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The liquid drop (LD) model is revisited to assess the reliability of its predictions for thermodynamic properties
of cluster ions and to examine the rate of convergence of such properties to their bulk counterparts. The
model predictions are in very good agreement with both available experimental data and simulation results
for Nat(H.0), clusters, surprisingly for all cluster sizes, and the stepwise cluster thermodynamic properties
are found to converge only slowly to their bulk counterparts. The LD model allows a natural partitioning of
the cluster ion thermodynamic properties into various components, one of which (the solvation part) is of
prime importance in connecting cluster solvation properties to the bulk limit. The latter LD model component
is found to be entirely analogous to the so-called dielectric sphere theory, and as implied in earlier work, the
results of dielectric models suggest that ion solvation is also a very slow process to converge to the bulk
limit. In addition, a form alternative to the customary interior ion LD model is proposed, where the ion
resides at the surface of a solvent droplet, and the resulting model successfully predicts that surface ion
I~ (H20), clusters are thermodynamically very likely and that large halide ions tend to be located, if not at the
surface, very close to it in large clusters of polar solvent molecules. Conversely, small ions suchaas Na
predicted to be interior in water clusters. Further, large ions such asel predicted to have interior but
near-surface locations in acetonitrile clusters. Even though it seems to work better for smaller ions and solvents
such as water, the LD model, despite its simplicity, generally appears to properly describe cluster ion
thermodynamic properties over a wide range of cluster sizes and even for relatively small cluster sizes.

I. Introduction applicability and reliability of the LD model to estimate cluster
There has been a long-standing interest in determining how lon th_ermo_dynamlc properties. A second goal is introduced and
physical and chemical properties of clusters evolve with cluster described |n. th?lnext few p?fagfaphs- .
size, since one often thinks of clusters as bridging the gap _Eary studied'! seemed to indicate that experimental enthal-
between the gas and condensed phadekne properties of ~ Pies of cluster iorfsconverge quite rapidly as a function of
chemical species in solution often differ drastically from those Ccluster size and approach the bulk ion solvation enthalpy for
of the gas-phase monomer species, and thus, important issueslusters containing only five solvent molecules. Stepwise cluster
include the identification of possible transitions between the gas- 10N enthalpies, calculated with the LD model, were also sfiéwn
phase and condensed-phase behavior of clusters or the detef® réach a plateau fairly rapidly with increasing cluster size.
mination of how large a cluster needs to be for its properties to These early observations seem to suggest that cluster thermo-
even approach the bulk limit. In this article, we will focus on dynamic properties such as total cluster enthalpies converge
a rather fundamental issue: the solvation of simple ions in duite rapidly to their bulk counterparts for cluster sizes as small
clusters, with particular emphasis on the rate of convergence@S: Sa&yn~ 5 (n being the number qf sol\(ent m.olecules in the
of the cluster ion thermodynamic properties, such as cluster cluster). For most of the simple ions investigated, such as
enthalpies and free energies, to their bulk counterparts. The latterlonovalent cations, the number roughly corresponds to the
bulk properties are experimentally knor, but the cluster number of solvent molecules in the ion first solvation shell.
thermodynamic properties are known from gas-phase thermo- A different picture of convergence emerges in connection with
chemistry experiments only for small clustéfs Computer the relationship of cluster solvation properties to their bulk
simulations can be and have been used to predict cluster ioncounterpartd?*6a topic of much interest in studies of chemical
thermodynamic propertis° but it would be computationally ~ reactions in clusteté to understand microsolvation effects on
unrealistic to calculate cluster properties over a very wide range chemical systems. In a study of agueous solvation dynamics
of cluster sizes. An alternative approach advocated in early work vVia molecular dynamics (MD) simulations of iewater clus-
by Castleman and co-workérd-12uses the liquid drop (LD) ters!® clusters containing 256512 water molecules were found
model!*~14 based on macroscopic properties, to estimate reliable to be adequate for describing the bulk solvation dynamics. Yet,
cluster thermodynamic properties over a wide range of cluster Simple continuum dielectric arguments indicate that, for these

sizes. A major goal of the present work is to assess the generalluster sizes, the cluster solvent molecules only account fer 70
80% of the bulk solvation free energy of small charged softites,

T University of Colorado. suggesting that ion solvation is quite slow to converge to the
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Indeed, continuum dielectric arguments confirm that the devia- and the larger halide iorfs:%16.23The conventional LD model
tion from the bulk limit of the solvation free energy of large assumes that the ion is located at the center of a spherical solvent
cluster ions is inversely proportional to the cluster radftf. droplet, which is questionable for this class of clusters. As we
Along similar lines, a mean spherical approximation treatment shall see, this surface ion LD model successfully predicts that
of halide ion-water cluster thermodynamics indicated that two surface ion T(H2O), clusters are thermodynamically very likely
complete solvation shells account for only-580% of the bulk and that large halide ions tend to be located, if not at the surface,
ion solvation?® Even though not clearly stated or emphasized then very close to the surface in large clusters of polar solvent
in earlier work, it is obvious from the above that the solvation molecules while smaller, less spatially disruptive ions such as
thermodynamic properties of cluster ions are very slow to sodium tend to exhibit interior cluster structures.
approach the bulk limit. The outline of the present article is as follows: we first briefly
At this stage, one may be puzzled by the apparent paradox,Presentin section Il the various ingredients of thg LD mﬁd&
or at least discrepancy, arising from the fact that total cluster that we use to describe cluster thermodynamic properties and
enthalpies seem to converge quite rapidly to their bulk coun- We reexamine the rate of convergence of the latter properties
terparts, while the solvation free energies of cluster ions are {0 their bulk counterparts. We then turn to the general ap-
very slow to approach the bulk limit. Part of this article aims Plicability of the LD model in section IIl, where, in turn, the
to resolve this discrepancy or ambiguity. In the earlier analyses model predictions are compared to both experimental and
of total cluster enthalpie®, an approximate ion-independent ~computer simulation data, connection is made between the LD

form of the LD model was used to compare the model mod.el anq a recently proposed cluster solvatiqn model known
predictions to experimental measurements for a collection of @S dielectric sphere (DS) theoty;°and a surface ion LD model
cluster ions. A more quantitative approach will be used here. 1S |_ntroduced to_take into account_the peculiar structural prop-
The attractive feature of the LD model is that it allows a natural €rties of a certain class of cluster ions such as the larger halide
partitioning of the cluster properties into various components, ion—water clusters. Other solvents such as acetonitrile are
only one of which is associated with ion solvation. As will discussed here, as are the possible limitations of the LD model
become clear presently, fast convergence of the total cluster’n 9eneral. Concluding remarks follow in section IV.
thermodynamic property to the bulk limit would by no means
imply that the ion solvation component would itself be fast to
approach its bulk limit. To resolve these convergence issues,
we shall examine the rate of convergence of the total cluster

[I. Cluster Thermodynamic Properties and Convergence
to the Bulk Limit

A. Liquid Drop Model. The classical LD formulation of

ion thermodynamic properties to the bulk limit, as well as that
of the ion solvation component of the thermodynamic properties.

The ion solvation component of the LD model employs a
continuum dielectric description of the solvent, and most

Thomson'~14 that we will use to examine cluster thermody-

namic properties expresses the free energy of formation of ionic
clusters in terms of the solvent macroscopic properties. The
Thomson equation has been used earlier in the context of cloud

attention has been paid to its applicability for larger clusters. physics* to predict energy barriers of ion-induced nucleation

For example, a recent analysis by ¢oef small iodide-water processed or to investigate cluster ion thermodynamic proper-
cluster solvation data, results of ion simulations in model polar ties;? but we feel it has been perhaps inappropriately neglected
solvent clusters of intermediate size and continuum dielectric €ver since, especially given the recent activity in the field of
asymptotic trends, suggests that the transition to continuum cluster science. A number of refinements and corrections for
behavior is nearly but not quite complete for cluster sizes of the Thomson equation have been proposed, and a more precise
~ 60 and that this transition might be associated with a change treatment of the microscopic droplet surface ter&iéhor the

from the peculiar surface character of small iodigeater inclusion of polarization effecté?®has been considered for the
clusters to the bulklike interior character of larger clustérs. smallest clusters for which the macroscopic parameters of the
Similarly, the continuum dielectric (CD) model was found to  Thomson equation are expected to filhese various correc-
properly descnbe the solvation free energy of ha“de-m,mter thn§ have been found to be most Slgnlflcal’lt fOI’ C|USterS COO-
clusters only for large cluster sizes £ 125) when compared ~ taining a single S(_JI\(ent molecule and, in general, only substantial
to a more refined mean Sphenca' approximation treatr’ﬁbnt fOI’ C|USteI’S COntaJnlng IeSS than afeW SO|Vent m0|eC]cﬂ§-$IUS,

Since the LD model is based on macroscopic rather than for simplicity, we retain the original “primitive” form of the
microscopic properties and since the continuum dielectric model LD model and investigate over what range of cluster sizes the
seems questionable for small clusters, we will investigate the LD model predictions may be reliable, keeping in mind that
reliability of the LD model predictions over a wide range of the model very likely cannot perform well for the very smallest
cluster sizes from small clusters to the bulk and for cluster ions Clusters. ) )

other than halidewater clusters. We pause to stress our Inthe LD model, the free energy of forming an iesolvent
perspective here. There is no doubt that, even if one rules outCluster of sizen from its monomer constituents can be written
the very smallest clusters, the LD model assumptions are easy2S @ Sum of solventondensationdropletformationand ion

to criticize for small clusters: the neglect of molecular aspects; Solvation terms:

the neglect of nonlinear effects of the ionic field; the neglect of .

various polarizabilities; etc. Ideally, one would like to have a AG, = AGgong+ AGiom + AG
more molecular-based thedtwhich currently does not exist.
Our approach here is simply to use the simple LD model to
investigate if, despite its obvious underlying shortcomings, it
can nonetheless provide a useful framework for characterizing 2)
ionic cluster systems.

Finally, we will introduce and test a slightly modified LD  whereSis the ratio of the partial pressukeof the condensing
model that takes into account the peculiar structural aspects,solvent vapor to its normal bulk vapor pressBfeat the system
mentioned above, of surface ion clusters such as clusters of watetemperaturd andR is the gas constant. The second term in eq

1)

The first term in eq 1 accounts for the free energy change
due to the condensation afsolvent molecules

solv

AG —nRTIn S

cond
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1 represents the work required for forming a finite-size droplet
of radiusr,

AGyy,,, = 4nNro (3)
whereo is the surface tension ard is Avogadro’s number.

The last term in eq 1 is the electrostatic stabilization energy of
the ion by the condensing (solvent) dielectric or solvation free

energy
E
ef\ri, r

wheree is the solvent dielectric constant ancandr; are the
ion charge and radius, respectively. This solvation term is the
finite-size cluster analogue of the Born continuum dielectric
modeP-30:31 for ijon solvation in liquids, and it naturally
converges to the latter. This term has been recently redefivéd,
and it has been shown to represent cluster ion solvation free
energies adequately, at least for large cluster 2fzes.

In the LD model, the volume of the finite-size droplet is
related to the number of solvent molecutes the cluster by

AG (4)

solv

_gN
2

n= "= r8 )

3

whereM and p are the molecular weight and bulk density of
the solvent, respectively. The entropy of formation of a cluster
is just the negative of the derivative of the free energy with
respect to temperature, and the cluster enthalpy is’then

BAGn)
) (6)

AH,= AG, + T( T
where the temperature dependence of the free ent@yis
explicitly introduced via that of the normal bulk solvent vapor
pressureP, surface tensiow, dielectric constan¢, and bulk
densityp. The various components of the cluster enthalpy, i.e.,
the condensation, formation, and solvation enthalpies, are
obtained by applying eq 6 to the corresponding components of
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TABLE 1: Solvent Parameters Used in the LD Model

parametey water acetonitrile
T (K) 313.15 293.15
M (g mol™) 18.015 41.05
o (erg cnT?) 69.56 29.10
(30/9T)p=1 (erg cNT2 K1) —0.1635 -0.132
€ 73.15 37.67
(3eldT)p=1 (K™% —-0.385 —-0.200
o (g cns) 0.99224 0.782
(3p/8T)p=1 (g cMT3 K™Y —0.00038 —-0.0011
In P° (atm) —2.62 —2.381
d In P%dT (atm K1) 0.053 0.0477

aTaken from ref 12.

We chose a cavity (or ionic) radius of 1.67 A for the sodium
ion in water. With this prescription, the Born solvation mé&del
reproduces the experimental bulk liquid Naydration free
energy,—98 kcal/mol at 298 K It is worth pointing out that
there are discrepancies in the bulk liquid ion solvation free
energies reported by various sources, since these numbers are
extracted in pairs (for a cation and an anion) from properties of
electrolyte solutions and since there is some ambiguity in the
partitioning of the salt solvation free energy into the individual
ion contributions. In earlier work} we used the value-89.6
kcal/mol for the hydration free energy of sodigfhut we here
use* the value—98 kcal/mol, which is encountered more often
in the literature, together with a value for the hydration enthalpy
of —106 kcal/moP~5 The value of—106 kcal/mol is also in
better agreement with absolute bulk solvation enthalpies deter-
mined with a model making use of small cluster propertes,
which makes this choice even more appropriate in the context
of the present work. Similarly, the ionic radius for iodide in
water is set to 2.77 A, which yields a Born hydration free energy
in close agreement with the experimental value-&9 kcal/
mol.2~5 The ionic radii of sodium and iodide in acetonitrile are
slightly larger, with values 1.72 and 2.94 A, respectively, for
which the Born solvation model reproduces experimental
solvation free energies94 and—55 kcal/mol, respectively).
Finally, the parameters for the solvent properties and their
temperature dependence are those used in the earlier work of
Castleman and co-workéesfor liquid water at 313 K and

the free energy. The necessary data, i.e., the solvent vaporacetonitrile at 293 K and are listed in Table 1. All cluster

pressure, surface tension, dielectric constant, and bulk density

thermodynamic properties calculated in this work with the LD

as well as their temperature coefficients, have been tabulatedmodel are for a standard-state pressere 1 atm.

by Castleman and co-worke¥s.

B. Applications of the Liquid Drop Model. One of the main
prototype systems that we investigate here is the sodium ion
water cluster. First, the LD model was found to work reasonably
well, for certain properties, for clusters containing water (though
not necessarily for other solvent€)Second, there is reliable
experimental data for the NéH,0), systenf and it has
therefore been the focus of a number of theoretical and
computational studie®? Finally, the (spherical) LD formalism
that we adopt for the ioAwater clusters should be most
appropriate for small, charge-concentrated, nonpolarizable
cations, such as NaFor example, the use of a model where
the ion is located inside a spherical solvent droplet may be more
questionable for clusters of water and the larger halide ions,
since there is increasing experimeitdf and theoretic&°
evidence that halide ions, except for fluorifeend to sit on
the surface of small water clusters, a feature inconsistent with
the model. We will introduce and test a slightly modified LD
modet-where the ion resides at the surface of the solvent
droplet-to investigate T(H,O), cluster properties toward the
end of this article. Although our focus is on water clusters,
acetonitrile will also be considered in section III.C.

The stepwise cluster enthalpies and free energies calculated
for Nat(H;0), with the LD model are displayed in Figure 1.
Inspection of Figure 1 reveals that the LD model predictions
are in reasonable agreement with experimental thermodynamic
dat& even for the very small clusters and in similar agreement
with the results of MD simulations for small cluster sizasd
our own Monte Carlo (MC) simulations for intermediate-size
clusters (results of the latter simulations are not shown for small
cluster sizes, since they coincide with the MD results). The
simulations will be discussed later in greater detail. Let us now
focus on the cluster thermodynamic properties predicted by the
LD model for our prototype N&H,0), clusters.

C. Convergence of Cluster Properties to Bulklt is seen
in Figure 1 that the stepwise thermodynamic properties indeed
seem to reach a plateau value forc 5—10, as observed in
earlier work!2 But what is striking is that the convergence to
the bulk limit predicted by the model is rather slow and certainly
not as fast as might be suggested by earlier anahkfsEer
example, even fon 100, the stepwise cluster enthalpy
AHn—1n = AH, — AH,—1 is only 90% of the asymptotic limit
of —10.5 kcal/mol predicted by the LD model with the set of
parameters used here. (The latter asymptotic value is incidentally
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Figure 1. Stepwise N&(H:O), cluster enthalpied\Hn,-1 and free Figure 2. Formation, condensation, and solvation components of the
energiesAGy -1 calculated with the LD model as a function of cluster  stepwise Na(H,0), cluster enthalpieAH,,,—1 and free energieAGn -1
sizen at 313 K (solid and dashed lines are used to represent the LD calculated with the LD model as a function of cluster sizat 313 K.
model predictions for the very smallest clusters, where the model is

supposed to breakdown, as discussed in the text; the same procedur : : P
will be used in the following figures). The dotted line represents the gtepwse properties are constant and equal the bulk limit value.

bulk limit predicted by the LD model. Also shown are the experimental Therefore, the deviation of the thermodynamic properties from

data of ref 6 at 313 KQ), the stepwise cluster enthalpies calculated at the bulk limit in Figure 1 can be attributed to the sum of the
298 K by MD simulations in ref 9@), and those computed in this ~ formation and solvation components, which is small for the

work (#) by MC simulations (see text). larger clustersri{ = 15—20) but nonzero (it accounts fer10%
or more of the total cluster thermodynamic properties). Because

very close to the negative of the actual experimental heat of the convergence of the total cluster thermodynamic properties
vaporization of water, which is 10.5 kcal/mol at 298 R)The to bulk depends on that of both the formation and solvation
various components of the stepwise thermodynamic propertiescomponents of the property, in fact little information can be
of the Na'(H,O), clusters predicted by the LD model shown in  extracted regarding ion solvation in clusters from inspection of
Figure 2 help in the understanding of convergence issues. Whatthe stepwise cluster thermodynamic properties (e.g., both
is remarkable is that the major component of the total cluster formation and solvation components could be very slow to
thermodynamic properties (not shown here, but they can easilyconverge to their respective bulk limit, but because their
be obtained by adding the corresponding stepwise propertiescontributions are of similar magnitude and opposite sign, the
displayed in Figures 1 and 2) for the small clusters is the overall total cluster thermodynamic property could converge
solvation part. This indicates that the comparison of the previous faster to the bulk limit than both of the individual components).
work!1! of the total cluster thermodynamic properties to the Accordingly, we now turn our attention to the ion solvation
bulk ion solvation property is only meaningful for the very small component of the total cluster thermodynamic properties.
clusters, where the condensation and formation components of From the above, it should be noted that a very important
the total cluster thermodynamic properties almost cancel eachfeature of the LD model is that it allows a natural partitioning
other. This cancellation only holds for the very small clusters, of the total cluster thermodynamic properties into various
but by the time one reaches the cluster size5, ion solvation  contributions. The solvation component of the thermodynamic
only accounts for~%3 of the cluster enthalpy, and thus, properties of N&(H,O), clusters is shown in Figure 3. As
comparing the latter property to the bulk solvation enthalpy, mentioned earlier, the solvation component, not the total cluster
which are about equal far= 5, could mislead one to conclude free energy, is evidently the thermodynamic property of choice
that the cluster enthalpies or the ion solvation process convergeto consider when connecting cluster solvation properties to the
rapidly to the bulk limit. bulk liquid limit (in which the condensation and formation

For the larger clustersn(= 15-20), the solvation and  contributions to the thermodynamic properties are absent).
formation components are of similar magnitude and opposite  The asymptotic limit for the solvation enthalpy of Na
sign, as shown in Figure 2, so that the cluster enthalpy is mainly predicted by the LD model is-101 kcal/mol at 313 K, which
due to the condensation component, and the stepwise enthalpys slightly less in magnitude than the experimental numb&g6
naturally converges to the (negative of the) water heat of kcal/mol3~5 This could be corrected for by using a smaller ionic
vaporization?” Basically, the condensation enthalpy and free radius for the sodium ion, but this could only be done at the
energy vary linearly with respect to cluster sizeand thus, the expense of the solvation free energy, which is the basis of our



Cluster lon Properties J. Phys. Chem. A, Vol. 103, No. 15, 1992665

0.0 | : L : agreement with experimental thermodynamic daarprisingly
even for the very small NgH,O), clusters. Let us now turn
-20.0 4 Na*(H.0) i our attention to the ion solvation component of the total cluster
= tee ao i thermodynamic properties. Shown in the top panel of Figure 3
£ 4009 B i are the cluster solvation enthalpies extracted from experimental
5 - i cluster enthalpie%following Co€é"® and others; by subtracting
2 -60.0 = - ;
= = the total enthalpy for forming the pure water clusté#[(H,0)y]
:E’ 80.0 i from the total ion-water cluster enthalpieAH[Nat(H;0)y]:
< J -
1000 eeeee e AHg,, = AH[Na"(H,0),] — AH[(H,0),] 7)
-120.0 ———————— —— In this context, we used the recently parametriaétj(H-O),]
expression of Co& The resulting “experimental” cluster
0.0 — e solvation enthalpies are in reasonable, yet not perfect, agreement
200 % | with the LD mo.dellpredictions. (The trend observed in the.small
_ T i clusters might indicate that the cluster solvation enthalpies do
TED 400 T~ L converge to the bulk limit faster than predicted by the LD model,
= *~ I but this feature may depend on the parameters chosen for the
£ 600 . water cluster enthalpy in eq 7, for which little experimental data
> ¢ F is known.}5
2 -80.0 | ¢TSS - The LD model predictions for the solvation free energy of
] Na’(H20), clusters are compared to the results of MD and MC
71000 rrerararsarmr s I simulations in the bottom panel of Figure 3. As already
120.0 R ) discussed in se_ction I1.B and shown ir_1 Figure 1 the_stepwise
cluster enthalpies calculated by us with MC simulations and
! 10 100 1000 by Jorgensen and co-workers with MD simulatibagree fairly
n well with experimental data for the very small clusters, which

Figure 3. Solvation component of the NéH,0), cluster enthalpies inspires some confidence in the reliability of the computer
and free energies calculated with the LD model as a function of cluster simulation results for intermediate-size clusters for which

predicted by the LD model. Also shown are the DS model predictions ;) jation results in fact agree fairly well with the LD model
at 313 K (thin line; note that the solvation free energy curve coincides predictions

with the LD model results), the cluster solvation enthalpies extracted X .
from experimental data with the model of ref 1B)( the cluster All simulations above employ the TIP3P model poterifial
solvation free energies extracted from the 298 K MD simulation results for water and parameters for the sodium-amater interactions
of ref 41 @), and those computed in this work) by MC simulations derived by Aqvist! in order to reproduce the experimental ion
(see text). bulk solvation free energy.®> The TIP3P model is a simple
- L ! yet quite reasonable water model, which has been parametrized
current prescription for choosing ionic radfiRegardless of i, yart 1o reproduce the experimental heat of vaporization of
this, what is manifest in Figure 3 is that the cluster solvation , ~:or42 The simulated stepwise enthalpies eventually converge
enthalpy and free energy are very slow to converge to the bulk , the TIp3P water heat of vaporization, i.€10.45 kcal/mol,
limit predicted by the LD model; e.g., the cluster solvation free , it should be noted that the statistical uncertainty in the
energy is only 80 and 90% of the bulk values for cluster sizes gjn, ated stepwise cluster enthalpies is known to increase with
of lQO and 1000, lrespectlvely..T.hls f{ndmg is consistent With ¢ ster size as one starts subtracting larger and larger numbers
previous observation$;?»*!and it is evidently due to the very  om one another. Finally, the simulations were performed at
!ong_—range nature Qf the iersolvent electrostatic interactions;  5gg K, while the experimental numbers and the LD model
€., I the bulk I'ql.“d' solvent m_olecules even far from the 10N calculations correspond to a temperature of 313 K, but we do
S|gn|f|c§1ntly contribute to the ion solvation thermodynamic . expect this slight temperature difference to be an issue in
properties. comparing the various sets of data. As a further note on our
MC simulations, we also made use of statistical perturbation
theony#1:4344o calculate the solvation free energy of the sodium

In this section, we assess the general applicability of the LD ion in water clusters. Basically, small free energy differences
model for predicting reliable cluster ion thermodynamic proper- were calculated by the acceptance ratio methbetween states
ties by comparing the model predictions to experimental data representing a gradually annihilated inand they were
and computer simulation results. We also compare the LD modelsummed together to yield the ion solvation free enéfgy.
predictions for ion solvation thermodynamics to those of a Samples of 18-10° configurations, depending on the cluster
recently proposed cluster solvation model known as dielectric size, were collected following equilibration for about half the
sphere (DS) theor}f 16 and we make a straightforward con- number of configurations in the sample of collected déta.
nection between both models. Finally, we will introduce a  Finally, large “cluster” solvation free energies have been
surface ion LD model, primarily to investigate clusters of water extracted from the results of MD simulations of sodium ion
and the larger halide ions, and will discuss the limitations of solvation in bulk liquid watef* and are displayed in the bottom
the LD model in general. Acetonitrile clusters will also be briefly panel of Figure 3. The simulations were performed with the
considered. surface constraint all-atom solvent (SCAAS) motehy which

A. Comparison with Experimental and Computer Simula- the solvent is represented as an isolated sphere surrounding the
tion Data. As mentioned in section 11.B, inspection of Figure solute. To account for proper boundary conditions, the surface
1 reveals that the LD model predictions are in quite reasonable layer of the solvent sphere is subject to constraints so that the

Ill. Range of Applicability of the Liquid Drop Model
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density and angular orientations of the solvent molecules are
representative of the bulk liquid. A Born (continuum dielectric)
correction ter®% is then added to the calculated free energy
in order to account for the (infinite) medium surrounding the Wwhich is precisely the definition af;, the effective bulk radius
sphere. The simulations reproduced the experimental sodiumof a solvent molecule.

ion bulk solvation free energy very well (actually, the sotute Displayed in Figure 3 are the DS model predictions for the
solvent interaction parameters were adjusted to do so). Wesolvation thermodynamic properties of our prototype (#&O),
extracted “cluster” solvation free energies by removing the Born clusters. In the present DS calculations, we have used the
correction term, which is nonnegligible-(5 and—11 kcal/ parameters derived independently by Coe for liquid water over
mol for clusters containing 202 and 460 waters, respectively), a temperature range 27373 K16 Thers parameter of Coe at
from the reported calculated bulk solvation free energy. The 313 K and that calculated with eq 12 and the param€téos
resulting “cluster” solvation free energies may be considered liquid water that we use in the LD model are almost the same
as an upper bound to the true cluster solvation free energies(1.9315 vs 1.9310 A, respectively). Thus, in light of the
because of the surface constraints of the SCAAS model thatpreceding discussion, it comes as no surprise that the cluster
would not be present in true cluster simulations. Nevertheless, solvation free energies predicted by the LD model and DS theory
it is seen in Figure 3 that the values extracted from the are the same for all cluster sizes, as seen in the bottom panel of

4 5 _ M

3 s = ,O_N (12)

simulation results agree very well with the LD model predic-
tions.

B. Dielectric Sphere Theory.DS theory has been recently
advance#1648 and used in cluster studies by CGd®& and
others?® In this model, the free energy of solvation of a cluster
of sizen is

2,
- N 1 _
AGqy, = AGZ, + T= (1 - E)(n +H 7 (@)
S
where AG,,, is the bulk solvation free energy, is the

effective bulk radius of a solvent molecule, aads the ratio
of the ion effective volume to that of the solvent. For consistency
with the LD model [see eq 5], we express this ratio as

_4r 3 M

In earlier work by Coe, the choice of an approprigtevas
deemed too problematic and asymptotic continuum dielectric
trends were considered inste®dFor example, cluster ion
solvation free energy data was plottednvs/3 and compared

to the asymptotic slopes predicted by the DS theory [wigere
becomes negligible in eq 8]. A more quantitative treatment over

Figure 3 [note that the DS model curve coincides with the LD
model one]. The apparent discrepancy between the cluster
solvation enthalpies predicted by the LD and DS models in the
top panel of Figure 3 arises from the use of the experimental
bulk liquid solvation free energy fag,, in eq 9, which is a
few kcal/mol lower than that predicted by the LD model. If
one were using the asymptotic value predicted by the LD model
for Hgy, in the DS model, then both models would actually
predict indistinguishable cluster solvation enthalgfes.

C. Surface lon Liquid Drop Model. As mentioned in section
I1.B, the LD model is most appropriate for cluster ions, such as
Nat(H,0),, where the ions sit in the interior of an approximately
spherical solvent droplet, but it may break down for surface
ion clusters such as clusters of water and the larger halide ions.
To study the latter clusters, we introducesarface ionLD
model, in which the formation and condensation terms are the
same as those for the interior ion model, but the volume of the
finite-size droplet is now related to the number of solvent
moleculesn in the cluster by

ff)m

n= (13)

3

@(rs )
2/M

which is the analogue of eq 5 except that the ion sits at the

the whole range of cluster sizes can be performed here with asurface of the spherical solvent droplet, and thus, only half of

choice of theZ parameter guided by ingredients of the LD
model, which, as we shall see presently, proves judicious.

the ion volume is embedded in the droplet volume. The
electrostatic stabilization energy of the ion at the surface of the

The solvation enthalpy can be obtained as outlined in section dielectric is taken to be

IlLA for the LD model and is given by-16

2 d1lnr
AHson, = AHcoy, + 2rs[(1 € 1+ ainT/p
10 1ne -13
clain T)p](” o719
where AHg,,, is the bulk solvation enthalpy. The DS model

was recently developé&*9on the basis of continuum dielectric
arguments similar to those used for the LD model; thus, it is

not so surprising that both representations are absolutely
equivalent if eqs 4 and 8 are related by the following expression

rP=r3n+ g (11)
[assumingAGg,, in eq 8 can be represented by the Born
expression for the bulk solvation free energy]. Upon substitution
of the expression fo€ in eq 9 and that for in eq 5, it is
straightforward to show that eq 11 yields

2 2,
__ONe—-11 1)  gN e—-1(1 T
AGsan 2 e—i—l(ri o) o (e + 12 nT*
o[} + o<1 ) (19
r (e+1)

which was derived by Nitzan and co-workers earffeBefore
proceeding, a few comments are in order here about both the
simplicity of the proposed model and a number of refinements
that could be introduced to paint a more realistic picture of
surface ion clusters. First, the solvent droplet may not be
spherical and it could be modeled as, for example, ellipsoidal,
but this would be at the expense of rather simple expressions
for the thermodynamic properties. Second, the expressions for
the cluster solvation free energy of a surface ion in eq 14 is a
truncated series in both the (inverse of the) droplet radius and
solvent dielectric constant. Thus, it is obvious that eq 14 will
be most appropriate for highly polar solvents and rather large
clusters. Once again, more refined expressions could be obtained
here, especially for the smaller clusters, but as already mentioned
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Figure 4. Total I"(H;O), cluster enthalpies\H and free energies ~ Figure 5. Solvation component of the (H20), cluster enthalpies and
AG calculated with the surface ion LD model (thick line) and the free energies calculated with the surface ion LD model (thick line)
interior ion LD model (thin line) as a function of cluster sineat and the interior ion LD model (thin line) as a function of cluster size
313 K. n at 313 K. The dotted line represents the bulk limit predicted by the
(interior ion) LD model. Also shown are the solvation free energies
in section II.A. we do not expect the LD model to perform well calculated at 298 K by MC s!mulation&]i in this work (_see text) and _

v P A o P the cluster solvation properties extracted from experimental data with
for very small clusters [even though it surprisingly does fofNa  the model of refs 1516 o).

(H20), clusters!], and for simplicity, we restrict our investigation
of the LD models to clusters containing more than just a few cluster structures are predicted to be very likely but equally
solvent molecules. probable compared tatrictly interior/central structures is
The total thermodynamic properties obtained with the surface consistent with thepredominantlysurface cluster structures
ion and interior ion LD models for{H,0), clusters are shown  observed in computer simulatid®8 and inferred from experi-
in Figure 4. The cluster thermodynamic properties predicted ments'623 We have also determined that very similar agree-
by the surface ion and interior ion LD models are very similar ment is obtained between the cluster thermodynamic prop-
(the properties predicted by the surface ion model are slightly erties of ior-water clusters calculated with the interior ion and
larger in magnitude than those predicted by the interior ion for surface ion models for other large halides such as bromide,
clusters of sizen > 12, but the difference between the properties although the agreement becomes poorer, as expected, for chlor-
is too small to be considered quantitative). As a result, surfaceide. In contrast, it is worth pointing out (but it is not shown
ion structures are thermodynamically slightly favored, or at least here) that the LD models correctly predict the interior ion
equally probable to interior structures, and the cluster thermo- structure to be thermodynamically more stable for"{{&0);,
dynamic properties are fairly insensitive to the exact location clusters.
of the ion in the cluster. It should be noted that ttectly The fact that the total cluster thermodynamic properties are
interior/centralor strictly surfaceconfigurations assumed in the  similar for both the surface ion and interior ion models for
models are extreme, limiting cases of cluster structures in which | ~(H20), clusters may be puzzling at this stage, since placing
the ion is located exactly at the center or at the surface of athe ion at the surface of the solvent droplet certainly results in
solvent spherical droplet, respectively. Computer simulations a loss of ion solvation energy, as shown in Figure 5, but this
of larger halide ior-water clustershave shown that, at room can be traced back to the competition between the relative
temperature, the ion ipredominantlyat the surface of the  magnitudes of the ion solvation and droplet formation compo-
cluster, but it may still be surrounded by a much larger number nents of the total cluster thermodynamic properties. When the
of solvent molecules than assumed in our simple-minded surfaceion is placed at the surface of the solvent droplet, the (negative)
ion model; in other words, the ion does not just sit on the surface ion solvation enthalpy and free energy decrease in magnitude
of a spherical pure water droplet, and a number of solvent (see Figure 5), but the (positive) droplet formation thermody-
molecules surround/solvate the ion even though the ion solvationnamic properties also decrease, as the solvent droplet radius
shell is not complete, and one side of the cluster ion is somewhatdecreases [see eq 13 and Figure 6] to a similar extent. As a
open. The more realistic cluster ion structures observed in result, the total cluster enthalpies and free energies are similar
computer simulations are thus somewhat intermediate to thein magnitude with both models. One may actually make a
limiting cluster configurations assumed in the simple interior parallel between this feature of the LD model and the molecular
and surface ion LD models. The fact thdtictly surface ion picture of the larger halide ierwater clusters, where the
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Figure 7. Stepwise 1(H.O), cluster enthalpiesAH,,-1 and free
energies\G, -1 calculated with the surface ion LD model as a function
of cluster sizen at 313 K (solid line). The dotted line represents the
bulk limit predicted by the LD model. Also shown are the experimental
data of ref 55 at 313 K@) and the stepwise cluster enthalpies calculated
at 298 K by MC simulations€) in this work (see text).

n
Figure 6. Formation component of the (H,O), cluster enthalpies and
free energies calculated with the surface ion LD model (thick line)
and the interior ion LD model (thin line) as a function of cluster size
nat 313 K.

predominant surface character is commonly attribtited a

competition between the ability of water to hydrogen-bond {0 he yery small clusters, and thus, we may consider the computer
itself and the propensity of the ion to disrupt the water network gjmjation results for intermediate-size clusters as quite reliable.
and maximize its degree of solvation, or more generally the | contrast to what was observed with NE,0), clusters, the
competition between the relative strengths of the solvent e ictions of none of the LD models agree with experimental
solvent and solytesolyqnt interactions. In th.e LD model, the  4ata for the very small{H,O)x clusters. However, for the larger
hydrogen-bonding ability of the solvent is obviously not gy sters both the trends seen in experimental data and the results

explicitly taken into account, but in the model some stabilization ¢ computer simulations seem to agree reasonably well with
energy due to solvation is lost when placing the ion at the surface o | p model predictions3

of the cluster, while the droplet formation thermodynamic cost 1 is 4 Jittle puzzling that numerically the solvation free

is reduced (to a similar or greater extent), which amounts 10 gpeygies from computer simulations agree best with the predic-
saying that a larger ion is thermodynamically more likely to Sit 55"t the interior ion solvation model (cf. Figure 5), at least
at the surface of the cluster to avoid a large change in the Sizetq. smajler clusters, whereas the surface solvation state is
of the solvent droplet. On the other hand, smaller, less Spatia”yundoubtedly thermodynamically preferred for(#H,0), clus-
disruptive ions such as sodium are more likely to exhibit interior ters®10.16.233nd indeed, we have argued above that LD models
cluster structure%; and the LD model accounts for this via the  jyqicate such surface structures. This behavior may be either
type of competition just described. fortuitous or due to the limitations, discussed earlier, of eq 14

The difference between the cluster thermodynamic properties for describing surface ion solvation over a given range of (small)
predicted by the interior ion and surface ion LD models is largest cluster sizes that we have chosen not to investigate in great
for the small cluster sizes, for which the applicability of the detail here. It is worth pointing out that the surface ion solvation
models is questionable, but tends to disappear quite rapidly withmodel employed here may thus underestimate the solvation
increasing cluster size. This latter finding is certainly consistent component of the cluster thermodynamic properties, and with
with the earlier observation by Nitzan and co-workérthat a refined surface ion solvation model, the surface character of
cluster ion solvation free energies were fairly insensitive to the the |arger halide iorwater clusters would presumably be found
actual location of the solute ion in the clustavhether it is to be even more predominant than predicted by the present LD
located primarily at the surface or the center of the cluster models.
over the range of cluster sizes-2@0 that they investigated with Finally, we have also applied the LD model to cluster ions
continuum dielectric models. with acetonitrile as the solvent, and results for'K@HsCN),

The stepwise thermodynamic properties obtained with the and IF(CHsCN), clusters are displayed in Figures-80 along
surface ion LD model fori(H,O), clusters are shown in Figure  with available experimental d&teb>for the very small clusters.
7, along with experimental data and computer simulation results. It is remarkable that the LD models predict an interior structure
The computer simulation results for(H,O), clusters displayed  to become thermodynamically more stable fo{QH;CN),
in Figures 5 and 7 agree fairly well with experimental data for clusters, as shown in Figure 9, in contrast to the water case and
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Figure 8. Stepwise Na(CH3;CN), cluster enthalpieAHn -1 and free
energiesAG,,,-1, calculated with the LD model as a function of cluster  energiesAG,,-1 calculated with the interior ion LD model as a function

sizen at 293 K (solid line). The dotted line represents the bulk limit of cluster sizen at 293 K (solid line). The dotted line represents the
predicted by the LD model. Also shown are the experimental data of bulk limit predicted by the LD model. Also shown are the experimental

Figure 10. Stepwise T(CHsCN), cluster enthalpieaH, -1 and free

ref 54 at 298 K Q).

data of ref 55 at 298 KQ).

200.0 il e . the loss of solvation resulting from moving the ion toward the
] surface of the solvent droplet is not totally compensated by the
thermodynamic gain associated with forming a smaller solvent
= 100 i droplet for acetonitrile. In the context of the model, the latter is
E due to the fact that acetonitrile has a larger molecular volume
T 100 OJ than water, and thus, clusters of a given size have larger radii
E . - ) . ; ;
=3 and the relative change in the formation thermodynamic
T ] properties associated with moving the ion to the surface is less
< o 2
" 500 B pronounced for acetonitrile than it is for water. In other words,
| [(CHCN) 1 the size of the solute ion relative to that of the cluster ion plays
1 .-~ i a less significant role in reducing the formation thermodynamic
0.0 - — T properties from cluster interior states to surface states [see eqs
100.0 | R 5 and 13] for acetonitrile. By analogy, in the molecular picture,
] the disruption of the solvent droplet structure caused by the
30.0 ] i presence of the ion is much less dramatic for acetonitrile than
= { it is for water, since the presence of the ion at the center of the
g 0.0 ] cluster ion does not involve breaking up a large number of strong
?3 ' I hydrogen bonds as it is the case for wa&fey’
= [ The difference between the thermodynamic properties pre-
o 4007 N dicted by the strictly surface ion and strictly interior/central ion
< 1 Interior LD models for I'(CHsCN), clusters, even though larger than
20.0 4 B for the water case, is still not very large. This finding is
- o< Surface . . . .
.-cT consistent with the fact that large anions solvated in large
1 R — ————————— clusters of polar solvents are thought to be located if not at the
1 10 100 1000 cluster surface, then near the surféftkn the absence of reliable

n

computer simulation data, we can only conclude from the
stepwise cluster thermodynamic properties in Figures 8 and 10

Figure 9. Total I"(CH3;CN), cluster enthalpiedAH and free energies
AG calculated with the interior ion LD model (thick line) and the
surface ion LD model (thin line) as a function of cluster sizet
293 K.

that the LD model predictions agree with the experimental data
trends to the same extent as they do with water as a solvent,
and thus, the model may perform equally well and suffer from
the same limitations with both solvents. Finally, the convergence
in good agreement with the indications of recent computer of cluster ion thermodynamic properties to the bulk limit remains
simulations?® This behavior is evidently due to the fact that slow, regardless of the solvent.
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IV. Concluding Remarks fail in most cases for the very smallest clusters, where the model
is not so physically meaningful in the first place. The develop-
ment of a molecular theory to replace the LD model would seem
to be necessary here. Development of such a theory, which
would also shed light on why the simple LD model works well
into a size regime where it should fail, is left for the future.

The liquid drop (LD) model advocated in early work by
Castleman and co-workers for studying ion-induced nucleation
and cluster ion thermodynamic properties has been revisited.
The model predictions agree reasonably well with both the
trends in experimental data for small clusters and the results of
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