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Topological and spatial structure in the liquid-water–acetonitrile mixture

Dan L. Bergman and Aatto Laaksonen
Division of Physical Chemistry, Arrhenius Laboratory, Stockholm University, SE-106 91 Stockholm, Sweden

~Received 13 March 1998; revised manuscript received 3 June 1998!

We have studied the structure of the liquid-water–acetonitrile mixture using molecular configurations ob-
tained by molecular dynamics simulation. Spatial distribution functions have been used to analyze the local
structures surrounding the molecules. The effective hydrogen-bond definition has been used to study basic
hydrogen-bond properties and topological properties of the hydrogen-bond network. The topology of the
network depends on the acetonitrile concentration. Up to a critical concentration, there is an infinite network of
hydrogen-bonded water molecules. At higher concentrations, the network cannot be supported, and finite water
clusters form. In order to characterize the networks and clusters, we have calculated some properties of loops
and chains of water molecules. The patterns of hydrogen bonds surrounding the molecules and the size
distribution of the clusters have also been calculated. We suggest that this approach can be useful when
studying the structure of other liquid mixtures where hydrogen bonds are an important mode of interaction.
@S1063-651X~98!04510-3#

PACS number~s!: 61.25.Em, 61.20.Qg, 02.70.2c
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I. INTRODUCTION

The water–acetonitrile mixture has been studied theor
cally and experimentally for some time. Early experimen
work focused on thermodynamic properties, whereas m
recent work often employs spectroscopic techniques suc
NMR, IR, and x-ray and neutron scattering, which give mo
direct information about microscopic quantities. Among t
early workers are Benter, Moolel, and Schneider@1,2#, who
studied phase separation phenomena.~Phase separation oc
curs at certain compositions belowTc5272 K.) Morcom
and Smith@3#, and Moreau and coworkers@4# measured ex-
cess enthalpy, volume, viscosity, and dielectric propert
Drawing on this work, Moreau and Douhe´ret @4# proposed
that for T.Tc the system should have three different typ
of microstructures depending on the acetonitrile mole fr
tion (xMeCN): In the first region, 0,xMeCN,0.1520.2, the
voids of the water network are progressively filled by ace
nitrile molecules without enhancement of the water structu
In the second region, 0.1520.2,xMeCN,0.7520.8, clusters
of water molecules~that is microheterogeneities! form. The
exact nature of these clusters is unclear. The third regio
reminiscent of the first, in the sense that the structure of
pure acetonitrile system is gradually disrupted by the ins
tion of water molecules.

Recent IR measurements by Jamroz, Stangret,
Lindgren @5#, and Bertie and Lan@6# give a more detailed
picture of the microstructure of the system. Jamroz, Stang
and Lindgren used the OD and CN stretching vibrations
probe the microstructure. They concluded that preferen
solvation ~i.e., highly nonrandom mixing! occurs in the re-
gion 0.1,xMeCN,0.8. Furthermore, they proposed th
chains of water molecules are formed rather than sphe
clusters. They also estimated the fraction of hydrog
bonded acetonitrile molecules as a function ofxMeCN.

Bertie and Lan essentially reproduced the results of J
roz, Stangret, and Lindgren using a different method~cali-
brated multiple attenuated total reflection spectroscopy!. In
addition they calculated the fraction of OH groups engag
PRE 581063-651X/98/58~4!/4706~10!/$15.00
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in hydrogen bonds. They found that the fraction
hydrogen-bonded groups drops below 0.5 whenxMeCN ex-
ceeds 0.5. From this they concluded that clusters more c
plex ~with more cross links! than linear chains or hexagon
are improbable forxMeCN.0.5. In the region 0.3,xMeCN
,0.5 they found their results to be consistent with comp
microheterogeneities.

The present work employs molecular dynamics~MD!
simulations to study the microstructure at different aceto
trile concentrations. We have simulated this system pre
ously @7#, but the results were inconclusive on a number
points, especially with respect to the nature of the poss
microheterogeneities. Recently we have developed an
proach that is suitable for the study of molecular pair co
figurations @8# and hydrogen-bond network topology@9#.
Here we use this approach to analyze the microstruct
First we study basic aspects of the liquid structure such
molecular pair configurations and hydrogen-bond dynam
and then we proceed to properties related to the topol
@9–16# of hydrogen-bond networks and water clusters.

II. COMPUTATIONAL METHOD

Jorgensen and Briggs@17# have developed a simple three
site potential for acetonitrile. This potential has been sho
to describe the structural and thermodynamical propertie
pure acetonitrile well, in spite of the fact that the meth
group is treated as a united atom. We have used this pote
together with the extended simple point charge~SPC/E! wa-
ter potential@18# to carry out several classical MD simula
tions within the NVT ensemble~see Fig. 1!. Five systems
with acetonitrile mole fractions (xMeCN) of 0, 0.11, 0.5, 0.89,
and 1 have been investigated atT5300 K @19#. ~We will
refer to the mixture withxMeCN5a as thea system.!

The MD runs were started from the final configurations
our previous simulations@7#. The systems were first inte
grated for 0.3 ns to reach equilibrium in the NVT ensemb
Data were then collected during the following 0.1 ns for
systems. To obtain reliable spatial distribution functions
4706 © 1998 The American Physical Society
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the 0.11 and the 0.89 systems, they were simulated an a
tional 0.7 ns each. Periodic boundary conditions have b
applied together with the minimum-image convention@20#.
Long-range Coulombic interactions have been evaluated
ing the Ewald summation technique@21#, and the Lorentz-
Berthelot combination rules have been used to compute
Lennard-Jones parameters between all types of sites.
simulated systems consisted of 256 molecules and the
step was 1 fs. We have used a modified version
MCMOLDYN @22# to carry out the simulations.

The potential models we have used have been develo
mainly for simulation of pure substances. Since we use th
for simulations of mixtures, it is important to ascertain th
they give reasonable results for some experimentally ac
sible quantities. We have therefore calculated the diffus
coefficientsD and the internal energyE ~see Table I!. The
diffusion coefficients are consistently smaller than the
perimental values~except in the pure water system!. Espe-
cially for the systems with high acetonitrile content, we o
tain smaller water diffusion coefficientsDH2O than the
experimentalists. The main cause for this is probably
large effective charges on the water molecule, which h
been chosen to reproduce the properties of pure water.
therefore probable that our system is overly structured. H
ever, qualitatively we reproduce the diffusion coefficien
dependence onxMeCN: DMeCN increases monotonously an
DH2O has a local minimum.

As Berendsen, Grigera, and Straatsma@18# have pointed
out, one should account for the self-energy associated
the induced dipole moment when the SPC/E model is us
We account for the self energy by increasing the inter
energy per molecule by

Eself55.23~12xMeCN!, ~1!

FIG. 1. The geometries of the water and acetonitrile poten
models. To the left water withdOH51 Å and HOH5109.47o. To
the right acetonitrile~N5nitrogen, C5carbon, M5methyl group!
with dNC51.157 Å, dCM51.458 Å, anddNM52.615 Å.

TABLE I. Internal energyE and diffusion coefficientsD.

D(1029 m2/s)
E ~kJ/mol! Calc. Expt.b

xMeCN Calc. Expt.a H2O MeCN H2O MeCN

0.0 40.4860.04 41.5 2.660.1 2.3
0.11 39.6060.03 40.1 2.160.1 1.560.1 2.1 1.8
0.5 34.5460.03 35.3 1.760.1 1.960.2 3.0 3.3
0.89 30.3360.04 31.5 2.060.3 2.260.1 4.9 4.1
1.0 29.7060.02 31.0 2.760.1 4.3

aReferences@3,17,18#.
bReference@23#.
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where 5.23 kJ/mol is the correction appropriate for pu
SPC/E water. This simple correction does not account co
pletely for the self energies, but it should at least reduce
error due to the water molecules.

Directed graphs of hydrogen bonds have been constru
from the simulation trajectories every 5 fs, using the effe
tive hydrogen bond definition~see Sec. IV!. In total 23104

graphs have been generated for each system. From t
graphs, the hydrogen-bond distributions and some prope
of loops and chains have been calculated usingTOP-PACK

@24#. The periodic boundaries of the simulation box intr
duce some unphysical loops. By keeping track of the cro
ing of periodic planes, we have eliminated such loops fr
the calculations.

III. LOCAL SPATIAL STRUCTURE

Visual inspection of snapshots from the simulatio
leaves one with the general impression that the water m
ecules are strongly attracted to each other: At all comp
tions they tend to form clusters from which the acetonitr
molecules are expelled. The characteristics of these clus
vary with the composition and it is nontrivial to characteri
them in a useful way. One traditional approach is based
radial distribution functions of atomic number densiti
~RDF’s!. The oxygen-oxygen~OO!, carbon-carbon~CC!,
and oxygen-carbon~OC! distributions are shown in Fig. 2
The OO distributions show clearly how the water molecu

l

FIG. 2. Radial distribution functions:~a! gOO(r ), ~b! gCC(r ),
and ~c! gOC(r ), for xMeCN50 ~dotted!, 0.11 ~solid!, 0.5 ~dot-
dashed!, 0.89~dashed!, and 1.0~dashed!. Note that the 0.89 and 1.0
gCC(r ) curves coincide.
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FIG. 3. Spatial distribution functions: The isodensity surfaces~a! gOO(r)51.5 for xMeCN50, ~b! gOO(r)511 for xMeCN50.89, and~c!
gON(r)51.5 for xMeCN50.11. The maximaA are due to hydrogen bonds where the central water molecule donates a proton. The ma
B is due to hydrogen bonds where the central water molecule accepts protons. AsxMeCN increases, the nontetrahedral features marked bC
in ~a! are gradually shifted towardsD in ~b!. For xMeCN.0.11, theE maxima disappear. See Table II for details concerning the maxim
p

.1
Å

it
di
is

n
s

d
a

ra
f h
ra

-
io
ns

tra
n

xy
n
om
-

on

s
n

t

ra
c

e
tet-
ith

st of
In
re-
rk
and

ac-

nd

in
ults
en-

-
n
the

-
s
n
nd
ny
are

en

a
ce
n to

e
e is
tend to form clusters in the 0.50 and 0.89 systems. Des
the rapid increase in the maximum ofgOO(r ) with xMeCN,
the average number of oxygen atomsn in the first coordina-
tion shell decreases (n54.5, 4.3, 3.7, and 2.2 forxMeCN
50, 0.11, 0.5, and 0.89 respectively!. The CC distribution
changes less dramatically with composition, but in the 0
system the relatively high first peak and the low value at 9
is consistent with a pure water region and a region w
enhanced acetonitrile content. The low peaks in the OC
tributions support this interpretation of the OO and CC d
tributions.

We have proposed that spatial distribution functio
~SDF’s! can serve as a natural starting point for the analy
of spatial structure in liquid mixtures@8#. In Figs. 3~a! and
3~b!, the maxima marked byA correspond to hydrogen-bon
sites where the central water molecule donates a proton,
the maximumB is due to hydrogen bonds where the cent
water molecule accepts protons. The average number o
drogen bonds can be estimated as four times the ave
number found in a maximum of typeA. We have obtained
3.3, 3.1, 2.7, and 1.9 forxMeCN50, 0.11, 0.5, and 0.89 re
spectively, which is lower than the average coordinat
numbers obtained from the radial distribution functio
above.

In pure water we have observed two maxima at nonte
hedral positions@see Fig. 3~a!#. These maxima have bee
proposed to account for most of the extra 0.5 neighbors
water @25#. We have estimated the average number of o
gen atoms in these maxima to be 0.4. As the concentratio
acetonitrile increases, the average number of oxygen at
in the maxima decreases~see Table II!. They are also gradu
ally shifted from positionC to position D. However, the
mass in the maxima depends strongly on thegc value used to
define them~see Sec. IV below!. The significant observation
is therefore that the mass decreases and that the positi
shifted.

The oxygen-nitrogen distribution is shown in Fig. 3~c! for
the water rich 0.11 system. The tetrahedralA maxima, which
correspond to hydrogen-bonded nitrogen atoms, are pre
at all acetonitrile concentrations. The average number of
trogen atoms found in these maxima increases withxMeCN
~see Table II!. The nontetrahedralE maxima are only presen
in the water-rich 0.11 system.

The fact that the two small maxima at the nontetrahed
positionsC in the oxygen-oxygen SDF’s, move and coales
ite
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at the positionD whenxMeCN increases; and the fact that w
observe maxima for the oxygen-nitrogen SDF at the non
rahedral positions in the 0.11 system only is consistent w
the idea that the pure water and the 0.11 systems consi
networks of water molecules containing some cavities.
these cavities oxygen and nitrogen atoms occasionally
side. At higher acetonitrile concentrations the netwo
changes in character and the cavities disappear. Moreau
Douhéret’s original hypothesis embodies this idea@4#.

The distributions describing the correlations between
etonitrile molecules are relatively independent ofxMeCN;
moreover, they are not directly related to the hydrogen-bo
structure, hence they are not considered here@26#.

IV. DEFINITION AND BASIC PROPERTIES
OF HYDROGEN BONDS

A number of different hydrogen-bond definitions are
use and depending on the definition chosen, different res
are obtained. Most definitions can be classified either as
ergetic or geometric@27,28#. We usethe effective hydrogen
bond definition@8,9#. It is related to the potential of mea
force and describes the rearrangement properties of
hydrogen-bond network well.

The oxygen-oxygen SDF,gOO(r), has one connected re
gion of high probabilityV associated with each of its proton
@see Figs. 3~a! and 3~b!#. These regions will be called proto
donation sites. According to the effective hydrogen-bo
definition, a water molecule forms a hydrogen bond to a
oxygen atom entering either of these regions. The regions
defined by the relation

gOO~r!.gc . ~2!

Similarly, a water molecule forms a bond to any nitrog
atom entering either of the two regions defined bygON(r)
.gc @see Fig. 3~c!#. Note that it is unnecessary to define
proton ‘‘acception’’ site behind the water molecules, sin
one water molecule in each bonded pair donates a proto
the other.

According to the effective hydrogen-bond definition, th
average number of oxygen atoms in a hydrogen-bond sit
given by
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TABLE II. Properties of some SDF maxima. Key:Atom pair tells us which distribution function we are dealing with.Maximum type
corresponds to the notation used in Fig. 3.CD denotes a maximum with characteristics intermediate betweenC andD. gc denotes the cut
off used to define the connected region surrounding the maximum~see Sec. IV!. Maximum position(rmax) lists the Cartesian coordinates an
the radial coordinate of the point whereg(r) has a local maximum.Maximum heightdenotes the value ofg at rmax. Massdenotes the
average number of atoms found in the region, see Eq.~3!. Center of masshas its intuitive meaning.Bulk averagedenotes the mass tha
would have been found in the region, if the conditional density of atoms surrounding the central molecule was equal to the bulk d
the same atoms.s is an estimate of the spread~standard deviation! of the mass in the region around its center of mass.6 indicates that the
region contains two maxima one with the1 and one with the2 coordinate~cf. Fig. 3!. Note that all regions in this table are connected. A
lengths are in Å.

Maximum Center
Atom Maximum position Maximum of mass Bulk
pair type xMeCN gc x y z r height x y z r Mass Volume average s

OO A 0.00 1.0 1.6 0.0 2.2 2.7 53.3 1.6 0.0 2.2 2.8 0.83 4.4 0.15
OO A 0.11 1.0 1.6 0.0 2.2 2.7 68.3 1.6 0.0 2.2 2.8 0.78 4.4 0.11
OO A 0.50 1.0 1.6 0.0 2.2 2.7 181.0 1.6 0.0 2.2 2.8 0.68 4.4 0.04
OO A 0.89 1.0 1.6 0.0 2.2 2.7 878.6 1.6 0.0 2.2 2.8 0.47 4.4 0.006
OO A 0.00 2.0 1.6 0.0 2.2 2.7 53.3 1.6 0.0 2.2 2.8 0.75 2.6 0.09
OO A 0.11 2.0 1.6 0.0 2.2 2.7 68.3 1.6 0.0 2.2 2.8 0.71 2.6 0.07
OO A 0.50 2.0 1.6 0.0 2.2 2.7 181.0 1.6 0.0 2.2 2.8 0.62 2.6 0.02
OO A 0.89 2.0 1.6 0.0 2.2 2.7 878.6 1.6 0.0 2.2 2.8 0.44 2.6 0.003

OO C 0.00 1.5 2.8 2.2 0.0 3.6 1.7 2.3 2.5 0.0 3.7 0.19 3.7 0.12
OO CD 0.11 1.6 3.2 61.6 0.0 3.6 1.9 2.8 0.0 0.0 3.7 0.33 7.7 0.19 2
OO CD 0.50 3.2 3.8 60.2 0.0 3.8 4.2 3.4 0.0 0.0 3.7 0.11 3.5 0.03 1
OO D 0.89 8.5 3.8 60.4 0.0 3.8 13.4 3.6 0.0 0.0 3.8 0.06 4.1 0.006 1

ON A 0.11 1.3 1.8 0.0 2.2 2.8 13.4 1.7 0.0 2.2 3.0 0.06 7.0 0.02 1
ON A 0.50 1.3 1.8 0.0 2.2 2.8 16.6 1.8 0.0 2.2 3.0 0.17 7.0 0.06 1
ON A 0.89 1.3 1.8 0.0 2.2 2.8 29.2 1.8 0.0 2.2 3.0 0.36 7.0 0.08 0
ON A 0.11 2.0 1.8 0.0 2.2 2.8 13.4 1.7 0.0 2.3 3.0 0.05 4.7 0.01 0
ON A 0.50 2.0 1.8 0.0 2.2 2.8 16.6 1.8 0.0 2.2 3.0 0.15 4.7 0.04 0
ON A 0.89 2.0 1.8 0.0 2.2 2.8 29.2 1.8 0.0 2.2 3.0 0.32 4.7 0.05 0

ON E 0.11 1.5 2.0 3.0 0.0 3.6 1.9 1.6 3.2 0.0 3.7 0.02 4.3 0.01
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V
gAB~r!dV, ~3!

wherenAB(V) is the average number~the mass! of type B
atoms found in the the regionV defined relative to atoms o
type A. rB denotes the bulk density of typeB atoms.

The average number of hydrogen bonds per molecule
pends on the system’s acetonitrile concentration. In orde
compare the different systems, we have used the same
gration region (V) in Eq. ~3! for all concentrations. For the
HO bonds, we have usedgOO(r) corresponding to the pur
water system in Eq.~2! to defineV. Similarly, we have used
gON(r) corresponding to the 0.89 system to define the H
bonds. Two pairs ofgc values, therelaxed and thestrict,
have been used to define the hydrogen bonds. The rel
pair hasgc51 for the HO bonds andgc51.3 for the HN
bonds@29#. The strict pair hasgc52 for the HO bonds and
gc52 for the HN bonds. We have used both pairs ofgc
values to demonstrate to what extent our results depen
the gc value chosen. Nevertheless, we expect the rela
definition to reflect the rearrangement properties of the m
ture better than the strict definition@9#.
e-
to
te-
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d
-

Since all hydrogen-bond sites are small, the probabi
that two atoms~OO, ON, or NN! simultaneously occupy the
same site is small. When the relaxed definition is used,
fraction of the occupied sites that contains two atoms sim
taneously is less than 8.631024 in all cases@30#. When the
strict definition is used, no overlap is observed.

The exact value ofgc is not important, since the gradien
of g(r) is relatively large on the surfaces of the hydroge
bond sites. If one uses the relaxed pair ofgc values, then the
average number of HO bonds increases at most by 0.083~for
the pure water system!, and the average number of HN bond
increases at most by 0.041~for the 0.89 system!, compared
with the results obtained using the strict pair ofgc values. In
these extreme cases the volumes of the hydrogen-bond
increase by 1.8 Å3 and 3.3 Å3, respectively~see Table II!.

In general, the shape of the regions defined byg(r).gc
changes wheng(r) for different acetonitrile concentration
are used. We have used the hydrogen-bond sites@that is the
regions obtained usinggOO(r) for the pure water andgON(r)
for the 0.89 system# regardless of the acetonitrile concentr
tion. To estimate the robustness of this approach, we h
calculated the minimum valuegm that g(r) takes in the
hydrogen-bond sites. Then the relationg(r).gm has been
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used to define new integration regions. Note thatgm andg(r)
depend on the acetonitrile concentration. In the case of
relaxed HO hydrogen-bond sites, the volume of the integ
tion region changes less than 1.1 Å3 and the average numbe
of hydrogen bonds less than 0.02. When we apply
method to the relaxed HN hydrogen-bond sites, the volu
of the region changes more. This is caused by the large
dient on the surface. However, thegON(r) corresponding to
different acetonitrile concentrations has similar form near
hydrogen-bond sites, hence the average number of hydro
bonds is relatively insensitive to the exact shape of the in
gration region.

The masses, the location, and some other properties o
hydrogen-bond sites are listed in Table II. The fraction
acetonitrile molecules engaged in hydrogen bonds is plo
together with experimental data in Fig. 4~a!, and the fractions
of hydrogen-bond sites engaged in HO and HN bonds
plotted in Fig. 4~b!. The fraction engaged in HO bonds d
creases from 0.83 to 0.47 asxMeCN increases from 0 to 0.89
At the same time, the fraction of the sites engaged in
bonds increases from 0.06 to 0.36, and the total fraction
hydrogen bonds thus remains between 0.83 and 0.85 a
compositions. The fractions of occupied sites depend on
gc value used to define the hydrogen bonds, but the obse
trends remain the same.

Jamroz, Stangret, and Lindgren@5# and Bertie and Lan@6#
have estimated the fraction of hydrogen bonds from IR
periments and they have obtained results similar to ours
the fraction of hydrogen-bonded nitrogen atoms@see Fig.
4~a!#. Bertie and Lan have also estimated the fractions
water protons that engages in HN and HO bonds. At h
acetonitrile concentrations, they have obtained lower val
than we for the fraction of HO bonds@see Fig. 4~b!#. The
total fraction of water molecules engaged in hydrogen bo
thus decreases from 0.85 to 0.5 in the measurements of
tie and Lan. There are several possible causes of the disc

FIG. 4. ~a! The fraction acetonitrile molecules engaged in h
drogen bonds, and~b! the fractions of water protons that are e
gaged in HO bonds~open! and HN bonds~solid!. The experimental
results are indicated by triangles: the upward tip is from Bertie
Lan @6#; the downward tip is from Jamroz, Stangret, and Lindgr
@5#. The simulation results are indicated by circles. Both the rela
and strict hydrogen-bond definitions have been used. The rel
definition always gives higher fractions than the strict~see Sec. IV
and Table II!.
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ancy between their and our results. The imperfect repres
tation of the dependence of the water molecule’s polariza
on xMeCN being one. It can yield a too strong HO bond f
largexMeCN.

V. LIFETIMES AND TRANSITION PROBABILITIES

A basic understanding of the dynamics of the system
be obtained by studying the formation and duration of d
ferent types of hydrogen bonds. We have estimated the
times of the HO and HN bonds and the rates at which
different atom types replace each other on hydrogen-b
sites. The lifetimet of a hydrogen bond is defined as th
time period that begins when an oxygen or nitrogen at
enters a hydrogen-bond site. The time period ends when
other atom enters the site. Since two atoms cannot coexi
the site @31#, the original atom must have left before th
second atom entered. Note that the hydrogen bond is
terminated just because the original atom leaves the site.
lifetimes obtained in this way may thus include time perio
when the site is empty, and they should therefore be con
ered as upper bounds. Since each site is occupied at
75% @32# of the time, the overestimation should be less th
about 33%@33#. The lifetimes are listed in Table III. We se
that the average lifetime of the HN bond increases from 0
ps to 1.51 ps. The average lifetime of the HO bond increa
from 2.11 ps to 6.43 ps. The average lifetime of HO bonds
thus longer than that of HN bonds at all studied compo
tions, and the longest lifetime by far is found for the H
bonds in the 0.89 system.

In order to gain some insight into how hydrogen bon
form and break, we have estimated the transition probab
pA→B , that is, the number of times that an atom of typeB
replaces an atom of typeA on a hydrogen-bond site pe
picosecond. To obtainpA→B , we have divided the tota
number of transitions fromA to B by the number of
hydrogen-bond sites~the number of water molecules time
two!, by the length of the time period, and by the fraction
the time period that a hydrogen-bond site is occupied by
atom of typeA. The transition probabilities are shown i
Table IV. It can be seen that the rate at which oxygen ato
replace oxygen atomspO→O falls from 0.63 ps21 in the
pure water system to 0.10 ps21 in the 0.89 system. Simi-
larly, pN→ O falls from 0.96 ps21 in the 0.11 system to
0.13 ps21 in the 0.89 system.pO→N , on the other hand
does not change significantly with the acetonitrile concen
tion.

It appears that the increasing lifetimes in general, and
long lifetime of the HO bonds atxMeCN in particular, are~at
least partly! due to the low water fraction: In pure wate
there are a number of water molecules close to every hy

d

d
ed

TABLE III. Average lifetimest of HO and HN bonds.

HO HN
xMeCN t ~ps! t ~ps!

0.0 2.1160.03
0.11 2.3260.03 0.9960.04
0.50 2.9360.20 1.1760.04
0.89 6.4360.48 1.5160.06
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gen bond. These molecules can replace either of the
original molecules, should the hydrogen bond during so
fluctuation expose this possibility. At lower water concent
tions this mechanism is suppressed by the scarcity of w
molecules in reasonable positions~cf. pO→O and pN→O in
Table III!. One may also note thatpO→N does not increase
with the acetonitrile concentration.

VI. HYDROGEN-BOND DISTRIBUTIONS

One basic aspect of the hydrogen-bond network is
probability distribution describing the number and types
hydrogen bonds that a water molecule is engaged in w
other water molecules. Using the hydrogen-bond sites
ready introduced, we can determine how many proton
given water molecule donates to form hydrogen bonds.
water molecule is said to accept binding protons if any ot

TABLE IV. Transition probabilitiesp. pA→B denotes the num-
ber of times that an atom of typeB replaces an atom of typeA on
an occupiedhydrogen-bond site per picosecond.

xMeCN pO→O pO→N pN→O pN→N

0.0 0.63
0.11 0.50 0.07 0.96 0.61
0.50 0.31 0.11 0.47 0.88
0.89 0.10 0.09 0.13 0.89
o
e
-
er

e
f
th
-
a
e
r

molecule donates protons to it. Thus, according to this d
nition, each water molecule can form between 0 and 5
drogen bonds. In principle, a water molecule could acc
more than three binding protons, but this never happen
our simulations; it is improbable to accept three protons
ready. The probabilities are 0.046, 0.030, 0.011, and 0.
for xMeCN50, 0.11, 0.5, and 0.89, respectively, when t
relaxed hydrogen-bond definition is applied. The probabi
distributions describing the fractions of water molecules w
different hydrogen-bond configurations are given in Table

In pure water, the state corresponding to accepting
and donating two protons is the most common. As ant
pated, the average number of HO bonds that the water m
ecules engages in decreases when the acetonitrile conce
tion increases. Gradually, the probability mass is transfer
to the states that correspond to accepting zero or one
donating zero or one protons; the hydrogen-bond networ
gradually depleted of cross links as the acetonitrile conc
tration increases. In the 0.89 system, we expect linear
rangements of water molecules to dominate.

One can estimate the correlation between the differ
hydrogen bonds by taking the product of the marginal dis
butions in Table V. At high acetonitrile concentration, th
state corresponding to accepting zero and donating two
tons and the state corresponding to accepting two and do
ing zero protons are assigned higher probability by the pr
uct distribution than by the full distribution. This indicate
that donation and acception of protons are correlated in s
the
ation of
sites. 1
donor

onitrile
en
TABLE V. The probability distribution for the different states of the water molecule estimated from
simulation. The states are defined by the number of protons donated and accepted. Note that only don
protons to other water molecules is considered. The pairs 00, 01, 10, and 11 describe the two donor
indicates that the donor is engaged in a hydrogen bond and 0 the opposite. The 01 and the 10
configurations are equivalent. The sums of the probabilities have therefore been listed under 01,10.Acceptor
denotes the number of protons accepted. Results are given for four different mole fractions of acet
(xMeCN). The estimated standard errors follow the6 signs. The relaxed hydrogen-bond definition has be
used~see Sec. IV!.

Donor
xMeCN Acceptor 00 01,10 11

0 0 0.000960.0001 0.005460.0006 0.010060.0005
1 0.013060.0003 0.11060.002 0.22260.001
2 0.013760.0005 0.15260.002 0.42760.003
3 0.000660.0001 0.007460.0004 0.038160.0007

0.11 0 0.001260.0001 0.007860.0003 0.011760.0005
1 0.02460.001 0.15860.001 0.23760.001
2 0.018560.0008 0.16960.002 0.34460.003
3 0.000460.0001 0.007260.0003 0.022260.0009

0.5 0 0.01160.001 0.02460.002 0.01660.001
1 0.07760.004 0.25960.005 0.23360.003
2 0.02560.001 0.14760.003 0.19660.006
3 0.000460.0001 0.003860.0004 0.007160.0004

0.89 0 0.1360.01 0.06060.006 0.02860.005
1 0.1860.01 0.28760.006 0.17460.006
2 0.02660.005 0.06060.007 0.06360.004
3 0.000260.0002 0.000760.0004 0.000960.0004
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a way that a chain of water molecules tends to have its bo
aligned in the same direction.~A bond points from the wate
molecule that donates the proton towards the one accep
it.!

In addition to studying the bond distributions of all wat
molecules, we have looked at the properties of differ
classes of water molecules. Some of the water molec
donate protons to form hydrogen bonds with one or t
acetonitrile molecules. We have studied the following fo
classes of water molecules in order to see if the presenc
such HN bonds coincides with different proton accept
behavior. The classes are~N! water molecules that hydroge
bond to exactly one nitrogen atom,~NN! water molecules
that hydrogen bond to exactly two nitrogen atoms,~O! water
molecules that donate at least one proton to another w
molecule and that do not hydrogen bond to any nitrog
atom, and~OO! water molecules that donate both protons
other water molecules. The fractions of water molecules
the different classes and the distributions of the numbe
hydrogen bonds that they are engaged in are listed in T
VI. The classes N and O, and NN and OO are suitable
comparison with each other: N and O both have one do
and all acceptor sites free, and NN and OO both have

TABLE VI. Distributions of the number of hydrogen bonds th
water molecules in the classes N, NN, O, and OO are engage
see the text. Results are given for three different mole fraction
acetonitrile (xMeCN). Bondsdenotes the number of hydrogen bon
that the molecule is engaged in~not counting the one or two bond
which define the class of the molecule!. Meandenotes the averag
number of bonds.Fraction denotes the fraction of all water mo
ecules that belong to the class. The tabulated values are bas
the relaxed definition of the hydrogen bond~see Sec. IV!.

Class
xMeCN Bonds N O NN OO

0.11 fraction 0.10 0.87 0.0035 0.61
0 0.00 0.01 0.03 0.02
1 0.09 0.15 0.48 0.39
2 0.47 0.42 0.49 0.56
3 0.42 0.40 0.01 0.04
4 0.02 0.03

mean 2.36 2.29 1.47 1.61

0.5 fraction 0.27 0.66 0.041 0.45
0 0.02 0.02 0.11 0.04
1 0.17 0.21 0.71 0.51
2 0.54 0.46 0.17 0.43
3 0.27 0.30 0.00 0.02
4 0.01 0.01

mean 2.08 2.08 1.06 1.43

0.89 fraction 0.39 0.41 0.17 0.27
0 0.13 0.06 0.37 0.11
1 0.26 0.30 0.54 0.66
2 0.51 0.48 0.09 0.24
3 0.10 0.15 0.00 0.00
4 0.00 0.00

mean 1.58 1.74 0.71 1.14
ds
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occupied donor sites and all acceptor sites free.
In the 0.11 system, the average number of hydrog

bonds is higher for a water molecule that donates exactly
proton to an acetonitrile molecule~class N water!, than for a
water molecule that donates at least one proton to ano
water molecule~class O water!. It is thus possible for a wate
molecule to hydrogen bond to an acetonitrile molecule a
still be incorporated in the hydrogen-bond network. Ho
ever, the water molecules that donate two protons to ac
nitrile molecules~class NN water! accept on the averag
fewer binding protons than those that donate two proton
other water molecules~class OO water!. For example, the
probability that a class NN water molecule accepts two bi
ing protons is lower than the probability that a class O
water molecule does.

For the systems withxMeCN.0.11 there is no network o
hydrogen-bonded water molecules extending throughout
whole simulation box. The general trend in these system
that water molecules with one or two hydrogen bonds
acetonitrile molecules form fewer hydrogen bonds to wa
molecules. This is no surprise, since water molecules
hydrogen bond to acetonitrile molecules frequently are
cated in the extreme parts of a water cluster, or in the ac
nitrile region.

Another molecular event related to the structure of
hydrogen-bond network is the number of acetonitrile m
ecules that bind to one, two, or more water molecules sim
taneously~see Table VII!. Most acetonitrile molecules bind
to one or two water molecules. The ratio between the num
bonding to one and the number bonding to two increa
with the fraction of acetonitrile in the solution. This is no
surprising. It is, however, interesting to note that the fract
is relatively large for the 0.11 system: one water molec
out of five bonding to acetonitrile shares its acetonitrile m
ecule with another water molecule.

VII. NETWORK AND CLUSTER CHARACTERISTICS

At each acetonitrile concentration most water molecu
are connected by hydrogen bonds and form one large clu
The number of molecules in these large clusters fluctuate
cluster of the most frequently occurring size will be called
maximum-likelihood~ML ! cluster. Clusters that differ from
their corresponding ML cluster at most by five molecul
occur nearly as frequently as the ML cluster. At each ace
nitrile concentration, regardless of the hydrogen-bond defi

in,
of

on

TABLE VII. The fraction of acetonitrile molecules that hydro
gen bond to different numbers of water molecules. The column
denotes the number of water molecules that the acetonitrile m
ecule bonds to. The tabulated values are based on the relaxed
nition of the hydrogen bond~see Sec. IV!.

Acetonitrile mole fraction
No. 0.11 0.5 0.89

1 0.583 0.304 0.086
2 0.150 0.024 0.002
3 0.005 0.000 0.000

Sum 0.738 0.328 0.088
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tion used, one cluster of a size within65 molecules of the
ML cluster is present in at least 90 percent of the configu
tions studied. The fraction of water molecules in one and t
molecule clusters increases withxMeCN. In the pure water
and the 0.11 system, the fraction of water molecules in c
ters of this type is at most 0.005. For the 0.5 and the 0
systems, the fractions are 0.01 and 0.13 when the rela
hydrogen-bond definition is used, and 0.02 and 0.14 w
the strict definition is used.

In our analysis of the clusters, we have regarded e
water molecule as a vertex (v) and each HO bond as an edg
(e). The edges are directed, that is they point from the wa
molecule donating the proton towards the molecule acc
ing it. The edge-to-vertex ratio (e/v), the frequency, and the
size of the ML clusters are listed in Table VIII. The rat
remains essentially unchanged as the cluster size fluctu
around the ML size~within 5% for 65 molecules!. Thee/v
ratio for small clusters is nearly minimal: No cluster consi
ing of less than seven water molecules~except one! contains
any loops, thusv2e51. The connectivity of one cluster o
the 0.89 system is shown schematically in Fig. 5.

When the acetonitrile concentration in the mixture
creases from 0 to 0.89, the edge-to-vertex ratio in the la
clusters decreases from 1.67 to 1.11. The lower ratios in
acetonitrile-rich systems are accompanied by a larger n
ber of HN bonds. In the 0.89 system, the low ratio impli
that clusters consist mainly of chains and loops~see Fig. 5!.
The other systems have sufficiently high edge-to-vertex
tios to support networks with more cross links. In the pu
water and the 0.11 systems, there is an infinite hydrog
bond network extending throughout the entire simulat
box. The 0.5 and 0.89 systems, cannot support an infi
network; instead one large cluster and a few smaller clus
of water molecules form.

In order to investigate the structure of the hydrogen-bo
network further, we have analyzed some properties of
loops and chains of water molecules that make up the c
ters. Let us make the following definitions: Achain is a
connected nonrepeating sequence of edges, and aloop is a
chain whose ends meet@34#. A clean loop is a loop with the
additional property that there is no external connecting p
between any two vertices in the loop that is shorter thanboth
of the two paths that are part of the loop and connect

TABLE VIII. Properties of the ML clusters. Both the relaxe
(r ) and the strict (s) hydrogen-bond definition have been used~see
Sec. IV!. Configuration fractiondenotes the fraction of the studie
configurations that contains the cluster; ande/v denotes the edge
to-vertex ratio.

Acetonitrile mole fraction
0 0.11 0.5 0.89

Cluster r 256 228 127 25
size s 255 227 125 22

Configuration r 0.79 0.75 0.29 0.26
fraction s 0.36 0.30 0.15 0.17

e/v r 1.67 1.57 1.37 1.11
s 1.51 1.44 1.26 1.06
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vertices@13#. We have computed the number of clean loo
per water molecule for each of the systems with differe
acetonitrile content~see Fig. 6!.

The number of loops of different lengths describes
network structure in all systems. As anticipated, the wa
rich systems have more loops of all lengths than the wa
depleted systems. Six loops are the most frequent in the
water and the 0.11 systems. Five loops are the most freq
in the 0.50 and the 0.89 systems. Two mechanisms redu
the number of long loops are short circuiting and low e
tropy: The longer the loop, the larger the probability that it
short circuited. In the 0.89 and perhaps also in the 0.5 s
tem, long loops are associated with low entropy, since th
are few molecular arrangements that give rise to them.~This
is not true for the systems with infinite water networks.! The
shift of the maximum from six- to five loops can be caus
by this entropy effect.

More complete insight into the topology of the hydroge

FIG. 5. A schematic representation of a water cluster obtai
from the simulation withxMeCN50.89. Each arrow indicates a hy
drogen bond. The arrows point from the water molecule dona
the proton towards the one accepting it. The relaxed hydrogen-b
definition has been used~see Sec. IV!.

FIG. 6. The number of loops of different lengthsl per water
molecule forxMeCN50, 0.11, 0.5, and 0.89. The solid~dashed! lines
are based on the relaxed~strict! definition of the hydrogen bond
~see Sec. IV!.
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bond network can be obtained using theldm scheme@9#.
This scheme classifies loops and chains not only accordin
their lengthl , but also according to their directionalityd and
their meeting-point numberm. To obtaind one arbitrarily
defines one direction along the chain or loop as positive.
directionality is then given by

d5un12n2u, ~4!

wheren1 denotes the number of edges pointing in the po
tive direction andn2 denotes the number of edges pointi
in the opposite~negative! direction. The meeting-point num
ber is defined by

m5sup$m1 ,m2%, ~5!

where m1 denotes the number of vertices with meeti
edges andm2 denotes the number of vertices with partin
edges. (m15m2 for loops.! In Table IX, the average direc
tionalities ^d& for chains of different lengths are listed. On
can see that̂d& increases withxMeCN.

A theoretical calculation of the fraction of loops per mo
ecule is difficult. The fractions of loops and chains of a giv
length that have differentd and m characteristics is, how
ever, theoretically more tractable. A simple model, whi
accounts for the entropy associated with the number of w
that the chain can be connected, reproduces the result
pure water@9#. Since this entropic term is independent
xMeCN, one must consider other mechanisms to account
the change in^d&. The average directionality of shorte
loops, in contrast to chains, is essentially independen
xMeCN. There are indications that short loops with one or t
meeting points~which would infer low directionality! have
low potential energy@9#. High loop directionality would thus
be correlated with high potential energy, which would rend
the loop directionality less sensitive to changes inxMeCN.

TABLE IX. The average directionalitŷd& for chains of differ-
ent lengthl . The tabulated values are based on the relaxed de
tion of the hydrogen bond~see Sec. IV!. ^d& changes by less tha
0.05 if the strict definition is applied. The standard errors are
than 0.007.

Simulation
Acetonitrile mole fraction

l Theory 0.0 0.11 0.5 0.89

2 1.33 1.33 1.34 1.37 1.42
3 1.89 1.88 1.90 1.94 2.01
4 2.07 2.07 2.10 2.16 2.26
5 2.48 2.48 2.51 2.58 2.71
6 2.62 2.62 2.66 2.76 2.90
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VIII. CONCLUSION

We have approached the structure of the wat
acetonitrile mixture in three stages. First, the average sp
structure has been studied using RDF’s and SDF’s. T
RDF’s show that there is a strong tendency for the wa
molecules to aggregate and form clusters. The SDF’s sh
that, apart from the dominant hydrogen-bond coordinati
there is an alternative type of coordination of both oxyg
and nitrogen atoms at nontetrahedral positions.

Second, we have studied basic hydrogen-bond prope
using the effective hydrogen-bond definition. The avera
number of HN and HO bonds have been computed. T
number of HN bonds agrees reasonably with experime
predictions, but the number of HO bonds at high acetonit
concentrations differs significantly. The causes of the d
crepancy are unknown. We have also found that the ave
lifetime of the hydrogen bonds increases with the acetonit
concentration. A possible explanation is the lack of com
tition between the water molecules.

Third, we have analyzed the structure of the hydrog
bond network. The network surrounding a water molec
depends on the number of acetonitrile molecules that it bi
to: Water molecules that bind to one acetonitrile molec
are as strongly incorporated in the water network as th
that bind to none. Water molecules binding to two aceto
trile molecules are, however, more weakly incorporated
the water network. The topology of the hydrogen-bond n
work changes as the acetonitrile concentration increases:
number of loops per molecule decreases, the maximum
shifted from six to five loops, and the directionality of chai
increases. These local changes are accompanied by a g
breakdown of the infinite network of connected water m
ecules at a critical acetonitrile concentration between 0
and 0.5.

Our results do not fully characterize the structure of t
water-acetonitrile mixture. Several important questions
garding the microheterogeneities proposed by Moreau
Douhéret remain. A simulation of a larger system could a
swer some of these questions. We expect our approach t
useful when analyzing such a simulation. The approach
also be useful when studying other liquid mixtures whe
hydrogen bonds are an important mode of interact
@28,35,36#.
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