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Monte Carlo (MC) simulations were carried out for an infinitely dilute aqueous solution of two stable con-
formers (gGg’ and tGg’) and of three conformations between gGg’' and tGg' conformers of ethylene glycol (EG)
at 298 K. Based on the spatial distribution function (SDF) g,(x,y,7), obtained from the MC simulation in the
above conformations in liquid water, the high distribution of hydration water molecules could be divided into hy-
drogen acceptor (HA), hydrogen donor (HD), MIX (overlapped distribution of HA and HD), and hydrophobic
hydration (HH) regions. The spatial orientations of hydrogen-bonded water molecules were found to be of a lin-
ear type with a triple-layer structure in the HA region and HA part (in the MIX region), and double-layer struc-
tures in the HD region and HD part (in the MIX region). In addition, it was apparent that the spatial orienta-
tions of these water molecules were of the linear type throughout the conformational change process from gGg’
to tGg’ conformers in liquid water. From the difference SDF (DSDF), Ag,(x,y,z), between the SDFs of two con-
formations, we concluded that the distribution of hydration water molecules in the HA and HD parts of the MIX
region are governed by the competition of internal hydrogen bonds between the hydrogen atom and two lone-pair
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electrons on the oxygen atom of an EG molecule.
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Theoretical investigations of the solvent effects on the
physico-chemical properties of chemical substances and
drugs are of growing importance in the study of chemical
and biological reactions in solution. In order to clarify the
structural geometries and physico-chemical properties of
these molecules in aqueous solution, numerous researchers
have carried out investigations by various molecular orbital
(MO) methods and molecular mechanics.”~* The main ap-
proach of the MO method is reaction field theory,” in which
solute molecules interact with a dielectric continuous
medium of solvent in aqueous solution. In contrast, radial
distribution function (RDF) results obtained from X-ray dif-
fraction® and neutron scattering” methods have not sug-
gested a homogeneous continuum structure of solvent and
have shown that solvent effects cannot be reliably evaluated
by the dielectric continuum model for solvent effects. Of
course, molecular simulations® such as Monte Carlo (MC)
and molecular dynamics (MD) simulations are entirely free
from such approximations. However, these methods are too
time-consuming to elucidate the hydration structure and sol-
vent effect for a large solute molecule in aqueous solution.

Our studies in this series have therefore been carried out to
address these problems regarding solvent effects and the cal-
culation times required for MC simulations. First, our major
goal was to develop a new method for the evaluation of sol-
vent effects by considering the local structure of solvent
water on the basis of the spatial distribution function? (SDF),
9oo(*,¥,2), as obtained from a MC simulation. Second, our
approach was to establish the optimal construction method
for SDF when applied to the hydration structure of a large
molecular system by employing the SDFs of fundamental
small molecular systems obtained from an MC simulation.

In general, it is considered that many chemical and biolog-
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ical molecules exist in a state formed by internal and/or ex-
ternal hydrogen bonds in aqueous solution. In addition, based
on the results of NMR measurements, it has been reported
that the molecular conformations that make possible the for-
mation of internal and/or external hydrogen bonds in apolar
solvent differ significantly from the conformations in polar
solvent, and that it is the polar solvent water that is primarily
responsible for the induction of this change in molecular
structure.'” Therefore, we consider that it is very important
to clarify the anisotropic hydration structures and solvent ef-
fects of such a molecule.

To succeed in our above approach, we adopted ethylene
glycol (EG) as the simplest compound having two kinds of
hydrogen bonds. The EG molecule is particularly hydrophilic
due to its two hydroxyl groups, which are used as both hy-
drogen acceptor (HA) and hydrogen donor (HD) in hydrogen
bonds with solvent water molecules. An interesting question
arises regarding the hydration structure of various stable con-
formers based on the internal hydrogen bond between two
adjacent hydroxyl groups and the external hydrogen bond
with solvent water molecules. The EG molecule builds up a
three-dimensional network of external hydrogen bonds with
solvent water in aqueous EG solution, which suggests the ex-
istence of a variety of stable conformers based on the dihe-
dral angle changes of the EG molecule. These conformers of
EG are identified by the three O1-C1-C2-02, HI-O1-C1-
C2, and H2-02-C2-C1 dihedral angles, and the central
01-C1-C2-02 dihedral angle is denoted by a capital letter
(e.g., gGg’ and tGg' in Chart 1). The capital letter G indi-
cates a conformation with a gauche position in the central di-
hedral angle. The symbols g, t, and g’ represent gauche
(+synclinal), trans (antiperiplanar), and gauche' (—cyncli-
nal), as defined by Radom e al., respectively.'"
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Chart 1. Two Conformers of Ethylene Glycol

Experimental studies on the conformational equilibrium of
the EG molecule have been reported, e.g., results measured
by electron diffraction,'” infrared (IR),'” and microwave
(MW)'™ spectroscopic methods. On the other hand, several
researchers have theoretically investigated the conforma-
tional equilibrium of the EG molecule using various calcula-
tion methods.”>~'” Cramer and co-workers'® have reported
that the results at various levels of ab initio MO and semi-
empirical MO calculations are consistent with experimental
results. They have therefore concluded that populations (over
roughly 95%) of gauche conformers (capital letter G) in the
central dihedral angle for the equilibrium gas phase and
aqueous solution at 298 K are much larger than those (within
roughly 5%) of trans conformers. In addition, they have
found that two gauche conformers (gGg’ and tGg') with in-
ternal hydrogen bonds make up approximately 70—84% of
the overall conformers in the gas phase and in aqueous solu-
tion. On the other hand, Nagy et al.'” have investigated the
hydration structures of gGg’, tGg’, g’'Gg’, and tTt conform-
ers in aqueous solutions by means of the radial distribution
function (RDF) obtained from a Monte Carlo (MC) simula-
tion. However, the three-dimensional hydration structure and
its change throughout the conformational change process in
aqueous EG solution have not yet been characterized using
an MC simulation.

In this investigation, we adopted the gGg’ and tGg' con-
formers shown in Chart 1, and three conformations between
gGg' and tGg' conformers. The respective five conforma-
tions in infinitely dilute aqueous solution are hereafter re-
ferred to as their respective conformations in liquid water.

This paper describes the following results for the SDF
9oo(x,y,z), difference SDF (DSDF), Agoo(x,¥,z), proposed
in our previous paper, and the binding energy (BE) of the five
conformations in liquid water. First, the anisotropic hydration
structures around an EG molecule were analyzed using the
SDF gqo(X,,2) obtained from an MC simulation for two
conformers (gGg’ and tGg') of EG in liquid water. Second,
the difference in solvation energy between gGg' and tGg'
was evaluated from the BE. Third, it was shown that the hy-
dration structure changes of EG molecules throughout the
conformational change process can be characterized by the
DSDF Agyo(x,,z) between the SDFs for two conformations
in liquid water.

Computational Procedure

Monte Carlo Simulation MC simulations® were carried out for all sys-
tems with one EG molecule and 215 water molecules in a cube with a cell
length of 18.63 A within the Metropolis scheme'® in the NVT ensemble at
298 K. The molar volume obtained under the liquid water density of 1.0
gcm > was 18.015 cm® mol L.
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As described in our previous papers,” SPC potential® and TIPS
potential®” functions were employed to represent the intermolecular interac-
tions for water, and for alcohol and ether, respectively. These potential func-
tions were obtained from the sum of the Coulomb and Lennard—Jones terms
as:

ind inB

AE= Z z (Qiq/ez /’"i/ + Ai/'/n'/l’27ci/'/r};‘)
i J

The coefficients, 4, and C;, were obtained from v 4, X4, and VC,;XC;,
respectively. The interatomic distance and bond angle values for water were
(OH)=1.0 A and DHOH=109.47°. These values for the EG molecule were
7(OH)=0.945 A, r(CO)=1.430A, r(CCy)=1.512A, OCOH=108.5°, and
OCCO=107.8°. The dihedral angles optimized by ab initio MO methods
using MP2/6-31G** were [JH2-02-C2-C1=72.86°, 0O1-C1-C2-02=
55.43°, and OH1-01-C1-C2=-42.19° for the gGg' conformer and
OH2-02-C2-C1=-165.79°, 0O1-C1-C2-02=60.04°, and OH1-O1—
C1-C2=—-50.79° for the tGg’ conformer.'* The dihedral angles adopted in
the MC simulation were JH2-02-C2-C1=70°, JO1-C1-C2-02=60°,
and OHI-O1-C1-C2=-50° for the gGg’' conformer and JH2-02-C2-
C1=-170°, 0O1-C1-C2-02=60°, and OH1-O1-C1-C2=—-50° for the
tGg’ conformer (Chart 1). The conformational change process from gGg' to
tGg' conformers could easily be examined by this model. Further, in order
to visualize the hydration structure changes throughout the conformational
change process from the gGg’ to tGg' conformers, three conformations for
the dihedral angle, [JH2-02—-C2-C1=100, 130, and 160°, were calculated
by the MC simulation. These geometries were fixed in the MC simulation. In
the SDF calculation, the O1 atom, O1-C1 bond, and H1 atom lie on the ori-
gin of the coordinate, the x-axis, and the direction of y-axis, respectively.
Therefore, three atoms, HI-O1-C1, lie on the x—y plane. After excluding the
first 2500000 configurations, the subsequent 5000000 configurations were
employed to obtain the statistical average in the MC simulations.

Difference Spatial Distribution Function Bosio er al.?" have reported
the temperature dependence of hydration structures using the difference ra-
dial distribution function (DRDF) for heavy water obtained from X-ray dif-
fraction. They have described that the network structure of the hydration
water decreases with rising temperature. In a previous paper,” we proposed
a new DSDF method for examining the effects of hydrophobic groups. This
DSDF is obtained as the difference between the SDFs for two states calcu-
lated by the MC simulation. For example, the DSDF, Ag,(x,y,z2), for two
conformations of EG molecules with the dihedral angle OH2-02-C2-
C1=130° and 160° is determined as:

Agoo(X, 3, 2)= 00X, ¥, 21600 5~ J00(% V> 21300 G -

Binding Energy Decomposition The binding energy (BE)* is ob-
tained as the sum of all spatial cells of the coefficient products calculated
from the volume and coordination number (CN), the SDF go(x,y,z), and
the averaged potential energies (E(x,y,z)) between the solute and solvent
molecules at a certain point in a cubic cell. Applying the linked-list cluster-
ing technique, the high-density distributions of the SDF g(x,,z) for oxy-
gen (solute)—oxygen (solvent) pairs appeared to fall in one of three different
regions, that of a hydrogen acceptor (HA), a hydrogen donor (HD), or a hy-
drophobic hydration (HH). The BE are calculated for each region using the
next equation. For example, the value of the BE for the HA region in alcohol
solution is determined by:

N
BEw= Y S XAV XE(, 3, 2) X oo (¥, 1, 2)

x,y,z UHA

where N is the number of water molecules in the cube with a cell length of
18.63 A, Vis the volume of a cube, and AV is an infinitesimal volume. In ad-
dition, (BE ), can be obtained as the sum of (BE), for the above three re-
gions, HA, HD, and HH.

Results and Discussion

Hydration Structure The anisotropic hydration struc-
tures of water molecules around EG molecule could be visu-
alized by SDF g(x,y,z) using the graphic display tech-
nique. With regard to the gGg’ and tGg’ conformers in liquid
water, Fig. 1 shows the distributions of SDF gq(x,,2z)=2.1
between solute and water molecules as obtained from the
MC simulation at 298 K. As shown in Fig. 1, the high distrib-
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Fig. 1.
2.1

Isosurfaces of Oxygen (Solute)-Oxygen (Water) SDF gq(x,5,2)=

Isosurfaces for top and bottom lines of the figure are shown for gGg' and tGg’ con-
formers, respectively. Left, middle, and right columns are isosurfaces viewed down the
y-axis, z-axis and x-axis, respectively.

Table 1. Results of Volume, CN, and Binding Energy Decomposition for
¢Gg' and tGg' Conformers of Ethylene Glycol in Liquid Water in
Joo(x,y,z)=2.1 Region at 298 K

gGg' tGg'
Volume CN (BE), Volume CN (BE),
HA 7.2 0.92 —16.77 7.1 093 —17.81
HD 32 0.69 —12.85 34 0.62 —9.88
MIX +HH 23.1 225 —18.24 21.8 2.11  —14.91
Sum 335 3.86 —47.86 323 3.66 —42.60
Total —113.59 —102.68

Units for volumes and (BE), are A* and kJ mol ™", respectively. Subscript x on (BE),
indicates HA, HD, MIX, Sum, and Total. (BE),, means the BE obtained from the
overall cubic cell.

utions of SDF g,(x,y,z) for the hydration water molecules
around the EG molecule could be classified into the HA, HD,
and HH regions; as the results for our previously reported al-
cohol solutions are also shown. A new overlapped distribu-
tion also appears in the area of the internal hydrogen bond of
EG. This overlapped distribution composed of HA and HD
regions is hereafter referred to as the MIX region. The distri-
butions of the HA and HD regions for the two stable con-
formers, gGg’ and tGg', are very similar to the SDF in all al-
cohol solutions reported previously. On the other hand, the
ethylene portion of the molecule is surrounded by a distribu-
tion of hydration water molecules in the HH region, and the
distribution area of this HH region is spread out in the vicin-
ity of the distribution of the MIX region.

Applying the linked list clustering technique,” the high
distributions of SDF g,,(x,»,z)=2.1 for oxygen (solute)—
oxygen (water) pairs fall into three different regions: HA,
HD, and (MIX+HH) regions. Table 1 shows the volume, CN,
and BE ((BE),) for each region of SDF gq(x,y,2)=2.1, and
BE ({(BE )1, for all spatial regions in a cubic cell in aque-
ous EG solution at 298 K. It is considered that the results of
this clustering technique characterize the hydration structures
of the first hydration shell, because this SDF gq(x, y,z)=2.1
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is more than twice that for the bulk state (g,(x,»,z)=1.0).

As shown in Table 1, in the HA region, the volume and
CN values in the gGg’ conformer in liquid water were 7.2 A
and 0.92, and these values in the tGg’' conformer in liquid
water were 7.1 A> and 0.93. The (BE )y, (—17.81kJmol ")
in the latter was more stable than that (—16.77 kITmol ') in
the former. In the HD region, the volume and CN values in
gGg' conformer were 3.2 A° and 0.69, and those values in
the tGg' conformer water were 3.4 A* and 0.62. The (BE ),
(—12.85kJmol ") in the former was considerably smaller
than that (—9.88kJmol ') in the latter. In the (MIX+HH)
region, the volume and CN values in the gGg’' conformer
were 23.1 A® and 2.25, and those values in the tGg' con-
former were 21.8 A% and 2.11. The (BE)yxuy, (—18.24
kJmol™') in the former was appreciably smaller than that
(—14.91kJ mol ") in the latter. These results indicate that the
solvation energy increases with increasing CN values of hy-
dration water molecules for each region.

From the (BE)g,,, and (BE )y, values in Table 1, the en-
ergy differences in these values for two conformers, gGg’
and tGg’, in liquid water appear to have been 5.26 and 10.91
kJmol ™!, respectively. These results indicate that solvation
effect for gGg’ conformer is greater than that for tGg'. In ad-
dition, our results support the results reported by Nagy et
al.,'” Hooft et al.*® and Cramer and co-workers.'® It is ap-
parent from these results that (BE )y, and (BE )y -y are
the primary contributors to the solvation energy for gGg'
conformer in liquid water.

Figure 2 shows contour maps of the BE on the x—y plane
z=0.075 A in gGg’ and tGg' conformers in liquid water. As
can be clearly seen, the maps of the BE for the HA and HH
regions in gGg’ conformer are very similar to those for the
same regions in tGg' conformer. In the HA region, the distri-
butions of stable BE in gGg’ and tGg' conformers are spread
out in the vicinity centered at x=—1.4 A and y=—2.3 A, and
the negative value (—2.0 kJmol ") in this field indicates the
existence of a stable area. The distributions of stable BE
(—2.0kJmol ') in the HH region are also spread out in the
vicinity centered at x=5.0A and y=—1.0A, although the
distributions of unstable BE in two conformers are spread out
on the side of the solute molecule. These contour maps for
the HA and HH regions in two conformers are in agreement
with those of alcohol solutions. In the other two distributions
of stable BE in gGg’ conformer, the distribution of stable BE
is spread out in the vicinity centered at x=—1.1A and
y=2.8 A, corresponding to the MIX region based on the dis-
tribution of HA and HD regions, because the distribution of
stable BE in the vicinity centered at x=3.2 A and y=4.1A is
assigned to the HD region formed by hydrogen bonds be-
tween solvent water and the H2 atom of EG. In contrast, the
widespread distribution in the tGg’ conformer corresponds to
the MIX region formed by the overlap of the HA and HD re-
gions. Taken together, these contour maps also suggest that
the MIX region is formed by the overlap of HA and HD re-
gions relating to the O2 and H1 atoms of EG, respectively.

Figure 3 shows a superposition of oxygen—oxygen and
oxygen—hydrogen SDFs, g,o(x,y,z) and goy(x,y,z), in gGg’
and tGg’ conformers in liquid water. This figure shows that
the hydration structures of the hydrogen-bonded water form a
triple-layer structure in the HA region and HA part (in MIX),
and a double-layer structure in the HD region and the HD
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Fig. 2.

Energy increment between two neighboring contour lines is 2 kJmol .

(a) eGg

(b) tGg’

Fig. 3. Superposition Representations of Oxygen (Solute)-Oxygen (Water)
and Oxygen (Solute)-Hydrogen (Water) SDF for (a) gGg’ and (b) tGg' Con-
formers in Liquid Water at 298 K

The dark area shows the oxygen—oxygen distribution at g,s(x,y,z)=2.1, and the
bright area shows the oxygen-hydrogen distribution at go(x,y,z)=1.6. The top and
bottom lines of the figure are superposition representations viewed down the z-axis and
y-axis, respectively.

part (in MIX). Distribution peak distances between the H (or
0) atom of solvent water molecules and the O (or H) atom of
EG in five conformations are shown in Table 2. From Fig. 3
and Table 2, in the HA region, the maximum distributions of
hydrogen, oxygen, and hydrogen atoms in hydration water
molecules occur at distances of approximately 1.7, 2.8, and
3.3 A from the Ol atom of gGg’ and tGg' conformers, re-
spectively. In the HD region, the maximum distributions of
oxygen and hydrogen atoms in water molecules occur at dis-
tances of approximately 1.9 and 2.3—2.4A from the H2
atom of gGg' and tGg’, respectively. Therefore, it is evident
that the triple-layer and double-layer structures are composed
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Contour Maps of Binding Energies for gGg’ and tGg’ Conformers on the x—y Plane of z=0.075 A at 298 K

of each maximum distribution in the HA and HD regions, re-
spectively.” On the other hand, in the MIX region, the maxi-
mum distributions in the vicinity of the O2 atom of EG occur
at distances of approximately 1.8 (hydrogen), 2.8 (oxygen),
and 3.2—3.3 (hydrogen) A from the O2 atom of gGg’ and
tGg'. Moreover, the maximum distributions in the vicinity of
the H1 atom of EG also occur at distances of approximately
1.9—2.0 (oxygen) and 2.4 (hydrogen) A from the H1 atom
of gGg’ and tGg'. From these distribution distances, the hy-
dration structures in the MIX region also appear to have
formed triple-layer and double-layer structures. From the
water dimer structures optimized by our ab initio MO calcu-
lation,'® these spatial orientations of triple-layer and double-
layer structures appear to be of all the linear type. Taken to-
gether, these findings clearly indicate that triple-layer and
double-layer structures are composed of each maximum dis-
tribution in the HA region and HA part (in MIX) regions in
the vicinity of the O2 atom, and the HD region and HD part
(in MIX) regions in the vicinity of the H1 atom, respectively.
Then, except in the case of the HH region, we can conclude
that the spatial orientations of the hydration water molecules
for all regions in the first hydration shell are of the linear
type. Moreover, the isosurface of SDF and the superposition
representation of the SDFs shown in Figs. 1 and 3 indicate
that the distribution in the MIX region is in agreement with
the overlapped distribution composed of the HA part relating
to the O2 atom and the HD part relating to the HI atom of
the EG molecule.

Hydration Structure Changes throughout the Confor-
mational Change Process from gGg’ to tGg’' Conformers
As mentioned above, the equilibrium populations of both
gGg' and tGg' in all conformers are approximately 70—84%
in aqueous solution.'® Therefore, from the SDF and DSDF,
we analyzed an anisotropic hydration structure change
throughout the conformational change process from gGg' to
tGg' conformers.

First, we determined the transition state and the conforma-
tional change pathway between gGg’ to tGg' conformers of
the EG molecule using the MNDO-AM1 method* with
eigenvector following®® and an intrinsic reaction coordi-
nate,”” respectively. Table 3 shows three dihedral angles of
the EG molecule at the pathway of the conformational



1664

Vol. 48, No. 11

Table 2. Distribution Peak Distances between Tow Atoms of Solvent Water Molecules and Five Conformations of Ethylene Glycol (EG) in Liquid Water

EG o1 02 H1 H2
Water H 0 H H 0 H 0 H 0 H
2Gg’ 1.7 2.8 33 1.8 2.8 32 1.9 2.4 1.9 2.4
100° 1.7 2.8 33 1.8 2.9 33 2.0 24 1.9 2.3
130° 1.7 2.8 33 1.8 2.8 3.2 2.0 2.4 1.8 2.4

160° 1.7 2.8 33 1.9 2.8 33 2.0 2.2 1.9 2.2
tGg' 1.7 2.8 33 1.8 2.8 33 2.0 24 1.9 2.3
Units for all values are A.

Table 3. Dihedral Angle Changes Accompanying Conformational Change from gGg' to tGg’' Conformers of Ethylene Glycol
Reaction , B B ,

Coordinate gGe 2 ! s ! 2 1Ge

H2-02-C2-C1 73.2 81.7 108.9 133.0 143.4 166.4 175.4

01-C1-C2-02 62.6 62.6 62.4 62.7 63.0 63.8 64.2

H1-01-C1-C2 —47.5 —48.9 -51.6 —53.5 -53.9 —55.2 —55.8

Transition state, TS, are found by MNDO-AM1 method with eigenvector following, and conformational change path are obtained from MNDO-AM1 method with intrinsic re-

action coordinate. Units for all values are degree.

130° 160°

100°

Fig. 4. Superposition Representations of Oxygen (Solute)-Oxygen (Water)
and Oxygen (Solute)-Hydrogen (Water) SDF for 100°, 130°, and 160° Con-
formations in Liquid Water at 298 K

The dark area shows the oxygen—oxygen distribution at g,s(x,y,z)=2.1, and the
bright area shows the oxygen-hydrogen distribution at gqy(x,y,z)=1.6. The top and
bottom lines of the figure are superposition representations viewed down the z-axis and
y-axis, respectively.

change. As shown in Table 3, it is apparent that the dihedral
angle for each conformational change significantly with only
0OH2-02-C2—-C1, and JO1-C1-C2-02 and OH1-01-C1-
C2 remaining unaltered. This result indicates that the confor-
mational change from gGg’ to tGg' can be expressed as the
variation of the rotation angle around the H2 atom of EG.
Then, we proposed five conformations at 70 (gGg'), 100,
130, 160, and 190° (tGg’) for the dihedral angles (TH2-02—
C2—-C1, and the hydration structure in each conformation in
liquid water was analyzed by SDFs obtained from the MC

simulation at 298 K. Figure 4 shows a superposition of SDFs,
9oo(%,¥,2) and gqgy(x,y,z), for each conformations. More-
over, the distances between the high distributions of oxygen
(or hydrogen) atoms of solvent water and hydrogen (or oxy-
gen) atoms of solute EG are shown in Table 2. As clearly
seen in Fig. 4 and Table 2, the maximum distributions of hy-
drogen, oxygen, and hydrogen atoms in the hydration water
molecules in the HA region occur at distances of approxi-
mately 1.7, 2.8, and 3.3 A from the O1 atom of the EG mole-
cule, respectively. In the HA part (in MIX) based on the O2
atom of EG, these distributions occur at distances of approxi-
mately 1.8—1.9, 2.8—29, and 3.2—3.3 A, respectively.
Therefore, it is evident that the triple-layer structure is com-
posed of each maximum distribution in the HA region and
HA part (in MIX region), and that their spatial orientations
are of a linear type.

On the other hand, the maximum distributions of oxygen
and hydrogen atoms in the hydration water molecules in the
HD region occur at distances of approximately 1.8—1.9 and
2.2—2.4 A from the H2 atom of EG, respectively. In the HD
part (in MIX) based on the H1 atom of EG, these occur at
distances of approximately 1.9—2.0 and 2.2—2.4 A, respec-
tively. Therefore, it is evident that the double-layer structure
is composed of each maximum distribution in the HD region
and HD part (in MIX), and that their spatial orientations are
also of a linear type. Taken together, we can conclude that
the hydration structure around EG continually holds both the
triple-layer structure in the HA region and the double-layer
structure in the HD region throughout the conformational
change process from gGg’' to tGg' conformers.

Except in the case of the HH region, Table 4 shows the
volume, CN, and BE ((BE))) in the HA, HD, and MIX re-
gions for SDF g,(x,»,2)=2.5 in EG in liquid water at
298 K. Compared with the SDF go(¥,»,2)=2.1 in the
(MIX+HH) region in Table 1 and SDF gqq(x,y,2)=2.5 in
the MIX region in Table 4, the difference BE (—4.77
kImol™') between the BEs of the former and the latter for
the gGg’ conformer was approximately 30% that of the BE
of the former, with 10, 5, and 15% contributions from the
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Table 4. Results of Volume, CN, and Binding Energy Decomposition for Five Conformations of Ethylene Glycol in Liquid Water in go(x,»,z)=2.5 Re-

gion at 298 K

gGg' tGg'

70° 100° 130° 160° 190°

HA Volume 5.6 6.1 6.0 5.8 5.6
CN 0.81 0.89 0.87 0.83 0.82
(BE), —15.06 —17.06 —16.94 —16.47 —16.04

HD Volume 2.6 2.8 2.7 2.8 2.8
CN 0.65 0.59 0.58 0.57 0.58
(BE), —12.29 —10.46 -9.76 —-9.43 -9.35

MIX Volume 7.1 6.0 5.8 4.9 6.0
CN 1.06 0.89 0.77 0.70 0.93
(BE), —13.47 —11.54 —8.98 —8.43 —10.92

Units for volumes and (BE), are A and kJ mol ™', respectively. Subscript x on (BE), indicates HA, HD, and MIX.

130° - 100°

Isosurfaces of Difference Oxygen (Solute)-Oxygen (Water) SDF between Two Conformations in Liquid Water

100° - gGg’

Fig. 5.

160° - 130°

l
r’ X
Z

tGg’ — 160°

The top and bottom lines of the figure are isosurfaces viewed down the z-axis and y-axis, respectively. The bright area shows the increase of oxygen—oxygen distribution at
Agoo(x,y,2)=+1.0, and the dark area shows the decrease of oxygen—oxygen distribution at Agg(x,y,z)=—1.0.

HA, HD, and HH regions, respectively, contributions that re-
mained constant throughout the conformational change
process from gGg' to tGg'. Based on the above, it appears
that the influence of the HH region connected with that of the
MIX for the hydration structure may be less than that of the
HA, HD, and MIX regions.

As seen clearly in Table 4, the volume and CN in the HA
and HD regions didn’t change as significantly as expected,
but the BE in these regions varies appreciably with the con-
formational change. On the other hand, all of these values in
the MIX region vary significantly with the conformational
change. These results indicate that the hydration structure
change is most strongly dependent on the MIX region rela-
tive to the HA and HH regions.

The origin of these effects can easily be determined using
our novel DSDF method. Figure 5 shows an isosurface of
DSDF Agyo(x,y,z)==*1.0 obtained from SDFs of two con-
formations. As can clearly be seen, however, the high distrib-
ution area based on the H2 atom is appreciably shifted with
the rotational transfer of the H2 atom. In addition, the high
distribution areas of the hydration water molecules in the HD
region relative to the H2 atom and in the HA region based on
the O1 atom are practically unaltered.

If the conformational change pathway proceeds from gGg'’
to tGg’', the high distribution of hydration water molecules in

the HA part (in MIX region) can be classified into two high
distributions of solvent water with lone-pair electrons on the
02 atom with and without internal hydrogen bonds formed
by the H1 atom. The former distribution increased as the
conformational change proceeded from gGg' to tGg’, while
the latter decreased. These distribution changes could have
been due to the internal hydrogen bond of the lone-pair elec-
trons on the oxygen atom with the H1 atom, i.e., a disappear-
ance in the former process and an appearance in the latter
one. This result indicates that the distribution for the HA part
(in MIX) decreases as the internal hydrogen bond formed by
the H1 atom is enhanced and increases as this bond is weak-
ened. To the contrary, however, it is apparent that the distrib-
ution for the HD part (in MIX), based on the behavior of the
H1 atom, increase as the internal hydrogen bond formed by
the HI atom is enhanced. Considering the above, we have
concluded that the hydration structure change is primarily
governed by the contribution of the MIX region relative to
that of the HA and HD regions

Conclusion

In the present paper, we have analyzed hydration structures
and their changes throughout the conformational change
process in aqueous EG solution using the SDF gqo(x,¥,2)
and our novel DSDF Ag(x,y, z) methods, respectively.



1666

From the results of the SDF g,,(x,y,z) for five conforma-
tions of EG in liquid water at 298 K, it became apparent that
the hydration water molecules for the first hydration shell are
primarily distributed in the HA, HD, and MIX (an over-
lapped distribution of the HA and HD parts connected by an
internal hydrogen bond) regions. These distributions show a
triple-layer structure in the HA region and the HA part (in
the MIX region), and a double-layer structure in the HD re-
gion and the HD part (in MIX region), and the spatial orien-
tations of the hydration water molecules in these regions are
obviously of a linear type. In addition, it became apparent
that the spatial orientation of the hydration water molecules
remains of a linear type throughout the conformational
change process from gGg' to tGg’ conformers.

In terms of the results of the DSDF Agqq(x,»,z) obtained
from the SDFs gn(x,,z) for the two conformations in liquid
water, it was noted that the distribution of hydration water
molecules in the HA and HD parts (in MIX region) are gov-
erned by the competition of internal hydrogen bonds between
the H1 atom and the two lone-pair electrons on the O2 atom.
More specifically, in the MIX region, the high distribution of
hydration water molecules for the HA part related to the O2
atom decreases as the internal hydrogen bond formed by the
H1 atom is enhanced, while that for the HD part increases as
the hydrogen bond is enhanced.

In order to investigate in more detail the hydration struc-
ture around amino and carboxyl groups containing biologi-
cally important amino acid, we are presently examining MC
simulations of amine and carboxylic acid solutions.
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