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The structural properties of the hydrated hydroxide ion are studied in terms of a many-body
potential energy function that has been parameterized according to the experimentally determined
[Arshadiet al, J. Phys. Chem74, 1475, 14831970] enthalpy and entropy changes for the first

five association reactions of the ion withy®. Clusters in then=1-15 size range are examined
through a canonical Monte Carlo simulationTat 297 K. The resultant structures, irrespective of

the cluster size, are predominantly linear of the dendrite type, with the first shell consisting of two
water molecules. Minimum energy structure§at0 K for n=2 and 3 compare well withb initio
conformations. ©2000 American Institute of Physids$50021-9606800)51943-9

I. INTRODUCTION author$*?® who have pointed out that ion-watab initio
potentials or potentials that have been fitted to experimental

gas-phase energies are rather inadequate for simulating the

protongted water clugters in terms of a model many-boq%ulk phase, since their predicted solvation free energies dif-
potential energy function which had been simultaneously flt-fer considerably from the observed ones. In particular,

ted to room temperature, experimental enthalpy and entrOpx\qvistZS has derived model potential functions for several

4 . ..
changes* resulting from the addition of one water mol_ecule ion-water systems by simultaneously fitting to bulk hydration
to the (h—1)th cluster. In the current work we derive a g di dial-distributi
similar model potential function for the OHH,O) ree energies and ion-water oxygen radial-distribution-

2-/n=1-15 _ fynction peaks. The inclusion of three-bodyrather than

clusters by utilizing corresponding incremental enthalpies,[wo_body interactions was found to improve the agreement

and entropies measured by Kebarle and collaborafors. between the experimental and calculated solvation free ener
This specific approach, namely the exclusive utilization™, P 23
[~ on the aqueous solu-

of microscopicrather tharmacroscopidhermodynamic data gies, astt.rle Wgrh‘;y Kollm ;‘.ﬂt a
at room temperature for the generation of a potential functions of L™ an ) lons indicates. )
A systematic Monte CarldMC) study concerning the

tion, is complementary to the approach used by other re- ) ; . ,
searchers, where potential models are constructed eith@lalcmat'on of incremental enthalpies and free energies of

through fitting to a number b initio points concerning the small water clusters of single aIkaI_i_meta_I and ha_Iide ions,
ion-water pair potentiai? or to ab initio minimum energy and the comparison of these quantities with experiment, has

geometries of specific small ion-water clust®r&or to cor- 0een conducted by Mruzik and coIIabora_t%‘?sNho have
relation functions and solvation enthalpies of the Hdlkp ~ €mployed the Hartree—Foc¢kiF-SCH potential energy sur-
name a few. Such potential functions have been extensiveffice by Kistenmacheet al*’ for the corresponding ion-
used for the study of the hydration properties of the alkalimonohydrate system. These calculations have shown that the
and halide ions in clusters or in solutiéh:22 However, the discrepancies between the MC and the experimental results
novelty of the current approach is the incorporation, for firstincrease with decreasing ion size, i.e., they are larger for Li
time, of entropy information in the potential design. Usually and F than for K" and CI". Such a discrepancy is expected
potential models that are based a initio calculations are to exist for the hydroxide ion as well, which displays upon
tested against experimental binding energies and not againgydration similar enthalpy and entropy changes with cluster
free energies or entropies. Although enthalpy change gives gize as F, to which it is isoelectronic.
measure of the well depth for a single molecule attachment Also, Kollman and co-worker&, by applying a three-
reaction, entropy gives a measure of the potential well shapeody potential functiod! have calculated differential en-
and width through the density of states to which it is closelythalpy and free energy changes between different clusters
related. containing the same number of water molecules and different
This particular point has been raised by a fewhalide or alkali ions. By comparing the differential free en-
ergy results of Mruzilet al.?® which have been derived with
dauthor to whom correspondence should be addressed. Electronic maiPairwise-additive potentials on one hand, and those of Koll-
avegiri@eie.gr manet al,?? which have been taken with many-body poten-

In previous work? we examined the shell structure of
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tials on the other hand, a significant overall improvement ofsiently or permanently attached to the hydrogen atom of it.
the agreement with experiment, when nonadditivity is ac-  The solvation structure of the OKH,0),-,_15Clusters
counted for, is observed. However, when absolute free erat room temperature is examined in the following sections.
ergy changesA G, for the individual ions are considered, the The description of the potential function and the presentation
agreement is found to vary from system to sysieng., too  of the potential parameters are given in Sec. Il. The hydra-
bad for the K ions and too good for the Fions). tion behavior of the anion and the resultant structures at
The OH (H,0),-1_15 Clusters have attracted much less room temperature are presented in Sec. lll A. The location of
attention than their counterparts, the hydronium cations, deminimum energy structures d@t=0 and their comparison to
spite their importance in atmospheric and biological pro-ab initio ones from the literature are the subject of Sec. Il B.
cesses. Experimental thermodynamic information abouFinally, Sec. IV summarizes and concludes.
these clusters comes from the work of Kebarle and
co-workers® and Mautner and collaboratofwho are the || pOTENTIAL MODEL
only groups that have measured association enthalpies and
entropies as a function of cluster size. The hydrOXide ion OH is modeled in terms of three
The OH (H,0), cluster distributions showing a weak, fractional charges, one screened negative ch@gg which
not always reproducible, magic number behavionatll, is placed at the origin of the lab coordinate system, a second
14, 17, and 20 have also been generated in the laboratory B{iscreened negative char@®pn which is placed at the
Castlemaret al?® These clusters have been found to be les$@me position afsp,, and a third unscreened positive
stable than the protonated ones and of different structurih@rgeQy, which is placed along the positiveaxis at a
type. position equal tad=0.967 A. The screening of the charges
There are several theoretical woks3 at different lev-  @ims to the partial reduction of the directionality of the Cou-
els of approximation, which have investigated the energetic!omb interactions and to the enhancement of the covalent
and structures of low energy conformations of thecharacter of the bonds. The adopted fractional charge distri-
OH™(H,0), clusters. Most of the work is devoted to the Pution for the OH ion corresponds to a dipole momeat

examination of structural and thermodynamic properties, like= 0-4053a.u., which is equal to tia initio MCPF value of
binding energies and enthalpies of the first three1—3 Ref. 41. Water—water interactions are described by the

clusters. Gibbs free energies for cluster formation and fre@tllinger—Rahman ST pairwise-additive potential model.

energy of solvation for the hydroxide ion at room tempera-1 1€ Water molecules and the OHon are taken as rigid.
In the following, the separate terms that constitute the

ture have been computed by Grimm and co-worRérEhe ) X h
behavior of the hydroxide ion in bulk has been examined by"odel potential function for a general ion-water system are

means ofb initio molecular dynamic&3? calculations, and Presented.

in terms of anab initio pairwise additive potential energy The model consi_st_s of the foIIowi_ng_ »
surface calculated for the OH,O pair’ (1) A term describing the ST2 pairwise additive water—

Unlike to the HO™ ion, the proton in the OH mono- water interactions: In the five centered Rahman and Still-

hydrate case, (HO-H—OH), is shared by the oxygen atoms inger ST2 potentials four charges of=1.132062

by asymmetric hydrogen bon@&¥” provided that the zero X 10" %¢cgs units, which are equal in magnitude, are placed
point energy is not considerd 'I"he OH bond length in on the vertices of a tetrahedron. The two positive and nega-
clusters does not differ much .from the free Rsier all tive charges are located at a distance of 1.0 and 0.8 A, re-

cluster sizes, whereas the water molecules can be safely coﬁ?ecwiy] f“’”_‘ the celntter f%ctj&p'ed db%/hth? ?thge dn al\t(t))m. (;n
sidered as rigid for all sizes larger thar 1, if equilibrium IS MOdelroy IS €qual 1o 1. an € tetrahedral bon

properties are to be calculated. angl_tl':zhtofllcl)9°2t$3 tial betw Il pairs of wat lecules i
Regarding the coordination of the hydroxide ion, theo- € Iull potential between all pairs of water molecules 1S

retical studies in small clusters have shown that the watef'" (" @S

molecules attach to the oxygen site of the ion. Attempts to
locate stable structures with one water molecule being hy- Upar = 2 {48‘3'<
drogen bonded to the hydrogen site of the ion have
failed 333’ Tri-, tetra-, and even penta-solvatédtable an- ‘2 qa
ionic clusters have been calculated, with the latter ones, how- +s(r) > > = } : (1)

. . k:1|:1|rk r||
ever, being less energetically favorable than the tetra-
coordinated. In fact, stable states with one water moleculheree{ ando™ are equal to 5.260810 *°erg and 3.1 A,
attached to the hydrogen side of the ion have been found ttespectively.
exist for clusters equal to or larger thar=173* provided Heres(rj;) is anr-dependent screening function, intro-
that this extra molecule is constrained in position by severafiuced so as to smooth out the exaggerated heterogeneous
linear chains that make a link with the molecules of the firstelectric field of the point charges,
shell. Theoretical hydration numbers of the ion in the bulk 0
have been found equal to 5Ref. 38 and 5’ According to '

w12

o

rij

pair

<r<r,

. . . 2 3
these calculations, the average structure in bulk consists &r)=1y (r—r)*(Bry—r.—2n/(ry—ry)° resrs<ry,
four’ or five*® water molecules being hydrogen bonded to the 1, ry<r<o,
oxygen atom of the ion, with one water molecule being tran- (2
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TABLE I|. Optimal potential parameters.is the elementary charge. potential well is dictated by the extreme flatness of the pro-
—287 A o— 038110 Zerg Qo= 0.469% ton potential surfacd in the ion-monohydrate case £8,).
£0=0.03110 2erg by=15.25 A Quepi= —0.634% For larger clusters, where protons are preferentially bonded
U,=0.82710 erg m=1.0 Q,=0.1034 to one oxygen atom, the flatness inserted byuRéR) term
R =4.94 A R =3.23A is compensated by the repulsive many-body terms, which are
Ry=5.0A Ry=75A described in the next paragraph.

(6) A term modeling the water—ion-water many-body
interactions:

1/m
with rL:Zi.O-:LGA andr.u-=3.1287A. - Oww= ag 2 G(R)3( R;) exp(—r;; /)™ , (5)
Herer, is the position vector of thith point charge of i<
the ith molecule andrj; is the distance between any two _
Lennard-Jones centers. The singularities in the Coulombic 1 O0<R<R,
potgntial are avoided by introducing spherical hard core po- 1-(R-R)2(3Ry— R —2R)/(Ry—RD)%,
tentials on each force center of the water molecule, so that 3R)= - _
forr;;<dy=1.55A andr,—r{|<d,=0.1A the correspond- R <R=Ry,
ing pair term becomes infinite. = ‘
(2) A term describing the water molecule polarization 0. Ry<R<e=. 6)
energyU‘r’,”OI due to the electric field of the ion: For a single
water molecule Herer;; is the distance between any two water molecules
W . - andR is the ion-oxygen, water-oxygen distance. In the lim-
Upol(Fo) = — 2awE(ro)%, iihng case m=1, expression (5) reduces to U""W
where = a2 <;8(R)3(R;)exp(—rj; /b)), which represents a

three-body interaction for aR<R. For m>1, the expo-
(i) Eo(p! +2 Eifyl 3 nent 1Mm in expression~(5) aNIIows for higher-order cross
(ro)=E(ro) ~ 1(ro)- () terms of the type LB(R)3(R))exp(—ri; Ibo) [((RIXR)
Xexp(=rg/bg)l... to be included. The combination of tine
The summation is over allions in the system anlduns  and 1m exponents facilitates the decomposition of the
from 1 to 4 and denotes the point charges of the ion whictinany-body interaction into a three-body interaction and into
correspond to the nonspherical part of the field. Hefge  higher-order terms.
=1.44 A% is the experimental value of the isotropic polariz- (7) Terms that describe the induced-dipole—induced-
ability of a single water moleculey, is the coordinate vector dipole interactions and the charge—induced-dipole interac-
of the geometric center of thieh water molecule; an&(r)  tions between all water molecules in the cluster: The total
represents the electric field of the ion, wii(r) andE|(r)  potential function results from the summation of terms 1—7.
denoting the spherical and nonspherical parts, respectively. The optimal potential parameters that reproduce the ex-
A screening functioris(R)]?, is applied only to the spheri- perimental consecutive enthalpies and free energies are listed
cal part of the ionic field, where(R) is the same as that of in Taple I.
Eq. (2), but with different numerical values for the, and Comparison between the experimental and calculated
RL parameter$see Table)l. HereR is the distance from the entha|py, entropy' and free energy Changes fornkel -5
ion to the oxygen atom of the molecule. clusters is in Table IL.
The total polarization energy y is the summation of Entropy change is extracted from the difference between
Eq. (3) over all water molecules in the cluster. enthalpy and free energy changes. In the current work, en-
(3) Lennard-Jones terms between the oxygen atom of thehalpies of cluster formation have been calculated in the ca-
ion and the water molecules: The Lennard-Jones potentigionical ensemble, whereas free energies have been deter-
parameters are listed in Table I. mined in the bicanonical statistical ensemble where only two
(4) Coulomb interaction terms between all charges of thestates, consisting ofl and N—1 particles, are considered.
hydroxide ion and the point charges of the ST2 water mol-The partition function and the method of sampling in this
ecules: As with polarization interactions, the spherical part oknsemble have been presented elsewftfere.
the ionic field is screened also bg(R)]°. In the current work the hydration structure of clusters
(5 A term modeling the nonelectrostatic, attractive in- with sizes in then=1-15 range and & =297 K have been
teractions between the ion and the molecules: For a singlexamined. To avoid evaporation, the clusters remained con-
water molecule fined in a spherical cavity with perfectly reflective walls of
approximately 10 A in radius.
Up(Ri)==Uo[1=s(Ri)], ) ppThe calcﬁlated incremental entropiesAS, ,_;, free
wheres(R) takes the same parameter values as in paragrapmergies— AG, ,_,, and enthalpies-AH, _, for a single
(2). molecule attachment and for=1-5 are illustrated in Fig.
This term describes a simple flat potential that become4. In the same figure the corresponding experimental values
equal to—U, for R<R, and equal to zero foR=R. The by Kebarleet al>® and Mautneret al?® are also displayed
repulsive wall is set by the Lennard-Jones potential. Such &r comparison. These two are the only groups that have

4

Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



8524 J. Chem. Phys., Vol. 113, No. 19, 15 November 2000 A. Vegiri and S. V. Shevkunov

TABLE Il. Comparison of the calculated and experimental incremental enthadigs ; ,(kcal/mol), free
energiesAG,,_ ,(kcal/mol), and entropiedS,_; ,(cal(K.mol)).

Present Experimental data
work (Refs. 5 and B
n—1n _AHn—l,n _AGn—l,n _Asn—l,n 7AHﬁx—pl,n _AGﬁx—pl,n —-A exj)l,n
0,1 23.98 17.8 20.8 24 17.8 20.8
1,2 17.9 11.4 21.9 17.9 11.6 21.2
2,3 15.3 7.8 25.1 15.1 7.7 24.8
3,4 14.2 55 29.3 14.2 54 29.5
4.5 11.2 2.9 26.2 14.1 4.2 33.2

measured not only enthalpy but also sequential free energne fifth association reaction are close, within experimental
changes. Although there is a satisfactory agreement betweenror (1 kcal/mol for enthalpy and 2 cal/K.mol for entropy
the experimental incremental enthalpies and entropies db the respective Mautner’s values.
cluster formation for cluster sizes less or equal than three, for
larger clusters Mautner’'s data show considerably larger eni|. RESULTS AND DISCUSSION
tropies and smaller binding energ@sApart from that,
Mautner's enthalpies show a break after3, a fact that
points to the existence of a shell effect. Such an effectis not Cluster equilibrium structures have been probed from
apparent in Kebarle’s data. However, if the experimental erion-oxygen pair correlation functions calculated for
rors in Mautner’s data, of about 1 kcal/mol, are taken into=1-15 and from water density distributions for specific
account, then the existence of a first shell consisting of threeluster sizes. The results are displayed in Figs. 2 and 3, re-
water molecules at room temperature becomes questionalépectively.
due to experimental uncertainties. The larger binding ener- Regarding the ion-oxygen correlation functions, a very
gies of Kebarle’'smi=4 and 5 clusters® have been attributed well-defined hydration shell structure is observed, with the
by Mautner and collaborators to the possible existence ofirst, second, and third hydration shells peaking at about 2.5,
thermally dissociated ion clusters, a situation that is expected.7, and 7.1 A, respectively. Average hydration numbers for
to be minimized in Mautner's experiments that have beerthe first and second shells are displayed in Fig. 4. The infor-
conducted at lower temperatures. mation we get from these pictures is that the first shell, irre-
In this work we have chosen Kebarle’'s experimentalspective of the size of the cluster, consists of a constant
data for the calibration of the potential function. As seenaverage population of two water molecules, whereas the
from Fig. 1 and Table Il, the coincidence of the first four population of the second shell shifts from the value 3, for
theoretical and experimental entropies and enthalpies is exluster sizes between=5 andn=9, to the value 4, for
act. However, despite our efforts, we found it impossible toclusters equal tm= 10 and beyond. A third shell appears at
reproduce the experimental entropy and enthalpy of the fiftla cluster size equal to=6 and before the second shell has
molecule attachment reaction. The respective fitted valueseen completed.
turned out to be larger regarding entropy and smaller regard- Representative Monte Carlo configurations with a tri-
ing enthalpy. In fact, the calculated enthalpy and entropy foland a tetra-coordinated second shell are displayed in Figs.
5(b) and 3a) respectively. According to this picture the con-
figurations, irrespective of the cluster size, are generated out

A. Structural properties at room temperature
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FIG. 1. Comparison of current work with experime(d} enthalpy changes,
—AH,_;, as a function of cluster sizein kcal/mol, (b) entropy changes, FIG. 2. lon oxygen—water oxygen pair correlation functions i Aor n
—AS,_1,in cal/mol/K and(c) free energy changes;AG,,_, , in kcal/mol. =2-15.
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FIG. 3. Water molecule density distributions as a function of the cylindrical
coordinatesR andz; , for the (a) n=3, (b) n=6, and(c) n=10 clusters.

of a central HO; structural unit, which evolves according to
a dendrite-type pattern. The general scheme is that the twi
molecules of the first shell act as proton donors to the oxyger
atom of the hydroxide ion. In a chainlike fashion, the mol-
ecules of the second shell act similarly as proton donors tc

Hydration shell structure of OH™(H,0) p—1_15 8525

—m— 1st shell
—— 2nd shell

hydration number

FIG. 4. First and second shell coordination numbers as a function of cluster
size.

preliminary fits to the Mautnegt al 28 experimental enthalpy
and entropy data.

The hydration of the hydroxide ion in the bulk has been
studied by Andaloret al.” by employing arab initio (SCF
LCAO) pair potential for the ion-water complex and b
initio  molecular dynamics calculations by Tuckerman
et al33°|n the former case, average configurations consist-
ing of five water molecules in the immediate vicinity of the
ion, four of which being hydrogen bonded to the oxygen
atom of the ion, have been located. In the latter case, the
hydroxide anion has been found to coordinate with as many
as 5.8 water molecules. Four of them have been found to be
almost coplanar, forming in this way the base of a pyramid

(a)

the mOIeCl«"e? of the first She” 'and' so on. The piCt'UI’e of &G. 5. Monte Carlo representative configurations witlaaetra- and &b)
doubly coordinated hydroxide ion is also substantiated byri-coordinated second shell.
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with the oxygen atom of the ion on its apex, with the remain- 397

ing two ligands being involved in transient bonds with the ]

hydrogen and oxygen atoms of the ion above and below the

pyramidal plane. 204 —
Regarding the hydration structure of the ion, there isa€ | P

discrepancy between our results and the previous calculag 154 /./

tions. The major component of the discrepancy can be attrib-:

uted to the inclusion of entropy information in the construc- g 10 /

tion of the present potential function, a factor that is absentg |

from the aforementioned potentials. Molecular conforma-© °°7 ./

tions at temperatures other than zero are generated accordir

to the minimum of the free energy rather than the minimum o~ 2 4 & 8 10 12 14 1

of the potential energy surface. Cluster structures that are n

based qn a tetra—coqrdlnated anion are more favorable OﬂG. 6. Oxygen—oxygen coordination numbers as a function of cluster size.

energetic grounds, since the four water molecules tend to

benefit the most from their vicinity with the stronger ionic

field. On the other hand, structures that tend to sacrifice theifis confirmed from spectroscopic studies of aqueous alkali
binding energy in favor of entropy, i.e., from the increase ofjy,gtg) hydroxide¥#8 in bulk, which show that OH is
their entropic content, prefer to take up more open formsponded to the water molecules with its oxygen atom rather
like the linear conformations observed in the current modelihan with its hydrogen. In a similar fashion, the negative

There are also a few more facts that should be taken intgyis for the larger clusters is also free of molectie=e Figs.
account. First, the larger hydration numbers of the previougp) and 3¢)].

liquid, and not to the coordination of it in small clusters in hroped by the water molecule oxygen—oxygen pair correla-

gas phase, as the current work does. The simple extrapolgpn function. Oxygen—oxygen coordination numbens_()
tion of the hydration behavior of an ion in a cluster enViron'for then=1-15 clusters are d|sp|ayed in F|g 6. For the

ment to that it would have had in bulk is not always Straight-=3 C|usterno_0 is equa| to 0.73, which indicates that the

forward. If we take as an example the much-studiedmajority (~90%) of the equilibrium configurations at room
solvation of the CI ion in water;® we find a change of temperature are linear and the ré&k9%) are of the ring type.
structure from internal to surface states, and a concomitarf ring structural unit consists of two water molecules di-
decrease of the coordination number, as the number of watggctly bonded to the ion with the third one acting as a double
molecules in the cluster increases. donor to the other two. The above percentage of the configu-
Second, linear isomers with shells consisting of two wa-ration types is derived if we take into account that the first
ter molecules have also been proposed by Mautner and codhell of the ion consists of two water molecules only and that
laborators in order to explain the shell effect observed inhe average coordination numbers of a water molecule in the
their experimental data. doubly coordinated linear and ring configurations for 3
Finally, we can refer to the solvation structures of waterare equal to 0.67 and 1.33, respectively. The ring structures
clusters in the presence of an electron. Evidence for lineagherefore are responsible for the water density that appears
chains of negatively charged small water clusters with a sizen the negative axis for then=3 clusters in Fig. G).
betweenn=5 and n=11 has been recently given by IR For then=4 cluster,n,_,=1.0, a value that leaves no
spectroscopic meaf§without these chainlike structures be- doubt about the nature of the configurations which are exclu-
ing energetically the most stable forms of the anionic watesively of the linear type, with the hydroxide ion occupying
clusters?>46 the center of the chain. For the=5 clusters,n,_,=1.28,
Unfortunately, no x-ray or neutron scattering experi-which implies similar linear configurations as for the=4
ments or spectroscopic data exist that could give an estimatase, but with the extra fifth molecule attached to the second
of the hydration structure of the particular hydroxide ion inionic shell. Such a configuration gives a mean coordination
bulk or in individual clusters at room temperature. number equal to 1.2 and is consistent with the occupation of
As far as the spatial arrangement of the solvent molthe second ion shell by three water molecules as shown in
ecules around the ion is concerned, this is shown on th€ig. 4.
density plots of Fig. 3. Figures(@-3(c) are forn=3, n
=6, andn= 10 water molecules, respectively. Density distri-
butions are calculated in terms of the cylindriddland z
coordinates on; planes perpendicular to tlraxis. We note In the following, low energy structures for the=2—-4
that the hydrogen atom of the hydroxide ion lies on the posiclusters generated through quenching of various molecular
tive z axis at a distancd=0.967 A from the origin, which in  dynamics trajectories at periodic time intervals are compared
turn is occupied by the oxygen atom of the ion. The waterto ab initio conformationd®~3" as they appear in the litera-
molecules of the first shell are most probably arrangedure. One thing we should keep in mind is that it is not
around the oxygen side of the ion with the hydrogen atonpossible to make a direct comparison for the following rea-
pointing away from the cluster. This structural preference issons. The model potential is based exclusively on room tem-

2.5

umber

coordina

B. Low energy structures at T=0

Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 113, No. 19, 15 November 2000 Hydration shell structure of OH™(H,0) p—1_15 8527

H*

o*
Hi,

0,

Hy,

(a)

FIG. 7. Minimum energy structures
for then=2 andn=3 clusters.

O,

(c) (d)

perature thermodynamic data where thermal and quantumbtained if we substitute fou the reduced mass of it and for
fluctuations of the clusters are inherently taken into accountw the symmetric hydrogen-bonded stretching vibration of
This kind of information is absent from thab initio struc-  about 300 cm®.3? This provides a value of about 0.1 A for
tures which are calculated at= 0 K. Therefore the expected A. A second reason is the assumption of rigid water mol-
discrepancies between the current andahénitio minimum  ecules, which, although the assumption poses no problems to
energy structures will originate from uncertainties in bondthe prediction of equilibrium structures, it is significant for
angles and bond lengths, at least of the order of the de Brahe direct comparison of the geometrical parameters of the
glie wavelength. A rough estimate of the spatial delocalizaminimum energy structures because of the distortions the
tion A= J#/uw of the quantum OH (H,O) system can be water molecules that are taking part in the ion-molecule hy-

{j O

) (b)

FIG. 8. Minimum energy structures
for then=4 clusters.

© @

1 (e)
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TABLE lIl. Internal coordinates for the minimum energy structure of the TABLE IV. Internal coordinates for théa) ring, (b) pyramidal and (c)
OH™(H,0), cluster. The oxygen and hydrogen atoms of the ion are distin-linear structures of the OHH,0); cluster. The oxygen and hydrogen atoms

guished by(*). Distance ina,.

of the ion are distinguished b ). Distance ina, .

Present Xantheas Wei et al. Turki et al. Grimm et al. Present Xantheas Tunon et al. Wei et al. Grimm et al.
work (Ref. 32 (Ref.36 (Ref. 35 (Ref. 37 work (Ref. 32 (Ref.33 (Ref. 36 (Ref. 37
0*0O, 5.05 4.87 491 4.99 4.87 Ring structure
(0,6)0,) 1243° 1156°  128.3° 80.9° 0*0, 5.05 4.83
0,0, 8.9 8.27 8.85 (0,6F0,)  415°  515°
O*Hy, 3.27 291 2.95 2.9 0,0, 5.46 5.49
(0*A,,0,,) 155.3° 176° 174° O*Hy, 3.23 2.86 3.09
(H*O*H,) 113.8° 108.5° (H*O*H,,) 134.5° 111.3° 115.6°
Pyramidal structure
0*0, 5.1 4,97 5.03 5.02
drogen bond are experiencing. Namely, a significant elonga-(C:0*0;) ~ 646" 781 125.2
tion of the proton-donor to the ion molecular bond has been 3" 246 %27 8.9
Y O*Hy, 3.4 3.13 3.26 3.15 3.1
calculated: _ o (0*O*H,,) 181.0° 127.0° 116.0°
Low energy structures are displayed in Fig. 7 for the
=2 and 3 clusters and in Fig. 8 for=4. The structures are Linear structure
presented in increasing energy in going from left to right and (OOHSEO) 122—%3 13?é.zll
i _ 1 a C. . .
from top to bottom. Figures (B)—7(d) represent the ring, (00,0 125.6° 128.9°

pyramidal, and linear conformations of the=3 cluster.
The geometries of the OH(H,0), cluster and of the

pyramidal, cis-ring, and linear structures of OHH,0)3

from the current potential are compared to the respective

have the water molecules of the basis of the pyramid bonded

initio structures that are available in the literature in Tablesn a cyclic way. Finally, the present linear structure is very

Il and IVa—c.

Two types, similar in geometry ring structures, have

been found, theis- and trans-ones, with the H, and H,
free hydrogens being a&is- andtransrelative positions, re-
spectively.

close to that of Ttan et al33 (Table Vo).

Despite the fact that the proposed potential model can
reproduce the framework of the structure consisting of the
atomic oxygens, it fails to reproduce thb initio linearity of
the hydrogen bond$~175° between the water molecules

The internal geometrical parameters and energies Oind the ion. Instead, the hydrogen bonds have been found to
Xanthea® n=2 and 3 clusters that are displayed in thepe nonlinear at about 155°. The consequence of this is that
aforementioned tables correspond to the MP2/aug-cc-pthe hydrogen bonds (O-—H,;,) of the current model are

pVDZ level of theory. Those of Weét al3® correspond to

significantly longer than thab initio values. We believe that

the DF_T/PLA3F;3/SadIej-basis computational scheme, thosghis is probably related to the specific potential mo(&T2)
of Turki et al™ correspond to MP2 calculations with con- we have adopted for the water—water interactions with the

strained intramolecular geometries, those of dfuet al >3 to
the HF/6-31+ G* level, and finally those by Grimrat al®’
correspond to the MP2/DZ®,p scheme.

Regarding the geometry of the OKH,0), cluster

pronounced bond directionality.

In Table V, the first three association enthalpies calcu-
lated with the current potential are compared with #ie
initio®23%3"and the experimentdf values. Weiet al3® and

(Table 111}, which as we have seen represents the basic stru@rimm et al’ enthalpies are closer to the experimental val-
tural unit of all larger clusters, is almost identical to the DFT yes than those of Xanthe¥swhich are systematically over-

geometry of Weiet al 3 if the 0,0* O, frame is considered
(see Table Il for the @O, and O O, distances and the

estimated by about 2 kcal/mol.
Similarly in Table VI, the first three free energy and

Oaé* O, angle. The model ring and pyramidal minimum entropy changes calculated with the current potential func-
energy structures of the OHH,0); cluster(Tables IVa and tion are compared with thab initio values of Grimmet al*’

b) are closer to those of XantheHswith the current pyra- and the experiment® In fact, the Grimmet al®” values are
midal structure being somewhat more compressed. In cormuch closer to the revised experimental free energies and
trast to the Weket al®® pyramidal structures, which are sig- entropie§ than to the older onéso which they are compared
nificantly more open, the Xanthédsand current structures in Ref. 37.

TABLE V. Association enthalpiedH,_; (298 K) in kcal/mol.

Present Wei et al. Xantheas Grimm et al. Expt.

AHp h-1(298K) work (Ref. 36 (Ref. 32 (Ref. 37 (Refs. 5 and
OH™(H,0)01 —23.98 —24.5 -27.8 -25.1 —24.0
OH™(H)0); » -17.9 -17.9 -20.1 —18.4 -17.9
OH™(H;0),3 -15.3 -14.4 -16.9 —15.2 -15.1

Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 113, No. 19, 15 November 2000 Hydration shell structure of OH™(H,0) p—1_15 8529

TABLE VI. AG,_; (298 K) in kcal/mol andAS,_; ,(298 K) in cal(K mol).

—AG,_1,(298K) —AS,_1 (298 K)
Present Grimm et al. Expt. Present  Grimmet al. Expt.
work (Ref. 37 (Refs. 5and § work (Ref. 39 (Refs. 5 and B
OH (H0)o, 178 177 17.8 208 247 20.8
OH (H0);, 114 107 11.6 219 26.0 21.2
OH™(H)0), 3 7.8 6.9 (pyramida) 7.7 25.1  27.8(pyramida) 24.8

Regarding the energy ordering of the minimum energyThe preference of these clusters to be organized in entropy-
structures of the OF(H,0); cluster, it has been fouritithat  rich linear chains rather than in energy-poor tri- and tetra-
the pyramidal and ring ones differ by 1.15 kcal/mol in elec-coordinated structures can be understood in terms of the
tronic energy and by 0.6 kcal/mol if zero-point energy cor-minima not of the potential energy but of the free energy
rections are included. Although the pyramidal structure is thesurface of these systems.
most stable of the two, both of them can be equally acces- Minimum energy structures which have been generated
sible at room temperature. The current model predicts théor then=2-4 clusters compare well with the respectale
transring structure as the minimum energy structure. Theinitio structures within the bond length deBroglie uncertain-
cis-ring structure has been found to lie higher in energy, byties.

0.27 kcal/mol, with the pyramidal and linear structures at 0.3  In this work, we present a portable potential energy
and 1.52 kcal/mol, respectively. Although thé initio or-  function for the description of small OHH,0), clusters.
dering of the ring and pyramidal structures is not reproducedhis function reproduces exactly the experimetitaén-

by the current model, their energy difference, however, is nothalpy and entropy changes. In addition, it has been tested
far from theab initio energy range. against a number @b initio geometries of minimum energy

Regarding the minimum energy conformations of theconfigurations, with very good performance. All these facts
OH™(H,0), cluster (Fig. 8), those with the lowest energy increase our confidence about the reliability of the structural
are the structures with the doubly coordinated hydroxide ionresults that we get out of this function for clusters at room
in Figs. 8a)—8(c) with energies at 0.0, 1.98, and 2.06 kcal/ temperature. A further crucial test would have been its ap-
mol, respectively. Next in energy, at 3.4 kcal/mol, is theplication to the calculation of the solvation free energy of the
four-coordinated pyramiflFig. 8(d)] and very close to it, at hydroxide ion in bulk. We intend to undertake such a task in
3.65 kcal/mol, comes the tri-coordinated ion with the fourththe near future.
water molecule in the second shghig. 8(e)].
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