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ABSTRACT: Liquid methanol shows one- and two-dimen-
sional (1D/2D) hydrogen bond (HB) networks, and liquid
water shows three-dimensional (3D) HB networks. We have
clearly found three different local structures around the methyl
group of methanol—water binary solutions
(CH30H)x(H,0),_x at different concentrations in C K-edge
soft X-ray absorption spectroscopy (XAS). With the help of
molecular dynamics simulations, we have discussed the
concentration dependence of the hydrophobic interaction at
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the methyl group in the C K-edge XAS spectra. In the methanol-rich region I (1.0 > X > 0.7), a small amount of water molecules
exists separately around dominant 1D/2D HB networks of methanol clusters. In the region II (0.7 > X > 0.3), the hydrophobic
interaction of the methyl group is dominant due to the increase of mixed methanol—water 3D network structures. In the water-
rich region III (0.3 > X > 0.05), methanol molecules are separately embedded in dominant 3D HB networks of water. On the
other hand, the pre-edge feature in the O K-edge XAS shows almost linear concentration dependence. It means the HB
interaction between methanol and water is almost the same as that of water—water and of methanol—methanol.

1. INTRODUCTION

It is known that methanol—water binary solutions show smaller
entropy than expected in an ideal solution of randomly mixed
molecules' and show a nonlinear profile in viscosity as changing
the mixing ratio.” These characteristics have been discussed by
using clathrate-like structure models of methanol molecules
with surrounding water molecules and with hydrophobic
interactions between methyl groups." However, a consistent
picture of the microscopic structure of methanol—water binary
solutions is not yet established.

The oxygen atom in a water molecule has two hydrogen-
donating (“donor”) sites and two hydrogen-accepting (“accept-
or”) sites, and liquid water forms tetrahedrally coordinated
three-dimensional (3D) hydrogen bond (HB) networks.> On
the other hand, a methanol molecule has one donor and one or
two acceptor sites due to the replacement of one donor site by
a hydrophobic methyl group, and liquid methanol forms one-
and two-dimensional (1D/2D) HB networks, such as chain and
ring structures.” ” In the neutron diffraction experiments of
methanol—water binary solutions,'*”" it is found that 3D HB
networks of methanol—water mixtures are formed by hydro-
philic and hydrophobic interactions between water and
methanol molecules. Dixit et al. measured neutron diffraction
at X = 0.7 in the methanol—water binary solutions
(CH;0H)y(H,0),_x"" and revealed that the distance between
methyl groups of methanol molecules becomes closer by
adding water molecules.

The interaction between methanol and water molecules in
the binary solution was studied by nuclear magnetic
resonance, > mass spectrometry,14 Rayleigh scattering,15 and
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dielectric relaxation methods.'® Takamuku et al. measured the
number of water molecules per 6 methanol molecules as a
function of the methanol molar fraction by the mass
spectrometry of methanol—water liquid microjets'* and found
three different dependences with the borders at X = 0.7 and X =
0.3. They proposed that the chain structures of methanol
clusters are dominant at X > 0.7, the tetrahedral-like water
clusters gradually evolve at 0.7 > X > 0.3, and the water cluster
is a main species at 0.3 > X > 0.0.

The interaction in the binary solution was also investigated
by vibrational spectroscopies: infrared spectroscopy'’~>* and
Raman spectroscopy.””>~** Dixit et al. found nonlinear
profiles of the C—O stretching vibration in the Raman
spectroscopy when decreasing the methanol molar fraction,””
in which the behavior of the energy shifts changes at X = 0.70
and X = 0.25. They proposed different local structures: in the
region X > 0.7, water molecules connect the terminal of the
methanol chain and the chain structure is preserved; in the
region 0.7 > X > 0.25, the methanol chain is broken by adding
water molecules; in the region 0.25 > X > 0.05, the hydration
structure of methanol molecules is formed.

The structure of liquid methanol and methanol—water binary
solutions has been investigated theoretically by usin§4molecular
dynamics (MD)**~* and Monte Carlo simulations.**~* In the
methanol-rich condition, the 1D/2D HB network structure of
methanol clusters is not strongly influenced by water
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molecules.®* As the mixing ratio of water increases, the HB
networks of both water and methanol molecules grow to be
mixed with each other.*® **** When the mixing ratio of
water is high, the 3D hydration shell is formed around
methanol molecules.*"***

Although methanol—water binary solutions have been
studied experimentally and theoretically as described above,
microscopic structures of methanol—water mixtures, such as
nearest-neighbor interactions, have not yet been known in
detail. Soft X-ray absorption spectroscopy (XAS) is an element-
selective method to investigate local structures of liquid and
aqueous solutions. The structure of liquid water was extensively
studied by the O K-edge XAS.°~** Because the X-ray
absorption process occurs within a few femtoseconds, XAS
enables us to investigate the HB interaction of liquid water
before the geometrical rearrangement. The hydration structure
of cations in aqueous salt solutions was also investigated by the
O K-edge XAS.>>** Wilson et al. studied the O and C K-edge
XAS of liquid methanol in the total electron yield of liquid
microjet.>> Tamenori et al. measured the O and C K-edge XAS
of free methanol clusters.’® Guo et al. investigated liquid
methanol and methanol—water binary solutions at X = 0.5 by
using the O K-edge XAS and X-ray emission spectroscopy.””>®
Guo et al. suggested that liquid methanol shows chains and
rings of 6—8 methanol molecules and proposed that the
number of pure methanol chains decreases and the number of
mixed methanol—water networks increases when adding water
molecules. However, the O K-edge XAS shows contributions of
oxygen atoms in both methanol and water molecules and is
difficult to analyze the local structure of methanol—water
mixtures. It is necessary to measure the C K-edge XAS to
analyze the local structure of the methyl group of methanol
molecules in the binary solution.

In the present work, we investigate the local structure of
methanol—water binary solutions at different concentrations by
the O and C K-edge XAS. The XAS measurement is based on a
transmission mode by using a recently developed liquid cell
that enables to optimize the absorbance by changing the
thickness of liquid layer.>® The pre-edge feature in the O K-
edge XAS is found to show almost linear dependence of the
concentration. On the other hand, in the C K-edge XAS, the
second peak that is related to the methyl group is found to
change its behavior at X = 0.7 and X = 0.3. With the help of the
MD simulation, we have revealed different local structures of
methanol—water mixtures at the three concentration regions.

2. EXPERIMENTS

The experiments were performed at an in-vacuum soft X-ray
undulator beamline BL3U at UVSOR-IL®® Details of the liquid
cell were described previously.*”" The liquid cell consists of
four regions, which are separated by 100 nm thick Si;N,
membranes (NTT AT Co., Ltd.). Soft X-rays under vacuum
(region I) pass through the buffer region filled with helium gas
(region II) and the liquid thin layer (region III) and finally
reach a photodiode detector filled with helium gas (region IV).
The regions II and IV are connected and can be mixed with
other gas molecules for the precise gas—liquid energy shift
measurement and photon energy calibration. A liquid sample
(region III) is sandwiched between two Si;N, membranes with
pressed Teflon spacers and can be substituted by other samples
in combination with a tubing pump system.

The thickness of liquid layer should be optimized in order to
transmit soft X-rays with an appropriate absorbance.> In the
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present liquid cell, the thickness of the liquid layer can be
controlled from 2000 to 20 nm by increasing the helium
pressure in the regions II and IV. The thickness is set to 300
nm in the present O K-edge XAS. In the C K-edge XAS, on the
other hand, the thickness of liquid methanol is set to $50 nm,
and the thickness is set larger in more dilute methanol aqueous
solutions. The energy resolutions of incident soft X-rays at the
O and C K-edges are set to 0.40 and 0.19 eV, respectively. The
XAS spectra are based on the Beer—Lambert law, In(I,/I),
where I, and I are the detection current through the cell
without and with samples, respectively. The liquid flow is
stopped during the XAS measurement because the sample
liquid has no radiation damage from the long (say, more than 1
h) exposure of soft X-rays in the present photon flux. The
photon energy in the O K-edge is calibrated by the O 1s 7*
peak (530.80 eV)63 for free O, molecules and that in the C K-
edge is calibrated by the first peak (287.96 eV)*® of free
methanol molecules, which are mixed with helium gas in the
regions II and IV.

3. RESULTS AND DISCUSSION
3.1. Oxygen K-Edge XAS. Figure 1 shows O K-edge XAS

spectra for methanol—water binary solutions at different
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Figure 1. O K-edge XAS spectra of methanol—water binary solutions
at different concentrations at 25 °C. The mixing ratio of methanol in
the solution decreases with molar fraction steps of 0.1 along indicated
arrows. The inset shows isosbestic points (dashed lines) in the pre-
edge region.

concentrations at 25 °C. The absorbance in the O K-edge
XAS spectra was normalized by the sample thickness and the
concentration of the binary solution considering the soft X-ray
absorgtion coefficients of water and methanol in the O K-
edge. 2 After this normalization, we subtracted a constant
background and show the resultant absorption coeflicients in
Figure 1. In the previous work,®” a small peak was observed
around 532 €V in methanol—water mixtures; on the other
hand, it is not observed for any concentration in the present
measurement. It should not be regarded as an intrinsic peak.
The pre-edge peak of liquid water (534.7 eV) corresponds to
the O 1s transition to an unoccupied 4a;* orbital of a water
molecule (533.9 eV), which is mainly distributed at the oxygen
atom in water molecule and is blue-shifted and broadened by
the HB interaction.”’ On the other hand, the pre-edge feature
of liquid methanol (534.9 eV) is embedded in the main peak
but ;2 similarly blue-shifted from the gas-phase peak (534.0
eV).

Figure 1 shows that the intensity of the pre-edge region
around 535.2 eV decreases as the molar fraction of methanol
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(X) decreases in the binary solution (CH;0H)y(H,0)_yx. It is
known that the pre-edge peak in liquid water reflects the HB
interaction, and the intensity of methanol is different from that
of water. The pre-edge region shows isosbestic points at 534.8
and 535.9 eV. It indicates that the pre-edge region in the XAS
spectrum contains only two contributions, which is the HB
interaction of liquid methanol and that of liquid water. In order
to obtain the change in the HB interaction at the different
concentrations, the pre-edge region between 534 and 536 eV in
the O K-edge XAS spectra at the different concentrations is
fitted by the superposition of pure liquid methanol (X = 1.0)
and pure liquid water (X = 0.0), as shown in Figure 2.
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Figure 2. Fitting results of the pre-edge region in the O K-edge XAS
spectra at the molar fractions of X = 0.8, X = 0.5, and X = 0.2 in the
methanol—water binary solutions (CH;O0H)y(H,0),_y by super-
position of the reference spectra of pure liquid methanol (X = 1.0) and
pure liquid water (X = 0.0).

Figure 3 shows the fraction of the pure methanol
contribution in the pre-edge region as a molar fraction step
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Figure 3. Fraction of the pure methanol contribution in the pre-edge
region of the O K-edge XAS spectra as a function of the methanol
molar fraction (X) in the methanol—water binary solutions
(CH;0H)4(H,0),_y, which is obtained by fitting from superposition
of pure liquid methanol (X = 1.0) and pure liquid water (X = 0.0).
Each fraction includes an error bar.

of 0.0S, which corresponds to the HB interaction. The intensity
decreases almost linearly as the molar fraction of methanol
decreases. There may be some information about different local
structures on the oxygen atom behind small deviations from the
linear dependence, but it is consistent with the result of
vibrational spectroscopy,””** which explains that the ratio of
HB interaction of methanol—methanol to that of methanol—
water is linearly dependent on the molar fraction of methanol.

Observation of the isosbestic points suggests that the binary
solution has two major HB components, though there are four
different HB interactions: O,,*HO,,, O,,*HO,,, O,,*HO,,,, and
0,,*HO,,, where O, and O,, denote oxygen atoms of methanol
and water, respectively, and the asterisk denotes the atom with
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an O 1s hole. There are two possibilities. One is a negligible HB
interaction between water and methanol, O,*HO,, and
0,*HO,,, indicating that water aggregates are segregated
from methanol ones in solution. The other is almost the same
HB interaction in O,*HO, as in O,*HO,, and that in
0,*HO,, as in O, *HO,,. The pre-edge peak of liquid water is
sensitive to the HB interaction of liquid water and is dependent
on the temperature.® The concentration dependence in the
pre-edge region of the methanol—water binary solution is
smaller than the temperature dependence of liquid water.
Therefore, nearly the same HB interaction between methanol
and water could be possible.

3.2. Carbon K-Edge XAS. Figure 4 shows C K-edge XAS
spectra of molecular (gas) and liquid methanol at 25 °C by
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Figure 4. C K-edge XAS spectra of (a) methanol gas and (b) liquid
methanol at 25 °C.

using the same sample cell. The XAS spectrum of methanol gas
was measured by mixing methanol vapor into helium buffer gas
and is in agreement with published spectra.>>**%*%° As shown
in Figure 4a, the first peak (287.96 eV) in a gas-phase spectrum
arises from a transition of the C Is electron to the lowest
unoccupied orbital (8a’) of C—O antibonding and O—H
bonding characters. The second peak around 289.44 eV arises
from a transition of the C 1s electron to the second lowest
unoccupied orbital (9a’) of pseudo CHj-z* character with a
very small OH component. The broad peak around 293 eV
arises from a transition of the C 1s electron to the highest
unoccupied orbital (11a’) within a minimal basis picture, which
is of both C—O antibonding and O—H antibonding character.

Figure 4b shows the present C K-edge XAS spectrum of
liquid methanol with a simple structure of three main
contributions around 288.4, 289.55, and 293 eV. The published
C K-edge XAS spectrum of free methanol clusters™ is almost
the same as the present liquid spectrum. On the other hand, the
published spectrum of liquid microjet methanol®® is different
from the present one and is rather similar to the gas-phase
spectrum. It could be difficult to completely remove the
contribution from the molecular methanol in the liquid
microjet experiment.

In the liquid spectrum, the first peak (8a’-related), which is
an excited state with both CH; and OH components, shows a
0.44 eV blue-shift from that in the gas spectrum. On the other
hand, the second peak (9a’-related), which is an excited state
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with a large CH; component, shows a 0.11 eV blue-shift from
that in the gas spectrum. Considering atomic components in
the corresponding molecular orbitals of a methanol molecule,
the second excited state has mainly a hydrophobic interaction,
but the first excited state has not only a hydrophobic
interaction but also an HB interaction. The unoccupied orbital
level could be destabilized by both the hydrophobic and
hydrophilic interactions in liquid, similarly to the case of the
blue-shifted O 1s pre-edge peak in liquid water as observed in
Figure 1.

Figure S shows C K-edge XAS spectra of methanol—water
binary solutions of different concentrations at 25 °C. The C K-
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Figure S. C K-edge XAS spectra of methanol—water binary solutions
at different concentrations at 25 °C. The mixing ratio of methanol in
the solution decreases with molar fraction steps of 0.1 along indicated
arrows.

edge XAS spectrum is more appropriate than the O K-edge
XAS as regards the analysis of the intermolecular interaction of
methanol because the carbon atom is contained only in
methanol. The absorbance in the C K-edge XAS spectra was
normalized by the sample thickness and the concentration of
the binary solution considering the soft X-ray absorption
coefficients of methanol in the C K-edge.”” After this
normalization, we subtracted the absorbance of water in the
C K-edge by considering the sample thickness, the concen-
tration of the binary solution, and the soft X-ray absorption
coefficient of water in the C K-edge.®* Figure 5 shows resultant
absorption coefficients. The first peak that is related to the HB
interaction of the OH and CH; groups does not change its
energy position so much at different concentrations. This is
reasonable if the HB interaction of methanol with water is not
so different from that with methanol and is consistent with the
results of O K-edge XAS shown in Figure 3.

On the other hand, the second peak, which corresponds to
the excited state with a large CH; component, increases the
blue-shift as the mixing ratio of water increases. It is reasonable,
considering that the blue-shift arises from the interaction of
methyl group in methanol molecule. Liquid methanol forms
1D/2D network structures, and the methyl groups are apart
from each other due to its hydrophobic interaction. When
water molecules join the 1D/2D HB network of methanol, the
3D HB network might be formed. Then, the interaction of
methyl groups can be enhanced in binary solutions and causes
the blue-shift of the second peak in the C K-edge XAS spectra.
The general behavior observed in Figure S is consistent with
that of the neutron diffraction,"’ where mixed methanol—water
networks are formed and methyl groups become closer to each
other in the methanol—water binary solution.
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Because the second peak related to the methyl group shows a
quasi-isosbestic point around 290 eV, two contributions would
be contained in the second peak: One is the interaction of
surrounding methanol with the methyl group, which is obtained
by the C K-edge XAS spectrum of liquid methanol (X = 1.0).
The other is the hydrophobic interaction of surrounding water
with the methyl group, which is obtained by the XAS spectrum
of the dilute methanol solutions (X = 0.05). In order to obtain
the change in the hydrophobic interaction of methyl group at
the different concentrations, the second peak between 288.5
and 290.5 eV in the C K-edge XAS spectra at the different
concentrations are fitted by superposition of the reference
spectra of liquid methanol (X = 1.0) and the dilute methanol
solution (X = 0.05), as shown in Figure 6.
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Figure 6. Fitting results of the second peak in the C K-edge XAS
spectra at the molar fractions of X = 0.9, X = 0.6, and X = 0.2 in the
methanol—water binary solutions (CH;0H)x(H,0),_x by super-
position of the reference spectra of pure liquid methanol (X = 1.0) and
the dilute methanol solution (X = 0.05).

Figure 7 shows the fraction of the pure liquid methanol
contribution in the second peak at different molar fractions of
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Figure 7. Fraction of the pure liquid methanol contribution in the
second peak in the C K-edge XAS spectra as a function of the
methanol molar fraction (X) in the methanol—water binary solutions
(CH;0H)4(H,0),_x, which is obtained by fitting from superposition
of pure liquid methanol (X = 1.0) and the dilute methanol solution (X
= 0.05). Each fraction includes an error bar. Three characteristic
regions are found with the borders of X = 0.7 and X = 0.3.

methanol (X) in the binary solution (CH;0H)y(H,0),_y,
which corresponds to the hydrophobic interaction of the
methyl group. The fraction of the pure liquid methanol
contribution is changed nonlinearly and shows three different
behaviors with the borders of X = 0.7 and X = 0.3. In the
methanol-rich region I (X > 0.7), the intensity is not so much
changed as compared to the intensity of liquid methanol (X =
1.0). The phase transition-like behavior of the intensity change
is found at X = 0.7. The slow decrease in intensity (indicating
blue-shift of the second pre-edge peak) continues when
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increasing the mixing ratio of water in the region II (0.7 > X >
0.3). The decrease in intensity becomes faster in the water-rich
region III (0.30 > X > 0.05). These results suggest different
local interactions of the methyl group at the different
concentration regions.

3.3. MD Simulations. Without any spectral calculation
based on time-consuming density functional theory or ab initio
approaches, it would be simply understood that the C K-edge
region is sensitive to the hydrophobic interaction around the
methyl group of methanol. In order to get such information
from the radial distribution function (RDF) of intermolecular
interaction in the solutions, we have carried out the MD
simulation by using GROMACS 4.5.5.% The potential of
methanol molecule is described by OPLSAA,*”%® and that of
water molecule is TIPSP.®” The temperature is controlled by
the Nosé—Hoover thermostat method.”” The pressure is
adjusted by the Parrinello—Rahman method.”" The simulation
was performed at a time step of 1 fs with a periodic boundary
condition and the particle-mesh Ewald method.”” The unit cell
consists of 500 molecules, and the molar fraction of methanol
(X) is changed from X = 0.0 to X = 1.0. Randomly distributed
structures were optimized by the simulations, which run during
50 ps at 100 K in the NVT condition, 50 ps at 200 K and 1 atm
in the NPT condition, and 400 ps at 298.15 K and 1 atm in the
NPT condition. The equilibrium structures were obtained by
sampling the structures every 1 ps during a simulation time of 2
ns.

First, we calculated RDF of four different HB: O,,—HO,,,
0,—HO,, O,—HO,,, and O,,—HO,,. The distances of both the
first peak and the first minimum point in RDF are not changed
even at different molar fractions. It means that the HB
interaction of water is nearly the same as that of methanol as
already discussed in the O K-edge XAS.

The number of HB was counted at different molar fractions,
based on the criterion of the distance between HO and O
within the first minimum point (2.5 A) in RDF.”® By increasing
the molar fraction of water, the total number of HB increases
linearly. The average number of HB around water molecules is
between 3.2 and 3.8, and that around methanol is between 1.8
and 2.5. This is consistent, considering the water molecule has
two donor and two acceptor sites and the methanol molecule
has one donor and one or two acceptor sites. The total average
number of HB is increasing at the higher mixing ratio of water
molecules.

Figure 8 shows RDF of C in the methyl group of methanol
with surrounding atoms at different molar fractions of methanol
(X) in the binary solution (CH;OH)y(H,0),_x. Figure 8a
shows RDF of C with C and hydrogen H (HC) atoms in the
CH; group of neighboring methanol molecules. The RDF
distances of both C—C and C—HC are slightly reduced by
increasing the mixing ratio of water. This result is consistent
with the results of neutron diffraction.'" Figure 8b shows RDF
of C with O, and HO,, in neighboring methanol molecules.
The intensities of both HO,, and O,, in the first coordination
peak decrease as increasing the mixing ratio of water. On the
other hand, as shown in Figure 8¢, the intensities of both HO,,
and O, in the first coordination peak increase as increasing the
mixing ratio of water.

Figure 9 shows the number of the coordination by nearest
neighbors HO_, and HO,, to the C atom in the methyl group of
methanol at different binary solutions. The coordination is
defined within the RDF distance of 3.2 A, which is the first
minimum point of HO,, and HO,, as shown in Figure 8. The
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Figure 8. Results of the MD simulation for the RDF of the C atom
with surrounding atoms: (a) C and HC in methanol, (b) O,, and HO,,
in methanol, and (c) O,, and HO,, in water. The mixing ratio of
methanol in the solution decreases from X = 1.0 to X = 0.1 with molar
fraction steps of 0.1 along indicated arrows. Note that RDF in (c) is
changed from X = 0.9 to X = 0.1.
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Figure 9. Results of the MD simulation for the coordination numbers
of HO,, (square) and HO,, (circle) to the C atom of the methyl group
of methanol at different molar fractions of methanol (X) in the binary
solutions (CH;OH)x(H,0),_x. Below X = 0.73 (region II), the
coordination number of HO,, becomes larger than that of HO,. In the
region III (0.3 > X), the linear dependence of HO,, and HO,, is not
valid as shown by dashed lines.

methyl group in liquid methanol (X = 1.0) is surrounded by
HO,, (square). By increasing the molar fraction of water, the
number of HO,, coordination decreases and instead that of
HO,, (circle) increases. When the methanol molar fraction is
below X = 0.7, the number of HO,, coordination becomes
larger than the HO,, coordination. It is reasonable considering
that the molar ratio of methanol and water is 2:1 at X = 0.67
and the ratio of the H donating site is 1:1. However, the rate of
increase in the number of HO,, coordination is larger than the
rate of decrease in the number of HO,, coordination. The rate
of increase in the number of HO,, coordination is accelerated in
the region III (0.3 > X). On the other hand, the number of
HO,, coordination is nearly zero in the region IIL. Note that X
= 0.7 and X = 0.3 are almost the same borders in the spectral
change of the C K-edge XAS as shown in Figure 7.

Next, we investigate the mesoscopic scale HB network in the
binary solution. The average size of methanol clusters in pure
liquid methanol (X = 1.0) is 40 in the present MD simulation,
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which contains 500 molecules. The hydrophobic interaction of
the methyl group prevents a large HB network formation and
permits only formation of small methanol clusters with an
average size of 40. This size is larger than the previously
predicted size, 6—8 molecules.®

On the other hand, water molecules like to meet (bond)
together to form a large HB network in solution. Figure 10
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Figure 10. Results of the MD simulation for the average HB network
size (square) and the average size of water-only clusters (circle)
embedded in total HB networks in a unit cell (500 molecules) of the
binary solution (CH;0OH)y(H,0),_y as a function of molar fraction of
methanol (X). The dashed line is a total number of water molecules in
the solution.

shows results of the MD simulation for the average HB network
size and the average size of water-only clusters embedded in
total HB networks at different molar fractions of methanol (X)
in the binary solutions (CH;0H)y(H,0),_x. A unit cell in the
present MD simulation contains totally 500 molecules.

In the methanol-rich region I (X > 0.7), the average size of
water-only clusters is rather small considering that a water
molecule is difficult to meet another water molecule in this
region. Water clusters start to grow at X = 0.7. As the molar
fraction of methanol is down to X = 0.3 in the region I (0.7 >
X > 0.3), the rate of growing in size of water clusters is
accelerated, and finally the average size of water clusters is equal
to the total number of water molecules in the region III. On the
other hand, at X = 0.7, all the methanol and water molecules
join a large HB network, though a large water-only cluster is
not yet formed in the network. The ratio of the total number of
H donating (accepting) sites is 1:1 for water and methanol at X
= 0.67; therefore, all the water and methanol molecules can
meet (bond) together to form a large HB network at around X
=0.7.

3.4. Structures of Methanol—Water Mixtures. From the
result of the C K-edge XAS shown in Figure 7, the interaction
around the methyl group of methanol molecule shows
characteristic changes at the three concentration regions. The
MD simulations also show similar three concentration regions
from the coordination number around the methyl group shown
in Figure 9 and the average cluster size shown in Figure 10.

Figure 11a shows a typical structure in the binary solution at
X = 0.9 in the methanol-rich region I. As shown in Figure 10,
the average size of water-only clusters is much smaller than the
total number of water molecules. Water molecules form the HB
network with methanol clusters and stabilize the total energy of
the binary solution. However, the interaction around the
methyl group of methanol is not so much influenced by water
molecules because of a small amount of isolated water
molecules. It is consistent with the previous work,"®*” where
water molecules are coordinated to the terminal of methanol
chains in the methanol-rich region.
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Figure 11. Typical structures of methanol—water binary solutions at
different concentrations: (a) X = 0.9, (b) X = 0.5, and (c) X = 0.1.
Methanol and water molecules are marked as green and white,
respectively. HB between methanol and water is marked as an orange
line.

Figure 7 shows a phase-transition-like intensity change at X =
0.7 in the C K-edge XAS. Figure 9 shows that the number of
HO,, coordination to the methyl group becomes larger than
that of HO,, coordination below X = 0.7. In addition, Figure 10
shows that the HB network of water clusters grows rapidly
below X = 0.7. Figure 11b shows a typical structure in the
binary solution at X = 0.5 in the region II. Water molecules
form a large cluster and have the 3D HB network with
methanol molecules, resulting in the increase of the interaction
of the methyl group in methanol with water molecules. The
phase-transition-like behavior at X = 0.7 in the C K-edge XAS
(Figure 7) indicates that the 3D HB network involving water
clusters is dominant over the 1D/2D HB network of methanol
in the binary solutions. This result is consistent with the
previous MD simulation, in which the 1D chain structure of
methanol molecules is changed to 3D mixed clusters by adding
water molecules.*

Figure 11c shows a typical structure in the binary solution at
X = 0.1 in the water-rich region III. The HB networks between
methanol molecules are mostly diminished, and methanol
molecules are isolated in the 3D HB network of water. The
hydration structures of methanol molecules are dominated by
the 3D HB network of water, and the numbers of water
coordination to the methyl group increase. As a result, the
hydrophobic interaction around the methyl group is enhanced
in this region, increasing a blue-shift in the C K-edge XAS. The
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previous theoretical studies suggested that hydration structures
of methanol molecules are formed in this concentration
region,""*>* consistent with the present result.

It is known that the thermodynamic parameter such as
entropy and viscosity shows an extreme value at the molar
fraction of X = 0.30."” Dougan et al. studied neutron diffraction
experiments and MD simulations and suggested that both
methanol and water molecules are percolated in this region, and
the thermodynamic parameters show extreme values at the
molar fraction of X = 0.27."> It means that the structure and
abundance of large mixed methanol—water HB networks in the
binary solution, as clearly shown in Figures 9 and 10, affect
macroscopic thermodynamic properties.

4. CONCLUSIONS

The local structure of methanol—water binary solutions was
studied by the O and C K-edge XAS. The pre-edge peak in the
O K-edge XAS reflects the HB interaction of oxygen atoms and
shows almost linear concentration dependence. It indicates that
the HB interaction of methanol with surrounding water
molecules is nearly the same as in pure liquid methanol and
the HB interaction of water with surrounding methanol
molecules is nearly the same as in pure liquid water.

The C K-edge XAS enables us exclusively to investigate local
structures around the methyl group of methanol molecules in
the binary solution. The peak around 290 eV in the C K-edge
XAS corresponds to a transition of the C 1s electron to the
unoccupied orbital around the methyl group and shows the
higher photon energy (blue-shift) as the mixing ratio of water
increases. It predicts enhancement in the interaction between
the hydrophobic methyl groups by large water clusters in mixed
methanol—water networks. The intensity change shows a
nonlinear profile with three characteristic concentration regions
in the binary solution (CH;0H)y(H,0),_y.

The three regions are consistently interpreted with the help
of the MD simulation. Liquid methanol is known to have the
1D/2D HB network structure.® In the methanol-rich region I
(X > 0.7), a small amount of water molecules form the HB
network with methanol clusters and stabilize the total energy of
the binary solution. However, the interaction around the
methyl group of methanol is not so much influenced by isolated
water molecules. The phase-transition-like decrease in the
intensity occurs at the molar fraction of X = 0.7. The 3D HB
network of water start to grow rapidly, and the HO,,
coordination to the methyl group becomes dominant over
the HO,, coordination when the molar fraction is below X =
0.7. In the region II (0.7 > X > 0.3), methanol molecules form a
large HB network with water molecules. As a result, the
hydrophobic interaction of the methyl group is enhanced in this
region. This behavior is reasonable considering that the molar
ratio of methanol and water is 2:1 at X = 0.67 and the ratio of
the H donating site is 1:1. The thermodynamic parameters such
as entropy and viscosity are closer to extreme values as the
number of mixed HB networks increases at X = 0.3. In the
water-rich region III (0.3 > X > 0.05), the interaction of
surrounding water molecules with the methyl group is
increased rapidly, indicating methanol molecules are separately
embedded in the 3D HB network of water molecules.

The methyl group in the methanol—water binary solution
shows three characteristic local structures: methanol-dominant
1D/2D HB network structure with isolated water molecules,
methanol—water mixed 3D HB network structure, and water-
dominant 3D HB network structure with isolated methanol
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molecules. These features are successfully revealed by the fitting
analysis of the second peak in the C K-edge XAS, which is
sensitive to the hydrophobic interaction of the methyl group,
and the MD simulation.
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