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Topological and spatial structure in the liquid-water—acetonitrile mixture
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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.
[S1063-651%98)04510-3

PACS numbds): 61.25.Em, 61.20.Qg, 02.76c

I. INTRODUCTION in hydrogen bonds. They found that the fraction of
hydrogen-bonded groups drops below 0.5 whegpcy €x-

The water—acetonitrile mixture has been studied theoreticeeds 0.5. From this they concluded that clusters more com-
cally and experimentally for some time. Early experimentalplex (with more cross linksthan linear chains or hexagons
work focused on thermodynamic properties, whereas morgre improbable forxyecny™>0.5. In the region 0.8 Xyecn
recent work often employs spectroscopic techniques such as0.5 they found their results to be consistent with complex
NMR, IR, and x-ray and neutron scattering, which give moremicroheterogeneities.
direct information about microscopic quantities. Among the The present work employs molecular dynami®4D)
early workers are Benter, Moolel, and Schneifie?], who  simulations to study the microstructure at different acetoni-
studied phase separation phenomehase separation oc- trile concentrations. We have simulated this system previ-
curs at certain compositions below.=272 K.) Morcom ously[7], but the results were inconclusive on a number of
and Smith[3], and Moreau and coworkefd] measured ex- points, especially with respect to the nature of the possible
cess enthalpy, volume, viscosity, and dielectric propertiesnicroheterogeneities. Recently we have developed an ap-
Drawing on this work, Moreau and Doutet [4] proposed proach that is suitable for the study of molecular pair con-
that for T>T, the system should have three different typesfigurations [8] and hydrogen-bond network topolod{].
of microstructures depending on the acetonitrile mole fracHere we use this approach to analyze the microstructure.
tion (Xmecn): IN the first region, 8<xyecy<0.15-0.2, the  First we study basic aspects of the liquid structure such as
voids of the water network are progressively filled by aceto-molecular pair configurations and hydrogen-bond dynamics,
nitrile molecules without enhancement of the water structureand then we proceed to properties related to the topology
In the second region, 0.350.2< Xyecn<0.75-0.8, clusters [9—16] of hydrogen-bond networks and water clusters.
of water moleculesthat is microheterogeneitieorm. The
exact nature of these clusters is unclear. The third region is
reminiscent of the first, in the sense that the structure of the
pure acetonitrile system is gradually disrupted by the inser- Jorgensen and Brigd47] have developed a simple three-
tion of water molecules. site potential for acetonitrile. This potential has been shown

Recent IR measurements by Jamroz, Stangret, antb describe the structural and thermodynamical properties of
Lindgren[5], and Bertie and Lai6] give a more detailed pure acetonitrile well, in spite of the fact that the methyl
picture of the microstructure of the system. Jamroz, Stangregroup is treated as a united atom. We have used this potential
and Lindgren used the OD and CN stretching vibrations tdogether with the extended simple point cha(§®C/B wa-
probe the microstructure. They concluded that preferentialer potential[18] to carry out several classical MD simula-
solvation (i.e., highly nonrandom mixingoccurs in the re- tions within the NVT ensemblésee Fig. 1. Five systems
gion 0.1<Xpecn<0.8. Furthermore, they proposed that with acetonitrile mole fractionsxyecy) of O, 0.11, 0.5, 0.89,
chains of water molecules are formed rather than sphericalnd 1 have been investigated B&300 K [19]. (We will
clusters. They also estimated the fraction of hydrogentefer to the mixture withky.cn=a as thea system)

Il. COMPUTATIONAL METHOD

bonded acetonitrile molecules as a functiorxgfcy - The MD runs were started from the final configurations of
Bertie and Lan essentially reproduced the results of Jameur previous simulation$7]. The systems were first inte-
roz, Stangret, and Lindgren using a different metficali-  grated for 0.3 ns to reach equilibrium in the NVT ensemble.

brated multiple attenuated total reflection spectrostofpy  Data were then collected during the following 0.1 ns for all
addition they calculated the fraction of OH groups engagedystems. To obtain reliable spatial distribution functions for
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FIG. 1. The geometries of the water and acetonitrile potential
models. To the left water witlo,=1 A and HOH=109.47. To
the right acetonitrile(N=nitrogen, G=carbon, M=methyl group
with dye=1.157 A, dcy=1.458 A, anddyy,=2.615 A.

the 0.11 and the 0.89 systems, they were simulated an addi-
tional 0.7 ns each. Periodic boundary conditions have been
applied together with the minimum-image convent{@®].
Long-range Coulombic interactions have been evaluated us-
ing the Ewald summation techniqii21], and the Lorentz-
Berthelot combination rules have been used to compute the
Lennard-Jones parameters between all types of sites. All
simulated systems consisted of 256 molecules and the time
step was 1 fs. We have used a modified version of
MCMOLDYN [22] to carry out the simulations.

The potential models we have used have been developed
mainly for simulation of pure substances. Since we use them
for simulations of mixtures, it is important to ascertain that
they give reasonable results for some experimentally acces-
sible quantities. We have therefore calculated the diffusion
coefficientsD and the internal energl (see Table)l The o )
diffusion coefficients are consistently smaller than the ex- dFl(f)' S F({?)d"iflo?'it”b“t'zog fé%‘;:g’(;‘s(g)191023;(]')([’)0%0%2{_
pfarlmental value$excep.t In Fhe pure WaFer systentspe- dashedq, O%Cg(dashea :rﬁaNl.O(dasheOi Note that the 0.89 and 1.0
cially for the systems with high acetonitrile content, we ob-

tain smaller water diffusion coeff|C|ent§)H20 than the Jec(r) curves coincide

experimentalists. The main cause for this is probably thgyhere 5.23 kJ/mol is the correction appropriate for pure
large effective charges on the water molecule, which hav&pc/g water. This simple correction does not account com-
been chosen to reproduce the properties of pure water. It iietely for the self energies, but it should at least reduce the
therefore probable that our system is overly structured. HoWgror due to the water molecules.

ever, qualitatively we reprodgce the diffusion coefficients’ pirected graphs of hydrogen bonds have been constructed
dependence oRyecn: Dwvecn increases monotonously and rom the simulation trajectories every 5 fs, using the effec-
Dy,0 has a local minimum. tive hydrogen bond definitigsee Sec. IY. In total 2x 10*

As Berendsen, Grigera, and Straatsih8é| have pointed graphs have been generated for each system. From these
out, one should account for the self-energy associated witgraphs, the hydrogen-bond distributions and some properties
the induced dipole moment when the SPC/E model is usef loops and chains have been calculated using-PACK
We account for the self energy by increasing the interna[24]. The periodic boundaries of the simulation box intro-

energy per molecule by duce some unphysical loops. By keeping track of the cross-
ing of periodic planes, we have eliminated such loops from
Eseir=5.23 1~ Xyecn) (D the calculations.

TABLE I. Internal energyE and diffusion coefficient®.
Ill. LOCAL SPATIAL STRUCTURE

—9 2
D(107% m/s) Visual inspection of snapshots from the simulations

E (k/mo) Calc. Expt leaves one with the general impression that the water mol-
XmecN Cale. Expt?  H0 MeCN HO MeCN  ocyjes are strongly attracted to each other: At all composi-
0.0 40.48-004 415 2.60.1 23 tions they tend to form clusters from which the acetonitrile
011 3960003 401 2+0.1 1501 2.1 1.8 molecules are expelled. The characteristics of these clusters
05 3454003 353 1701 1902 30 3.3 vary with the composition and it is nontrivial to characterize
0.89 30.330.04 315 2603 2.2:01 49 41 them in a useful way. One traditional approach is based on

1.0 2970:0.02 310 2701 4.3 radial distribution functions of atomic number densities
(RDF's). The oxygen-oxygen(QO), carbon-carbon(CC),
®Reference$3,17,19. and oxygen-carbofOC) distributions are shown in Fig. 2.

PReference 23]. The OO distributions show clearly how the water molecules
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FIG. 3. Spatial distribution functions: The isodensity surfa@goo(r)=1.5 for Xpecn=0, (b) goo(r) =11 for Xyecny="0.89, and(c)
don(r) =1.5 for xyecn=0.11. The maxima are due to hydrogen bonds where the central water molecule donates a proton. The maximum
B is due to hydrogen bonds where the central water molecule accepts protong.cfsncreases, the nontetrahedral features marke@ by
in (a) are gradually shifted toward3 in (b). For xyecn™>0.11, theE maxima disappear. See Table 1l for details concerning the maxima.

tend to form clusters in the 0.50 and 0.89 systems. Despitgt the positiorD whenxyecy increases; and the fact that we

the rapid increase in the maximum @bo(r) With Xyecn:  observe maxima for the oxygen-nitrogen SDF at the nontet-
the average number of oxygen atoms the first coordina-  rahedral positions in the 0.11 system only is consistent with
tion shell decreasesn=4.5, 4.3, 3.7, and 2.2 foRyecn  the idea that the pure water and the 0.11 systems consist of
=0, 0.11, 0.5, and 0.89 respectivelyhe CC distribution networks of water molecules containing some cavities. In
changes less dramatically with composition, but in the 0.1%hese cavities oxygen and nitrogen atoms occasionally re-
system the relatively high first peak and the low value at 9 Aside. At higher acetonitrile concentrations the network
is consistent with a pure water region and a region withchanges in character and the cavities disappear. Moreau and
enhanced acetonitrile content. The low peaks in the OC dispgyhaet's original hypothesis embodies this ide8.
tributions support this interpretation of the OO and CC dis- The distributions describing the correlations between ac-
tributions. _ S ~ etonitrile molecules are relatively independent xqfccn;

We have proposed that spatial distribution functionsmoreover, they are not directly related to the hydrogen-bond

(SDF’g) can serve as a natural starting point for the analysistrycture, hence they are not considered (26
of spatial structure in liquid mixtureg8]. In Figs. 3a) and

3(b), the maxima marked b correspond to hydrogen-bond

sites where the central water molecule donates a proton, and IV. DEFINITION AND BASIC PROPERTIES

the maximumB is due to hydrogen bonds where the central OF HYDROGEN BONDS

water molecule accepts protons. The average number of hy- ) _ .
drogen bonds can be estimated as four times the average ~ Number of different hydrogen-bond definitions are in

number found in a maximum of typ&. We have obtained se and _depending on_the_ definition choser_w,_ diffe_rent results
— are obtained. Most definitions can be classified either as en-
3.3, 3.1, 2.7, and 1.9 foxpecn=0, 0.11, 0.5, and 0.89 re- . i£97 28, W he effective hvd
spectively, which is lower than the average coordinationﬁrg%t'gofr. ggomgtgﬁl " 8. | € gset ie ect|ve. Iy frogen—
numbers obtained from the radial distribution functionsPO" efinition| '.]' tIs related to the potential of mean
above. force and describes the rearrangement properties of the
In pure water we have observed two maxima at nontetrahydrogen'bonOI network well.
The oxygen-oxygen SDFjoo(r), has one connected re-

hedral positiongsee Fig. 8)]. These maxima have been . X 2 : . .
proposed to account for most of the extra 0.5 neighbors of'on of high probabilityv associated with each of its protons

water[25]. We have estimated the average number of oxyLiS€€ Eigs. @) and 3b)]. These regions W”.I be called proton
gen atoms in these maxima to be 0.4. As the concentration ¢fonation sites. According to the effective hydrogen-bond
acetonitrile increases, the average number of oxygen atonffinition, a water molecule forms a hydrogen bond to any
in the maxima decreasésee Table Il They are also gradu- ©XY9en atom entering either of these regions. The regions are
ally shifted from positionC to positionD. However, the defined by the relation

mass in the maxima depends strongly ondhealue used to

define them(see Sec. IV beloyv The significant observation Joo(1)>0e. )

is therefore that the mass decreases and that the position is

shifted.

The oxygen-nitrogen distribution is shown in FigcBfor  Similarly, a water molecule forms a bond to any nitrogen
the water rich 0.11 system. The tetrahedkahaxima, which  atom entering either of the two regions defined dps(r)
correspond to hydrogen-bonded nitrogen atoms, are presentg. [see Fig. &)]. Note that it is unnecessary to define a
at all acetonitrile concentrations. The average number of niproton “acception” site behind the water molecules, since
trogen atoms found in these maxima increases Wijibcy ~ One water molecule in each bonded pair donates a proton to
(see Table I. The nontetrahedrd maxima are only present the other.
in the water-rich 0.11 system. According to the effective hydrogen-bond definition, the

The fact that the two small maxima at the nontetrahedradiverage number of oxygen atoms in a hydrogen-bond site is
positionsC in the oxygen-oxygen SDF’s, move and coalescegiven by



PRE 58 TOPOLOGICAL AND SPATIAL STRUCTURE IN THE ... 4709

TABLE Il. Properties of some SDF maxima. Kestom pairtells us which distribution function we are dealing witaximum type
corresponds to the notation used in FigCI denotes a maximum with characteristics intermediate betW@eandD. g. denotes the cut
off used to define the connected region surrounding the maxitsemSec. IY. Maximum positior{r,,,) lists the Cartesian coordinates and
the radial coordinate of the point whegér) has a local maximumMaximum heighdenotes the value af at r,,,x. Massdenotes the
average number of atoms found in the region, see(8q.Center of massas its intuitive meaningBulk averagedenotes the mass that
would have been found in the region, if the conditional density of atoms surrounding the central molecule was equal to the bulk density of
the same atomsr is an estimate of the spregéstandard deviationof the mass in the region around its center of mas#ndicates that the
region contains two maxima one with theand one with the- coordinate(cf. Fig. 3. Note that all regions in this table are connected. All
lengths are in A.

Maximum Center

Atom  Maximum position Maximum of mass Bulk

pair type XmecN de X y z r height X y z r Mass Volume average o

00 A 000 10 16 00 22 27 53.3 16 00 22 28 0.83 4.4 0.15 0.7
e]e) A 011 10 16 00 22 27 68.3 16 00 22 28 0.78 4.4 0.11 0.7
00 A 050 10 16 00 22 27 181.0 16 00 22 28 0.68 4.4 0.04 0.7
oo A 089 10 16 00 22 27 878.6 16 00 22 28 047 4.4 0.006 0.7
oo A 0.00 20 16 00 22 27 53.3 16 00 22 28 0.75 2.6 0.09 0.6
oo A 011 20 16 00 22 27 68.3 16 00 22 28 071 2.6 0.07 0.6
00 A 050 20 16 00 22 27 181.0 16 00 22 28 0.62 2.6 0.02 0.6
00 A 089 20 16 00 22 27 878.6 16 00 22 28 044 2.6 0.003 0.6
e]e) C 0.00 15 28 22 00 36 1.7 23 25 00 37 019 3.7 0.12 14
00 CD 011 16 32 =*16 0.0 36 1.9 28 00 00 37 033 7.7 0.19 2.4
00 CD 050 32 38 =02 0.0 38 4.2 34 00 00 37 011 35 0.03 15
00 D 089 85 38 *04 00 38 13.4 36 00 00 38 0.06 4.1 0.006 1.2
ON A 011 13 1.8 00 22 28 13.4 1.7 00 22 3.0 0.06 7.0 0.02 1.0
ON A 050 13 1.8 00 22 28 16.6 18 00 22 3.0 0.17 7.0 0.06 1.0
ON A 089 13 18 00 22 28 29.2 18 00 22 3.0 0.36 7.0 0.08 0.9
ON A 011 20 1.8 00 22 28 13.4 1.7 00 23 3.0 0.05 4.7 0.01 0.9
ON A 050 20 1.8 00 22 28 16.6 18 00 22 3.0 0.15 4.7 0.04 0.9
ON A 089 20 18 00 22 28 29.2 18 00 22 3.0 0.32 4.7 0.05 0.9
ON E 011 15 20 3.0 00 36 1.9 16 32 00 37 0.02 4.3 0.01 11

Since all hydrogen-bond sites are small, the probability
nAB(V)zpBJ gas(ndV, (3  that two atomgOO, ON, or NN simultaneously occupy the
v same site is small. When the relaxed definition is used, the
fraction of the occupied sites that contains two atoms simul-

wheren,g(V) is the average numbéthe mass of type B taneously is less than 86L0™“ in all caseg30]. When the
atoms found in the the regiovt defined relative to atoms of strict definition is used, no overlap is observed.
type A. pg denotes the bulk density of tyf# atoms. The exact value of); is not important, since the gradient

The average number of hydrogen bonds per molecule desf g(r) is relatively large on the surfaces of the hydrogen-
pends on the system’s acetonitrile concentration. In order tbond sites. If one uses the relaxed paigefvalues, then the
compare the different systems, we have used the same intaverage number of HO bonds increases at most by (083
gration region ¥) in Eq. (3) for all concentrations. For the the pure water systemand the average number of HN bonds
HO bonds, we have usegho(r) corresponding to the pure increases at most by 0.04for the 0.89 systejn compared
water system in Eq2) to defineV. Similarly, we have used with the results obtained using the strict pairgefvalues. In
gdon(r) corresponding to the 0.89 system to define the HNthese extreme cases the volumes of the hydrogen-bond sites
bonds. Two pairs ofy. values, therelaxedand thestrict, increase by 1.8 Aand 3.3 &, respectively(see Table .
have been used to define the hydrogen bonds. The relaxed In general, the shape of the regions definedglps) >g.
pair hasg.=1 for the HO bonds ang.=1.3 for the HN  changes whemy(r) for different acetonitrile concentrations
bonds[29]. The strict pair hag.=2 for the HO bonds and are used. We have used the hydrogen-bond Hites is the
g.=2 for the HN bonds. We have used both pairsgef regions obtained usingoo(r) for the pure water andon(r)
values to demonstrate to what extent our results depend dor the 0.89 systefregardless of the acetonitrile concentra-
the g, value chosen. Nevertheless, we expect the relaxetion. To estimate the robustness of this approach, we have
definition to reflect the rearrangement properties of the mix<calculated the minimum valug,, that g(r) takes in the
ture better than the strict definitig®]. hydrogen-bond sites. Then the relatigfr) >g,, has been
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14 TABLE lll. Average lifetimess of HO and HN bonds.

08 HO HN
' XMeCN 7 (p9) 7 (p9
06 0.0 2.110.03
0.11 2.32£0.03 0.99-0.04
0.50 2.93:0.20 1.170.04
04 0.89 6.43-0.48 1.51-0.06
0.2 . .
ancy between their and our results. The imperfect represen-
tation of the dependence of the water molecule’s polarization
00 05 1 0 05 Py on Xyecn being one. It can yield a too strong HO bond for

mole fraction acetonitrile mole fraction acetonitrile Iarge XMeCN -

FIG. 4. (a) The fraction acetonitrile molecules engaged in hy-
drogen bonds, antb) the fractions of water protons that are en-
gaged in HO bondéopen and HN bondgsolid). The experimental A basic understanding of the dynamics of the system can
results are indicated by triangles: the upward tip is from Bertie anthe obtained by studying the formation and duration of dif-
Lan [6]; the downward tip is from Jamroz, Stangret, and Lindgrenferent types of hydrogen bonds. We have estimated the life-
[5]. The simulation results are indicated by circles. Both the relaxedimes of the HO and HN bonds and the rates at which the
anq .St.I’ICt hydrogep-bonq deflnltloqs have been uged. The relaxeglifferent atom types replace each other on hydrogen-bond
definition always gives higher fractions than the sttgge Sec. IV gjias The lifetimer of a hydrogen bond is defined as the
and Table . time period that begins when an oxygen or nitrogen atom

enters a hydrogen-bond site. The time period ends when an-
used to define new integration regions. Note thatndg(r) other atom enters the site. Since two atoms cannot coexist in
depend on the acetonitrile concentration. In the case of ththe site[31], the original atom must have left before the
relaxed HO hydrogen-bond sites, the volume of the integrasecond atom entered. Note that the hydrogen bond is not
tion region changes less than 1.1° @nd the average number terminated just because the original atom leaves the site. The
of hydrogen bonds less than 0.02. When we apply thidifetimes obtained in this way may thus include time periods
method to the relaxed HN hydrogen-bond sites, the volumavhen the site is empty, and they should therefore be consid-
of the region changes more. This is caused by the large gr@red as upper bounds. Since each site is occupied at least
dient on the surface. However, tiggy(r) corresponding to  75%([32] of the time, the overestimation should be less than
different acetonitrile concentrations has similar form near theabout 33%433]. The lifetimes are listed in Table Ill. We see
hydrogen-bond sites, hence the average number of hydrogéhat the average lifetime of the HN bond increases from 0.99
bonds is relatively insensitive to the exact shape of the inteps to 1.51 ps. The average lifetime of the HO bond increases
gration region. from 2.11 ps to 6.43 ps. The average lifetime of HO bonds is

The masses, the location, and some other properties of tifBus longer than that of HN bonds at all studied composi-
hydrogen-bond sites are listed in Table Il. The fraction oftions, and the longest lifetime by far is found for the HO
acetonitrile molecules engaged in hydrogen bonds is plotteionds in the 0.89 system.
together with experimental data in Figa4 and the fractions In order to gain some insight into how hydrogen bonds
of hydrogen-bond sites engaged in HO and HN bonds arérm and break, we have estimated the transition probability
plotted in Fig. 4b). The fraction engaged in HO bonds de- 7a_.g, that is, the number of times that an atom of type
creases from 0.83 to 0.47 &g.cy increases from 0 to 0.89. replaces an atom of typ& on a hydrogen-bond site per
At the same time, the fraction of the sites engaged in HNdicosecond. To obtainr, .5, we have divided the total
bonds increases from 0.06 to 0.36, and the total fraction ofiumber of transitions fromA to B by the number of
hydrogen bonds thus remains between 0.83 and 0.85 at dllydrogen-bond sitegthe number of water molecules times
compositions. The fractions of occupied sites depend on thewo), by the length of the time period, and by the fraction of
g value used to define the hydrogen bonds, but the observébie time period that a hydrogen-bond site is occupied by an
trends remain the same. atom of typeA. The transition probabilities are shown in

Jamroz, Stangret, and Lindgrgs] and Bertie and Lapg]  Table IV. It can be seen that the rate at which oxygen atoms
have estimated the fraction of hydrogen bonds from IR exteplace oxygen atomsg .o falls from 0.63 ps?t in the
periments and they have obtained results similar to ours fopure water system to 0.10 Psin the 0.89 system. Simi-
the fraction of hydrogen-bonded nitrogen atofsse Fig. larly, my_ o falls from 0.96 ps! in the 0.11 system to
4(a)]. Bertie and Lan have also estimated the fractions 00.13 ps?! in the 0.89 systemaro .\, On the other hand,
water protons that engages in HN and HO bonds. At highdoes not change significantly with the acetonitrile concentra-
acetonitrile concentrations, they have obtained lower valueson.
than we for the fraction of HO bondsee Fig. 4b)]. The It appears that the increasing lifetimes in general, and the
total fraction of water molecules engaged in hydrogen bondfong lifetime of the HO bonds atyecy in particular, argat
thus decreases from 0.85 to 0.5 in the measurements of Bdeast partly due to the low water fraction: In pure water,
tie and Lan. There are several possible causes of the discrefhrere are a number of water molecules close to every hydro-

V. LIFETIMES AND TRANSITION PROBABILITIES
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TABLE IV. Transition probabilitiesw. 7,_.g denotes the num- molecule donates protons to it. Thus, according to this defi-
ber of times that an atom of ty replaces an atom of typ& on nition, each water molecule can form between 0 and 5 hy-
an occupiedhydrogen-bond site per picosecond. drogen bonds. In principle, a water molecule could accept
more than three binding protons, but this never happens in

XwmecN 7o-0 To-N N-O NN our simulations; it is improbable to accept three protons al-
0.0 0.63 ready. The probabilities are 0.046, 0.030, 0.011, and 0.002
0.11 0.50 0.07 0.96 0.61 for Xpecn=0, 0.11, 0.5, and 0.89, respectively, when the
0.50 0.31 0.11 0.47 0.88 relaxed hydrogen-bond definition is applied. The probability
0.89 0.10 0.09 0.13 0.89 distributions describing the fractions of water molecules with

different hydrogen-bond configurations are given in Table V.

In pure water, the state corresponding to accepting two
gen bond. These molecules can replace either of the twand donating two protons is the most common. As antici-
original molecules, should the hydrogen bond during someated, the average number of HO bonds that the water mol-
fluctuation expose this possibility. At lower water concentra-ecules engages in decreases when the acetonitrile concentra-
tions this mechanism is suppressed by the scarcity of wateion increases. Gradually, the probability mass is transferred
molecules in reasonable positiot. mo_,0 and my_o In  to the states that correspond to accepting zero or one and
Table Ill). One may also note thaty .y does not increase donating zero or one protons; the hydrogen-bond network is
with the acetonitrile concentration. gradually depleted of cross links as the acetonitrile concen-
tration increases. In the 0.89 system, we expect linear ar-
rangements of water molecules to dominate.

One can estimate the correlation between the different

One basic aspect of the hydrogen-bond network is thdéwydrogen bonds by taking the product of the marginal distri-
probability distribution describing the number and types ofbutions in Table V. At high acetonitrile concentration, the
hydrogen bonds that a water molecule is engaged in witlstate corresponding to accepting zero and donating two pro-
other water molecules. Using the hydrogen-bond sites al-tons and the state corresponding to accepting two and donat-
ready introduced, we can determine how many protons &g zero protons are assigned higher probability by the prod-
given water molecule donates to form hydrogen bonds. Thect distribution than by the full distribution. This indicates
water molecule is said to accept binding protons if any othethat donation and acception of protons are correlated in such

VI. HYDROGEN-BOND DISTRIBUTIONS

TABLE V. The probability distribution for the different states of the water molecule estimated from the
simulation. The states are defined by the number of protons donated and accepted. Note that only donation of
protons to other water molecules is considered. The pairs 00, 01, 10, and 11 describe the two donor sites. 1
indicates that the donor is engaged in a hydrogen bond and O the opposite. The 01 and the 10 donor
configurations are equivalent. The sums of the probabilities have therefore been listed undeh@deptbr
denotes the number of protons accepted. Results are given for four different mole fractions of acetonitrile
(Xmecn)- The estimated standard errors follow thesigns. The relaxed hydrogen-bond definition has been
used(see Sec. V.

Donor

XMeCN Acceptor 00 01,10 11

0 0 0.0009-0.0001 0.00540.0006 0.010€:0.0005
1 0.0130:0.0003 0.116:0.002 0.2220.001
2 0.0137-0.0005 0.1520.002 0.4270.003
3 0.0006-0.0001 0.00740.0004 0.03820.0007

0.11 0 0.00120.0001 0.0078:0.0003 0.011%0.0005
1 0.024+0.001 0.1580.001 0.2370.001
2 0.0185-0.0008 0.1690.002 0.3440.003
3 0.0004£0.0001 0.0072:0.0003 0.0222:0.0009

0.5 0 0.0110.001 0.024:0.002 0.016:0.001
1 0.077-0.004 0.25%-0.005 0.2330.003
2 0.025+0.001 0.14%0.003 0.196:0.006
3 0.0004-0.0001 0.0038:0.0004 0.007%0.0004

0.89 0 0.130.01 0.06:-0.006 0.02&0.005
1 0.18+0.01 0.287-0.006 0.1740.006
2 0.026-0.005 0.066:0.007 0.0630.004
3 0.0002:0.0002 0.000%0.0004 0.000£0.0004
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TABLE VI. Distributions of the number of hydrogen bonds that ~ TABLE VII. The fraction of acetonitrile molecules that hydro-
water molecules in the classes N, NN, O, and OO are engaged igen bond to different numbers of water molecules. The column No.
see the text. Results are given for three different mole fractions oflenotes the number of water molecules that the acetonitrile mol-
acetonitrile &yecn). Bondsdenotes the number of hydrogen bonds ecule bonds to. The tabulated values are based on the relaxed defi-
that the molecule is engaged (not counting the one or two bonds nition of the hydrogen bon¢see Sec. IV.
which define the class of the molecul&eandenotes the average

number of bondsFraction denotes the fraction of all water mol- Acetonitrile mole fraction
ecules that belong to the class. The tabulated values are based on No. 0.11 0.5 0.89
the relaxed definition of the hydrogen bofskte Sec. IV.
1 0.583 0.304 0.086
Class 2 0.150 0.024 0.002
XMeCN Bonds N (o) NN 00 3 0.005 0.000 0.000
0.11 fraction 0.10 0.87 0.0035 0.61 Sum 0.738 0.328 0.088
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  occupied donor sites and all acceptor sites free.
3 0.42 0.40 0.01 0.04 In the 0.11 system, the average number of hydrogen
4 0.02 0.03 bonds is higher for a water molecule that donates exactly one
mean 2.36 2.29 1.47 1.61  proton to an acetonitrile moleculelass N water, than for a
water molecule that donates at least one proton to another
0.5 fraction 0.27 0.66 0.041 0.45 water moleculdclass O water It is thus possible for a water
0 0.02 0.02 0.11 0.04 molecule to hydrogen bond to an acetonitrile molecule and
1 0.17 0.21 0.71 051 still be incorporated in the hydrogen-bond network. How-
2 054 0.46 017 0.43  ever, the water molecules that donate two protons to aceto-
3 0.27 0.30 0.00 0.02 hitrile molecules(class NN water accept on the average
4 0.01 0.01 fewer binding protons than those that donate two protons to
mean 2.08 2.08 1.06 1.43 other water moleculegclass OO water For example, the
probability that a class NN water molecule accepts two bind-
0.89 fraction 0.39 041 017 027 ing proto?s isI Icglwer than the probability that a class OO
water molecule does.
0 0.13 0.06 0.37 0.11 For the systems witltyecn>0.11 there is no network of
1 0.26 0.30 0.54 0.66 .
5 0.51 0.48 0.09 0.24 hydroge_n-bon_ded water molecules exten@ng throughout the
whole simulation box. The general trend in these systems is
i gég 8(1)3 0.00 000 that water molecules with one or two hydrogen bonds to

acetonitrile molecules form fewer hydrogen bonds to water
mean 1.58 1.74 0.71 114 molecules. This is no surprise, since water molecules that
hydrogen bond to acetonitrile molecules frequently are lo-
cated in the extreme parts of a water cluster, or in the aceto-
a way that a chain of water molecules tends to have its bondsitrile region.
aligned in the same directioA bond points from the water Another molecular event related to the structure of the
molecule that donates the proton towards the one acceptirtyydrogen-bond network is the number of acetonitrile mol-
it.) ecules that bind to one, two, or more water molecules simul-
In addition to studying the bond distributions of all water taneously(see Table VII. Most acetonitrile molecules bind
molecules, we have looked at the properties of differento one or two water molecules. The ratio between the number
classes of water molecules. Some of the water moleculggonding to one and the number bonding to two increases
donate protons to form hydrogen bonds with one or twowith the fraction of acetonitrile in the solution. This is not
acetonitrile molecules. We have studied the following foursurprising. It is, however, interesting to note that the fraction
classes of water molecules in order to see if the presence df relatively large for the 0.11 system: one water molecule
such HN bonds coincides with different proton acceptingout of five bonding to acetonitrile shares its acetonitrile mol-
behavior. The classes afld) water molecules that hydrogen ecule with another water molecule.
bond to exactly one nitrogen atorf\N) water molecules
that hydrogen bond to exactly two nitrogen atori@), water VII. NETWORK AND CLUSTER CHARACTERISTICS
molecules that donate at least one proton to another water
molecule and that do not hydrogen bond to any nitrogen At each acetonitrile concentration most water molecules
atom, andOO) water molecules that donate both protons toare connected by hydrogen bonds and form one large cluster.
other water molecules. The fractions of water molecules inThe number of molecules in these large clusters fluctuates. A
the different classes and the distributions of the number o€luster of the most frequently occurring size will be called a
hydrogen bonds that they are engaged in are listed in Tabl@aximum-likelihood(ML) cluster. Clusters that differ from
VI. The classes N and O, and NN and OO are suitable fotheir corresponding ML cluster at most by five molecules
comparison with each other: N and O both have one donooccur nearly as frequently as the ML cluster. At each aceto-
and all acceptor sites free, and NN and OO both have twaitrile concentration, regardless of the hydrogen-bond defini-
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TABLE VIII. Properties of the ML clusters. Both the relaxed
(r) and the strict §) hydrogen-bond definition have been ugsde
Sec. V). Configuration fractiondenotes the fraction of the studied
configurations that contains the cluster; aid denotes the edge-
to-vertex ratio.

=
Acetonitrile mole fraction
0 0.11 0.5 0.89
Cluster 256 228 127 25
size 255 227 125 22 \
Configuration 0.79 0.75 0.29 0.26
fraction 0.36 0.30 0.15 0.17
elv 1.67 1.57 1.37 1.11
1.51 1.44 1.26 1.06

_—

FIG. 5. A schematic representation of a water cluster obtained
tion used, one cluster of a size within5 molecules of the from the simulation withxy,.cy="0.89. Each arrow indicates a hy-
ML cluster is present in at least 90 percent of the configuradrogen bond. The arrows point from the water molecule donating
tions studied. The fraction of water molecules in one and twahe proton towards the one accepting it. The relaxed hydrogen-bond
molecule clusters increases wittyecyn. IN the pure water definition has been usedee Sec. IY.
and the 0.11 system, the fraction of water molecules in clus-

ters of this type is at most 0.005. For the 0.5 and the 0.89ertices[13]. We have computed the number of clean loops
systems, the fractions are 0.01 and 0.13 when the relaxgskr water molecule for each of the systems with different
hydrogen-bond definition is used, and 0.02 and 0.14 whe@cetonitrile contentsee Fig. 6.
the strict definition is used. The number of loops of different lengths describes the
In our analysis of the clusters, we have regarded eacRetwork structure in all systems. As anticipated, the water-
water molecule as a vertex) and each HO bond as an edge rich systems have more loops of all lengths than the water-
(e). The edges are directed, that is they point from the wategiepleted systems. Six loops are the most frequent in the pure
molecule donating the proton towards the molecule accepiyater and the 0.11 systems. Five loops are the most frequent
ing it. The edge-to-vertex ratie(v), the frequency, and the in the 0.50 and the 0.89 systems. Two mechanisms reducing
size of the ML clusters are listed in Table VIII. The ratio the number of long loops are short circuiting and low en-
remains essentially unchanged as the cluster size fluctuat@®py: The longer the loop, the larger the probability that it is
around the ML sizéwithin 5% for £5 molecules Thee/v  short circuited. In the 0.89 and perhaps also in the 0.5 sys-
ratio for small clusters is nearly minimal: No cluster consist-tem, long loops are associated with low entropy, since there
ing of less than seven water moleculegcept ongcontains  are few molecular arrangements that give rise to th@hnis
any loops, thug —e=1. The connectivity of one cluster of is not true for the systems with infinite water netwoyKkehe
the 0.89 system is shown schematically in Fig. 5. shift of the maximum from six- to five loops can be caused
When the acetonitrile concentration in the mixture in-py this entropy effect.
creases from 0 to 0.89, the edge-to-vertex ratio in the large More complete insight into the topology of the hydrogen-
clusters decreases from 1.67 to 1.11. The lower ratios in the

acetonitrile-rich systems are accompanied by a larger num- 5, 1012
ber of HN bonds. In the 0.89 system, the low ratio implies _

that clusters consist mainly of chains and loggse Fig. 5. £ /- TT~o Jo1
The other systems have sufficiently high edge-to-vertex ra-2 o s} - RN f

tios to support networks with more cross links. In the pure & N T~ doos

water and the 0.11 systems, there is an infinite hydrogen—%
bond network extending throughout the entire simulation

molec
loops per water molecule (dashed lines)

0.1f = = 10.08
box. The 0.5 and 0.89 systems, cannot support an infinite 05 -
network; instead one large cluster and a few smaller clustersg . N 004
of water molecules form. 8005} N S

In order to investigate the structure of the hydrogen-bond 2 7 N\ 0.89 —Z~< Jooe
network further, we have analyzed some properties of the S
loops and chains of water molecules that make up the clus- 0 - - - = ==y
ters. Let us make the following definitions: ghain is a 3 4 5 |o§p Iength7(l) 8 s 10

connected nonrepeating sequence of edges, dondpais a
chain whose ends me84]. A cleanloop is a loop with the FIG. 6. The number of loops of different lengthger water
additional property that there is no external connecting patlnolecule forxy,ecy=0, 0.11, 0.5, and 0.89. The solidashedllines
between any two vertices in the loop that is shorter thatn  are based on the relaxddtrict) definition of the hydrogen bond
of the two paths that are part of the loop and connect thésee Sec. IV.
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TABLE IX. The average directionalityd) for chains of differ- VIIl. CONCLUSION
ent lengthl. The tabulated values are based on the relaxed defini-
tion of the hydrogen bon¢see Sec. Y. (d) changes by less than ~ W€ have approached the structure of the water-
0.05 if the strict definition is applied. The standard errors are lesg@Cetonitrile mixture in three stages. First, the average spatial

than 0.007. structure has been studied using RDF's and SDF's. The
RDF’'s show that there is a strong tendency for the water
Simulation molecules to aggregate and form clusters. The SDF's show

Acetonitrile mole fraction that, apart from the dominant hydrogen-bond coordination,

I Theory 0.0 0.11 0.5 0.89 there is an alternative type of coordination of both oxygen

and nitrogen atoms at nontetrahedral positions.

2 1.33 1.33 1.34 1.37 L4z Second, we have studied basic hydrogen-bond properties
3 1.89 1.88 1.90 1.94 2.01 using the effective hydrogen-bond definition. The average
4 2.07 2.07 2.10 2.16 2.26 number of HN and HO bonds have been computed. The
> 248 2.48 251 2.58 2.71 number of HN bonds agrees reasonably with experimental
6 2.62 2.62 2.66 2.76 2.90

predictions, but the number of HO bonds at high acetonitrile
concentrations differs significantly. The causes of the dis-
crepancy are unknown. We have also found that the average

bo_nd network can _be obtained using thim scheme[9]._ lifetime of the hydrogen bonds increases with the acetonitrile
This scheme classifies loops and chains not only according

; . A ) Soncentration. A possible explanation is the lack of compe-
the!r Iengthl, but_also according to thel_r dwecuonal@and tition between the water molecules.
their meeting-point numbem. To obtaind one arbitrarily

. S ) o Third, we have analyzed the structure of the hydrogen-
defines one direction along the chain or loop as positive. ThBond network. The network surrounding a water molecule
directionality is then given by

depends on the number of acetonitrile molecules that it binds
d=|n,—n_|, (4) to: Water molec_ules that binq to one acetonitrile molecule
are as strongly incorporated in the water network as those
wheren, denotes the number of edges pointing in the posithat bind to none. Water molecules binding to two acetoni-
tive direction andn_ denotes the number of edges pointingtrile molecules are, however, more weakly incorporated in
in the oppositgnegativé direction. The meeting-point num- the water network. The topology of the hydrogen-bond net-
ber is defined by work changes as the acetonitrile concentration increases: The
number of loops per molecule decreases, the maximum is
m=sugm, ,m_}, (5)  shifted from six to five loops, and the directionality of chains
) ) . increases. These local changes are accompanied by a global
where m, denotes the number of vertices with meetingp eadown of the infinite network of connected water mol-

edges andn_ denotes the number of vertices with parting ¢ jles at a critical acetonitrile concentration between 0.11
edges. (0, =m_ for loops) In Table IX, the average direc- g4 o5,

tionalities (d) for chains of different lengths are listed. One oy results do not fully characterize the structure of the
can see thatd) increases withyecn. water-acetonitrile mixture. Several important questions re-
A theoretical calculation of the fraction of loops per mol- garding the microheterogeneities proposed by Moreau and
ecule is difficult. The fractions of loops and chains of a givenpgynaet remain. A simulation of a larger system could an-
length that have differeni and m characteristics is, how- gwer some of these questions. We expect our approach to be

ever, theoretically more tractable. A simple model, whichysefy| when analyzing such a simulation. The approach can
accounts for the entropy associated with the number of wayg|so be useful when studying other liquid mixtures where

pure water[9]. Since this entropic term is independent of [2g 35 34,

XmecN, One must consider other mechanisms to account for
the change in{d). The average directionality of shorter
loops, in contrast to chains, is essentially independent of
Xmecn- There are indications that short loops with one or two
meeting pointgwhich would infer low directionality have This work has been supported by the Swedish Natural
low potential energy9]. High loop directionality would thus Science Research Coun@NFR). The simulations have been
be correlated with high potential energy, which would rendercarried out at the Center for Parallel Computers at The Royal
the loop directionality less sensitive to changexjncy- Institute of Technology.
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