat of five chains

was connected to particle degrees of freedom and barostat, separately. Inertial constants of the thermostat for the former were set to 3.6 × 10-21 J s2 for the first chain and 1.2 × 10-21 J s2 for the second to
fifth chains and those for the latter to 4.2 × 10-18 J s2 for the first chain and 7.5 × 10-23 J s2 for the
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second to fifth chains. Time constant of the five chains are all 0.5 ps.8, 10 The time step, ∆t, was set to

be 2 fs. The particle mesh Ewald (PME) method was used in order to calculate the Coulomb interac-

tion. The cutoff distance for Lennard-Jones interaction and the real space of PME method was 1 nm.
The parameter α and the grid points of PME method were 0.4 × 1010 m-1 and 64 × 64 × 64, respectively11. 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, the

solute and water. Those methods were also used in order to constrain the bending angles H–C–H in

methylene groups, H–O–H in the water molecule and H-N-H in the amine.
The suitable sets of the coupling parameters (λ1, λ2) were selected in order to evaluate the
integrals of Eq. (2.7) with high accuracy. For two small solutes (methylamine and methanol molecules) 1-ns molecular dynamics calculations have been performed at 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) 1-ns MD calculations have been also performed
at 2 sets, (λ1, λ2) = (0, 0.01) and (0.025), in addition to the previous twelve (λ1, λ2) sets. The first 0.5-ns
trajectory was excluded from the analysis.

In order to obtain trajectory of solute in the SDS micellar solution and calculate the radial

distribution of it in the micelle (see in subsection VI.C.3), another 15-ns MD calculations have been
also performed without wall potential φwall (R, Rm ) . The simulation box has 60 SDS molecules, 8 360
water molecules, and one solute (methylamine, octylamine, methanol, or octanol). The other calcula-
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tion conditions were the same as the above-mentioned free energy calculations. The last 10-ns trajec-

tory was used for analysis.

C. Results and discussion
Figure 6.1 shows

V

λ2 in Eq. (2.7) and its cumulative average of octylamine as a

function of time at λ1 = 0 and λ2 = 0.05, where convergence of cumulative average of
slowest and an error of

V

λ2

λ1, λ2

V

λ2 is the

is the largest among the all sets of λ. Dashed line in Fig. 6.2

indicates the average value obtained from the 0.5-ns MD calculation. As shown in the figure, the cu-

mulative average converged well, and the 0.5-ns MD calculation is long enough to obtain satisfactory

statics for the integrand of Eq. (2.7). As a result, it is possible to calculation numerically the integral of

Eq. (2.7) with satisfactory accuracy.

1. Excess free energy of transfer from ideal gas state to the water phase and to the SDS
micelle
Excess free energy of transfer of methylamine, octylamine, methanol, and octanol from ideal
gas state to the water phase, ΔGidex

w,

and to the SDS micelle, ΔGidex

merical integration according to Eq. (2.7). Obtained ΔGidex

w

m,

and ΔGidex

an energy level diagram. In Fig. 6.2 blue and red lines represent ΔGidex

w

has been calculated by nu-

m

are shown in Fig. 6.2 as

and ΔGidex

m,

respectively.

Solid circles are hydration free energy obtained by solubility experiments of these molecules in pure
water.12 It is interesting that ΔGidex

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,
calculated ΔGidex

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 the sim-
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ilar result. The solutes are considered to interact weakly with sodium ions in the water phase.

ΔGidex

w

of hydrophobic methane and octane molecules are 9.8 and 15 kJ mol-1, respective-

ly. These molecules are less stable in the water phase than in the ideal gas state because of hydrophobic hydration. On the other hand, ΔGidex

w

of methylamine, octylamine, methanol, and octanol mole-

cules which also have hydrophilicity are – 15, – 21, – 12, and – 14 kJ mol-1, respectively, i.e., negative

values. It is because hydrogen-bonding is formed between the polar amine or hydroxyl group and sol-

vent water that these solutes are more stable in the water phase than in the ideal gas state.
Comparing octyl group with methyl one, ΔGidex

w

of octyl one is 3−7 kJ mol-1 larger than

that of methyl one. Increase of the alkyl chain length causes the larger hydrophobic hydration in the

water phase, and has a influence on the stability of the solutes, though the instability is not so large
compared with the ΔGidex

m

Concerning ΔGidex

stated below.

m,

SDS micelle. In contrast, ΔGidex

methane has a positive value (4.4 kJ mol-1), and is unstable in the

m

of the other solutes is negative value. These molecules are 17−22

kJ mol-1 more stable in the SDS micelle than in the ideal gas state with increasing the number of carbon atoms. It is the opposite behavior to ΔGidex

w.

Increase of the alkyl chain leads to stronger inte-

raction between the alkyl chains of the solutes and hydrophobic core of SDS micelle.

2. Stability and binding ratio of solutes in the SDS micelle
In this subsection, we discuss the stability of the solutes between in the SDS micelle and in
the water phase. Table 6.1 lists the free energy, ΔGw
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m,

of transfer from the water phase to the SDS

micelle. Here, it is noted that ΔGw

m

obtained by Eq. (2.12) 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, concentration of SDS in the simulation box is corresponding to 50 CMC. The
value of kBT ln

Vm
is, then, 1.8 kJ mol-1.
Vw

From ΔGw

m

in Table 1, the solutes except for methanol are more stable in the SDS mi-

celle than in the water phase. This indicates that the alkyl chain of the solutes interacting with the mi-

celle core is more stable than that in the water phase with hydrophobic hydration. This tendency is
clearly shown in the case with long alkyl chain. The difference of the ΔGw

m

becomes 23−26 kJ

mol-1 for octyl group.

On the other hand, in the case with short alkyl chain i.e. methyl group the stability of the
solutes in the SDS micelle is relatively small. For example, ΔGw

m

of methylamine and methanol

are -1.2 ± 4 and +0.8 ± 3 kJ mol-1, respectively, so that these molecules may be more stable in the wa-

ter phase than in the SDS micelle. This hydrophilic nature of methylamine and methanol is the result

of hydrophilicity of amine and hydroxyl groups is comparable to hydrophobicity of methyl group.
The gradient of ΔGw

m

of amine or alcohol as function of the number of carbons is 3 kJ

mol-1. This value is in good agreement with the gradient of alkane (3.3 kJ mol-1). This result indicates

that alkyl chain length of the solute is important for the stabilization of the solute in the micelle.
The difference, ΔΔGw

m,

of the ΔGw

m

between alkane and amine or alcohol with the

same carbon chain lengths as alkane is listed in Table 6.1. ΔΔGw
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m

of methanol is almost equal to

that of the methylamine. Similarly, ΔΔGw

m

of octanol is similar to that of octylamine. These results

indicate that hydrophilicity of hydroxyl group is almost equal to that of amine group. This is due to

high hydrogen bonding capacity of alcohol and amine caused by a large electron negativity of oxygen

and nitrogen atoms. This high hydrophilicity affects 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 6.1. Here, the binding ratio is evaluated from exp

ΔGw

m

RT , where R and T are gas con-

stant and absolute temperature, respectively. The binding ratio of small solutes (methane, methylamine,

and methanol) is small value between 0.7 and 4. Those molecules are considered to be widely distri-

buted in the whole region of the micellar solution i.e., both in the micelle core and in the water phase.

On the other hand, the binding ratio of the long solutes such as octane, octylamine, and octanol is sev-

eral tens of thousands, so that those molecules may penetrate into the SDS micelle and are localized

there because of the hydrophobic nature of the long alkyl chain.

3. Distribution of the solutes
In order to clarify where the solutes are bound to the SDS micelle, the radial distribution of

each solute in the SDS micellar solution is calculated using the trajectory of 15-ns MD run without

wall potential (see section VI.B). The radial distribution f(R) of the hydrophobic part and sulfate ion of

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. 6.3(a). The radial distribution, f(R), of alkane, amine, and

alcohol is also shown as a function of R in Fig. 6.3(b), (c), and (d), respectively. Each f(R) was obtained from the number density profile ρ(R) of the solute divided by Jacobian 4R2:
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f (R)

ρ(R) / 4πR2 . Then, f(R) should be in proportion to exp

(R) is in proportion to exp

ΔGw

m

ΔGwex

m

/ RT . (It is noted that

/ RT .) The red and black lines in the Fig. 6.3(b), (c), and (d)

of methyl and octyl groups in the solutes, respectively. The solid and dotted lines are f(R) of hydro-

phobic carbon chain and hydrophilic group, respectively.

As shown in Fig. 6.3(b), methane and octane molecules are more distributed in the SDS mi-

celle 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 part is low enough.
In the water phase, f(R) for methane is small, and that for the octane is almost 0. ΔGwex

m

of methane is – 5.4 kJ mol-1, only twice as large as thermal fluctuation energy (2.5 kJ mol-1) at T = 300
K, so that methane can be distributed in the water phase. On the other hand, octane has a large value, −
28 kJ mol-1, and is localized and stabilized in the vicinity of the SDS micelle core to avoid contact with

solvent water molecules.

Figure 6.3(c) shows the radial distribution f(R) of methyl- and octylamine. Methylamine is
distributed in the vicinity of the surface of the SDS micelle (1≤ R ≤ 2 nm). This binding of methyla-

mine can be considered as a result of the competition between the hydrophilicity of the polar amine

group and the hydrophobicity of the non-polar methyl group. Furthermore, methylamine easily go to
the water phase, since ΔGwex

m

of methylamine is – 3 kJ mol-1, and is as small as the thermal fluctua-

tion energy. In contrast, for the octylamine the alkyl chain of octylamine is buried in the hydrophobic

part of the SDS micelle to avoid hydrophobic hydration, whereas the amine group keeps on forming of
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the hydrogen-bonding with solvent water molecules. Thus, the octylamine is solubilized in the SDS

micelle with palisade layer structure.

Figure 6.3(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 part of the
micelle to the water phase. Though some methanol molecules are bound to the micelle, ΔGwex

m

of

methanol molecule is – 1 kJ mol-1, and is half of the thermal fluctuation energy (2.5 kJ mol-1) at T =

300 K, so that methanol can dissolve into the water phase and move about in the whole region of the

micellar solution. As shown in the figure, methanol slightly penetrates into the SDS micelle. On the

other hand, the alkyl chain of octanol is buried in the hydrophobic SDS micelle core as well as octy-

lamine to avoid the hydrophobic hydration. Octanol is, then, solubilized in the SDS micelle with the

palisade layer structure.
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D. Conclusion
The free energy of transfer of methylamine, octylamine, methanol, and octanol from the wa-

ter phase to the SDS micelle has been calculated by MD calculation. The calculated free energy was

compared with that of alkanes obtained by our previous work. In contrast to the hydrophobic methane

and octane, methylamine, octylamine, methanol, and octanol are stable in the water phase since these

molecules have a polar group.

The methane is unstable in the SDS micelle due to gaseous matter at ambient condition. On
the other hand, from the free energy ΔGw

m

of transfer obtained by Eq. (2.12), all the solutes except

for the methanol and methylamine were found to be stable in the SDS micelle. With increasing the

alkyl chain length, the solute is more stable in the SDS micelle. Stability of the solutes is in order of
alkane > amine ≈ alcohol. The methanol and methylamine were stable in the water phase as well as in

the SDS micelle at 50 CMC because of their high hydrophilicity. The binding ratio of small solutes

such as methane, methylamine, and methanol in the SDS micelle is small value between 0.7 and 4. In

contrast, that of large solutes such as octane, octylamine, and octanol is 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 methane and octane molecules can be found in the SDS micelle core. ΔGwex

m

of

methane is, however, small so that the methane may go in and out the SDS micelle. The methylamine

was adsorbed on the SDS micelle surface. The methanol moves about from the surface of SDS micelle
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to the water phase since ΔGwex

m

of the methanol molecule is – 1 kJ mol-1 half as high as thermal

fluctuation energy (2.5 kJ mol-1) at T = 300 K. The octylamine and octanol are solubilized in the SDS

micelle with palisade layer structure.
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TABLE 6.1 the total free energy, ΔGw

m,

of transfer from the water phase to the SDS micelle ob-

tained by Eq. (2.12)and the difference ΔΔGw

m

between ΔGw

m

of the alkanes and that of the

amines or alcohols with the same carbon chain length as the alkane. The binding ratio of the solute in
the SDS micelle to that in the water phase was calculated by exp

ΔGw

m

RT . R and T are gas

constant and absolute temperature, respectively. H, NH2, and OH represent alkane, amine, and alcohol, respectively. The error of methane and octane are re-evaluated using our previous data18. The

error in present work represents 80% confidence interval.
Methyl groups

Octyl groups

H

NH2

OH

H

NH2

OH

− 3.6 ± 1

− 1.2 ± 4

+ 0.8 ± 3

− 26 ± 2

− 26 ± 8

− 23 ± 6

∆ΔGw→m /kJ mol

-

+ 3.8 ± 4

+ 4.4 ± 3

-

0±8

+3 ± 6

The ratio

4

1

0.7

30 000

30 000

10 000

-1

ΔGw→m /kJ mol

-1
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Fig. 6.1

V

λ2 in Eq. (2.7)of 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 total average.
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Fig. 6.2 The calculated free energy level for methane, octane, methylamine, octylamine, methanol, and

octanol molecules in the water phase (blue) and in the SDS micelle (red). Solid circle is the experi-

mental hydration free energy.
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Fig. 6.3 (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 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 from the 15-ns MD calculations. The red and black

lines represent f(R) of methyl and octyl groups in the solutes, respectively. The solid and dashed lines

are f(R) of hydrophobic carbon chain and hydrophilic group, respectively.
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VII. Conclusion
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In order to obtain atomic-level information of thermal stability and a binding sites of solutes

in the micelle, physicochemical study of solubilization has been performed by molecular dynamic

calculations.

Free energy of transfer of a series of alkane, i.e. methane, ethane, butane, pentane, hexane,

and octane as well as amphiphilic molecules such as methylamine, octylamine, methanol, and octanol,

from water phase to SDS micelle, has been calculated using thermodynamics integration methods

combined with molecular dynamics calculations. The obtained free energy of transfer of alkanes was

divided into the enthalpic and entropic contributions. Free energy profile for penetration of methane

and water molecules from water phase to SDS micelles has also been calculated.

In chapter III, free energy of transfer of a series of alkane, i.e. methane, ethane, butane, pen-

tane, hexane, and octane from water phase to SDS micelle has been calculated using thermodynamics

integration methods combined with molecular dynamics calculations. The free energy of transfer of all

alkanes was negative values, that is, the alkanes in the SDS micelle are more stable than in the water

phase in order to avoid the alkanes contacting with water molecule. Further, The calculated free energy

of transfer decreases almost linearly as a function of the number of carbon atoms of the alkanes with a
decrement of 3.3 kJ mol-1 per one methylene group. The calculated free energy of transfer indicates

that at the micelle concentration of 50 CMC, about only 1 of 6 micelles or 1 of 32,000 micelles does

not contain a solute methane or n-octane molecule, respectively.

In chapter IV, the free energy of transfer was divided to enthalpy and entropy. The entropy
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and enthalpy decreases linearly as a function of the number of carbon atoms of the alkanes. Structural

behavior of the solubilized alkane molecules in the micelle has been analyzed, too. The longer the al-

kane is, the more localize its spatial distribution is in the micelle core. The conformations of n-octane

in the micelle and water phase have been analyzed. The octane molecule has more compact conforma-

tion in the water phase to reduce the contact with water, resulting in a wide distribution. In the micelle

core, however, n-octane has a stretched structure to fit the linear alkyl chain of dodecyl sulfate ion.

In chapter V, the free energy profiles for penetration of methane and water molecules into

SDS micelles have been calculated as a function of distance r from the SDS micelle to the methane

and water molecules. No free energy barrier is observed in the vicinity of the sulfate ions of the SDS

micelle, implying that methane is easily drawn into the SDS micelle. The methane may move about in

the SDS micelle. On the other hand, the free energy of water molecule has a large positive value, so

that the water molecule can not be penetrated into SDS micelle. Based on analysis of the contributions

from hydrophobic groups, sulfate ions, sodium ions, and solvent water to the free energy for penetra-

tion, the methane molecule is dissolved by hydrophobic effect. These contributions to the penetrating

water molecule change in complex ways as a function of r, and cancel one another, so that the contri-

bution of hydrophobic part of SDS micelle is major reason for not penetrating of water to SDS micelle.

Finally, the radial distribution of solubilized methane has been evaluated from exp{–G(r)/RT}. A
good correlation was found between the radial distribution of cavities in the SDS micelle with 0.3 nm

diameter and that of the methane. The methane is considered not to be localized and to move about in

94

the SDS micelle using cavities in the hydrophobic core. It is interesting to find that after the volume
factor Jacobian 4πr2 is taken into account, the methane is most often observed in the interface.

In chapter VI, 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 in addition to the one

of methane and octane. The calculated excess free energy shows that the molecules are all stable in the

SDS micelle. The longer the alkyl chains in the penetrating molecules are, the more stable the pene-

trating molecules in the SDS micelle. However, the methanol was more stable in the water phase than

in the SDS micelle at 50 CMC when the ideal term is also taken into account. The ratio of the proba-

bility that we find methane, methylamine, and methanol in the SDS micelle to that we find them in the

water phase is small rangy from 0.7 to 4. On the other hand, that of octane, octylamine, and octanol is

several tens of thousands. The distribution of methane, octane, methylamine, octylamine, methanol,

and octanol has been evaluated as a function of distance, R, from the center of mass of SDS micelle to

the penetrating molecule by 15 ns-long MD calculations. The methane and octane molecule are found

in the SDS micelle core. The methylamine was adsorbed on the SDS micelle surface. The methanol is

found everywhere in the system from the surface of SDS micelle to the water phase. The octylamine

and octanol are solubilized in the SDS micelle with palisade layer structure.

In the present study it is clarified that the binding sites and binding strength of the penetrat-

ing molecules with micelles can be evaluated by atomic-level molecular dynamics calculations. Fur-

ther, we can obtain the intermolecular interactions which promote or inhibit the solubilization of the
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penetrating molecules. Such information is very important to control the character of products in vari-

ous fields such as cosmetics, manufacturing pharmacy, etc. We believe that our research contributes

much to the molecular design of the products.
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