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Theoretical Method

Molecular Dynamics Simulation

Molecular dynamics (MD) simulations were performed by using the program package GROMACS
5.1.2." The potential of acetonitrile molecule is described by the OPLS-AA force field,”* 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 simulations were performed at a time step of 1 fs with a
periodic boundary condition and the partial-mesh Ewald method.® Randomly distributed structures were
optimized by the simulations, which run during 100 ps at 100 K in the canonical (NVV'T) ensemble, 100 ps at 200
K and 1 atm in the isobaric-isothermal (NpT) ensemble, and 2 ns at 25 °C and 1 atm in the NpT condition. In the
dilute acetonitrile solution (x = 0.001), the system contains 10 acetonitrile and 9990 water molecules in a cubic
box. The equilibrium structures were obtained by sampling the structures every picosecond at 25 °C and 1 atm
during a simulation time of 10 ns. For the equilibrium structures of liquid acetonitrile, 500 acetonitrile

molecules were sampled every picosecond at 25 °C and 1 atm during a simulation time of 2 ns.
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Results and Discussion

S1. O K-edge XAS of Water Gas and Condensed Acetonitrile Solution

Figure S1 shows O K-edge XAS spectra of water gas and condensed acetonitrile solution at x = 0.9
in (CH3CN)«(H20):-x. The 4a; peak in water gas corresponds to the pre-edge peak of liquid water, and the 2b,
peak is the main-edge peak, respectively. These peaks show sharp profiles since water molecules in the gas
phase have no interactions with other molecules. On the other hand, the main-edge peak in the condensed
acetonitrile solution shows a sharp profile, which has been also observed in the previous studies.”'' The
pre-edge and main-edge peaks in the condensed acetonitrile solution at x = 0.9 show higher energy shifts by

526 meV and by 392 meV compared to those of water gas, respectively.
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Figure S1. O K-edge XAS spectra of water gas and condensed acetonitrile solution at x = 0.9.

S2. Inner-Shell Calculations of Water Enclosed in Acetonitrile

Figure S2 shows calculated O K-edge inner-shell spectra of water gas, water enclosed in two
acetonitrile (2 DP), and liquid water. Molecular distances and alignments between water and acetonitrile were
determined from radial distribution function (RDF) shown in Section S6. In the 2 DP model, the 4a; and 2b;
peaks show higher energy shifts by 303 meV and by 317 meV, respectively, compared to those of water gas.
These energy shifts are consistent with the experimental results shown in Figure S1. It means that the sharp
profile of the main-edge peak is derived from water molecules surrounded by acetonitrile molecules. The 4a;
peak in the 2 DP model is lowered by —346 meV than that of liquid water. It is consistent with the decrease of
the pre-edge peak energy (—206 meV) from x = 0.0 to x = 0.9 at the O K-edge XAS of aqueous acetonitrile
solutions (CH3CN)«(H20);-, shown in Figure 1. Although the calculated energy shift is slightly smaller than
the experimental value, it would be explained that water molecules are not completely isolated in acetonitrile

molecules at x = 0.9.
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Figure S2. Calculated O K-edge spectral shifts of the 4a; and 2b, peaks for water enclosed in two acetonitrile
(2 DP) and liquid water relative to the 4a; peak of water gas. The inset shows the 2 DP model structure, where

core excited water molecule forms the DP structure with two acetonitrile molecules.

S3. C and N K-edge XAS of Acetonitrile in Gas and Liquid Phases
Figure S3 shows C and N K-edge XAS of acetonitrile in gas and liquid phases. As observed in the

1213 the transition peaks from 1s electrons to C=N n* orbitals were obtained by XAS in both

previous studies,
C and N K-edges. The C=N n* peaks at the C K-edge show higher energy shifts by 119 meV from gas to
liquid phases. On the other hand, the energy shift of the C=N nn* peaks at the N K-edge is small (16 meV)

compared to that at the C K-edge.
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Figure S3. XAS spectra of acetonitrile in gas and liquid phases at (a) C and (b) N K-edges. The inset shows

the core excited C and N atoms in the acetonitrile molecule.

S4. Radial Distribution Function of Liquid Acetonitrile

Figure S4(a) shows two-dimensional (2D) RDF between C atoms of C=N group in acetonitrile
molecules (C-C) obtained by the MD simulations of liquid acetonitrile (x = 1.0). The vertical axis is the angle
0 between C atoms of C=N group in acetonitrile molecules. The maximum intensity of the 2D RDF shows

that the angle 6 is around 80°. Then, we have calculated 2D RDF C-C at 70° < 8 < 90°, as shown in Figure
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S4(b). The vertical axis is the angle ¢ between C=N group in acetonitrile molecule (fi) and that in another
molecule (f2). The intensity of the 2D RDF shows a maximum when the angle ¢ is around 180°. There results
clearly suggest that acetonitrile molecules show the antiparallel structures in neat acetonitrile, as shown in the

inset of Figure S4.
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Figure S4. (a) 2D RDF between C atoms of C=N group in acetonitrile molecules (C-C). The inset shows the
definition of the angle 6 between acetonitrile molecules. (b) 2D RDF C-C at 70° < 6 < 90°, where ¢ is the

angle between C=N group in acetonitrile molecule (f1) and that in another molecule (f>).

S5. Inner-Shell Calculations of Acetonitrile in Gas and Liquid Phases

Liquid acetonitrile forms one- and two-dimensional chain structures with the antiparallel displaced
C=N groups in acetonitrile, whose coordination number is 2.'*'> For understanding the dipole interaction
between acetonitrile chains in liquid phase, we have performed the inner-shell calculations at the C and N

K-edges with different coordination numbers of acetonitrile, as shown in Figure SS5.
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Figure S5. Calculated spectral shifts of several models for liquid acetonitrile at (a) C and (b) N K-edges
relative to the gas peaks. The inset shows model structures used for the inner-shell calculations, where the
core excited acetonitrile molecules, which are marked in blue circles, are surrounded by 2, 3, and 4

acetonitrile molecules in the 2 AN, 3 AN, and 4 AN model, respectively.
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The 2 AN model represents the acetonitrile chain structure, where acetonitrile is surrounded by two
acetonitrile molecules. The C K-edge inner-shell spectrum of the 2 AN model shows a higher energy shift by
43 meV from gas, whereas N K-edge spectrum shows a lower energy shift by —34 meV. The higher energy
shift in C K-edge is caused by the exchange interaction of the C=N ©* electron with surrounding molecules,
and the lower energy shift in N K-edge is caused by the electrostatic stabilization arising from the polarization
induced by the ionized core.'® These trends are partially consistent with the XAS experiments of gas and
liquid phases shown in Figure S3. However, the calculated C K-edge energy shift of the 2 AN model (43
meV) is smaller than that obtained by the experiment (119 meV).

Then, we consider the dipole interactions between the acetonitrile chains, where the core excited
acetonitrile molecules are surrounded by 3 and 4 acetonitrile molecules in the 3 AN and 4 AN model,
respectively. In the calculated C K-edge spectra, the energy shifts become larger by increasing the
coordination numbers, which are 68 meV at the 3 AN model and 81 meV at the 4 AN model. In the calculated
N K-edge spectra, on the other hand, the energy shifts at the 3 AN and 4 AN model are —46 meV and —57 meV,
respectively. By increasing the coordination numbers, the inner-shell spectra at the N K-edge show lower
energy shifts, but these energy shifts are smaller than those at the C K-edge. These results suggest that the
coordination numbers should be above 2 to reproduce the energy shift of the C=N n* peaks from gas to liquid

phases. It means that acetonitrile chains would be gathered by the dipole interactions in the liquid phase.

S6. Radial Distribution Function of Acetonitrile with Water

Figure S6 shows 2D RDF between C atoms of C=N groups in acetonitrile and O atoms in water
(C-Oy) obtained by the MD simulations of dilute acetonitrile solutions at x = 0.001. The maximum intensities of
water are found at the parallel direction (6 = 0°) and 8 = 100° relative to the direction of the C=N group in

acetonitrile.

Figure S6. 2D RDF between C atoms of C=N groups in acetonitrile and O atoms in water (C-O,,). The inset

shows the definition of the angle 8 between acetonitrile and water.
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For the hydrogen bond (HB) structure, we have collected water molecules within the angle 0° < § <
50° relative to the direction of the C=N group in acetonitrile. Figure S7 shows 2D RDF between N atoms of
C=N group in acetonitrile and O atoms in water (N-Oy) at 0° < 8 < 50°. The vertical axis is the angle ¢
between N-O,, and symmetry axis of water as shown in the inset. The maximum intensity of the 2D RDF

indicates that the distance N-O,, is 2.91 A and the angle ¢ is 46°. It means that water molecules form the HB
structures with N atoms of C=N group in acetonitrile.
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Figure S7. 2D RDF between N atoms of C=N group in acetonitrile and O atoms in water (N-Oy,) in the HB

structure. The inset shows the definition of the angle ¢, which is the angle between N-Oy, and symmetry axis
of water.

For the dipole (DP) structure, we have collected water molecules within the angle 80° < 8 < 120°
relative to the direction of the C=N group in acetonitrile. Figure S8 shows the 2D RDF between C atoms of
C=N group in acetonitrile and O atoms in water (C-Oy) at 80° < € < 120°. The vertical axis is the angle ¢
between C-O,, and symmetry axis of water as shown in the inset. The maximum intensity of the 2D RDF
shows that the distance C-O,, is 3.48 A and the angle ¢ is 120°. We found that the acceptor sites in water

molecules point the C=N group in acetonitrile with the DP interactions.
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Figure S8. 2D RDF between C atoms of C=N group in acetonitrile and O atoms in water (C-Oy) in the DP

structure. The inset shows the definition of the angle ¢, which is the angle between C-Oy and symmetry axis
of water.
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Figure S9 shows N(#)/sind as a function of 6, in which the coordination numbers N(6) at different
angles 6 are obtained from the minimal points of the first coordination peaks (» = 5.44 A) in RDF. If the
coordination number shows no angular dependence, N(6)/siné becomes unity. Since N(8)/sind around 8 = 100°

is larger than that around 6 = 0°, the population of the DP structure is higher than that of the HB structure.
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Figure S9. N(8)/sinf as a function of §. The HB structure is below unity, whereas the DP structure is above unity.

The inset shows schematics of the HB and DP structures.
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