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Abstract

The anisotropic structure and dynamics of the hydration shell of a benzene solute in

liquid water have been investigated by means of ab initio molecular dynamics simulations

using the BLYP (Becke-Lee-Yang-Parr) and the dispersion corrected BLYP-D functionals.

The main focus has been to look at the influence of π-hydrogen-bonding and hydrophobic

interactions on the distance and angle resolved various structural and dynamical proper-

ties of solvation shell. The structure of hydration shell water molecules around benzene

are found to be highly anisotropic as revealed by the radial distribution functions of dif-

ferent conical regions and joint radial/angular distribution functions. The benzene-water

dimer potential energy curves are calculated for a variety of orientation of water along the

axial and equatorial directions for both BLYP and BLYP-D functionals. The simulation

results of the hydration shell structure of benzene, particularly the axial and equatorial

benzene-water RDFs are discussed based on the differences in the benzene-water poten-

tial energies for different orientations and functionals. The inter-particle distance/angle

correlations show an enhanced water structure in the solvation shell of benzene compared

to that between the solvation shell and bulk and also between the bulk molecules. On av-

erage, a single πH-bond is found to be formed between water and benzene in the 45 ◦ axial

conical region of the solvation shell. The πH-bonded water molecules are found to have

faster translational dynamics and also found to follow a fast jump mechanism of reori-

entation to change their hydrogen bonded partners. The presence of π-hydrogen-bonded

water makes the overall dynamics of the axial region faster than that of the equatorial

region where the water molecules are hydrophobically solvated and hydrogen bonded to

other water molecules.
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1 Introduction

Aromatic hydrocarbons are important building blocks for many biological molecules

and hydrophobic surfaces1–5. Therefore, studies of hydration of aromatic hydrocarbons

are important as water is the omnipresent solvent for biological systems. The aromatic

hydrocarbons differ from the aliphatic ones by the cyclic ring structures with delocalized

π-electrons. The interaction of π-electrons of aromatic hydrocarbons with water hydrogen

is known as π-hydrogen-bonding (πH-bonding)6. These πH-bonds are considered to be one

of the most important characteristic features of biological interfaces containing aromatic

groups. These πH-bonds allow a higher probability of donor displacement and bending

of hydrogen bond angle, thus possess a softer geometry compared to other conventional

hydrogen bonds7. In order to understand the properties of πH-bonded water molecules

and also of other water molecules in the solvation shell of aromatic hydrocarbons, the

simplest aromatic hydrocarbon molecule of benzene has been used as a model system in

various earlier studies6–24. Several spectroscopic studies have confirmed the formation of

πH-bonds between benzene and water at ambient conditions6–16. These studies suggest

that approximately one πH-bond is formed between water and benzene in the axial region

with respect to the plane of the benzene molecule. A recent spectroscopic study8 of very

dilute benzene-water solution has revealed a narrow πH-bonded OH peak at 3610 cm−1.

This is about 50 cm−1 red shifted with respect to the dangling (free) OH peak found at

around 3660 cm−1 . This frequency shift is also similar to the earlier reported πH-bonded

OH stretching frequency shift in case of benzene-(water)8 clusters studied by resonant ion-

dip infrared spectroscopy14. These spectroscopic studies have provided useful information

about the strength of πH-bonds. However, a detailed understanding of the effects of such

πH-bonds on the hydration shell structure and dynamics needs further studies.

Benzene is an anisotropic molecule. The water molecules in the axial and equatorial

regions around benzene in its solvation shell have different structural and orientational

arrangements as confirmed by earlier molecular dynamics17–22 and first principles21,23,24

simulation studies. Most of these earlier studies focused on the structural arrangement

of water around benzene and revealed that benzene possesses an anisotropic solvation

shell. Apart from the average structural behavior, the details of translational and rota-

tional dynamics of water molecules in the regions axial and equatorial to the benzene
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solute also need to be quantified because these are governing factors in the dynamics of

chemical systems with πH-bonds25–32. In the present study, we provide a detailed picture

of the solvent dynamics along with benzene-water π-hydrogen-bonded and hydrophobic

solvation and organization of water molecules around a benzene solute. The important

factors that determine the hydration structure around a nonpolar solute are the directional

nature of water hydrogen bonds and tendency of water molecules to adapt suitable struc-

tural configurations to maximize the number of hydrogen bonds with neighboring water

molecules2,5,19. Therefore, our focus in the present study has been to explore the interplay

between benzene-water interaction, especially the benzene-water πH-bonding, and water-

water hydrogen bonding interactions which govern the subtle changes in the structure and

dynamics of the solvation shell around a benzene solute molecule by means of ab initio

simulations33,34 without using any empirical potential models. We have looked at the

influence of πH-bonding and hydrophobic interactions on the distance and angle resolved

structure and dynamics of solvation shell water molecules. Additionally, we have also

looked at the possible roles of angular jumps in the reorientational motion of πH-bonded

water molecules. For hydrophobic solvation, the so called ”iceberg model”35 predicts an

enhanced ordering of the solvation water around small hydrophobic solutes. However, it is

still a debatable and controversial issue in the literature. The recent experimental results

of slow dynamics of the fraction of solvation water around hydrophobes seem to suggest

an enhanced structuring and increased strength of hydrogen bonds36. In the current work,

we have also looked at this aspect of changes in water-water hydrogen bonded correlations

induced by the hydrophobic solute through calculations of inter-particle distance/angle

correlations between water molecules in the solvation shell and also in the bulk phase.

In order to adequately capture the essential characteristics of the solvation shell struc-

ture and dynamics around benzene, we have performed first principles dynamical simula-

tions33,34 where the many-body interactions and forces are calculated on-the-fly through

quantum electronic structure calculations within density functional theory37. We note

that such first principles dynamical simulations of benzene-water systems were also car-

ried out in earlier studies23,24. However, the current study looks at a rather large set of

structural and dynamical properties and also the effects of dispersion corrections on these

properties which were not considered in the earlier ab initio simulation studies of ben-

zene in water. For example, to the best of our knowledge, the structural properties like
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radial/angular distributions, water-water inter-particle distance/angle distributions and

hydrogen bonding state distributions discussed later in Section 3 and all the dynamical

properties presented in Section 4 and the effects of dispersion corrections on all these struc-

tural and dynamical properties are investigated here for the first time for benzene-water

system through ab initio molecular dynamics simulations. The radial distribution func-

tions of conical regions (Section 3) are also investigated here with better angular resolution

than that of earlier ab initio simulation studies23,24. Additionally, we have also calculated

the benzene-water dimer potential energy curves through quantum chemical calculations

for a variety of orientations of water along the axial and equatorial directions for both

BLYP and BLYP-D functionals. The ab initio simulation results of the benzene-water

radial distribution functions have been discussed based on the benzene-water potential

energy differences for different orientations and density functionals.

We have organized the rest of the paper as follows. In Section 2, we have described

the methodology and also other details of simulations. The results of radial distribu-

tion functions (RDFs), benzene-water dimer potential energy curves, radial/angular dis-

tribution functions and water-water inter-particle distance/angle distributions around a

benzene solute in various axial and equatorial conical regions of the solvation shell are

presented in Section 3. Section 4 deals with a detailed study of the dynamics of water

molecules in different conical regions around benzene and also of the mechanism of π-

hydrogen bond reorientation. The results of frequency distributions and frequency time

correlation functions are discussed in Section 5. Finally, our conclusions are briefly sum-

marized in Section 6.

2 Simulation Details

The simulations of the current study have been performed by employing the Car-

Parrinello method33,34 and the CPMD code38. We have studied a benzene solute dissolved

in a liquid of 107 water molecules in a cubic simulation box which is periodically replicated

in three dimensions. The edge length of the simulation box is 14.94 Å. The electronic

structure of the extended simulation system is represented by the Kohn-Sham (KS) for-

mulation37 of density functional theory within a plane wave basis. The core electrons are

treated via Troullier-Martins39 pseudo potentials and the plane-wave expansion of the KS
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orbitals is truncated at a kinetic energy cut-off of 80 Ry. A fictitious mass of µ = 800 au is

assigned to the electronic degrees of freedom. The coupled equations of motion describing

the system dynamics are integrated by using a time step of 5 au. The mass of deuterium

is assigned to all the hydrogen atoms. We have used the BLYP40,41 density functional and

also the dispersion corrected BLYP-D42–44 density functional in the present simulations.

We note that the BLYP functional was used in many earlier simulations of water45–57

and aqueous solutions58–70. However, many recent studies have shown that inclusion of

dispersion corrections42–44 to generalized gradient approximation (GGA) category func-

tionals such as BLYP provides a better description of water from the perspectives of phase

diagram, structure and dynamics71–79. Hence, we have employed the dispersion corrected

BLYP-D functional also in the current calculations in addition to using the BLYP func-

tional. In particular, we have used the Grimme-D2 version44 of dispersion correction

scheme which uses damped atom-pairwise dispersion corrections of the form C6r
−6 where

r represents the distance between two atoms and C6 is the prefactor that determines the

strength of dispersion interaction. In this scheme, three body dispersion interactions are

not taken into account. We note that the use of both functionals also allows us to look at

the effects of dispersion interactions on the structure and dynamics of the hydration shell

of a benzene solute molecule by comparing the results of BLYP and BLYP-D functionals.

We also note in this context that the effects of including dispersion by the addition of

Grimme-D2 and D344,80 in the structure and thermodynamics of liquid water has been

discussed extensively by McGrath et al.72,73. Further justifications of the use of density

functionals and various other simulation parameters are presented in Sections 1-3, Tables

S1 and S2 and Fig.S1 of the Supplementary Information81. Additionally, we have also

performed quantum chemical calculations of the benzene-water dimer potential energies

for different orientations of water for both BLYP and BLYP-D functionals using the same

80Ry cut-off for the plane wave basis as it was done for the simulations, The results of

such dimer energy calculations are discussed in the context of our simulated anisotropic

structural distributions of benzene-water pairs for both the functionals..

The initial configuration of the system was created through classical molecular dy-

namics simulation using empirical multi-site potentials82,83. After that, we carried out

two ab initio molecular dynamics simulations using the BLYP and BLYP-D functionals

6
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and equilibrated each system for 20 ps in the canonical ensemble at 298K and thereafter

each run was continued in microcanonical ensemble for another 80 ps for calculations

of various equilibrium and dynamical quantities. After the simulated trajectories were

generated, the stretch frequencies of OD bonds were calculated by a time series analysis

of the respective coordinates and momenta using the wavelet method84–86. The details of

this time series method for calculations of fluctuating OD bond frequencies from simula-

tion trajectories are available in Refs47,70. The results of various calculated structural and

dynamical quantities are presented in the following sections. In order to estimate the error

bars associated with these calculated averages, we divided the entire production runs of

80 ps into 4 blocks of 20 ps each and calculated the averages for each block. Subsequently,

these block averages were used to calculate the standard deviations and percentage error

bars of the calculated average values of various quantities.

3 Solvation Structure

We first look at the structure of the solvation shell in order to understand the struc-

tural and orientational changes that are induced by a benzene solute on its solvation shell

water molecules. We note that in earlier studies19–21,23,24, specific attention was given

to the distinct hydration patterns found in the axial and equatorial regions around ben-

zene at ambient conditions. In the current work, we have further resolved the structural

information around a benzene solute molecule by calculating the radial/angular distribu-

tion functions and also water-water inter particle distance/angle distributions around the

benzene solute, in addition to the benzene-water radial distribution functions (RDFs).

We have considered different conical regions around the benzene solute. The regions are

as follows: (a) Axial region is defined as the conical region with its axis orthogonal to

the benzene ring plane through its centre and angle θaxial of the axial cone is defined as

the angle between the principal axis of C6 symmetry and a vector along the surface of

the centre. (b) Equatorial region is defined as the conical region of the solvation shell

with its axis in the plane of the benzene ring and the angle θequa of equatorial cones is

defined as the angle between any of in-plane C2 axis using the benzene center as a refer-

ence point and a vector along the surface of the cone. Both the regions are schematically

shown in Fig.1 . Both structural and dynamical results discussed in the current work

are resolved with respect to these conical shells of different angles so as to capture the

7
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anisotropic nature of the solvation shell from both structural and dynamical perspectives.

3.1 Benzene-Water Radial Distribution Functions and Coordi-
nation Numbers

The solvation structure around benzene is characterized by the radial distribution

functions (RDFs) for benzene center of mass (Bz)-water oxygen (gBz−O(r)) and also ben-

zene center of mass-water hydrogen (gBz−D(r)) correlations in the axial and equatorial

conical regions. Note that the hydrogen atom is represented by D as we have used deu-

terium mass for H . The gBz−O(r) and gBz−D(r) correlations in the axial and equatorial

conical regions of 15 ◦, 30 ◦, 45 ◦, 60 ◦, 75 ◦ and 90 ◦ angles are shown in Fig.2 . The RDFs

of the 15 ◦ and 30 ◦ axial regions show the presence of a sharp first peak for the Bz−O

correlations at 3.2 Å and 3.3 Å for the BLYP-D and BLYP functionals, respectively. The

corresponding peaks for the Bz−D correlations are found to be located at 2.3 Å and

2.4 Å for the two functionals. The minima for πH-bonding peaks of Bz−O and Bz−D

correlations are found to be located at around 3.6 Å and 3.0 Å, respectively, which are

the distances corresponding to πH-bonding interaction region of benzene-water system21.

The heights of the πH-bonding peaks of Bz−O and Bz−D RDFs for the 15 ◦ and 30 ◦

axial regions show some difference for the BLYP-D and BLYP functionals. The difference

between the BLYP and BLYP-D results is more noticeable for the Bz−D RDFs. The peak

height for the 15 ◦ axial region is maximum for these correlations and the peak height de-

creases for higher axial conical regions because this π-H-bonding effect gets averaged out

in larger axial regions. It shows that the πH-bonding is mainly a feature of the smaller

axial conical regions. In the Bz-O RDFs, the second peak starts evolving for larger axial

regions and, for the Bz-D RDFs, the position of the already existing second peak also

changes with increase in the conical angle of the axial regions. The second peaks corre-

spond to the total solvation shell around the benzene solute. The solvation shell peaks for

the Bz−O and Bz−D RDFs shift to larger distances for larger axial regions. The shift of

the RDF maximum with larger axial angles indicates that the water molecules are placed

far from the benzene center of mass (COM) for larger axial regions which is a signature

of the oblate shape of the benzene solvation shell. The RDFs for the BLYP-D functional

appear little closer to benzene than that for the BLYP functional. Also, it is interesting to

8
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note that the BLYP-D functional predicts a higher first peak of the Bz-H correlation than

the second peak for the smaller conical regions contrary to the predictions of the BLYP

functional without any dispersion corrections. Thus, inclusion of dispersion corrections

produces a relatively stronger πH-bond compared to that produced by the pure BLYP

functional.

The RDFs of the equatorial conical regions are presented in Figs.2(c)-(d) for the

Bz-O and Bz-D correlations, respectively. The RDFs of the 15 ◦, 30 ◦ and 45 ◦ equatorial

conical regions start beyond 3.5 Å for Bz−O and 3.0 Å for Bz−D correlations. The

oxygen and hydrogen atoms participating in πH-bonding appear in the equatorial regions

of angles larger than 45 ◦ and, hence, no such small peak corresponding to the πH-bonding

region is found in the equatorial regions for the 15 ◦, 30 ◦ and 45 ◦ conical angles. The

first solvation shell peak for different equatorial regions is found to be located at the same

position for a particular functional and the peak height is found to decrease for larger

equatorial regions. This shows that the water molecules in the smaller equatorial regions

are larger in number density and stay farthest from the benzene centre of mass within

the solvation shell. In fact, the first solvation shell peak position is primarily determined

by the molecular arrangements in the equatorial region. The first solvation shell peak for

the BLYP functional is located at a slightly larger distance than that for the BLYP−D

functional. It is to be noted that the 90 ◦ axial and 90 ◦ equatorial cones cover the same

region around the benzene solute, i.e. the entire first solvation shell.

In Fig.3, we have presented further analysis of different parts of the Bz-O radial dis-

tribution functions for the 15o axial and equatorial conical regions around the benzene

solute. Results of both BLYP and BLYP-D functionals are considered. Only the 15o

conical regions are considered because here the objective is to explore the nature of axial

and equatorial benzene-water dimeric configurations that contribute to the maxima and

minima of benzene-water RDFs in the respective regions. In Fig.3(a), we have shown

simulation snapshots of some of the representative benzene-water configurations in the

15o conical shell at distances of 3.1-3.4 Å and 3.7-3.9 Å from the benzene centre of mass

(Bz) that contribute the to the maximum of the 15o axial RDF. In this figure, we have

also shown a representative benzene-water dimer configurations in the 15o axial conical

shell at the distance range of 4.8-6.0 Å from Bz that contributes to the first minimum

9
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of the 15o axial RDF. Similar simulation snapshots of representative benzene-water con-

figurations are also shown in Fig.3(b) in the 15o equatorial conical shell at distances of

4.8-5.2 Å and 6.2-7.0 Å from Bz which contribute, respectively, to the maximum and

minimum of the 15o equatorial benzene-water RDF. In Fig.4, we have presented results

of our quantum chemical calculations of benzene-water dimer potential energy curves for

different orientations of the water molecule in the axial and equatorial directions. The

Bz-O distances are kept fixed at 3.4Å and 5.0Å, respectively, in the axial and equatorial

directions, while a rotation is given to the water molecule so as to vary its OD orientation

with respect to the C6 of the benzene from −180o to +180o. Snapshots of dimer configu-

rations are also shown for different parts of the potential energy curves in both axial and

equatorial directions. It can be seen that the lowest energy dimer configurations of Fig.4

also contribute to the first maximum of the Bz-O RDFs for both axial and equatorial

regions.

The πH-bonding interaction between benzene and water in the axial and equatorial

conical regions can be better understood quantitatively through calculations of the co-

ordination numbers. The coordination number corresponding to πH-bonding distance

ranges, i.e. up to 3.5 Å for Bz-O RDFs and up to 3.0 Å for Bz-D RDFs, are calculated

for the axial and equatorial regions around a benzene solute molecule. It is found that al-

together ∼ 1.2 oxygen atoms and ∼ 1.0 hydrogen atom appear in the πH-bonding region.

It suggests that on average about one πH-bond is formed between the benzene and water.

It is found that in the axial conical region larger than 45 ◦, no change is found in the

coordination numbers of oxygen and hydrogen. Hence, the probable region of πH-bond

is the axial conical region up to 45 ◦. This is further confirmed by coordination number

for the πH-bonding region from the equatorial direction. The 45 ◦ axial and 45 ◦ equato-

rial regions can be distinguished in terms of probable πH-bonding and non πH-bonding

regions of the benzene solvation shell. Whenever we focus our attention on purely axial

or purely equatorial regions, we will be referring to the 45 ◦ axial region as the axial and

45 ◦ equatorial region as the equatorial region around benzene. In the πH-bonding region,

only a slight difference is found in the number of oxygens and hydrogens for the BYLP

and BYLP-D functionals. Further details of the πH-bond and coordination numbers for

the axial and equatorial conical regions of varying angles are presented in Fig.S2 of the

Supplementary Information.
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3.2 Benzene-water Radial/Angular Distribution Functions

The orientational preference of water molecules around benzene is studied further

by calculating the benzene-water radial/angular distributions19. These distributions are

calculated for two tilt angles: Water dipole tilt angle ω and the OD bond vector tilt angle

α which are defined as the angles that the water dipole and OD vectors make, respectively,

with the vector connecting water oxygen to the benzene center of mass (~r). The definitions

of these tilt angles are illustrated in Fig.S3 of the Supplementary Information81. The

plots of the water dipole radial/angular distribution functions gBz−O(r, cos ω) for the

axial and equatorial regions are shown in Fig.S4 of the Supplementary Information81 for

the BLYP-D and BLYP functionals. For the 15 ◦ axial region, the maximum around 3.0 Å

which defines the πH-bonded distance range, is found to be around cos ω ≈ 0.6 with the

corresponding value of tilt angle ω ≈ 53 ◦. These results are also similar to earlier reported

ab initio molecular dynamics results for small axial regions23,24. On increasing the axial

conical regions from 30 ◦ to 90 ◦, the distribution of cos ω widens. The second peak has

two distinct ranges of cos ω for the maximum : one from 1.0 to 0.5 and other from -0.5

to -1.0. In case of the BLYP-D functional, for higher axial regions, the stronger peak

for the overall solvation shell is found to be around cosω = -0.5 to -1.0, rather than the

region of cosω = 1.0 to 0.5 . This shows that for the BLYP-D functional, there is higher

probability of water molecules with ω in the range of 120 ◦ to 180 ◦. The BLYP functional,

on the other hand, predicts almost the same probabilities for ranges of ω from 0 ◦ to 60 ◦

and 120 ◦ to 180 ◦ for the higher axial regions of the solvation shell. In the equatorial

regions, the cosω has its maximum probability around 4.8 Å for both the BLYP and

BLYP-D functionals which is consistent with the RDF peaks. The peak for cos ω = -0.5

to -1.0 indicates the hydrophobic nature of the benzene solute. The maximum probability

region around this maximum is found to be less intense for the BLYP functional which

means the hydrophobicity of the benzene ring is captured more strongly by the BLYP-D

functional with dispersion corrections. The results and discussions of the radial/angular

distributions of the OD tilt angles are presented in Fig.S5 and Sec.5 of the Supplementary

Information.

11

Page 11 of 47 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



3.3 Water-Water Inter-Particle Distance/Angle Distributions

The inter-particle correlations between water molecules inside the solvation shell and also

outside of it are important for better understanding of the solvation shell structure around

a hydrophobic solute. In the calculations of these correlations, water molecules having

their oxygen atoms within 6.0 Å from benzene centre of mass are taken to be in the first

solvation shell (S1) and the rest are considered as bulk molecules. We calculated the O··O

inter-particle distances (R) and the best O··O-D angle (θ), which is the smallest of the four

possible angles for each water pair, in different regions. Then, we calculated the water-

water inter-particle distance/angle distribution ρOO(R, θ)19,87. The plots of ρOO(R, θ) for

the solvation shell (Solv-Solv), solvation shell-bulk (Solv-Bulk) and within the bulk (Bulk-

Bulk) water molecules are presented in Fig.S6 of the Supplementary Information81. The

overall shape of ρOO(R, θ) is found to be rather similar for the Solv-Solv, Solv-Bulk and

Bulk-Bulk water molecules. There are two peaks found for all the cases. The first peak is

found to be at R ≈ 2.7 Å and θ ≈ 8-10 ◦ which corresponds to the hydrogen bonded water

pairs. The second peak at a larger distance of R ≈ 4.2-4.5Å and θ ≈ 40-45 ◦ corresponds

to water pairs that are not hydrogen bonded but in the second contact of each others.

The intensity of the first peak is found to be maximum for the water pairs inside the

solvation shell. The corresponding peaks for solv-bulk and bulk-bulk pairs have lower

relative probability density which shows that the hydrogen bonding interaction within

the solvation shell water molecules is enhanced in comparison to solv-bulk or bulk-bulk

pairs.

3.4 Hydrogen Bond Distributions

The structure of water around a hydrophobic solute can be better understood by the

local arrangement of the hydrogen bonded network. We have used a set of geometric

criteria88–95 for the definition of hydrogen bonds between water-water and benzene-water

pairs. A hydrogen bond between two water molecules or between a water and a benzene

molecule is assumed to exist if the following distance and angular criteria are satisfied: For

water-water hydrogen bonds, the O-O and O-H distances should be less than the cut-off

distances ROO
c and ROD

c where the cut-off distances are: ROO
c = 3.5 Å and ROD

c = 2.45 Å.

It may be noted that these cutoff distances ROO
c and ROD

c are essentially the positions of

the first minimum of the oxygen-oxygen and oxygen-hydrogen RDFs, respectively. We
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have also used an angular cut-off of 30 ◦ for the oxygen-oxygen-hydrogen angle91,92,95.

Similarly, the cut-off values for benzene-oxygen (Bz-O) and benzene-hydrogen (Bz-D)

distances are determined from the positions of first minimum of the benzene centre of mass

to water oxygen and hydrogen RDFs and the values thus obtained are: RBz−O
c = 3.6 Å

and RBz−D
c = 3.0 Å. We have not used any angular cut-off for benzene-water hydrogen

bonds. The first solvation shell around benzene is defined up to a distance of 6.0 Å from

the benzene centre of mass.

Previous studies suggested that small hydrophobic molecules induce ordering in

the surrounding water by reducing the volume of the configuration space for hydrogen

bonds3. A comprehensive way to study the hydrogen bonding picture in the anisotropic

solvation shell of benzene is to calculate the time averaged network of hydrogen-bonds

in various conical regions around the solute. The average number of hydrogen bonds per

water molecule around benzene in the axial and equatorial regions, full solvation shell

and also in bulk water are included in Table I. It is found that the average number of

hydrogen bonds (HB) per water in the solvation shell and bulk solution differ only by a

small factor. Slight differences are also found between the results of BLYP and BLYP-D

functionals. The distributions of the average hydrogen bond numbers in different conical

regions around benzene and also in the region beyond the first solvation shell (bulk) are

shown in Figs.5(a)-(b). It is found that the fractions of water without a single hydrogen

bond (NIL), single acceptor (A), double acceptor (AA), single donor (D) and double

donor (DD) are negligibly small in the solvation shell. Hence, we focus primarily on the

single acceptor single donor (AD), double acceptor single donor (AAD), single acceptor

double donor (ADD) and double acceptor double donor (AADD) types of water molecules

which are found to be present in significant fractions. It is found that relatively larger

number of AAD type water molecules are present in the smaller axial conical regions

and the relative population of AAD type water molecules decreases on increasing the

angle of the axial conical regions. However, there are less AAD type water molecules

present in smaller equatorial conical regions and their relative population increases for

larger equatorial regions. While more of the ADD and AADD type water molecules are

found for the smaller equatorial regions, the reverse scenario is found for the smaller

axial regions. This shows that smaller equatorial regions, being in closer proximity to
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the benzene plane, have more of ADD and AADD type water molecules compared to

the smaller axial regions. In the equatorial regions, water molecules have to orient their

oxygens towards benzene periphery to interact with deuterated hydrogens of C6D6 and

this kind of configurations favor maximum number of donor HBs to maintain its hydrogen

bonded network. In the smaller axial regions, such orientations are not preferred due to

the influence of πH-bonding interaction. As a result, the axial water oxygens are capable

of accepting more number of hydrogen bonds. In Fig.5(c), we have shown the average

number of πH bonded water molecules. From Fig.5(c), it is seen that the AADD is the

most stable configuration for these water molecules, i.e. tetrahedrally coordinated state

with one hydrogen bond donated to benzene.

4 Dynamics of water molecules in the solvation shell

of benzene

4.1 Rotational dynamics

The rotational motion of water molecules is closely related to the formation and breaking

of hydrogen bonds. The orientational motion of solvent molecules is analyzed by calcu-

lating the OH vector orientational time correlation function, COD
l (t), in different conical

regions around a benzene solute molecule. This function is defined by

COD
l (t) =

< Pl(uOD(t) · uOD(0)) >

< Pl(uOD(0) · uOD(0)) >
, (1)

where Pl is the Legendre polynomial of rank l and uOD is the unit vector which points along

an OD bond of water molecules. In this work, we have calculated the time dependence of

COD
l (t) for l = 1 and 2. Here we have plotted only the second-rank rotational functions

COD
2 (t) as these functions are directly related to experimentally measured time dependent

rotational anisotropy of water molecules. The orientational correlation time, τOD
l , is

defined as the time integral of orientational correlation function inside the solvation shell

of benzene,

τOD
l =

∫
∞

0
dt COD

l (t) . (2)

We calculated τOD
l by explicit integration of the COD

l (t) from simulations and by calcu-

lating the integral for the tail part from fitted exponential functions. Fig.6(a) shows the

decay of COD
2 (t) for πH-bonded water OD vectors in < 200 fs time range and Fig.6(b)
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shows the dynamics in the long time region. We selectively calculated the orientational

relaxation of an OD vector which was initially (at t = 0) πH-bonded to benzene and

also that of the second OD vector of the same water molecule. The decay of COD
2 (t) for

πH-bonded OD vector is faster than the other OD of the same water molecule which is

true for both BLYP-D and BLYP functionals. Moreover, in the sub-picosecond time scale

regime, the πH-bonded OD vector shows faster decay than the other OD vector. This

sub-picosecond regime of reorientational motion is related to the breaking and creation

of hydrogen bonds due to libration, hence the short time decay reflects the strength of

the hydrogen bond96,97. It is clear from Fig.6(a) that the πH-bonded OD vector per-

forms larger amplitude librational motion than the other OD vector of the same water

molecule. The orientational times for πH-bonded OD vector and the other OD vector of

the same πH-bonded water molecule are included in Table II. The results show that the

πH-bonded OD rotational relaxation is almost two times faster than that of the other

OD vector of the same water molecule. Similar results are found for both the functionals

although the actual time scales are found to be rather different for the two function-

als. The general trends are consistent with recent experimental studies of πH-bonding in

some aromatic compounds which reported that πH-bonded OH group readily reorients

and translates98–100.

In Figs.6(c)-(d), we have shown the decay of COD
2 (t) for the OD vectors of water

molecules in various axial and equatorial conical regions around the benzene solute. The

water molecules initially present in a particular angular conical region are considered

for calculations of rotational dynamics in that region. The second-rank orientational

relaxation times for different axial and equatorial regions are included in Table III. We

again note that the 90 ◦ axial and equatorial regions cover the total solvation shell around

benzene, hence represent the same region. We found a fast orientational relaxation of

water molecules in the smaller axial regions which then slow down for larger axial regions.

However, in case of the equatorial regions, the rotational dynamics of water molecule

is found to be slower for smaller equatorial regions and faster for the larger equatorial

regions. On increasing the angles of the axial and equatorial conical regions of interest, the

differences in the orientational dynamics are found to be more prominent for the BLYP

functional than that for the BLYP-D functional.

The reason of faster dynamics of water molecules in the axial conical regions is that
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the water molecules in small axial regions are mostly influenced by π-hydrogen bonding

interaction. The πH-bonding, being a weaker interaction in comparison to water-water

hydrogen bonding, gives rise to faster dynamics in the axial region. The water molecules

which are πH-bonded to benzene show faster reorientational motion and tend to form

H-bonds with other water molecules in the solvation shell which induce breaking of other

water-water H-bonds in the axial region. Therefore, the benzene-water weak π-H bonding

affects the water-water hydrogen bonding network and gives rise to faster dynamics in the

axial region. However, in the small equatorial regions, water molecules are mostly influ-

enced by C−D· · ·O hydrophobic interaction and water-water hydrogen bonding. Unlike

the small axial regions, the water molecules in small equatorial regions tend to reorient

slowly because of hydrophobic interactions and water-water H-bonds of both the OD

groups of such water molecules. These different interactions in the axial and equatorial

regions lead to different rotational dynamics of water molecules at the faces and edges of

the benzene solute molecule. It is also found from the second-rank rotational functions

that the overall dynamics of the solvation shell water molecules is slower than that of the

bulk. This slowing down can be attributed to the enhancement of water structure around

the hydrophobic solute as discussed in Section 3.3.

4.2 Orientational Jumps and Switching of Hydrogen Bonds

It was shown earlier that the reorientation of water takes place mainly through large

amplitude angular jumps101,102. The reorientation and hydrogen bond cleavage of water

molecules occur concertedly and not successively101,102. The presence of orientational

jumps have also been reported in other liquids such as molten acetamide103,104. In the

present study, we have investigated the rotational behavior and hydrogen bond switching

mechanism for πH-bonded water. In particular, we have looked at the dynamics of πH-

bonds from the perspective of jump mechanism. To the best of our knowledge, this is the

first study which examines if a πH-bonded water reorients in small diffusive steps or via

large amplitude angular jumps. We examine all the πH-bond switches from benzene to

another water. In Fig.7(a), the O*D* represents the πH-bonded mode of water and D2O
b

is the water molecule to which the πH-bonded O*D* mode would switch its hydrogen

bond. We denote the relative distances of benzene centre of mass and πH-bonded water

as O*· · ·Bz and πH-bonded water to D2O
b as O*· · ·Ob. These notations are similar to
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those used for water-water and water-ion H-bond switches101,102. We look at the rotation

of O*D* from benzene to D2O
b. It is found that the πH bonded O*D* mode, during its

librational motion above the benzene ring, comes across the instances when it is almost

equidistant to benzene and Ob. This equidistant D*, within hydrogen bonding distance

ranges, is in a bifurcated hydrogen bonding state and this state can be considered as

the transition state for H-bond switching. The transition state is an unstable state and

the O*D* then changes its hydrogen bond partner from benzene to water through large

amplitude angular jump of around 60-70 ◦. An almost similar jump amplitude was found

for water-water angular jumps101.

In Fig.7(b), We have shown the variation of O*· · ·Bz and O*· · ·Ob distances as the

system passes through the πH-bonded state of O*D* to the formation of hydrogen bond

with D2O
b. Results are shown for both the BLYP and BLYP-D functionals. The time is

set to zero at the switching event of D* from Bz to Ob. The average distance of O*· · ·Bz

in the πH bonded state is found to be 3.3 Å and the average O*· · ·Ob distance in hydrogen

bonding state is found to be 2.8 Å . The jump angle (θ) is defined as the angle between the

angle bisector of BzO*Ob plane and the projection of D* on the BzO*Ob plane, as shown

in Fig.7(c) . It is found that the πH-bonded O*D* mode performs a switch of its hydrogen

bond from benzene to water via a large amplitude angular jump of around 60-70 ◦. There

is very little (∼ 2%) πH-bond switching/reorientation occurrence through small diffusive

steps to change its hydrogen bond.

The number of hydrogen bonds accepted by O*, Benzene and Ob are shown in Fig.7(d) .

It is found that the average number of π-hydrogen-bonds accepted by the benzene molecule

before t = 0 is ∼ 1.5 and then it decays to ∼ 0.5 as a πH-bond switches its partner. The

average number of hydrogen bonds accepted by Ob before t = 0 is 1.0 and it is 2.0 after

t = 0 as the O*D* forms a hydrogen bond with Ob. The HB number, however, remains

constant for O*. This shows that the πH-bonded O* has double acceptor nature and it

remains in that double acceptor state after the πH-bond switching event. On the other

hand, before t = 0, the Ob is in a single acceptor state which is ready to accept another

hydrogen bond. We have also calculated the number of donor hydrogen bonds of D′ which

is the second deuterated hydrogen of the πH-bonded water. It is found that its hydrogen

bond remains intact during the πH-bond switching. So, it is clear from our calculations

that although the πH-bonded O*D* mode performs higher degree of librational motion, it
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changes its partner from benzene to water via large amplitude rotational jump mechanism.

We have also looked at the H-bond switching of water molecules in the benzene sol-

vation shell and in bulk water. It is found that the changes in distances and jump angles

for H-bond switches in the solvation shell and bulk are very close to those reported for

pure water101,102. However, the number of switches per water is found to be less in the

solvation shell which can be linked to an overall slower reorientational motion of water

molecules in the solvation shell105 due to hydrophobic interactions with the solute. The

excluded volume of the solute may also hinder the reorientational motion106. The en-

hanced hydrogen bonded structure found in the solvation shell may also be one of the

reasons for the slower reorientational motion of water around the benzene solute.

4.3 Hydrogen bond dynamics

We have studied the dynamics of benzene-water and water-water hydrogen bonds by

using the population correlation function approach88–95,107–111. The HBs are defined by

using a set of geometric criteria as described in Section 3. We define two hydrogen-bond

population variables: h(t) and H(t), where h(t) is unity when a particular water-water

(W-W) or benzene-water (B-W) pair is hydrogen-bonded at time t and zero otherwise.

H(t) = 1 if a particular W-W or B-W pair remains continuously hydrogen-bonded from t

= 0 to time t and it is zero otherwise. We calculate the continuous hydrogen-bond time

correlation function SHB(t) which is defined as90–95,107

SHB(t) =
< h(0)H(t) >

< h(0)2 >
, (3)

where < ... > denotes an average over all chosen W-W or B-W pairs. SHB(t) describes the

probability that an initially hydrogen bonded W-W or B-W pair remains bonded at all

times up to t. The associated integrated relaxation time τHB gives the average lifetime of

a hydrogen bond between water molecules or between benzene and water molecule present

in the region of interest. The most probable configuration found for a πH-bonded water

molecule is with its O*D* bonded to benzene and other O*D′ bonded to a water molecule.

Therefore, in Fig.8(a) we have plotted the continuous hydrogen bond correlation functions

separately for benzene-D*O* and OD′-water pairs. The average lifetimes for πH-bond and

the OD′-water hydrogen bond are given in Table IV. It is found that the πH-bond lifetime

is relatively very small than that of water-water hydrogen bonds which means that the
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former is a weaker hydrogen bond. The benzene-water hydrogen bond life time is found

to be slightly longer for the BLYP-D functional compared to its value for the BLYP

functional which can be attributed to the effects of dispersion interactions.

Fig.8(b) shows the decay of hydrogen bond correlations of water-water pairs in differ-

ent axial conical regions around the benzene solute. The integrated relaxation times for

benzene-water and water-water HBs are included in Table V for different axial and equa-

torial regions. It is found that the average H-bond lifetimes of water molecules present in

the axial region are less than that of water molecules in the equatorial regions. The equa-

torial water molecules have longer survival time of hydrogen bonds than the bulk and, as

a result, the overall solvation shell hydrogen bond dynamics is found to be slower than

bulk hydrogen bonds. Although quantitatively different values are found for the BLYP

and BLYP-D functionals, the qualitative trend of the hydrogen bond dynamics remains

similar for both the functionals.

5 Dynamics of Vibrational Frequency Fluctuations

We have calculated time dependent stretch frequencies of the OD modes of deuterated

water molecules by a time series analysis of the simulated trajectories47,70,85. We then

separated the frequencies of OD modes for water in πH-bonded, axial, equatorial, full

solvation shell and bulk regions. The time averaged distributions of these frequencies

are shown in Fig.9(a). We have normalized all sets of frequencies to the same scale

for clarity of their comparisons. The average frequency of the πH-bonded OD modes is

found to be 2521 cm−1 which is about 50 cm−1 red shifted from the average frequency

of the dangling OD modes (2570 cm−1) found by the same level of calculations112. This

frequency shift of ∼ 50 cm−1 for πH-bonded OD modes is in excellent agreement with the

results of recent experiments8. The axial, equatorial, solvation shell and bulk OD modes

have average frequencies around 2375 cm−1 which is close to the average frequency of OD

modes in pure water (2380 cm−1)70. This shows that most of the water-water hydrogen

bonded OD modes are red shifted compared to the πH-bonded OD modes. The OD mode

distribution of the axial region has a shoulder around 2500 cm−1 which is a manifestation

of AAD type water molecules in the axial regions as discussed earlier. This shoulder is

less pronounced in all other regions such as the equatorial, full solvation shell and bulk
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OD mode distributions. The OD bond frequencies are greatly influenced by the hydrogen

bonded state of the OD groups. The stronger the hydrogen bond, higher will be the

redshift in OD stretching frequencies. We also note that the frequency distributions are

found to be similar for the BLYP-D and BLYP functionals.

Our main focus here is to study the decay of frequency fluctuations and its correlations

with the hydrogen bond dynamics. The frequency time correlation function is defined as

Cω(t) =
〈δω(t)δω(0)〉

δω(0)2
, (4)

where δω (t) is the fluctuation from the average stretch frequency at time t. The average

of this equation is over those modes which were present in the respective regions at

the initial time. The frequency correlation function captures the time dependence of

vibrational frequency changes due to fluctuations in the surrounding environment70,112–125.

The results of the frequency correlation functions for the solvation shell and bulk water

are shown in Fig.9(b) for both BLYP and BLYP-D functionals. The frequency correlation

functions are fitted by a bi-exponential function and the corresponding relaxation times

are included in Table VI. The short time scale of frequency correlations originate from the

underdamped motion of intact hydrogen bonded pairs and the long time decay corresponds

to the hydrogen bond breaking dynamics. It is found that the frequency relaxation in the

solvation shell is slower than that in the bulk for both the BLYP-D and BLYP functionals

which is similar to the dynamics of hydrogen bond fluctuations discussed in the previous

section. Therefore, the slower relaxation of hydrogen bonds in the solvation shell of

benzene compared to that in bulk is also captured in the fluctuations of stretch frequencies

of water in the said regions.

6 Summary and conclusions

In the present study, we have investigated the structural and dynamical behavior of

water molecules in different parts of the anisotropic hydration shell of a benzene solute

molecule at room temperature. We have looked at various quantities such as benzene-

water radial distribution functions in different conical regions, radial/angular correla-

tions, water-water inter-particle distance/angle distributions, diffusion and orientational

relaxation, rotational jumps of π-hydrogen-bonded water molecules and switching from

π-hydrogen-bonds to water-water hydrogen bonds, hydrogen bond relaxation and also
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frequency time correlations in different parts of the solvation shell. The current study is

based on ab initio molecular dynamics simulations of water containing a benzene solute

at ambient conditions. Both BLYP and the dispersion corrected BLYP-D functionals

are used for calculations of the quantum electronic structure, energies and forces of the

benzene-water system.

The structure and dynamics of hydration shell water molecules around benzene are

found to be highly anisotropic as revealed by the radial distribution functions of different

conical regions, joint radial/angular distribution functions and also dynamical correlations

in different conical regions. Water molecules present in the axial regions of benzene are

found to have the preferred orientation of one OD bond pointing toward the benzene ring

whereas water molecules located in the equatorial region tend to orient their dipoles away

from the benzene ring. We have also calculated the benzene-water dimer potential energy

curves for many different orientations of water along the axial and equatorial directions

for both BLYP and BLYP-D functionals. The simulation results of the hydration shell

structure of benzene, particularly the benzene-water RDFs in the axial and equatorial

regions, are discussed based on the differences in the benzene-water potential energies

for different orientations and also for different functionals. The inter-particle correlations

show an enhanced water structure in the solvation shell of benzene compared to that

between the solvation shell and bulk and also within the bulk molecules.

On average, a single πH-bond is found to be formed between the benzene solute and

its surrounding water. The πH-bond of water-benzene pair is a weaker interaction than

water-water hydrogen bonds. The πH-bonded water molecules show faster rotational and

translational dynamics which in turn affect the overall dynamics of the axial region of

the solvation shell. The water molecules in the axial region are found to show faster

dynamics than the equatorial water molecules. The lifetime of πH-bond is found to be

shorter than water-water H-bonds. Still, the πH-bonded water molecules are found to

follow jump mechanism of reorientation to change its hydrogen bonded partner like those

hydrogen bonded to other water molecules. The stretch frequency of the πH-bonded OD

bond is found to be red shifted by about 50 cm−1 which is in good agreement with recent

experiments8.
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TABLE I. Average number of hydrogen bonds per water molecule in the solvation shell

and bulk. The axial and equatorial regions correspond to those with conical angle of 45◦.

The standard deviations in the hydrogen bond numbers are found to vary from 0.9% (for

bulk) to 2% (for axial and equatorial solvation shells) of the respective average values

reported in the Table.

Functional Axial Equatorial Solvation Shell Bulk

BLYP-D 3.60 3.64 3.62 3.69

BLYP 3.68 3.71 3.70 3.79
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TABLE II. Values of the second rank orientational relaxation times (τ2) of the OD

vector which is π-hydrogen bonded to benzene and of the second OD vector of the same

π-hydrogen bonded water. The relaxation times are expressed in units of ps. The stan-

dard deviations in the relaxation times are found to be in the range of 3.5-4.0% of the

values reported in the Table.

OD mode τOD
2

BLYP-D
π-H-bonded OD 1.74

Second OD of the same water 4.43

BLYP
π-H-bonded OD 3.29

Second OD of the same water 5.89

TABLE III. Second rank orientational relaxation times (τ2) of the OD vectors of water

molecules in the conical regions of the hydration shell of a benzene solute molecule. The

relaxation times are expressed in units of ps. τx
◦

2 means τ2 of water in a conical region

of the solvation shell characterized by the conical angle of x◦. The standard deviations in

the relaxation times are found to be in the range of 2.5% (for τ bulk2 ) to 4.2% (for τ 15
◦

2 ) of

the respective values reported in the Table.

Conical region τ 15
◦

2 τ 30
◦

2 τ 45
◦

2 τ 60
◦

2 τ 75
◦

2 τ 90
◦

2 τ bulk2

BLYP-D
Axial 3.48 4.06 4.75 5.14 5.37 5.43 4.93

Equatorial 5.78 5.78 5.71 5.63 5.54

BLYP
Axial 10.62 10.92 11.05 11.94 12.46 13.34 12.02

Equatorial 18.34 17.52 16.17 15.25 14.81
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TABLE IV. Hydrogen bond lifetimes of the benzene-water π-hydrogen bonded (O*D*· ·

·benzene) and the water-water hydrogen bonded (O*D′· · ·water) pairs in the units of

ps. The standard deviations in the hydrogen bond lifetimes are found tio be 3.5% for

πH-bonds and 2% for water-water H-bonds.

Hydrogen bond τHB

BLYP-D
Benzene-Water π-H-bond of O*D* 0.35

Water-Water HB of O*D′ 1.66

BLYP
Benzene-Water π-H-bond of O*D* 0.30

Water-Water HB of O*D′ 3.29

TABLE V. Hydrogen bond lifetimes (τHB) of water molecules in different conical regions

of the solvation shell of benzene in units of ps. τx
◦

HB means the τHB of water in a conical

region of the solvation shell characterized by the conical angle of x ◦. The standard

deviations in the hydrogen bond lifetimes are found to vary from 1.8% (for τ bulkHB ) to 2.6%

(for τ 15
◦

HB) of the respective values reported in the Table.

Conical region τ 15
◦

HB τ 30
◦

HB τ 45
◦

HB τ 60
◦

HB τ 75
◦

HB τ 90
◦

HB τ bulkHB

BLYP-D
Axial 1.68 1.75 1.79 1.83 1.84 1.84 1.77

Equatorial 1.95 1.94 1.92 1.90 1.86

BLYP
Axial 3.53 3.54 3.72 3.75 3.84 3.91 3.76

Equatorial 4.24 4.15 4.11 4.01 3.95
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TABLE VI. Relaxation times (τ) and weights (a) of the frequency correlations of OD

modes of water in the solvation shell and bulk. The results are averaged over OD modes

of those water molecules which are present in the respective regions at the initial time.

The standard deviations in the relaxation times are in the range of 2.2-2.8% of the values

reported in the Table.

Region Functional τ1 (ps) τ2 (ps) a1 a2

solvation shell BLYP-D 0.06 2.8 0.65 0.35
BLYP 0.07 3.7 0.67 0.33

Bulk BLYP-D 0.04 2.2 0.63 0.37
BLYP 0.05 3.0 0.64 0.36
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FIGURES

Figure 1. The axial and equatorial regions around a benzene solute molecule. The angle

θ of an axial cone is the angle with the principal axis of C6 symmetry.

Figure 2. The Bz-O and Bz-D radial distribution functions for the axial and equatorial

conical regions around the benzene solute molecule. Bz means the centre of mass of the

benzene molecule. The solid lines are for the BLYP-D functional and the dotted lines are

for the BLYP functional.

Figure 3. The Bz-O radial distribution functions for the 15◦ axial and equatorial conical

regions around the benzene solute molecule. The solid and dashed lines are for the BLYP-

D and BLYP functionals, espectively. (a) Representative benzene-water configurations are

shown in the 15o axial conical shell at distances of 3.1-3.4, 3.7-3.9 and 4.8-6.0 Å from Bz.

(b) Representative benzene-water configurations are shown in the 15o equatorial conical

shell at distances of 4.8-5.2 and 6.2-7.0 Å from Bz.

Figure 4. The benzene-water binding energy (kcal/mol) curves for different orientations of

water along the (a) axial and (b) equatorial directions. The angle on the X-axis is that of

the OH bond (with circled hydrogen) with respect to the C6 axis of benzene for (a) axial

benzene-water dimers and (b) with respect to a CH bond of benzene in the equatorial

plane for equatorial benzene-water dimers. The negative angle is for anticlockwise rotation

and the positive angle is for clockwise rotation of the OH bond with circled hydrogen. (a)

The oxygen of water is placed at 3.4 Å from the centre of mass of the benzene (Bz) along

the C6 axis and (b) the water oxygen is placed at 5.0 Å from Bz along a CH axis.

Figure 5. The distributions of different hydrogen bond donor (D) and acceptor (A) states

of water molecules in the axial and equatorial conical regions of the benzene solvation

shell. The population is calculated on percentage basis considering all water molecules

in a given region. The color filled bars are for the BLYP-D functional and empty bars

are for the BLYP functional. (a) Population of water in different H-bonded states in the
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axial conical regions (b) Population of water in different H-bonded states in the equatorial

conical regions (c) Population of π-hydrogen bonded water molecules in different H-bonded

states.

Figure 6. The orientational time correlation functions of the π-hydrogen bonded OD

and other OD vector of the same water in the axial region of benzene solvation shell

in the (a) short-time and (b) long-time regions of decay. (c) Orientational correlation

functions of OD vectors of water molecules in different axial regions. The solid curves are

for the BYLP-D functional and the corresponding dashed curves in the same color are

for the BYLP functional. (d) Orientational correlation functions of OD vectors of water

molecules in different equatorial regions. The solid curves are for the BYLP-D functional

and the corresponding dashed curves in the same color are for the BYLP functional.

Figure 7. Successive steps of the concerted process of breaking of a benzene-water π-

hydrogen-bond and formation of a water-water (W-W) hydrogen bond. (a) Initially, D*

is π-hydrogen-bonded to benzene and D2Ob is located further away from benzene. In the

transition state, D* becomes almost equidistant from benzene and Ob and then D* flips

from benzene to Ob. (b) Time evolutions of the O*· · ·Bz (green curve) and O*· · ·Ob

(blue) distances are plotted. (c) The jump angle θ is defined as the angle between the

angle bisector of BzO*Ob plane and the projection of D* on the BzO*Ob plane. The

jump angles for π-hydrogen-bond exchange events are plotted. (d) nr
O∗

, nr
Bz, nr

Ob

are

the number of accepted hydrogen bonds by O*, benzene and Ob, respectively. These

quantities are plotted in green, blue and maroon colors, respectively. nd
D′

represents

the number of hydrogen bonds donated by D′ (other hydrogen of the π-hydrogen-bonded

water). The solid and dashed curves correspond to the results of BYLP-D and BYLP

functionals, respectively.

Figure 8. Time dependence of the (a) continuous hydrogen bond correlation function

SHB(t) of π-hydrogen-bond and OD′ water-water hydrogen bonds, (b) Continuous hydro-

gen bond correlation function SHB(t) between two water molecules in the axial regions.

The solid curves are for the BYLP-D functional and the corresponding dashed curves in

the same color are for the BYLP functional.
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Figure 9. (a) Frequency distributions of axial, equatorial, full solvation shell and bulk OD

modes, (b) Frequency time correlation functions of OD fluctuating frequencies of water

molecules in the solvation shell and bulk regions. The solid curves are for the BYLP-

D functional and the corresponding dashed curves in the same color are for the BYLP

functional.
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Fig.1
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Fig.2
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Fig.3
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Fig.4
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