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This study details the interactions prevailing in aqueous clusters of monovalent alkali metal, ammonium, and
hydronium cations. The calculations involve a detailed evaluation of the structures, thermodynamic energies,
and IR spectra of several plausible conformers of#,0);-¢ (M = Li, Na, K, Rb, Cs, NH, H30) clusters

at the second-order MglleiPlesset (MP2) and density functional levels of theory. A detailed decomposition

of the interaction energies has been carried out for complexes involving one or two water molecules using
symmetry adapted perturbation theory. Some of the salient insights on the structures include the emergence
of the second solvent shell even before the realization of the maximal coordination number of the cation.
This effect was more pronounced in clusters involving the larger cations. The quantitative estimates of various
components of the interaction energy indicate the predominance of electrostatic energies in the binding of
these cations to water molecules. Interestingly, for all the hydrated alkali metal cation complexes, the
contribution of electrostatic energy is almost the same as the total attractive interaction energy, whereas the
sum of the induction and dispersion energies are almost canceled out by exchange-repulsion energy. However,
the contribution of dispersion energies slowly starts increasing as the size of the cation increases and is quite
substantial in case of the €somplexes. In the organic cations, the dispersion energies become significant,
though not comparable to the electrostatic energies. In addition to the evaluation of the harmonic frequencies
of —OH stretching mode of all the structures, the anharmonic frequencies were evaluated for the smaller
clusters. As the size of the cation and the size of the water cluster increases, the red shifts associated with the
—OH stretching mode progressively become larger for the alkali metal cation containing complexes. For the
organic cation (NH", H30O™) containing complexes, an opposite trend is observed. Compared to the isolated
water monomer, the ratio of the infrared intensities of the asymmetric and symme&iHicstretching modes

is very small. However, this ratio progressively becomes larger as the size of the cation increases.

Introduction more facile as the size of the ionic cluster increases. The latter
observation indicates that specific iegolvent interactions are
significant only in the first solvation steps. Beyond a certain
size of the cationic water clustM™+(H,O),=6—g} , the cumula-

An understanding of the nature of ions in solution is one of
the fundamental aspects of contemporary chemistry and biology.
In this connection, a large number of experimental and theoreti- > . . ’ : .
cal studies have been carried out on the solvation of cations in Ve clusftensng enthalpies approach the differential bulk solvation
both the condensed and gas phdsédInvestigations in the ~ €nthalpies:
gas phase have, in particular, been very useful in obtaining More recently, the endeavors of Lisy and co-workers on the
valuable insights into the modulation of the properties of cation vibrational features of these ionic clusters yielded valuable
water clusters, as a result of an incremental addition of water insights into their structurés'®2° Thus vibrational features
moleculest—7:12 indicating the presence of hydrogen bonding between adjacent

Starting from the pioneering work of Kebarle and co-workers, water molecules are observed in the*@bl,0); complex:®
a wealth of experimental data is available on thermodynamic These results indicate the development of a secondary solvent
properties of small monovalent catiewater cluster§-6.13-18 shell prior to what might be considered as the optimum coor-
Thus the magnitudes of the experimental enthalpies indicate thatdination number has been attained for the primary shell.
the smaller cations bind water more strongly than larger cations, Additionally, they also observe that the addition of a singlé Cs
and the attachment of water molecules progressively becomescation to a single water molecule GéH,0); leads to a dramatic
decrease in the ratio of the vibrational intensities of the asym-

T léart of thedspecialtiﬁsue “IIE:ritZ _ISchstE%fertFesgchri?"- ekt KS.K metric and symmetric ©H stretches of water.
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*Present address: School of Computational Sciences, Korea Institute structures, energetics, and vibrational frequencies of these
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the effect of temperature, indicated that the pair additive complexes. Most of the initial structures were obtained from
approximations were quite substantial for these small complexes.previous theoretical studié$:34 In the case of the penta- and
The advent of fast computers and the accompanying develop-hexa-hydrated complexes, we carried out new searches for
ments in ab initio correlated methodologies revolutionized the several other low-lying energy conformers. After ascertaining
theoretical description of these cationic water clusters. Apart that the optimized lowest energy structures were genuine minima
from the evaluation of structures of small-sized cationic water by evaluating the vibrational frequencies, we carried out a
clusters, several groups have obtained fairly accurate estimatesletailed decomposition of the interaction energies using per-
of the interaction enthalpie4-3* However, a question that most  turbation theory. Given the availability of gas-phase experi-
theoretical groups have sought to answer is how the solventmental frequencies for the-€H stretch region of some of these
molecules build up about the cation in distinct shells. Though complexes, we have also evaluated the anharmonic vibrational
it is well-known that a certain number of solvent molecules frequencie$54To provide a comprehensive understanding of
attach intimately to the core cation, the reasons for the formation these intermolecular interactions, the present investigations also
of a new solvent shell are not very clear. Though early included calculations on the water cluster complexes of the
theoretical investigations have conjectured that steric repulsionsammonium (NH*) and hydronium (HO)* ions. The calcula-
promote the formation of the secondary solvent shell, it was tions on the water clusters of NHand HO" were carried out
noted in an earlier study from our group that entropy effects to highlight the salient similarities/differences in the interactions
cause the ¢form of Na*+(H,0)s (five waters are coordinated  of metal and organic monocations with varying sizes of water
to the Na& cation in the primary shell) to be more preferred clusters. Apart from providing a detailed insight into the nature
over theDq form (only four waters are coordinated to the™Na  of ion-solvation, the present investigations should also be useful

cation in the primary shell) at room temperatéfte. in understanding the intricacies of molecular recognition and
In previous studies from our group, the structures and the de novo design of novel molecular systems and functional
. . ! iq|gl2.41,55-58
energetics of small-sized water clusters of NK*, and Ag" materials:

cations were evaluated using ab initio meth&ds$4° Apart
from providing a good agreement of the calculated and Methods
experimentally determined enthalpies, the calculations on the
K*+(H0),-6 clusters yielded interesting insights into coordina-
tion numbers and the corresponding energetic stabilities. Thus,
in the penta- and hexa-hydrated clusters, relatively small ener-
getic differences existed between structures exhibiting cation
coordination numbers of 4, 5, and 6. The recent calculations
on Agt-(H20)1—6 clusters highlighted the role of theoretical
methodology in the evaluation of coordination numi&rEhus,
although calculations using the second-order MgiRlesset
(MP2) theory yielded structures exhibiting a cation coordination

number of 4, calculations carried out using density functional Rb*, and C$ ions, we used the energy-adjusted Stuttgart ECPs,

theory yielded a cation coordination number of 2. Given the
above discussion, it becomes apparent that theoretical predictionand added d exponents to the K (0.48), Rb (0.24), and Cs (0.19)

L . valence bases (henceforth, we refer to them as Stuttgart basis
of the coordination number is to a large extent dependent on 62
- . sets)?? Because one of the referees asked us to elaborate on
the kind of theoretical methodology employed. Therefore, for

ab initio calculations of complexes containing the larger cations the role of basis sets in case of the interactions involving larger
hy 9 9 ' cations, we also carried out additional calculations using the
at least the MP2 or equivalent levels of theory should be

employed Feller's miscellaneous pCVDZ basis set for K'%% and the
' . _ Hay—Wadt and Christiansen’s ECPs for Rand C$.647%6 To

Before we progress any further, it is useful to reiterate that jjysirate the role of basis sets on the magnitudes of each
several competing and cooperative interactions contribute to thejngjyidual energy component, the energy decompositions were
properties of these solvated cations in the condensed phése.  arried out using the aug-cc-pVTZ basis set for water and
In these small cationwater clusters, the structures would result 3 mmonjum cation. Though the cc-pVTZ basis set was used for
from a competition between hydrogen bonding and ionic inter- | j+ and N, Feller's miscellaneous CVTZ basis sets were used
actionst>#1 The strength of both these interactions, to a large for K+ 27.6367Tg aid the discussion of the results, the basis set
extent, depends on the relative magnitudes of the attractive inter-of water is used to represent the basis set of the complex. Thus
molecular energy components, viz., electrostatic, inductive, dis- 5 calculation carried out at the MP2 level using the aug-cc-
persive, and the repulsive exchange enertfiés.a number of pVDZ basis set for water and the cc-pVDZ basis for li$
recent studies carried out in our group on weakly bound inter- genoted as MP2/aug-cc-pVDZ. We also carried out density
molecular complexes, we had highlighted the utility of quantita- fynctional theory (DFT) calculations using the B3LYP functional
tive estimates of both attractive and repulsive interaction energy (Becke’s three parameter hybrid functional coupled with the
ComponentS, in Obtaining detailed inSightS intO the nature Of Lee_Yang_Parr Corre|ation funcnonaW In interactions in-
the intermolecular interaction prevailing in those compleéXe¥. volving the NH;" and HO™ cations, a 50% basis set superposi-

Given the absence of such detailed investigations for any of tion error (BSSE) correction was made to reproduce more
these catiorrwater complexes, it would be useful to carry out realistic experimental valué8 No BSSE corrections were
similar calculations on these complexes. Such a study would made for the hydrated alkali-metal ions, because these binding
enable one to obtain quantitative estimates of each of the energies tend to be underestimated at the MP2/aug-cc-pVDZ
interaction energy terms, and as a consequence, establish theievel. Similar observations were made by Feller and co-workers
role in the structural manifestations of these catiasater cluster in their study of the water cluster complexes of alkali metal
complexes. Therefore, we initially carried out detailed geometry cations?” The zero point vibrational energy (ZPE) and thermo-
optimizations on several structures of these catiwater cluster dynamic corrections were carried out using the frequencies

Given the aims of this study, we employ both supermolecular
(SM) variational and perturbational methods in the investigation
of these catiorwater clusterd35® The former method was
employed to carry out the geometry optimizations and evaluate
the vibrational frequenci€8.Most of the SM calculations were
carried out at the MP2 level of theory using the augmented
correlation consistent (aug-cc-pVDZ) basis set for water and
both the hydronium (kD*), and ammonium (Ngf) cations®?

In the case of metal ions, we employed the correlation consistent
(cc-pVDZ) basis set for both ffiand Na .2 In case of the K,
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Lowest-Energy Conformers at 0 K
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Figure 1. Calculated lowest energy structures of {H.O)1-¢ (M = Li, Na, K, Rb, Cs, NH, H;0) at 0 K.

evaluated at the B3LYP level. Because several earlier studiesvalence repulsion energy due to the Pauli exclusion principle,
have indicated that MP2 and B3LYP results are comparable to Ein@ stands for the second-order energy gain resulting from
those obtained using the computationally arduous coupled clusterthe induction interactionEexcn-ind® represents the repulsion
calculations, we have desisted from carrying out the séme.  change due to the electronic cloud deformatiBps{? is the
Even though the SM method is conceptually and computa- second-order dispersion ener@,gxch_disp@) denotes the second-
tionally simple, it does not offer detailed insight into the forces order correction for a coupling between the exchange-repulsion
responsible for the interaction. However, the perturbation and the dispersion interaction, aog'F includes the higher
method enables one to obtain a physical picture of the interac-order induction and exchange corrections. The exchange terms
tions prevailing between the various complex monorfigrs. were evaluated at the coupled cluster singles and doubles level
This is because in the SM method, the interaction energy is of theory. Because BSSE effects are explicitly included when
evaluated as the difference of the energy of the complex andthe SAPT interaction energies are evaluated, a comparison of
the energy of the isolated monomers. However, in perturbational the BSSE corrected supermolecular interaction energy and the
calculations, the interaction energy is obtained as a sum of theSAPT interaction energyKy) is appropriate.
individual electrostatic, exchange, dispersion, and induction To aid the discussion of the results, we have collected all
energies. In the present study, we employed the symmetrysimilar interaction energy terms and represent the SAPT
adapted perturbation theory (SAPT) method to evaluate theinteraction energyH;,) as a sum of electrostati&{y, induction
magnitude of each interaction energy component. All the (Eing), dispersion Egisp), and exchangeE ) terms. Given the
calculations were carried out using the optimized geometries size of the systems investigated and the level of theory employed
(obtained from SM calculations) of the complexes. The SAPT in this study to evaluate the various energy components, it was

interaction Einy) is given by not feasible to evaluate the computationally demanding higher
order componentsn(< 3). Hence, one should expect a slight
_ . ) ) - : . i .
E. = Eelst +E,, ( )+ Eind( ) + Eedend( ) + deviation of the tqtal interaction energies evaluateq using SAPT
@ @ HE and SM calculations. This, ho_vvever, doe_s no_t |nf|l_Jence t_he
isp . T Eexchdisp ~ T Oint (1) conclusions based on the magnitude of the individual interaction

energy components, as was shown in a number of recent papers.
whereEq(V is the electrostatic energy of the monomers with A detailed description of SAPT and some of its applications
the unperturbed electron distributidBuy is their first-order can be found in some recent referente§0.69-71
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Entropy-Driven Conformers
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Figure 2. Calculated entropy-driven structures of the 4H.0);—s (M = Li, Na, K, Rb, Cs, NH, H30) complexes at 298 K.

Results and Discussion 35

Structures. In Figure 1, the optimized structures of the
M*+(H20);—6 (M = Li, Na, K, Rb, Cs, NH, H30) complexes
are displayed. For the sake of brevity, the structures exhibiting
the lowest ZPE-corrected internal energy change for the
hydration AEg) and their nearly isoenergetic conformers are
only shown. In some cases, the lowest free energy conformers
(AGggg) at 298 K and 1 atm are different from those shown in
Figure 1, and therefore we present them in Figure 2. It can
readily be seen from Figures 1 and 2, that with few exceptions,
the Lit+(H,0)1—s, Na™+(H20);—s, and NH;+(H,0);-¢ cluster
complexes exhibit a strong structural semblance. On a similar

note, there are no differences in the gross structural features of - Litw 3 Cs w
1.5F n

the water cluster complexes of Rland Cg. It can also be -~ Na' W, —& NH4

seen from Figure 1 that the trihydrated complexes of Rb', - K'W, -o- H;0" W

and C¢ herald the onset of the secondary solvent shell. The —— Rb'W,

tetrahydrated complexes of Rland Cg merit mention, because 1.0 1 2 3 4 5 6

the lowest energy structures are very similar to those of the
corresponding water tetramer. However, the presence of the
cation leads to a small increase in the intermolecularGD
distances (Rtr(H20)4, 0.007 A; Cg+(H,0)4, 0.003 A). Unlike

the water cluster complexes of Agr z-systemg?44there are
perceptibly small differences in the structures obtained after
geometry optimization at the B3LYP and MP2 levels. However,  Expectedly, the complexation with the cation leads to an
these differences are significantly larger for complexes involving increase in the OH bond lengths of the water molecule. One
the larger cations, Rband Cg, the details of which will be also notes from Figure 3 that the average catimater distances
presented elsewheféA detailed description of various con-  (Ru+—o) are nearly constant for all the catiewater complexes
formers of some of these catiemater complexes can, however, investigated in this study. It can also be seen that the onset of
be found in some of our earlier work and the work of Feller the secondary solvent shell in the trihydrated complexes 6f Cs
and co-workerg>30 and Ry is marked by a sharp decrease in the average cation

Figure 3. Trends in the calculate®y+_o distance (A) for all the
M*+(H20)1-6 (M = Li, Na, K, Rb, Cs, NH, H30) complexes (MP2/
aug-cc-pVDZ level for water, N, and HO*; cc-pVDZ for Lit and

Na'; Stuttgart basis sets for'K Rb*, and C3).
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TABLE 1: Comparison of Calculated and Experimental Enthalpies of Various Cation—Water Clusters?

n Li* Na* K+ Rb* Cst NH4* HsO"
—AEp

1 30.7[HO(Cz)] 23.0[1+0(Cz)] 17.0[1+0(Cz)] 14.6[1+0(C)] 13.2[1+0(Cz)] 18.3 [1+0(Cy)] 32.2[1+0]
2 58.0[2+0(D2q)] 43.3[2+0(D2g)] 32.2 [2+0(D2g)] 27.7 [2+0(C9]  24.5[2+0(Cy)]  33.3 [2+0(Cy)] 52.7 [2+0]
3 78.8[3t0(Ds)] 60.4[3+0(D3)]  45.6 [3+0(Ds)]  39.7 [2+1(Cp)] 36.9[2+1(Cp)]  46.1[3+0(Cq)] 69.6 [3+0]
4 947[40(S)] 74.4[4+0(S)]  57.7[3+1(C)] 51.5[4+0(Cs)] 49.4[4+0(Cs)]  57.0 [4+0(Sy)] 80.8 [3+1]
5 107.1[4F1(C)] 85.6[4+1(C))] 69.4[5+0(C;)] 62.9[4+1(Cy)] 60.2[4+1(Cy)]  66.9 [4+1(C))] 92.1[3+2]
6 118.7[4r2(Da)] 96.4 [4+2(D2g)] 81.4[4+2(C2)] 73.9[4+2(Cy)] 70.3[4+2(C;)] 76.1[4+2(D2g)] 101.6 [3+2+1]

—AG29g
1 24.9[25.5] 17.3[17.6] 11.6 [11.4] 9.3[9.6] 8.0[7.9] 12.7[13.0,11.3]  25.3[24.3,24.6,22.9]
2 44.9[44.4] 31.5[30.8] 20.6[20.3] 17.0[16.6] 14.5[13.8] 20.2[19.1,19.5]  39.4[37.3,37.4,37.9]
3  58.0([57.7] 41.4[40.1] 28.3[26.6] 22.6[21.6] 18.8 [18.0] 26.8[24.4,25.4]  47.7 [46.8,46.9,46.4]
4 66.6[65.2] 48.9 [46.4] 32.9[31.0] 26.2[25.4] 22.6[21.0] 29.9[27.2,29.5]  52.1[52.5,52.5,50.9]
5  69.2[69.7] 51.1[50.3] 35.9[34.2] 27.3[28.2] 23.8[--] 30.1[31.5,32.5]  57.0[56.6,57.0,54.4]
6 71.9[72.2] 53.6 [53.2] 36.8[36.5] 27.9[--] 24.7[-- ] 32.7[33.8,--] 58.0 [ - -,59.6,- - -]

—AHaos
1 31.7[34.0] 23.8[24.0,22.6] 17.7[17.9] 15.2[15.9] 13.8[13.7] 19.5[19.9,17.3]  33.4[31.8,31.6,33.0]
2 59.3[59.8] 44.2[43.8,42.2] 32.7[34.0] 28.7 [29.5] 25.6 [26.2] 34.7[32.3,32.0] 54.2[50.8,51.1,54.0]
3 80.5[80.5] 61.5[59.6,59.0] 46.1[47.2] 41.5[41.7] 37.6[37.4] 47.0[44.5,45.4]  71.4[68.4,68.6,70.8]
4 96.5[96.9] 75.5[73.4,72.1] 57.6[59.0] 54.3[52.9] 52.3[48.0] 57.8[55.3,57.6]  83.1[79.9,81.3,83.7]
5 110.0[110.8] 86.5[85.7,---] 68.6[69.7] 66.4 [63.4] 63.7[-- ] 69.3[65.9,67.3]  94.3[91.0,92.9,92.2]
6 121.0[122.9] 95.0[96.4,---] 81.7[79.7] 77.9[---] 74.2[-- -] 79.1[75.0,---] 104.9[---,103.6,- - -]

a All energies are in units of kcal/mol. All calculations were carried out at the MP2 level. The water basis set used aug-cc-pVDZ except for the
Na' and K" containing clusters, which were carried out using TZ3P and TZ2P basis sets, respectively, in our previous works (refs 30 and 31)
wherein the binding energies were calculated at the MP2 level with HF/TZ2P thermal energies. For the basis set of the alkali metal igns, the Li
Na', and K" used cc-pVDZ, [6s5p2d], and [8s7p3d], respectively, and both &itl Cs$ used the Stuttgart basis set. Although a 50% BSSE
correction was applied to obtain the energies for the hydrogen-bonded clusters (hydratedndHO1), no BSSE corrections were applied for
the alkali metal cation containing complexes. The experimental enthalpies fort®miplexes are from ref 2b, for Ndrom refs 2b and 2e, for
K* from ref 2b, for C$ from ref 2b, for NH" from ref 5, and for HO* from refs 4 and 6.

TABLE 2: Calculated (MP2/aug-cc-pVDZ) Interaction

water distances. It is interesting to note tRak,*—o is similar Energies (~AEq), of All the M *+(H,0), Complexes

to Rc*+—o, WhereasRy,0*—0 is betweerRyat—o and Rc*—o.

Energies.With this background on the structures, itis useful "t Na® K Rb" Cs'  NHo HiO
to examine the energies of these catiovater cluster com- 1 30.7 20.7 13.7(15.6) 12.4(14.6) 10.9(13.2) 183 322
plexes. In Table 1, we present a comparison of calculated and? gg-g gi-g ggg Eﬁg-gg gé‘ll gg;g %gi gg'g; zg'i 25'2
experimental enthalpiesitizog of some of the complexes — ,  g47 §79 486(53.9) 45.8(513) 441(49.4) 57.0 8038
investigated in this study:® The ZPE corrected binding energies 5 1071 797 588 (64.3) 56.8(62.9) 54.0(60.2) 66.9 92.1
(—AEg) and free energies\Gzog) are also given to emphasize 6 118.7 91.1 70.2(76.7) 67.5(73.9) 63.6(70.3) 76.1 101.6

the rolg of ther.mal corrections. Before we proceed further, we a All energies are in kcal/mol. In the case of alkali metal ions, the
would I|_ke to briefly elaborate on Fhe strategy we have emplo_yed basis sets used are cc-pVDZ for both land Na, pCVDZ for K-,
to obtain the calculated enthalpies. In principle, a comparison and the Hay-Wadt and Christiansen ECPs for Rand Cs. The ZPE
of the calculated and experimental quantities (enthalpies andcorrections were made using the B3LYP/aug-cc-pVDZ frequencies. The
vibrational frequencies) is appropriate using the energies values in parentheses were obtained using Stuttgart basis sets$,for K
obtained at similar levels of theory and the same basis sets.Rb" and Cs. Although a 50% BSSE correction was made for both
However, the absence of similar basis sets and the widely "€ NF:" and O™ H-bonded complexes, the energies of the alkali

e L . . . metal cation complexes were not corrected for BSSE.
differing characteristics of the alkali metal and organic cations
implies that one has to use different basis sets to carry out the
calculations. Additionally, one also has to confront the problem
of BSSE, while evaluating the interaction energies. Fortunately,
interactions involving metallic cations exhibit very small BSSE
effects. As a result, the BSSE uncorrected interaction energies
were generally employed for comparison with the experi-
ment?6.27.30.31 However, things are dramatically different in

BSSE correction. A detailed justification for the use of a 50%
BSSE correction is given in ref 43. It should be noted that even
in the case of the interaction energy of the water dimer, a number
of authorg® have employed the median of the BSSE corrected
and uncorrected interaction energies, for comparison with
experiment. Therefore, when they were compared with experi-
interactions involving the organic cations such agOH and me_nt, the calculated interaction energies involving metallic
NH*, wherein the interaction of the cation with the water cation Wa.ter. cluste_rs were npt corrected.for BSSE effects.
molecule is mediated through the hydrogen atom. In the context HOWeVer, in interactions involving the organic cations, we have
of one of the referee’s comments on our use of different BSSE USed the 50% BSSE corrected interaction energies for com-
corrections, we would like to mention that intermolecular Parison with experiment.

interactions mediated through hydrogen atoms generally require  Apart from highlighting the good agreement of the experi-
very large basis sets to minimize the errors in the interaction mental and calculated enthalpies, the data presented in Table 1
energies arising from both BSSE (basis set superposition error)indicate that thermal corrections are relatively smaller for
and BSIE (basis set incompletion error) effects. The large size clusters containing the larger cations. However, it should be
of the larger HO™ and NH,™ clusters, however, precludes noted that the calculated thermodynamic properties depend
calculations using large basis sets. Thus, for a comparison ofhighly on the basis set employed, and the reported values in
the calculated numbers to experimental quantities, we have oftenTable 1 were obtained using large basis sets fof, Ka, Rb",
found it useful to employ moderately sized basis sets and a 50%and Cs. We elaborate on this role of basis sets subsequently.
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TABLE 3: Interaction Energy Components of All the M *+(H,0O); Complexes Obtained Using the aug-cc-pVDZ and
aug-cc-pVTZ Basis Setd

aug-cc-pvVDzZ aug-cc-pVTZ
Ecom Lit Na* K+ Rb* Cs' NH4* Li* Na* K+ NH*

En® —33.15 —22.77 -16.29(16.78) —13.63(14.94) —11.81(-13.14) -19.87 —34.42 -23.29 -17.64 —21.04
Ees —31.72 —23.84 -16.81(18.39) —15.06¢16.81) —12.96(15.28) —23.81 —32.37 —23.81 -18.79 -—-24.21

Eexch 10.67 7.83 4.80(7.18) 5.16 (7.17) 4.18 (7.48) 15.60 10.92 7.70 7.10 15.32
Eind —11.89 —6.59 —3.48 (4.17) —2.85 (3.75) —2.11 -3.63) —8.12 1242 —-6.81 —4.28 —8.16
Edisp —0.22 —0.16 —0.80 (—-1.39) —0.87 (-1.55) —0.91 (1.71) —354 —-0.54 036 —1.67 —3.99

a All energies are in kcal/mol. In the case of alkali metal ions, the basis sets used are cc-pVDZ for'battu INa, pCVDZ for K*, and the
Hay—Wadt and Christiansen ECPs for Rand Cs. The values in parentheses were obtained using the Stuttgart basis sets Rir'Kand CS.
b Eint = Ees+ Eexen+ Eing + Edisp-

TABLE 4: MP2 Equivalent Interaction Energy Components of Different Conformers of the (M*-H,0)—H,O Complexes
Obtained Using the aug-cc-pVDZ Basis Sét

Li* (D20 Na* (Dz0) K* (Dad) Rb* (Cy Cs' (Cy
Eint —29.02 —20.68 —14.89 (-15.03) —13.55 (-14.26) —10.99 (-13.51)
Ees —28.36 —21.82 —15.42 (-16.60) —15.31 (-16.06) —14.96 (-15.74)
Eexch 9.67 6.99 4.33 (6.36) 6.23 (7.03) 10.05 (7.85)
Eind -9.81 ~5.61 —3.00 (-3.45) —2.53 (-2.89) —3.34 (-2.95)
Edisp -0.52 -0.24 —0.81 (-1.33) —1.94 (-2.34) —2.74 (-2.67)

a See the footnote of Table 3 for units and definitions.

TABLE 5: MP2 Equivalent Interaction Energy Components
of Cs and D,y Conformers of the (K*+H,0)—H,0,

10 1 K\*\K—ﬁk——* (Rb*-H,0)—H,0, and (Cs"-H,0)—H,O Complexes

| (K**Hz0)-H:0  (Rb"“H:0)—H,0  (Cs"*Hz0)—H:0

0 D2g Dag Cs Dag Cs
= ¢ S S - Ees —16.60 —-13.87 -16.06 —13.47 -15.74
g - e Eexch 6.36 4.44 7.03 6.55 7.85
§ e Eing —3.45 —2.66 —2.89 —2.89 —2.95
&, -10 1 Edisp -1.33 -1.23 -234 -162 —2.67
) Eint —15.03 —13.31 —-1426 —11.43 -—13.51
‘é ) a See the footnote of Table 3 for units and definitions. The energies
= 5p A were obtained using the Stuttgart basis sets forRb*, and Cs, and
the aug-cc-pVDZ basis set for water.
- At this juncture, it is interesting to mention the case of the

dihydrated complexes of Rband Cg. Earlier and more
recently, our calculations seem to indicate that@aeonformer,
which exhibits the presence of a nascent intermolecular
water—water hydrogen bond, is more stable than Ehg con-

. . ) former27.72This reversal of conformer stability as we progress
R e e St ke o M K(H:O):to RY'(140} s partciay ntiguing. We
Figure 3). dwell on the origin of this stability subsequently.

Because, to our knowledge, there have been no studies on

Though the data presented in Table 1 illustrate a good the magnitudes of the interaction energy components of any of
agreement of the calculated and experimental thermodynamicthese catiorrwater complexes, we begin our discussion with
properties, we carried out calculations at the MP2/aug-cc-pVDZ the binding of these cations to a single water molecule (Table
level of theory to allow a consistent comparison of the calculated 3, Figure 4). The broad consensus on the predominance of
energies. The ZPE corrected binding energieAEy) obtained electrostatic energies in the binding of these cations to water
at the MP2/aug-cc-pVDZ level are therefore presented in Table molecules is well illustrated in Figure 4. In particular, it can be
2. It should be noted that, in most cases, the lowest energyseen that the magnitude of electrostatic enerdieg (nirrors
conformers (Tables 1 and 2) are similar, even though the relative both the total interaction energiegi{) and the experimental
energies are significantly different. This indicates that the use enthalpies AH®*P). For smaller cations, two things happen as a
of different basis sets has a small effect on the relative stabilities result of the shorter intermolecular distances: (i) the repulsive
of the various conformers. In particular, Tables 1 and 2 indicate exchange Kex) €nergies increase, and (ii) the attractive
that the interaction energies decrease as the size of the metainduction Ei.g) energies increase. It should be noted that the
cation increases. The binding energies of water cluster com-induction energies can be attributed to the charge redistribution
plexes of NH* are higher than those of K despite the fact  of the water molecule (i.e., charge transfer from the oxygen to
that both of them possess very similar ionic radii. We have the hydrogen atoms) so that the interaction energy is maximized
discussed this issue in more detail in the context of our work with the enhanced dipole moment of the water molecule. As
on cations interactions'* The incremental enthalpies of these will be seen later, the magnitude of these induction energies
cation—water complexes approach a constant vatugQ kcal/ can also be correlated to the infrared intensities of the OH
mol), which is close to the bulk ice/water binding enefdy. stretching modes. Hitherto, our discussion has largely neglected
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Figure 5. Calculated vibrational frequency shifts (cHhof the —OH stretching mode in all the M(H,0):—s complexes (the lowest energy structures
at 0 K). The shifts are with respect to the average of the frequencies of the symmetric and asym@Eitstretching modes of an isolated water
monomer (same basis sets in those of Figure 3).

the contribution of dispersion energies, which is negligible, as the aug-cc-pVTZ basis set leads to an increase in the magnitude
can be seen in the case of interactions involving the smaller of nearly all the interaction energy componertss(ncreases
cations. However, the contribution of dispersion energies to the by ~12%; Ejq increases by~23%, Ecxchincreases by~48%,

total attractive energy gradually increases as we progress fromand Egisp increases by~108%), as well as the total interaction
Li*™ to Cs'. In light of one of the referee’s comments, we have energy Eiy increases by-8%). The role of electron correlation
obtained the magnitudes of the interaction energy componentsin describing the interactions of the larger cations can readily
using both the larger aug-cc-pVTZ basis set for water and be noted from the percentage increase in the magnitude of
different ECPs in the case of the cations. It can be seen fromdispersion energies. A more interesting observation is that
Table 3, that the magnitude of the total interaction enekgy) ( similar increases in each of these interaction energy components
of the Li*—H,0 and Na—H,0O complexes is nearly independent can be obtained by using a different basis set for thec#tion

of the nature of the basis set; i.e., the use of a larger basis setand the aug-cc-pVDZ basis set for water.

does not lead to substantial changes either in the magnitude of Against this background, it is instructive to examine the
the total interaction energy or the individual interaction energy interactions of the ammonium cation with the water molecule.
components. Things are, however, dramatically different in Though the NH" and K" cations have nearly similar ionic radii,
interactions involving the water cluster complexes of the larger the polarizability of the formerof = 8.83 au) is larger than
alkali metal cations. Thus, in the'k-H,O complex, the use of  that of the latter ¢ = 5.52 au)’>’6 Given the relationship
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TABLE 6: Calculated MP2/aug-cc-pVDZ Anharmonic and Harmonic Frequencies of the OH Stretching and Intermolecular

(S,) Modes of the M™-H,0 Complexe$

Lit Na* K+ Rb* Cs' NH4" H.0
Anharmonic
V3 3669 3687 3699 (3693) 3700 (3693) 3701 (3689) 3693 3744
21 3585 3598 3604 (3598) 3700 (3596) 3602 (3590) 3593 3621
2 1626 1622 1618 (1618) 1616 (1617) 1613 (1615) 1589 1573
S 506 277 182 (201) 146 (176) 129 (154) 287
Harmonic

V3 387L; 38876 38995 (38924) 38993 (389Ly) 3899, (3887%,) 3894, 3938
2 3773 378% 3789 (3784) 3789 (3781) 378% (3775%) 3778% 3804
V2 1661, 1659 1658 (1658) 1656; (1658&) 1652 (165%) 1640, 1622
S 53011 290; 194 (210) 153 (184) 135 (161) 302

a All frequencies are in crit. The harmonic IR intensities (10 km/mol) are given as subscripts. See the footnote of Table 2 for the basis sets.
b The experimental; and v, for the Cs+H,O complex are 3758 (20), and 3636 (3) Cmrespectively:?

between polarizabilities and dispersion enerdfdhis indicates 12
that the magnitude of dispersion energies would be quite

substantial in the case of interactions involving the;NEeation. 0 P
Given our recent investigations of these cations in the context
of cation—z interactions!* one may expect that the electrostatic
and induction energies of Nf-H,O would be similar to those 6
of K*-H,O complex. However, the magnitude of the electrostatic RbH,O0 -
and induction energies in the case of the N#H,O complex 4 'CS'-1|:('J/_r”"i<'-1|30

is nearly 1.4 and 2.3 times (or 7.0 and 3.6 kcal/mol) higher ’ ¥

than the values observed in the 1,0 complex, respectively “10 s 20 a5 30 35

(Table 3). The H atom in Nkt, which is interacting with the AHE*P (keal/mol)

O atom in the water molecule by H-bonding is responsible for Figure 6. Calculated force constank (= u? in (dyne cm?): 4.

these enhanced energies. . .
. ’ ; o reduced massp, frequency) for the intermolecular stretching mode

Itis instructive to examine the nature of binding of the second (s)) vs experimental enthalpy (same basis sets in those of Figure 3).
water molecule to the catierwater monomer complex (Table
4). It becomes evident from these calculations of the {M  tg the average of the asymmetric and symmetric stretches of
HZO)‘HZO interaction energies that the blndlng of the second the water monomer) indicates that the magnitude-@"H red
water molecule to the (M-H,O) complex is nearly as strong  shifts increases with both an increase in cluster size and an
as the binding of a single water molecule to a bare cation. increase in the size of the metal cation. This is very much unlike
Important differences, however, emerge in the magnitude of the the interactions of solvated anions, wherein the more strongly
individual interaction energy components. Although there is a hound anions induce much larger red shifts. The significantly
decrease in magnitude of the electrostatic, induction, and |arger red shifts observed in clusters containing the larger cations
repulsive exchange energies, there is a small increase in thecan also be attributed to the formation of watermter hydrogen
magnitude of the dispersion energies. This increase is moreponds. One can readily note that the vibrational spectra give a
pronounced in the more stallz conformer of the Rb (H20) lot of insight into the structure of the ierwater cluster. In
and Cs (H20), complexes due to the watewater interaction.  particular, they provide valuable clues to the emergence of an
To explain the stability of th€s conformers of the Rb(H20), intermolecular waterwater hydrogen bond. Thus, though an
and Cg+(H20), complexes over that of the corresponding intermolecular waterwater hydrogen bond appears in clusters
D2y conformers, we present a comparison of the interaction (n > 4) for Li+ and N4, it emerges much sooner for both Rb
energy components of th€s and Dzy conformers of the  and Cg. Unlike ion—water clusters involving metal cations,
K*+(H20), Rb™+(H20),, and Cs+(H20), complexes in Table  the clusters involving organic cations exhibit much larger red

5. We believe that this conformational preference is due to shifts. Additionally, the magnitude of red shift decreases with
the enhanced electrostatic and dispersion energies observed iRn increase in the cluster size.

case of theCs conformers of the water dimer complexes of the  pecause there have been no reports of the anharmonic
larger cations. For K(H20)z, theCs conformer merges into the  reqencies for the catieawater monomer complexes, we have
D2q conformer. A more detailed explanation of this conforma- presented them in Table 6. It is interesting to note that the
tional preference will be presented elsewhére. magnitude of the intermolecular stretching mo®) (uw?*
Vibrational Frequencies. Most of the experimental data on  force constant or the frequency square multiplied by the reduced
vibrational frequencies is based on the observations of-thél mass of the cation and the water molecule] is correlated to the
stretching modes of these iomater clusterd:**2°Though it strength of the ionwater interaction. The linear relation of the
is desirable to carry out a detailed analysis of the vibrational ¢glculated anharmoni® mode and the experimental enthalpies
spectra of these iorwater clusters, such a task requires a (Figure 6) indicates that one could obtain reasonably accurate

detailed comparison of the spectra of several conformers for estimates of the experimental enthalpies based on knowledge
different cluster sizes. However, in the context of this paper of the anharmoni&, mode.

wherein we discuss the trends in the properties of lowest energy
structures of these ierwaters, it is useful to examine theOH
vibrational spectra as a function of both cluster size and the
nature of the cation. Figure 5 wherein we have plotted the shifts
in the calculated-OH harmonic vibrational spectra (with respect

He”

"N H,0

Concluding Remarks

The present theoretical study yields several insights into the
nature of interactions prevalent in small catigwater), (n =
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1-6) clusters. Apart from providing the most consistent
theoretical comparison of catietwater interactions involving
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