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A correlation between volumetric properties and hydrophobicity of the surfactant molecule hexaethylene
glycol monooctyl ether (С8Е6) in aqueous solution is studied. Molecular dynamic models of a single С8Е6 mol-
ecule surrounded by 7075 water molecules were simulated and analyzed for different temperatures at ambi-
ent pressure. The apparent volume (Vapp) of the solute molecule was calculated. The intrinsic volume of the
solute molecule (Vint) was defined as the volume of the Voronoi region of the solute molecule (calculated on
the basis of power (radical) Voronoi tessellation). It is shown that the contribution of the hydration water to
the apparent volume (ΔV = Vapp − Vint) is negative for lower temperatures and becomes positive for higher
temperatures. The degree of hydrophobicity of С8Е6 was also calculated by two different methods. It was
shown that the solute molecule is hydrophilic at lower temperatures and becomes hydrophobic with temper-
ature increase. This change occurs at a temperature which coincides well with the temperature, where the
volumetric characteristic ΔV changes its sign.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Alcohol ethoxylates are a basic class of nonionic surfactants, which
are widely used as emulsifiers in food, pharmaceuticals, and cosmetics;
in detergents, household and industrial cleaners; in agriculture, textile,
paper, oil and other industries. All such molecules are amphiphilic,
tending to dissolve in both aqueous and oil phases and reduce the sur-
face tension of liquids. If the molecule consists of a hydrophobic linear
alkyl chain with n C-atoms, a hydrophilic tail of m ethylene-oxide
units, and a terminating hydroxyl group, it is abbreviated as CnEm [1],
Fig. 1. We study here a hexaethylene glycol monooctyl ether (C8E6)
molecule in water. Aqueous solutions of this surfactant exhibit a lower
critical solution temperature (LCST) and change its transparency with
heating. This transition temperature, being referred to as cloud point,
is close to 348 K [2]. This transition is a consequence of the fact that
C8E6 molecules become more hydrophobic with temperature increase
and thus show an increased tendency for mutual aggregation.

The hydrophobic properties of molecules of the CnEm family were
studied in [2] by molecular dynamics simulations. The degree of
hydrophobicity was characterized there by the strength of interaction
with a hydrophobic test particle, quantified by the difference
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between the free energy of a neon atom in the vicinity of the solute
and in bulk water. The calculation of free energies was performed
by the Widom test particle insertion method [3,4]. It was shown
that the free energy difference changes its sign at a temperature,
which corresponds to the experimental cloud point of the solution
[2].

Hydrophobic particles tend to aggregate spontaneously in water,
driven by the so called hydrophobic interaction [5]. As implied above
for the special case of interaction with a neon atom, a measure of hy-
drophobicity is the free energy of the hydrophobic interaction between
the solute molecules. If this energy is negative, aggregation occurs [5].
Hydrophobic interactionmanifests itself in numerous phenomena [6],
including the processes of self-assembling, formation of micelles and
bilayers and protein folding. The free energy of hydrophobic interac-
tion is a component of the total solvation free energy for two or more
solute molecules in water. For the calculation of this component one
can use thermodynamic cycles, connecting the states of solutes in so-
lution and in vacuum [7,8]. Solvation free energies can be calculated
with the help of multistate Bennett acceptance ratio method
(MBAR) [9,4,10].

Another important characteristic of a solution is the partial molar
volume (PMV) of its components. For infinitely diluted solutes its
PMV correspond to the so-called apparent volume (Vapp) of the
solute [11]. The term is usually used when working with computer
models of solutions with a single solute molecule in the model box.
According to the well-known legend, Archimedes found the volume
of the golden crown, assuming it is equal to the volume of the
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Fig. 1. Amphiphilic molecule C8E6.
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displaced water. But for a molecule the observed increase in the solu-
tion volume has contributions from both the solute molecule and the
changing of the solvent structure around the solute. Thereby, the ob-
served apparent volume can be written as [12–15]:

Vapp ¼ Vint þ ΔV : ð1Þ

Each of the two contributions can be further decomposed into sep-
arate contributions. The intrinsic volume Vint includes the van der
Waals volume of the solute molecule, internal voids and a part of
the empty space from the boundary region between solute and sol-
vent. The contribution ΔV originates from the density change of the
solvent. It is considered as the difference between the solvent volume
in the solution, being influenced by the presence of the solute, and the
volume of the same amount of the pure solvent. One can try to extract
different components for ΔV [16–19]. However, in this paper we deal
with the division of the apparent volume into two main components,
according to formula (1).

In this paper we study the volumetric and thermodynamic proper-
ties of a C8E6 molecule in aqueous solution at different temperatures.
We calculate the contribution ΔV of the water to the apparent volume
of the solute molecule and its hydrophobicity to investigate the be-
havior of these characteristics with temperature.

2. Methods

2.1. MD details

A set of molecular dynamic models of aqueous solutions of C8E6
molecule was generated for different temperatures in the interval
from 250 to 400 K in 10 degree increment at ambient pressure.
Each model contains one molecule of C8E6 and 7075 water molecules.
Such a relatively large amount of water guarantees the absence of in-
teraction of the solute molecule with its periodic images. The simula-
tion was performed using GROMACS package [20]. Methyl and
ethylene groups were represented by united atoms with the
force-field proposed in [21,22]. For water–water interactions we
used TIP4P-Ew model [23]. The solute–solvent interaction was calcu-
lated according Lorentz–Berthelot mixing rules.

One nanosecond relaxation period with Berendsen barostat and
V-rescaling thermostat was followed by a productive run of 20 ns.
Parrinello–Rahman pressure coupling [24] and Nose–Hoover tempera-
ture coupling [25] were used for the production runs. The values of
the time constants for pressure and temperature coupling were of
1.0 ps and 0.5 ps respectively. Fast particle mesh Ewald summation
was applied for electrostatic interaction [26] with a real space cutoff
of 1.2 nm and a grid spacing of 0.12 nm and fourth-order interpolation.
Van der Waals interactions were cutoff at 1.2 nm with long range dis-
persion corrections for energy and pressure. Integration step of 2 fs
was used, and the configurations were sampled every 10 ps for the fur-
ther processing.

2.2. Apparent volume calculation

From the point of view of an experimenter the apparent volume is
defined as the difference between the volume of the solution and the
volume of the corresponding amount of pure solvent. In the case of
molecular dynamics simulation the apparent volume can be found
as the difference between the mean volume of the model box
containing the solution and containing the pure solvent:

Vapp ¼ bVbox
Solution

> −bVbox
Solvent

> : ð2Þ

Both systems should be generated at the same pressure and tem-
perature, and the number of water molecules in pure solvent should
be the same as in the solution.

However, in some cases this direct method gives insufficient accu-
racy, see [19] and references therein. The value Vapp in formula (2) is
the difference of two relatively large quantities, each of them being
calculated with an error. The error can be small, around 0.1%, and it
can be neglected in many cases. However, as the apparent volume
represents usually a small part of the model box volume, its error
may become quite high. Indeed, if it is one-hundredth of the model
box volume (Vapp ~ 10−2 Vbox

Solvent), it is easy to estimate, that the
0.1% inaccuracy of the mean value of the model box volume leads to
10% inaccuracy in the apparent volume [19].

There is another way to calculate the apparent volume, supposing
that the solute perturbs the surrounding water only in the vicinity. It
is assumed that biomolecules affect not more than two or three mo-
lecular layers, and at larger distances the water structure is not
perturbed. So it is proposed to use the formula:

Vapp Rð Þ ¼ V Rð Þ−N Rð Þ=ρ0 þ kβTT; ð3Þ

where V(R) means a volume around the solute, including both the
solute and its hydration shell, the parameter R characterizes the
scale of this region. N(R) means the number of the solvent molecules,
whose centers are inside the selected volume V(R), ρ0 is the density of
pure water at the same temperature and pressure. The term kβTT is
necessary, as the volume V(R) and the number N(R) are always con-
sidered around the solute molecule without taking into account
translational degrees of freedom of the solute molecule (i.e. without
motion of the solute in the solution), see for example [27,28], βT is
the isothermal compressibility of water. However, this contribution
is small and changes slightly in the desired temperature interval, so
it is usually ignored.

Note that the region V(R) in formula (3) can be rather arbitrary. It
does not matter where and how to draw its border, as long as it lies
entirely in bulk water.

In the case of spherical solute molecules formula (3) can be re-
duced to the well-known Kirkwood–Buff formula for the calculation
of the partial molar volume [29,30]:

Vapp ¼ −Gþ kβTT; ð4Þ

where G is the Kirkwood–Buff integral:

G ¼ 4π∫ ρ rð Þ
ρ0

−1
� �

r2dr; ð5Þ

ρ(r) is the radial distribution function of the water density around the
solute, and ρ0 is its asymptotic value, that is for pure water. The vol-
ume V(R) in Eq. (3) is obtained from the integration of the second
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Fig. 3. Profile of the apparent volume of the C8E6 molecule in aqueous solution, calcu-
lated according to formula (3) by the traditional (dashed line) and the combined
methods (solid line). Horizontal dashed lines show the van der Waals volume of the
molecule (lower line), and the Voronoi volume of the molecule, intrinsic volume
(upper line).
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term in integrand (5), and N(R)/ρ0 is obviously from the first term in
Eq. (5). Recall that the function G(R) is a decaying oscillating function.
The Kirkwood–Buff approach is commonly used in conjunction with
RISM theory, where the function ρ(r) is calculated theoretically.
Thereafter it is not difficult to calculate the integral (5) [31–33]. How-
ever, when working with computer models, where all coordinates of
atoms are known, we can use the general formula (3), especially if the
solute has a complex shape.

Usually the distance R to the polyatomic molecule is measured up
to the surface of the closest atom. In molecular biology there is a
well-known SAS (solvent accessible surface), which lies at a distance
equal to the radius of a water molecule (1.4A) [34–36]. But in our case
the distance R can be arbitrary and rather large. The volume V(R) in
formula (3) can be calculated as the volume inside such an
R-surface, Fig. 2.

However this calculation is not easy in general. It reduces to the
problem of finding the volume of a union of spheres of different
radii: the spheres are centered on the solute atoms and have radii
equal to R + Ra, where Ra is the radius of the corresponding atom.
Note, at R = 0 we get the van der Waals volume of the solute mole-
cule (volume of the union of atoms of molecule). Methods for the cal-
culation of such volumes V(R) were discussed in [37,38].

The calculation of N(R) for complex solute molecules does not
cause any difficulty. As in the case of a spherical solute molecule, it
is enough to choose those water molecules, whose centers are within
the given distance R.

The dashed line in Fig. 3 shows the behavior of the apparent vol-
ume Vapp(R) of C8E6 molecule calculated by the discussed method
(we call it traditional method [15]). The required value is defined by
the asymptote of this function. The oscillations which are continuing
up to 1 nm are the manifestation of the oscillations of the water den-
sity ρ(R) around the solute molecule.

These oscillations can lead to errors in estimating the asymptotic
value of Vapp. It requires the calculation of the Vapp(R) profile up to a
fairly large distance R. With an increase of R, the problem of accuracy
of the water density ρ0, which was discussed above for the direct
method, arises again. In this case the volume of V(R) becomes very
large in comparison with the volume of the solute molecule.

It is possible to avoid this problem, if we use another method,
called combined [15]. The only difference of this approach from the
traditional one is the calculation of V(R) with the help of Voronoi
cells. Instead of calculating the volume inside the R-surface, we sim-
ply sum the Voronoi cell volumes of all atoms with centers inside
the R-surface, Fig. 4. This comprises all atoms of the solute molecule
and N(R) water molecules. On this way we avoid the difficult task of
the traditional method (to calculate the volume inside a complex sur-
face), but now we should be able to calculate the Voronoi cells.
Fig. 2. V(R) region around the solute molecule. The surface of the region is spaced at
the distance R from the molecule. The solute molecule is shown by gray disks, the sep-
arate dots mean the centers of solvent molecules.
However, there are efficient programs for such calculations in geom-
etry libraries and packages.

The profile Vapp(R) calculated by the combined method is also
shown in Fig. 3 (solid line). In this case there are no large oscillations
as for the traditional method. This is because the solvent molecules in
formula (3) are now taken into account with their volumes.
Incrementing R by a value ΔR in the traditional method results in a
monotonic increase in volume as 4πR2ΔR, independent of how
many new molecules appear in the volume. However, the number
N(R) changes according to the current value of the ρ(R) function. In
the combined method the increase of R results in the synchronous
change of the first and second terms in the right part of formula (3).
Thus the oscillations of ρ(R) do not appear.

Both methods give the same asymptote for Vapp(R), Fig. 3. Howev-
er now it is achieved at significantly smaller distances, therefore with
smaller errors. The basic calculations of the apparent volumes in this
paper were performed with the combined method.

2.3. Components of the apparent volume

We propose that the intrinsic volume Vint of a solute molecule is
the Voronoi volume of this molecule in solution [39–42,15]. This is
the region of space, all points in which are closer to the solute mole-
cule than to any solvent molecule. The Voronoi region can be defined
for an arbitrary complex solute, Fig. 5.

Thus the intrinsic volume of the solute molecule includes the
van-der Waals volume, the empty space volume inside the molecule
Fig. 4. V(R) volume by the combined method. The surface of the region is located at a
distance R from the solute molecule as in Fig. 2. The volume is defined as the sum of
the Voronoi cell volumes of atoms of the solute molecule and water molecules inside
the surface: including the solute molecule Voronoi volume (dark) and solvent mole-
cules (white).



Fig. 5. Voronoi region of a polyatomic solute molecule. It is the sum of Voronoi regions
of all its atoms. The solute molecule is represented by black disks, the solvent by empty
disks. The border of the solute Voronoi region is shown by a thick line. Voronoi
S-tessellation is used for the decomposition of the solution in this figure.
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and that part of the volume outside, which is closer to the solute than
to the solvent.

In recall, there are different types of the Voronoi tessellations.
They differ in how the distance to the atom is measured. Three
types are of interest to physical applications. The first one is the clas-
sical, where only atomic centers are considered. The next two tessel-
lations take into account atomic radii. It is the additively-weighted
(S-tessellation) and the power (or radical) tessellation, see for exam-
ple [15] and references therein. For the calculation of the apparent
volume it does not matter which type of tessellation is used. However
for the calculation of the Voronoi region, the type of tessellation plays
a role. In this paper the power tessellation is used. The values of the
atomic Lennard–Jones σ parameters of the molecular dynamics
force field were used as the corresponding atomic radii.

Thus, if the apparent volume Vapp and the intrinsic volume Vint

were calculated as it was described above, the contribution of the sol-
vent ΔV can be easily found from formula (1): ΔV = Vapp − Vint.

2.4. Hydrophobicity

Following the papers [2,43,44] we calculated the excess chemical
potential of a neon atom (σ = 3,035 Ǻ, ε/kB = 18,6 K [45]) in a solu-
tion of a C8E6 molecule and in pure water. The calculation was
performed, using the Widom test particle insertion method [3,4].
The excess chemical potential of a test particle is calculated in the
NPT ensemble according to:

μex ¼ −kT ln V∫e−ΔU=kTds
D E

= Vh i
� �

; ð6Þ

where ΔU is the potential energy of the inserted particle, integration
is performed over the model box, V is the volume of the box. The
brackets b … > indicate averaging over all sampled configurations
of the isothermal-isobaric MD-trajectory.

The difference Δμ of the chemical potential values of neon in solu-
tion and in bulk water can be a measure for the estimation of the hy-
drophobicity of C8E6 molecule:

Δμ ¼ μex
Solution

–μex
Water

: ð7Þ

If the chemical potential of neon in solution is less than in bulk
water, it means the C8E6 molecule facilitates the neon solvation and
can be considered as hydrophobic (akin to neon). If the C8E6 molecule
does not help the neon to solvate (Δμ > 0) then it can be considered
as hydrophilic. The GROMACS implementation of the Widom method
was used for our calculations [20,18].

Note, Δμ contains a contribution from the direct interaction be-
tween neon and the C8E6 molecule and from the interaction between
these molecules mediated by water. The last contribution means the
hydrophobic interaction. The first contribution can be estimated eas-
ily by the Widom method, when water is removed (decoupled) from
the solution. We found this value is about 10% of the total contribu-
tion calculated by formula (7). Thus the value Δμ can be used for
the estimation of the hydrophobicity of the C8E6 molecule.

We also calculated the hydrophobic interaction between C8E6
molecules. The multistate Bennett acceptance ratio, or MBAR method
[46,9] which combines the weighted histogram analysis (WHAM)
[47] and the BAR method [10,4] implemented in GROMACS 4.5 was
used. In this approach a set of close intermediate states between a
given initial and final state are simulated. The free energy differences
are calculated for the neighboring states and added up on the path
from the initial to the final state. At the decoupling of the interaction
between the molecules the charges were turned off first, and then the
Lennard–Jones terms [9]. A linear approach for the change of the po-
tential energy parameters was used. The soft core approach for
decoupling of the van der Waals interactions was applied as in [48].
A dual topology was used for constructing the pathway between ini-
tial and final states of molecules. For each pathway, connecting initial
and final states, 21 intermediate states were simulated, each of 1 ns.
In some cases the number of intermediate states was increased up
to 50, to reduce the statistical uncertainty of the free energy differ-
ence between neighboring states.

The hydrophobic interaction implies the presence of more than
one solute molecule in solution. We used 27 С8Е6 molecules in an en-
vironment of 6417 water molecules, this corresponds to a concentra-
tion of 8.43% wt. The scheme of the thermodynamic cycle used for the
calculation of hydrophobic interaction free energy is shown in Fig. 6.

State I is made up of 27 non-interacting С8Е6 molecules and pure
water. In molecular dynamics simulation this corresponds to a
“solution” where all intermolecular interactions of С8Е6 molecules
with each other and with water are turned off. State II is the real so-
lution: all 27 solute molecules interact with each other and with
water. Besides the direct interaction between the solute molecules
there should be present an additional interaction, which is mediated
by water. This is the hydrophobic interaction. The value ΔG between
states I and II was calculated by the MBAR method. It is presented in
Fig. 7 as function of temperature by squares. Negative values of ΔG in-
dicate that our solute molecules prefer to be dissolved in water. How-
ever, the decrease of the absolute value of ΔG with temperature
points out that the dissolution becomes less profitable with heating.
State III differs from state I in that the interaction between the solute
molecules is turned on. The free energy difference between these
states ΔGmm was also calculated, gradually turning on the interaction
between the 27 molecules without interaction with water. The differ-
ence (ΔG − ΔGmm) is shown in Fig. 7 with triangles. On the path
from states III to II, the interaction between the solute molecules
and water was turned on. The free energy difference between these
states can be presented as a sum of two contributions: ΔGmw due to
direct interaction of the solute with water, and the desired hydropho-
bic interaction ΔGh.

According to the thermodynamic cycle Fig. 6 (a) we can write the
relation:

ΔG ¼ ΔGmw þ ΔGmm þ ΔGh: ð8Þ

Thus, to determine the value of hydrophobic interaction ΔGh we
need to know ΔGmw. The direct interaction of the solute with water
can be calculated by dissolving one solute molecule in water,
Fig. 6 (b). We calculated the free energy ΔG1

mw of such a transition

image of Fig.�5


a b

Fig. 6. a) A thermodynamic cycle for the calculation of the free energy of hydrophobic interaction. ΔG is the free energy for the transition of 27 non-interacting solute molecules (I)
into water solution (II). ΔGmm is the free energy of turning on the interaction between 27 С8Е6 molecules in vacuum (I), (III). ΔGmw + ΔGh is the free energy for the transition of 27
interacting solute molecules (III) into solution (II). b) A path for the calculation of the free energy for dissolving one С8Е6 molecule: ΔG1

mw.
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by turning on the interaction of one С8Е6 molecule with water. The re-
quired value for 27 solute molecules can be estimated as ΔGmw =
27 ∗ ΔG1

mw. The temperature behavior of this value is shown in
Fig. 7 with diamonds. Thus the required free energy of hydrophobic
interaction at the given concentration can be obtained as difference
between this curve and the (ΔG − ΔGmm) curve, Fig. 7.

Thus the free energy of hydrophobic interaction in the system
with 27 molecules we can find from the relation:

ΔG ¼ 27ΔG1mw þ ΔGmm þ ΔGh: ð9Þ

3. Results

Fig. 8 shows the temperature behavior of the apparent volume of
the C8E6 molecule and its components Vint and ΔV, calculated as it
was described above.

For the amphiphilic C8E6 molecule both the apparent and intrinsic
volumes rise with temperature, but their rates are different. This
300 350 400

-2000

-1500

-1000

Gh

27 G1mw

G Gmm

G
, K

J/
m

ol

T, K

G

Fig. 7. The temperature behavior of the free energy components calculated for the
thermodynamic cycle shown in Fig. 6.
results in a change of the ΔV sign. At lower temperatures the apparent
volume Vapp is less than the intrinsic one, thus ΔV is negative. This
means, that the water density around the C8E6 molecule is higher
than in the bulk. When heated, the apparent volume is larger than
the intrinsic thus ΔV becomes positive. This corresponds to a less
dense, more open structure of hydration water, which is typical for
hydrophobic molecules.

We also calculated the partial contributions from the hydrophilic
and hydrophobic parts of the C8E6 molecule to ΔV, Fig. 10. The
water molecules were assigned to the hydrophilic part if they are po-
sitioned closer to the atoms of this part of the molecule than to the
atoms of the hydrophobic part, and vice versa, Fig. 9.

As one can see from Fig. 10, the contribution ΔV from the hydro-
philic side of the solute molecule is negative up to very high temper-
atures and lower than the contribution from the hydrophobic one for
all temperatures. This is consistent with the well-accepted concept,
that the hydration water near hydrophilic groups is denser than
bulk water, whereas the water in the hydrophobic shell has a more
open structure. This is due to the fact that attractive electrostatic
and hydrogen bond interactions between solute and solvent lead to
the constriction of the hydrophilic hydration shell, whereas the
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Fig. 8. The temperature behavior of the apparent volume Vapp of C8E6 molecule and it
components: intrinsic Vint volume and the contribution of water ΔV.



Fig. 9. Illustration of the water molecules assigned to the hydrophilic (left) and hydro-
phobic (right) parts of an amphiphilic molecule.
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Fig. 11. The difference of the chemical potentials of neon in C8E6 solution and in bulk
water.
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interaction of a hydrophobic solute with water is weak and the dom-
inating interaction is the hydrogen bonding between the hydration
water molecules, which leads to the formation of a loosely packed en-
vironment. Contrary to this opposing behavior, the temperature de-
pendence of ΔV is similar both for hydrophilic and hydrophobic
parts: both show a positive slope. This can be understood on the
basis of our recent paper [18], where it was shown that the main con-
tribution to the thermal expansion of a polypeptide molecule in water
is caused by the boundary area between the solute molecule and the
solvent (the so called “thermal volume”). It was shown that the
boundary area expands faster than bulk water, because of less
hydrogen-bonds across the boundary area, both in the hydrophilic
and the hydrophobic shell. If ΔV is normalized by the corresponding
number of the atomic units (6 ethylene-oxide and 8 methylene
groups) the contribution per hydrophobic group increases faster,
than for the hydrophilic one, see insert in Fig. 10. This is in line with
the just discussed fact, that there are more hydrogen bonds around
the hydrophilic part than between the hydrophobic group. Thus the
density of the hydration water changes more slowly in the hydrophil-
ic, compared with the hydrophobic part.

The difference of the chemical potential of neon in solution and in
the bulk Δμ calculated according to formula (7), is shown in Fig. 11 as
a function of temperature.

The decrease of the value of Δμ with temperature indicates the
tendency of neon to aggregate with the С8Е6 molecule. Note, the
value of Δμ changes the sign at about 340 K, which is close to the tem-
perature, where ΔV changes its sign, see Fig. 8 (~350 K), and it is close
to the experimental cloud point of C8E6 (348 K) [2].

The free energy of hydrophobic interaction between C8E6molecules,
calculated according to formula (9) is shown in Fig. 12. There are two
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Fig. 10. The partial contributions of water to the apparent volume of the C8E6 molecule,
originating from the hydrophobic (squares) and hydrophilic (circles) parts. Insert:
same data, but normalized by the number of the molecular units (8 methylene and 6
ethylene-oxide atomic groups).
sets of the data points in this figure. One of them (the upper three
points) results from sampling problems which arose in our calculation
in the process of decoupling of the Lennard–Jones interactions between
C8E6 molecules, as described above. The solute molecules being almost
decoupled stuck together, and the system remained trapped in this
state for a very long period of time. Such trapped configurations give a
higher value of the free energy for the hydrophobic interaction. Howev-
er, the trapping was absent in the main part of simulation (from these,
the lower data points have been derived).

We ignored the results with the trapping and use the lower curve
in Fig. 12. The value ΔGh is positive at the low temperatures, that
means the C8E6 molecules are hydrophilic (they show a preference
to be surrounded by water molecules). With increasing temperature
ΔGh becomes negative. This means the solute molecules are prone
to aggregate. The temperature of the sign change is about 345 K,
again close to the transition temperature of the volumetric character-
istic ΔV and nearly coinciding with the experimental cloud point.
4. Summary

In this paper we calculated both volumetric and free energy char-
acteristics for the amphiphilic molecule C8E6 in aqueous solution at
different temperatures. A comparable behavior of these properties
with increasing temperature was obtained.

The apparent volume of the dissolved molecule (that is the partial
molar volume of the solute at infinite dilution) and its components
(the intrinsic volume of the solute molecule and the contribution of
the solvent to the apparent volume) were calculated. The apparent
volume can be calculated by different methods. One of them (the tra-
ditional) is similar to the Kirkwood–Buff approach. The second one is
a combined method, where the volume around the molecule is
300 320 340 360 380 400
-15

-10

-5

0

5

10

15

20

T, K

G
, K

J/
m

ol

Fig. 12. Calculation free energy of the hydrophobic interaction for C8E6 molecule in
water solution by formula (9).
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calculated with the help of a Voronoi technique. It was shown that the
combined method is more preferable than the traditional one. The in-
trinsic volume of the solute molecule was defined as the volume of
the Voronoi region of the molecule in solution, being calculated by
using the power Voronoi tessellation. The solvent contribution ΔV
was calculated as the difference between the apparent and the intrin-
sic volume. It is shown that the value of ΔV increases with tempera-
ture and changes its sign from negative to positive. It correlates
with the behavior of the degree of hydrophobicity of the C8E6 mole-
cule. We used two different measures for the hydrophobicity: first
we calculated it as the difference of the chemical potentials of a
neon atom in pure water and in a solution with a single C8E6 mole-
cule. The other technique is based on the MBAR method for the calcu-
lation of the free energy of interaction between the solute molecules
in water. Both methods demonstrate that the hydrophobicity of a
molecule is a question of temperature: the C8E6 molecule is hydro-
philic at lower temperatures and becomes hydrophobic with increas-
ing temperature. The transition temperature is qualitatively the same
as for the change of sign for ΔV.

Thus the behavior of a volumetric characteristic reflects the hydro-
phobic property of the amphiphilic molecule C8E6. Since the volumet-
ric properties can be calculated more easily in comparison with free
energy calculations, the results obtained in this paper suggests that
the solvent contribution to the apparent volume ΔV can be used as
a measure for the hydrophobicity of a molecule.
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