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Structural and dynamical properties of liquid-state, binary, water-acetonitrile nanoclusters are
studied. When acetonitrile is the solute species, it exhibits a propensity to reside on the cluster
surface, although one may identify regions interior to the cluster that are favorable for solvation. The
dynamics of the interchange of acetonitrile between surface and interior solvation regions and
structural aspects of surface solvation states are studied. When water is the solute it tends to be
solvated in the interior of the cluster and form aggregates. The nature and dynamics of contact and
solvent separated water pairs in these clusters is investigated, and the recombination dynamics of
larger water aggregates in concentrated water-acetonitrile clusters is examindé@98cAmerican
Institute of Physicg.S0021-960808)51540-1

I. INTRODUCTION differ from their infinite-system analogs. The distinctive
Investigations of the properties of clusters with varying structural features can give rise to solvent-stabilized species
sizes and in various physical states constitute an active ré{\_{hose dynamics is, in trn, mfl_uenced by the SySte_m’S fmlte_
search are&? Cluster properties such as the solid-state strucSize- These are some of the issues that are studied in this
aper.

ture of small aggregatéssolid-liquid phase transitions in . o ,
The focus is on liquid-state binary clusters composed of

small cluster systenfs? reactions in clustet$™* such as ni _
proton transfer process&s!® acid dissociation in aprotic water and acetonitrile molecules. We have examined both

aggregated’ excited-state dynamics in argon clusts, the solvation structure and dynamics of these systems. The

spectral shifts of chromophoré$,photoelectron spectros- Main objectives of this study were twofold: first, since both
copy of ions in water cluste, nucleophilic substitution ~SPecies exhibit a marked dipolar character, it is interesting to
reactions! electronic states in ionic clustefs23ionic states  investigate how the details of the molecular forces and lack
in polar aggregate¥ 2% cage dynamical effects that follow ©f translational symmetry affect the possible stable cluster
photodissociation process€s? to name a few examples, Morphologies. Second, water and acetonitrile exhibit impor-
have been the topics of both experimental and theoreticdRnt differences in their microscopic intramolecular connec-
studies. tivities; perhaps the most obvious is the absence of a
Nanoscale clusters have properties which differ fromhydrogen-bonded, three-dimensional network in the latter
both small aggregates composed of a few molecules and pbupolvent. Although it is still possible to establish cross hydro-
phases. They are sufficiently large to exhibit bulklike phasesgen bonding between both species, the fact that acetonitrile
which often differ from those of infinite systems, yet surfaceis aprotic leads to a clear asymmetry in the roles of these two
forces play an important role in determining their propertiesspecies as potential proton donors or acceptors. One should
These effects have been demonstrated to play important rol@xpect that this asymmetry will be reflected in the structural
in cluster reactions and solvation and are especially eviderfeatures of “bulk” states and their interfaces, regardless of
in binary liquid-state clusters where the mixing propertiesthe particular cluster composition considered. These polar-
differ substantially from bulk binary fluid¥:3! molecule clusters have a richer structure than that of binary
The solvation structure and dynamics of solute mol-Lennard-Jones clustet$!
ecules in binary, liquid-state nanoclusters is influenced by The outline of the paper is as follows. In Sec. Il we give
the interplay between surface and bulk forces. These effectietails of the model potentials and molecular dynamics
are also responsible for the stabilization of surface angimulation methods used in the study. Section Ill is devoted
cluster-interior solvation specié$Strong structural correla- to the study of dilute binary clusters containing one or two
tions in the cluster interior are induced by the finite size andsolute molecules. The character of the solvation, surface vs
surface forces leading to bulk-like phases in the cluster thatluster interior, and the existence of various solvent-
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TABLE |. Parameters for the potentiels. this temperature, the structural and dynamical properties of
, n the clusters were similar to those of liquidlike phases. Sub-
Ste @ ¢ (keal mol' ) Charge €) sequent to this equilibration period, the Ndbermostat was
) 3.17 0.156 —0.820 switched off and statistics were collected from ldB8g-4 ns
H 0.00 0.000 0.410 constant energy trajectories. The Verlet algorithwith a
¢ 3.40 0.099 0.129 time step of 1 fs was used to integrate the classical equations
CH, 3.60 0.380 0.269 ) X o2 o= .
N 3.30 0.099 ~0.398 of motion; with this time interval, the energy conservation

was maintained below 0.1%. Intramolecular constraints in
Ainternuclear distancedd): d oy=1.0; dy4=1.633;dey=2.63;dc_cy,  the solvent particles were implemented using the SHAKE
=1.46;dy_cy,=1.17. The usual geometrical and arithmetic means werezqorithm3® Although the isolated molecular clusters under
used to determine the and o parameters for the cross interactions. study are metastable since evaporation must eventually oc-
cur, little or no evaporation was observed on the 3—4 ns time
. L . . . scale of the simulations and well defined statistical averages
stabilized species is described. Section IV considers large : . . .
. ? could be determined from time averages over the trajectories.
concentrated binary clusters. Both the nature and dynamics
of the superficial and cluster-interior solvation states are de-
scribed. For both dilute and concentrated binary clusters wél. DILUTE BINARY CLUSTERS

find that the cluster properties differ significantly depending . .
o We shall examine some general aspects of the solvation
on whether water or acetonitrile is the solute. The conclu-

. . . structure of binary molecular clusters. One of the gross fea-
sions of the study are given in Sec. V. . . ;
tures to consider is whether the solute molecules reside on
average in the interior or near the surface of the cluster. A
Il. MODEL AND SIMULATION METHOD useful quantity to consider in this connection is the spatial
correlation function of component=W or ACN with re-
spect to the center of mass of the clusteyy_,(r), defined

Simulations were performed dm:m] clusters contain-
ing n molecules of acetonitrilACN) [CH;CN] andm mol-
ecules of water (V). The component with the smaller
(largen mole fraction will henceforth be denoted as the sol-
ute (solven). Water intermolecular interactions were de-  Jom-all)= —5— > (R"—Rewl—1) ), )
scribed by the three-site SPC model of Berendseal.*? Aar N \1=1
while ACN was modeled as a rigid three-site molecule com-which gives the probability of finding a molecule of species
prising a united atom model for the GHyroup, C and N« at a distance from the cluster center of mass. HeRg
units in a linear arrangemefit.The potential energy of the denotes the center of mass of title molecule of species
entire systemVg was taken to be sum of pairwise additive andR¢y is the position of the center of mass of the cluster.

N

a

contributions The number of molecules of specieds N,=n or m, while
the angle brackets represent a time average over a microca-
V=2, v(i,j). (1)  nonical trajectory as discussed above.
< We begin by studying one and two solute molecules of
The interaction potentiais(i,j) between théth andjth mol-  €ither species in the cluster and examine more concentrated

ecules is the sum of Lennard-Jones terms between differeRinary clusters in the following section.
interaction sites and Coulomb terms arising from the inter-o_ [1:m] and [n:1] clusters

actions between partial charges on the sites: . _ .
Consider a single ACN molecule in ammolecule water

. LI i’ _ i’ c i cluster (1:m]). For all m considered, froorm=10 to m
v(.)) 2 o (I =r Drvip (i =i D1 @ =200, ACN is found on the surface of the cluster with high
probability. The upper panel of Fig. 1 shows an instanta-
neous configuration of [l :50] cluster while the lower panel
is a plot ofgepm—_o(r). From this figure it is evident that the
o\ [og)\® ACN molecule is found with high probability at distances of
T/ (3 6-8 A from the cluster center of mass.
The preferential solvation of ACN near the cluster sur-
face suggests the presence of a free energy minimum, escape
zi,zj,e2 from which requires energies greater than typical thermal
Uirj (r)= Y (4) energies. The free energy or potential of mean foke) as
. a function of rycy=|R{“N—Rcyl, the distance of ACN
wherer; denotes the coordinate of site=O, H, CH;, N, C  from the cluster center of mass, is defined by
in theith molecule ana is the electron charge. Details of the
energy and length parameters are given in Table I. BW(r)=—InP(r)e—In(8(racn=r)), ©)
The molecular dynamics simulations consisted of an iniswhere P(r) is the probability ofr ocy taking the numerical
tial equilibration period of about 100 ps using Nasaoni-  valuer. In order to computéN(r) in regions of low prob-
cal dynamicd* at an average temperature B=200 K. At  ability a combination of molecular dynamics and umbrella

where the sums are over all sitésandj’ in molecules and
j, with

LJ
Ui;j,(r):4€i/]‘r

and
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FIG. 2. Potential of mean force as a functionrdior a[1:50] cluster atT
L =180 K.
E<
S 10
) the cluster center is not observed in the data presented in Fig.
05 1 obtained from unbiased trajectories. The form of the free
energy as a function of the radial distance from the cluster
0 ‘ - D center signals the existence of two different solvation struc-
%o 2.5 5.0 75 10.0

tures which we call the surface solvated spedeand the
central solvated specig€s The free energy barrier for pas-
FIG. 1. (a Instantaneous configuration of tfi&:50] cluster showing the sage betweed andS is located ar*=3.0 A and has mag-
ACN mqlecule on the c]us_ter surfacéh) Spatial correlation function;  pitude E$:3kBT for the passagé— S and Er¢:7_4kBT for
dashed line &=ACN); solid line (@=W). passage in the opposite directia@C.

It is interesting to examine the structural and dynamical
sampling techniquéé was used. More specifically, the aspects of the solvation “reaction”
Hamiltonian of the system was augmented with a harmonic K

(b) r(A)

potentialV'} , Cc=S8.
kr
k
VD=?/(rACN—r/)2. (7) A simple transition state theoryTST) estimate of the for-

ward and reverse rate constark5>'= (w 4/27)exp(— BE),
The values of , were chosen in the intervakdr ,<6 Aand  with i=f,r and A=C,S, yields k/°>"™=3x10"2 ps ! and
the values ok, were adjusted to obtain considerable overlapkS'=3x10"* ps ! where the frequency at the
between distributions of neighboring windows. The magni-C-configuration minimum is»./27=0.7 ps ! and that at the
tudes of the harmonic restoring forcés ranged from 2 S minimum is ws/2w=0.5 ps®. Simulations of a small
kcal/mol A~2 for values ofr , near the cluster center of mass ensemble of trajectories starting with ACN at the cluster cen-
to 0.5 kcal/mol A2 for positions near the cluster surface. ter show passage to ti&configuration in a few hundred ps.
The reversible work to move the ACN molecule betweenThis characteristic time is somewhat longer than the TST
two points in the cluster can be obtained from the correprediction. This difference is due to the considerable number
sponding free energy differencAW. The computation of of recrossings of the transition-state surface by potentially
AW between two points cn=r" andrcy=r" within the  reactive trajectories, a feature that always leads to a true rate
/'th window is straightforward and given by constant that is lower than the TST estimate. None of the 0.5
W(r") —W(r") ns length trajectories ever showed the spontaneous passage
S—C, consistent with the higher free energy barrier and
' small rate for this process.
) Some insight into the origin of these two solvation spe-
cies can be gained from an examination of the radial distri-
(8(F acn—T"))yh bution function of water r(_alatiye to the_ center of mass of the
4 (8) cluster,gcm-w(r), shown in Fig. 1. This plot shows that the
(S(rpcn—r '))vﬁ water molecules are distributed inhomogeneously in the clus-
ter, with two regions of maximum probability near1.5
where 8~ ! is the Boltzmann constant times the temperature andr=5.5 A, values slightly smaller or comparable to the
and(....)yn represents a statistical time average obtainegjistances corresponding to tieandsS species, respectively.
with the biased distribution that includes the harmonic po-The local minimum ingcy_w nearr=3.0 A correlates with
tential in Eq.(7). The potential of mean force for [d:50]  the transition state configuration.
cluster is shown in Fig. 2. Perhaps the most interesting fea- The dynamics of the passage betweendtend S con-
ture of this curve is the existence of a double minimum: ondigurations is shown in Fig. 3. The trajectories in this figure
near the cluster surfaceat 6.7 A and a second located near were initiated withr 5cy in the C configuration and bothacy
the cluster center at=1.5 A. Note that the minimum near and the cosine of the angle the ACN dipole makes with the

=k;”[(r"—rnz—(r'—r/)Z]—zza1In(r—,,
;

—B7tIn
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racn(A)

g 16*L%

cos(0)
o

r(A)

FIG. 4. Radial distribution functioggy.,(r) as a function of for a[50:1]
cluster. Dashed lined=ACN); solid line (a=W).

racn(A)

then reorients again to the perpendicular direction when it is
in the other stable solvation region. This effect is especially
clear in the bottom panel of Fig. 3 where rapid passage to the
transition state configuratiofi with unsuccessful passage to
19 100 200 300 200 500 S is then followed by a slower, successful, diffusive passage
t(ps) to S on the next attempt. In both cases éahows the ori-
entation effect described above.
FIG. 3. Two trajectories showing the passage fi®t S configurations for The solvation structure of tHen:1] clusters differs con-
a[1:50] cluster afT =180 K. Direct passage frod to S (top panel;, tra-  gsjderably from that of th¢1:m] clusters just described. For
jectory showing the transformatios~7--C— (bottom panel In each ¢ ¢iienily large clusters, say> 10, there was no preferred
panel the upper trajectory igcy Vs time while the lower trajectory is cas . . .. ) .
where ¢ is the angle between the ACN dipole and the radial vector. Thedistance for solvation and thus no distinct solvation species
dashed lines represent the transition states. could be identified. Figure 4 showggy_,(r) for a [50:1]
cluster: the presence of a broad, structureless distribution for
r indicates that the interior of the cluster appears as a bulk-
like phase for the water molecule solvation. Likewise, the

probability distributionp(cosé)=p(uy- rvw) (not shown has
Faebroad distribution indicating a lack of preferential orienta-

cos(0)
o

radial vector, co§=;4ACN- FACN, were monitored as a func-
tion of time during the reactio@—S. In these trajectories
one sees two important features: in the upper panel there al i ; )
clear indications of several unsuccessful attempts of the rdion Of the water dipole relative to the radial vector.

action C— S before the final successful reactive event that

leads to a stableS species at=200 ps; during these at- B.[2:m] and [n:2] clusters

tempts, the solvent buffets the ACN back and forth between The analysis of the dynamics of two ACN molecules in

theC'a}ndS regions. This.is the origin of the deviation from a 100-water-molecule clustef2:100)) indicates that both
tLansmonNztgte htheory dd'SClljsse_d above. _Sde_condly,hthehfagblute molecules remain near the cluster surface. However,
that cos9~0 In t_ eC ands solvation sta_tes indicates t fﬁﬂt € the radial distribution functiorgc(r) as a function of the
ACN molecule is on average perpendicular to the radial VeCyistance between the central C atoms in the ACN pair
tor; however, in the transition state region @e§—1 S|gnal-. r=rcc, presented in Fig. 5, shows considerable structure
ing the fact that ACN lies parallel to the radial vector with over the entire range of intermolecular distances

the dipole pointing inwardgN end of the ACN molecule We observe that the most probable configuration corre-

pointing outwards sponds to the solute pair separated by a distance of approxi-
The picture that emerges from these considerations is thep P P y PP

following: our results suggest that a clear correlation exists
between the regions of stable and unstable solvation of the
ACN molecule and the internal spatial correlations of the
solvent speciesC states correspond to an ACN molecule
solvated in high density regions of the cluster; on the other
hand, the transition state coincides with lower density re-
gions. Finally the profile ofjcpm.acn in the bottom panel of
Fig. 1 shows a shoulder at=5.5 A followed by a main
peak located at=7 A, and suggests the presence of two
superficial states with different degrees of solvation. In the
stable states, the ACN molecule is preferentially solvated
with its dipole normal to the radial vector. In order for the
ACN molecule to pass from one stable solvation region toxiG. 5. Radial distribution functions for F2:100] cluster atT=180 K.
the other, its dipole reorients parallel to the radial vector andj.(r) (dotted ling; gem-w(r) (solid line); gem_acn(r) (dashed ling

g(r) (107#A%)

15 20
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TABLE |I. Diffusion coefficients (& ps1) for ACN and water solutes in 4
binary clusters. Center of mass diffusion coefficieDt(,); diffusion coef-
ficient of a solute molecule in the binary clusterm] (Dg); diffusion co-
efficient for a single solute molecule in th&:50] or [50:1] clusters D).

<
N(ACN) m(W) T (K) 6Dy 6Ds 6D, o
2 50 187 0.07 0.18 0.44 3

50 2 203 0.43 0.45 0.74

16

r(A)

mately 12 A, comparable to the linear dimension of the clus-

ter, with evidence of structural correlations at shorterF!G. 6. Radial distribution functiogcy-wp as a function of for a[100:2)
separations. Thus, the two ACN molecules do not behave qcé“Ster ar =180 K (solid line). The dashed line correspondsgigy—acy in
. . ) e same cluster.

independent molecules in the surface layer, and there is a

tendency to form “dumbbell”-like configurations with ACN
molecules on opposite ends of the cluster. The existence ?rl;g on each molecule, calculated for the water pair con-
correlated motion is confirmed by a comparison of the diﬁu'strained at selected int;ermolecular distances

sion coefficients of the center of mass of the ACN pBigy, '

that of the individual ACN molecules in the pabg, and dw(r) - 2

D,, the diffusion coefficient for a single ACN molecule in FiN=-——="(Fwn+ Br ©

the cluster. Estimates of intracluster diffusion coefficients

were obtained from the intermediate linear regime of theVNereFw represents the total force exerted upon one of the
corresponding root mean square displacements before th&yater molecules;;,=r is a unit vector and- - - ), signifies a
reach their limiting plateau values at sufficiently long times.time average computed using the constrained-reaction-
These results are presented in Table Il. Note thag, coordinate-dynamics ensemBfeThe resulting potential of
=Dg/2 as would be expected for two widely-separated mol-mean force is shown in Fig. 8. We may also estimatg)
ecules butD,;>Dg indicating restricted diffusion for the directly from the histogram of in a long unconstrained tra-
molecules comprising the paif. jectory; these results are also presented in the figure. The

The behavior a water pair in a 100-ACN-molecule clus-Potential of mean force has it first minimum e=2.9 A
ter ([100:2)) differs from that of the ACN solutes in[:100]  corresponding to a “contact” water paliCWP), a local
cluster. In Fig. 6 we plogcy_wo(r), the radial distribution Maximum atr=4.8 A corresponding to a transition state
function of the center of mass of the water dinRy,p, with ~ configuration, and a second shallow minimum &g
respect to the center of mass of the clustef,yp=|Rcu =6.7-6.8 A corresponding to a weakly stable solvent sepa-
—Ruwol. From this figure we see that the center of mass ofated water paifSSWH. The free energy barrier for the
the water-molecule pair is roughly equally likely to be found feaction CWP-SSWP isE{=7.4 kT, while that for the
anywhere in the interior of the cluster. In fact, they_wp ~ "€VErse reaction SSWPCWP isEf<1 kgT.
profile does not differ substantially from that of a water =~ We have also studied the frictional properties of the wa-
monomer. ter pair. The fixed-particle, space-dependent friction coeffi-

Additional information on the nature of the dynamics cient of the pair is related to the time integral of the fluctua-
can be gained from an examination of the trajectories,gf  tions of the fixed-particle force autocorrelation function:
and the internuclear separation between the water molecules, x
r=r,=|Rwi— Rwz|. The time variation of these distances g(r)=ﬁ(f(0;r)f(0;r)>f dtCe(t;r), (10
is shown in Fig. 7 for a long6 n9 trajectory. The bound 0
water pair with an internuclear separation b~3 A is
easily identified as are the episodes of dissociation of the
bound pair. The trajectory af,p exhibits diffusive behavior
throughout the cluster. These features are confirmed by the
values of the diffusion constants of the water pair and its
constituent molecules. From the data in Table Il we see that ol
both the water-molecul® g, and pair-center-of-masB,cy ,
diffusion constants are the same within statistical uncer-
tainty.

Given the existence of a bound water molecule pair, it is
interesting to estimate the free energy required for dissocia-
tion to “free” water molecules and inquire into the possibil-
ity of solvent separated water species. The relevant informa- t(ns)

tion is contained in the pOtentlal of mean fOM‘(r) defined FIG. 7. Trajectories showing the position of the water-pair center of mass

by EQ_- (6) but now for _the pair distance;;. The mean | and the internuclear separation between the water molecyess a
potential was computed integrating the mean fdf€e) act-  function of time for a[100:2 cluster atT=180 K.




J. Chem. Phys., Vol. 109, No. 16, 22 October 1998 Molinero, Laria, and Kapral 6849

values in the vicinity of the water contact water pair and the
other for distances >4 A, where a solvent molecule is
wedged between the solute pair.

We note that the different character of these two spatial
regimes is also reflected in the structure of the velocity au-
tocorrelation function. In the bottom panel of Fig. 9 we show
results forCy(t),

(v(t;r)v(0;r))
(v?(0;r))

where v (t;r)=Veu(t;r)-r is the projected velocity of the

FIG. 8. Potential of mean forc&/(r) as a function of for a[100:2 cluster . . .
at T=180 K. The circles correspond to results obtained by integrating theCenter of mass of the constrained water dimer along the in

solvent forces on the constrained water pair; the triangles are results of€rnuclear direction. o o '
tained from a histogram of the distance between an unconstrained pair taken The space-dependent friction coefficient given by Eq.

from a 6 nstrajectory. (10) increases as decreases untit~3 A, after which it
ceases to increas€The data are not sufficiently accurate to
deduce the details of its structure for smal] A simple
hydrodynamic model that accounts for the Oseen interactions

BW

5 r ; : Cultin=

r(A)

(13

where the normalized force autocorrelation funct@(t;r)

is between the two particles yields a friction coefficient of the
form,°
Cr(t;r)=(f(t;r)F(0;r))(f(O;r)F(0;r)) 7, (11) ;
1 ~ A
and the component along the internuclear axis of the solvent  ¢(1)= 5 [1+r-T(r)- r+O(T9)], (14)

fluctuating forceFg at a fixed internuclear separation is ) o o ]
where ¢, is the friction coefficient for a single water mol-

f(t;r)=Fg(t;r)-r—(Fg(t;r)-r). (120 ecule and the Oseen tensorTigr) = (1+rr)/8myr, with 7

the viscosity. This formula predicts that the friction should
increase and even diverge aslecreases to zero. A kinetic
theory calculation of the friction that accounts for static
structural three-body correlations among the two solute par-
ticles and a solvent particle yields a friction coefficient that
rises asr decreases but far sufficiently small the friction

1.0 falls as a result of collisional screenifijDue to the strong

The autocorrelation functio@(t;r) is plotted in Fig. 9 as a
function of time for several values of From this figure we
see that the force autocorrelation takes two forms: one for

oscillations of the force autocorrelation function that make
the estimation of the friction difficult, we cannot distinguish
05F between the hydrodynamic and microscopic contributions
S but the fact that the friction ceases to rise is suggestive of the
_ _ existence of the influence of structural correlations on the
oor ‘&‘ ,i/ N2sr® pair friction, also evident in the plots of the force autocorre-
W4 lation function.
0866 o5 o080 075
(a) t(ps) IV. CONCENTRATED CLUSTERS
1.0 The density fluctuations in larger and more concentrated
\ ACN-W mixed clusters also show a distinct behavior de-
“\ pending on which component is in excess. Consider aggre-
o5} ".‘ gates composed of 50 ACN and 200 W molecules. Figure 10
3 ‘\\ is a snapshot of a such[&0:20Q cluster configuration ex-
\ hibiting few signs of mixing between the components. The
ook AN cluster has a roughly spherical shape with the ACN solute
’ S molecules distributed over the surface of a water nucleus. An
. A . estimate of the size of the cluster can be obtained from the
0.00 0.25 0.50 0.75 average gyration radiu®, defined as
(b) t(ps)
FIG. 9. (a) Force autocorrelation functioB(t;r) as a function of for r RZ:W< 2 (Rem— Ria)2> . (15
=2.8 and 3.6 A(short dashed and dot-dashed linaadr=4.0 and 7.0 A ACN Wi al

(long dashed and solid ling$or a[100:2] cluster atT=230 K. Results at : :
short distances are almost indistinguishable on the scale of the fidgmire. For spherical aggregates, the radius of the cluster can be

Velocity autocorrelation function as a function ofor r=2.8 A (dashed approximated by 5/3R=12.5 A. An inspection of
and 7.0 A (solid). Ocm-of(r) for =ACN and W, shown in the top panel of
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FIG. 10. Instantaneous configuration of tHe0:20Q cluster showing the
ACN molecules partially covering an internal water subcluster.

Fig. 11, confirms this observation: the distribution of ACN

molecules exhibits a Gaussian-type profile centered at
=12.4 A, a distance quite close to the estimate base®.on

This value also coincides with the position of the surface of
the water subcluster. Structural correlations within the water

subcluster shown in thgcy_w(r) plot are much less evi-
dent.

The nature of the arrangement of the solute molecules on
the cluster surface can be deduced from an inspection of the

solute pair correlation functiofFig. 11, bottom pangl We
observe a prominent peakrat 4.5 A, a secondary and much
smaller maximum atr=8 A and no perceptible structure

(b)

bEY_Ond 10 A. The 'Sim"arities'between this |0Ijlg range bex|g. 12. (a) and(b) show two water subcluster configurations ifi280:50
havior and the spatial correlations between points randomlyluster corresponding to “dendritic” and compact structures, respectively.

a(r) (10°A%)

20

10.0

7.5

T
-

5.0 \

2.5

~d
)
3
~~~~~
e

(b) r(A)

FIG. 11. (a) Radial distribution functiogcy_,(r) as a function of for a
[50:200 cluster. Same labeling as Fig. (b) Radial distribution function
dee(r) as a function of for a[50:20Q cluster. The dashed line corresponds

The ACN molecules are not shown.

distributed on the surface of a sphere—also shown in the
figure—indicate that the ACN molecules tend to distribute
homogeneously over the surface of the water nucleus. They
do not form compact “island” structures and strong correla-
tions persist only over distances of a few angstroms. The fact
that D¢y, for the ACN molecules is very small is also con-
sistent with these observations; the root-mean-square dis-
placement of the center of mass of the ACN molecules levels
off to a constant plateau value of approximately 1 Zaiter

a short initial inertial interval showing no evidence of an
intermediate linear regime.

The situation changes dramatically when one considers
the inverse case, i.e., clusters composed of 200 ACN and 50
W molecules([200:50). Perhaps the most direct way to vi-
sualize these changes is from an inspection of several hun-
dreds of configurations generated along the molecular dy-
namics trajectory(cf. Fig. 12. The trajectory shows clear
signs of mixing of the components. Although the overall
shape of the cluster is spherical, in the vast majority of these
configurations the water molecules form irregularly-shaped
domains whose sizes and shapes fluctuate strongly. Occa-
sionally, a water subcluster will fragment into smaller aggre-
gates that diffuse independently throughout the solvent until

to the distribution of points randomly distributed on the surface of a spherdN€y eventually re-encounter each other and recombine to

of radius 12.5 A.

form a single aggregate. The characterization of shape fluc-



J. Chem. Phys., Vol. 109, No. 16, 22 October 1998 Molinero, Laria, and Kapral 6851

9 0.6
2r .
z( 6t z< 0.4} | H
o | e, o
. 10 20
y i AN
0 = ' %7- é s Xy ¥
15 10 -5 0 5 10 15 15 20
z(A) (a)
. ) . - 1.00
FIG. 13. Density profile along the-axis (see text for W (solid line) and
ACN (dashed ling The arrows indicate the positions of the centers of mass
of the ACN andW subclusters. 0.75F
°
@ os0} \ -
tuations is not straightforward since it involves collective @ gos5l \\
modes of many solute molecules. Several correlation func- | \\
tions will be used to probe this structure. 0.00F N
To obtain information about the global structure con- 0 5 7] 5 "'8
sider the distribution of the different species within the ag- (b) KR

gregate. Figure 13 shows plots for the densityz) defined

as: FIG. 14. (a) Radial distribution functiorgyw(r) as a function ofr for a
[200:5Q cluster (solid line); for a [0:50] (dotted ling. The dashed line

Na o corresponds to the distribution of ideal points within an sphere of ralius
n“(z)= N_ E 5(Zi -2)), (16) =10 A. (b) Water-water structure factdB(k). Same labeling as the top
o I
panel.

where Z{* is the zcomponent ofR{. Here, thez axis has

been chosen along the vecRf,— R that joins the cen-

ters of mass of the W and ACN components and is centerediater nearest neighbors in the former case; the areas under
at Rey. Two important observations can be extracted fromthe main peaks are 2.7 and 3.8, respectively. Despite these
these curvesi) the linear dimensions of the aggregate aredifferences in magnitude, the locations of these peaks are
close to 35 A, a result that agrees reasonably well with thelmost identical indicating that similar connectivity mecha-
estimate computed from the average gyration radius Zisms through hydrogen bonding exist and that there are only
x \3/5R=32.2 A and corroborates the earlier observationminor disruptions of the distances between neighboring wa-
that the overall shape of the cluster is spheri¢&). This  ter molecules. Of course, due to conservation of mass, the
feature contrasts sharply with the distribution of the solutereduction of the local density at short distances around a
particles within the cluster. This distribution is nonsphericalgiven water molecule should lead to longer length scale
and displaced with respect Ry . Reasonable estimates of structure in the water-water pair correlation function. To
the shape anisotropy and the magnitude of the size fluctuaharacterize these long range spatial correlations, in Fig. 14
tions can be obtained from comparing its principal momentsve have also included results fgg(r), the distribution of

of inertia: (13)/(1,))Y?=1.4 and (1,)/(1,))¥?=1.2, and by ideal, i.e., noninteracting, points within a sphere of size com-
computing the corresponding standard deviationgarable to the maximum correlation lengthgyf. Equiva-
((81,)2Y%1;)~ which are~0.15 for alli. The average dis- lent information can be extracted from the small-wave-vector
placement of the water center of mass with respect to that dimit of the corresponding Fourier density spectra shown in
the cluster can be obtained by simply integratim)(z) as  the lower panel of Fig. 14. The evident differences between

follows: the two sets of curves inandk spaces, suggest the persis-
tence of non-negligible spatial correlations over distances
(|R&— RCM|>=f n"(z)zdz=5.3A. (177  comparable to the size of the aggregate.

A partial explanation for this behavior is as follows: we

The analysis of the average pair structure provides addihave already noted that the simulation results suggest incipi-
tional details about spatial correlations between the solutent mixing of the two components. Starting from a compact
molecules. In the top panel of Fig. 14 we ptpw(r) fora  water subcluster, interactions with the solvent induce large
[200:50 cluster. The curve shows the usual peaks that charfluctuations in the ACN-W interface eventually leading to a
acterize the short-distance ordering of compact structure&endriticlike” structure. Often, the original water subclus-
and a tail that decays on distances of the order-e20 A.  ter fragments into smaller subclusters ranging in size from
The direct comparison of this profile with that for a pure water monomers to aggregates containing roughly 10-15
50-molecule water cluster is instructive. The evident differ-molecules that “survive” for periods of several picoseconds
ences in the magnitudes of the peaks[&200:50 and[0:50] before recombining. These observations suggest that the
clusters is indicative of the reduction in the number of waterdong-distance behavior @w(r) is due to the combination
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ter interior, which are much more evident in water aggre-
] gates than in aggregates of acetonitrile. These correlations in
— turn can promote the formation dfess stablg solvation
structures such as those seen for ACN solutes in water clus-
ters. The different types of solvation may be regarded as
“chemical” species and their reaction dynamics can be stud-
ied as activated rate processes. However, considering the
[ |—| surface-to-volume ratio, even the largest systems of this
05 =5 3 25 55 study may be considered to lie in _the small-scale_ regime and
one should expect that the solvation structure will gradually
tps) change in water clusters which are still mesoscopic in size
FIG. 15. Histogram for the characteristic times for fragmentation/ Ut contain several thousands of molecules. In such cases
recombination processes of water subclustef@00:50 aggregates. internal solvation should become entropically favored, ap-
proaching the limiting macroscopic regime where complete
mixing is observed.
of spatial correlations within a “dendriticlike” water sub- The solvation structure and dynamics need not be
cluster as well as those between different subcluster fragsimple, as observed for concentrated water solute molecules
ments. in ACN clusters. In these cases, the spatial confinement in-
The magnitude of solute cluster-fragment diffusion andqyyces only orientational correlation on the cluster surface
the extent of the spatial confinement provided by the ACNang no signs of dipolar circulation patterns similar to those
molecules are important factors determining the time scalgynd in Stockmayer clusters could be obserfedlvater
for the water subcluster fragmentation-recombination promoelecules do not form compact aggregates but instead form
cess. An estimate of the characteristic time may be obtaineﬁjre(‘:]umr domains that fragment and recombine yielding
as follows. Using a criterion based on a minimum connecigrge |ocal water concentration fluctuations interior to the
tivity distanced, between water molecules, we have com-cjyster, akin to those seen in binary fluids near the consolute
puted the number of water subclusters present at ime noint. From a different although equivalent perspective, the
Variations in the water subcluster population that occurretj;rge fluctuations of the W-ACN interface that signal the
over time periods less than a minimum valug;,, were not  anproach of the mixed regime could be regarded as the effect
taken into account in order to avoid changes in the clusteps g large external ACN shell on an internal 50-water-
populz_ﬂion that arose from small fluctuations in the interparyglecule nucleus. In the early stages of this mixing process
ticle distances around, that did not correspond to real frag- the original compact water subcluster evolves into a highly
mentation or recombination processes. Once these highyegular fingerlike structure that invades solvent domains.
frequency contributions were filtered out, a histogram of theag 5 direct consequence, the hydrogen-bonded, three-
survival probability of the water subcluster population wasgimensional network weakens and thermal fluctuations and
constructed. Several choicesdyf and 7, were considered. interactions with the solvent can be strong enough to gener-
The histogrant(t) for d.=3.8 A andr;;,=2.5 ps is shown  ate fragments that survive for time periods of the order of a
in Fig. 15. This choice yielded results which were stable withfey tens of picoseconds. Of course the recombination of the
respect to reasonable variations of these parameters. Froghaller fragments is just a consequence of the spatial con-
the histogram the average time interval between fragmentgmement and should be absent in the corresponding macro-
tion and/or recombination was estimated to be approximatelgcopiC phases. We finally remark that all attempts to ther-
20 ps, providing an estimate of the average time for thenaly force the mixing process of both components were
interconversion dynamics of the solute subclusters. unsuccessful since rapid evaporation of the cluster occurred
as the temperature was raised beydred250 K.

N W A~ 1O
T T T T

h(t)(1 0°ps™)

-
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