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The structures, the energetics, and the spectra(bf:®); have been studied at HF and MP2 levels with the
basis set of triple-zeta plus two sets of polarization functions (TZ2P) for water molecules. Two structures con-
sidered are 3+@), and 2+1 (). The 2+1 Cy) has two hydrogen bonds between the primary hydration and

the secondary hydration shell water molecules. They have similar binding energy and enthalpy. The most stable
conformation of K(H2O)s is entropy driven as shown in NlEl20)s and in N&(H2O)scases. The 3+Dg) con-

formation is the most stable at 298 K and at 1 atm, based on Gibbs free energy di@ngeébd thermal
contributions to the enthalpy and the Gibbs free energy are corrected for the low frequency modes. The correct-
edAG; is in good agreement with the experimental value. Vibrational frequencies of two conformations are
revealed as their characteristics.

Introduction the hydrogen bond. In Niavater clusters, the conformation
4+1 (Cy) was as stable as the 5€Q)in n=5 and the confor-
Accurate study of solvated metal ions is essential in thenation 4+2 D2g) was more stable than the 5€1;)in n=6
ultimate understanding of ion solvation, metal-ligand coor-at low temperature. But the 5+Q2f and the 5+1,) clus-
dination, and biomechanism in metallo-enzydé# num-  ters became more stable than the 43;) énd the 4+2[02q)
ber of experimentéi® and theoreticét?la22b.c23stydies of at room temperature, owing to the entropy effect. This
ion solvation have been reported. In particular, iBns  means that the entropy controls the conformational change,
hydrated by intracellular water are essential to osmotic corie, the outer shell water comes into the inner shell.
trol in biological systems. There have been several experi- We think that this system is the second example of
mental and theoretical studies of the hydration bE#tion;  entropy-driven structure in hydrated alkali metal ion system.
Thermal binding energies of KgB)." (n=1-6) are available It is important to find the correct structure in order to give a
from experiments by Dzidic and Kebaflelowever, infor-  guide towards the best potential fit for metal-water interac-
mation for the conformation could not be obtained from thetions. Therefore, we investigated the energetics and the ther-
experimentPrevious theoretical studies have used only thenodynamic quantities of 3+0 and 2+1 conformations of
enthalpies to get the conformational informations. GlendenK*(H-O)s. The post-Hartree-Fock methods were employed
ing et al?® performedab initio calculations on various in order to increase the reliability of the results and to evalu-
hydration structures of a number of alkali metals. Theyate the impact of electron correlation on binding energies,
showed the conformations 2+Iy(), 2+1 Cs) and 3+0 D3) structures, zero point energgRE) and vibrational frequen-
for K*(H20)s. Here, notation "prrn, (Symmetry' denotes cies. Since these two conformations have different patterns
the cluster structure where the ion hasmd i water mole-  of vibrational frequencies and those are useful informations
cules in the primary and in the secondary hydration shellsn the identification of the KH»O)s structures in experi-
They compared the stability of conformation with the bind-ments, we also report the vibrational frequencies for each
ing energies and the binding enthalpies, and suggested thaanformation.
2+1 (Cz) should be in the global minim@mwith their
MP2/pCVDZ/aug-cc-pVDZ dissociation energies and bind- Calculation Methods
ing enthalpies. It should be noted that the binding enthalpy
difference between the conformations 2<%, and 3+0 The Hartree-Fock (HF) and the second-orderli®-
(D3) for K+(H20)sis only 1.2 kcal/mol at room temperature. Plesset perturbation (MP2) calculations were performed
We have emphasized the importance of entropy contribuwith the GAUSSIAN 94 suite of prograrfSA basis set of
tions in determining the stable conformation and the primaryriple-zeta plus two sets of polarization functions (TZ2P)
hydration number of the N@&1.0)s and Na(H.O)s clusters  was employed for water molecules, as described in the pre-
at room temperatur@:212Energetically favorable conforma- vious report®-21aof aqua-Na(l) clusters. For the kon the
tions have bridged-type hydrogen bonds between the watef44s10p3d)/[8s7p3d] basis set was employed, which was
in the primary and in the secondary hydration shells. Thiextended from (14s9p)/[8s5p] by Ahlricesal?® The coef-
conformation has larger zero point energi) because of ficients and exponents of the basis set foc#tion are listed
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Table 1 Exponents and Expansion Coefficients of the Basis Setfor K

(14s/8s) (10p/7p) (3d)
exponents coefficients exponents coefficients exponents coefficients
182594.27324000 -0.00022775 891.05446872 0.00218429 1.00000000 1.00000000
27369.00498600 -0.00176640 211.01581996 0.01758911
6229.17379710 -0.00919497 67.67141238 0.08177747 0.25000000 1.00000000
1764.58234860 -0.03745508
577.05120588 -0.12204454 25.27148810 0.24565632 0.06250000 1.00000000
210.24933364 -0.29898972 10.13895897 0.43398377
82.61783064 -0.40514697 4.20186272 1.00000000
33.23318452 -0.29253151
1.60294672 1.00000000
8.10649021 1.00000000 0.61461253 1.00000000
3.33402588 1.00000000 0.22199301 1.00000000
0.84554422 1.00000000 0.03837500 1.00000000
0.32821627 1.00000000
0.09375000 1.00000000
0.02643500 1.00000000

in Table 1. All the geometries were fully optimized at the -
above levels of theory. The vibrational frequency analysis ZPVE= 0. ENhCZV'

was done, and these uncorrected values were used to calsuherev; is theith harmonic vibrational frequency expressed
late the zero-point energieZRE) and thermal quantities. To in cnr® (more rigorously called the harmonic vibrational
investigate the electron correlation effect on the bindingvavenumber) anbllhcis the appropriate energy conversion
energies, the MP2 calculations were performed at the HFactor. This expression is not precise since it does not take
optimized geometries (MP2//HF). To prevent an artificial into account the effects of anharmonicity. Knowledge of
increase in binding energy, BSSEC (basis set superpositioribrational frequencies also plays a vital role in determining
error correction) was applied to the binding energies througkhe thermal contributions to enthalpy and entropy which can
the counterpoise correction (CP) procedure of Boys and Bebe expressed as

nardi?® However, the CP correction has been criticized both

for overestimating and underestimating the “true" magnitude _ 1 Ovin - heo
of this phenomeno#¥.In particular, we find that the thermal (1= Nk.z [29”’ exp(o,,/T) - JJ Bup= hov/k
quantities with BSSE correction tend to be seriously under- B
estimated in comparison with the experimental values, while g (T)=_N kTZ In Q. Quin= eXp(—hCVi/_Zk-D
those without BSSE correction are closer to the experimen- 1-exp(-hcvi/KT)
tal ones. In some papers aqua-alkali Métaid aqua-alka- Hyin(T) = Gyin(T)

line earth metal complex®& have been reported with the Sin(T)=
BSSE-uncorrected BEs. Del Bene has also said that in the
calculation of proton affinities, the BSSE-uncorrected BEswhereN is the Avogadro's number.
are in better agreement with experimental vatdiés.cases Inspection of the above equations indicates that small fre-
when basis sets employed are reasonably well balanced sugbencies contribute more to the thermal contributions to
as in this study, our point is that binding energies withouenthalpy, Gibbs free energy, and entropy than larger frequen-
BSSE correction should be compared with the experimentalies. We note also that when the vibrational frequency
values. becomes zero at constant temperature, the absolute values
The thermal quantities are evaluated under ideal gas arfdr G,in(T) andS(T) tend to be infinityj.e, this approxima-
rigid rotor-harmonic oscillator approximation. The rotation- tion may have overestimated the absolute values,gfT)
al and the translational contributions to the thermal quantiand S,(T). In other words, the dominant error in the above
ties at 298 K and 1 atm are taken from the classical exprespproximation may be the failure of the harmonic approxi-
sions. When conformation is chiral, it is appropriate that themation for low-frequency vibrations which are rotational in
AS and theAG; of the chiral conformation are corrected by nature. In our loosely bound complex system, there are
RIn2 and RTIn2, respectively® whereR is the gas constant. many low vibrational frequencies. In this case, it is often
The vibrational contributions are evaluated with the unscalmore appropriate to calculate the thermal component associ-
ed normal mode frequencies obtained at the same level afted with these modes using a hindered rotator approxima-
theory used to compute the binding energies. In the simplesion. In this work, we performed a normal mode analysis to
harmonic oscillator approximations, zero-point vibrationalidentify the torsional mode among the low vibrational fre-
energy ZPVE of a molecule is evaluated theoretically from quencies, and evaluate the reduced moment of inertia as sug-
the equation; gested by Pitzer and GwidhOn the basis of the structural

T
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parameters of the equilibrium geometry, the principal
moments of inertiax10-38 gcn?) are found to be+3.47,
1,=3.47, and &6.88. The reduced moment of inertia for
internal rotation was calculated according to the equation:

whereAy, is the moment of inertia of the top about its own
symmetry axis,A; is the direction cosine of the angle
between the top axis and thi principle axis of the entire
molecule, and lis the corresponding moment of ineriiag

b, ¢). For 3+0 conformationA,~=1.92x104° gcn¥ and
1/=1.91x1040 gcn?. The symmetry numbeoy) for the top
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2+1 (Cw) 3+0 (D3
Figure 1. Structures of 2+1Q,v) and 3+0 D3).

water molecules. 3+@g) is a propeller-like structure. The
pyramidal structure of 3+0Cg) obtained at HF level by

is 2. Corrections for the hindered internal rotation of theFelleret al?32was not a local minimum at MP2 level. The

three water tops were applied with the approximate hindere
rotator partition function of Truhl&P, which is expressed in
terms of switching function:

v 87FI KT
Qm = /—hzofn

h #Qui
thn = Qvﬁ)rtanh%mr_?vl_bg

Under the above partition function, the thermal contribu-

glectron correlation gives a significant effect on the struc-
tural parameters (the K-O distance and the HB distance) and
the binding energies. For example, electron correlation at the
MP2 level shortens the K-O distance by 0.04 A, and the HB
distance by 0.15 A relative to the HF values, and these struc-
tural parameters show that electron correlation effect stabi-
lizes further the 2+1Q,,) structure with hydrogen bonds.
That is, the water-water interaction in HF level is underesti-
mated. When the binding energies are compared for these
two conformations, 3+00) is slightly more stable in HF
energies, but 2+1%,) turns out to be somewhat more stable

tions to enthalpy, entropy, and Gibbs free energy was calcyn MP2 level.

lated according to the equations:
Ghin (T) = -RTIn Qnin
Nho Q!

H in T = HVi T - =
nin( 1) o) sinh(2Q"hcv/kT)

Hhin(T)_Ghin(T)

Snin(T) = T

Results and Discussion

Structures and Energies 2+1 (C,) and 3+0 D3) struc-

Vibrational Frequencies Table 3 lists the HF and the
MP2/TZ2P-predicted vibrational frequencies, IR intensities,
and Raman activities for these two conformers. Theoreti-
cally predicted vibrational frequencies and IR intensities of
the OH stretching modes have been useful in identifying the
unknown conformation in experiments. Therefore, the MP2-
predicted OH stretching IR vibrational spectra for 2&4)(
and 3+0 Ds) are shown in Figure 2. The dotted lines denote
the IR spectra for the free water monomer. The details are
referred in Tables 3 and 4.

The calculated frequencies may be divided into three
regions according to the normal modes. There is no serious
difference between HF- and MP2-predicted vibrational fre-

tures are shown in Figure 1 and their geometric parameterfuencies in low- and mid-frequency range. In the low-fre-
are listed in Table 2. Table 2 also shows their HF, MP2//HFguency region, there appear intermonomeridgl and water

and MP2 energies. In 2+C4) conformation, the secondary
hydration shell water molecule forms two HBs (hydrogen

molecules) coupling motions having very low IR intensities
and Raman activities [such as-Water (K-W) stretching

bonds) of bridged style with two primary hydration shell and W-K-W bending motions]. The low-lying frequencies

Table 2 HF and MP2/TZ2P Energies and Geometric Parametery ldt®):2

Conformation Level Energy r(K-O) r(O-H) O(H-O-H) r(O---H)
2+1 Coy) HF -827.2562 2.666/4.451 0.942 0.948/0.944 106.9/106.2 2.075
MP2//HF -828.3342
MP2 -828.3372 0.960 0.969/0.963 105.4/104.7 1.923
3+0 Ds) HF -827.2585 0.943 105.7
MP2/HF -828.3332
MP2 -828.3354 0.962 103.9

aEnergies are in hartree, distances in A, and angles in degree. Primary/secondary hydration shell.
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Table 3 HF(MP2)/TZ2P Frequencies (ch IR Intensities (km/mol), and Raman Activities (Rarnf/afnu) for 3+0 D3) and 2+1 Cz)?

Mode 3+0 69 Mode 2+1 C)
Sym. Y IR Ram Sym. y IR Ram
Ys e 4185 (3929) 130 (106) 40.1 Vs by 4178 (3911)  149(135) 27.3
& 4185 (3929) 175(147) 0.0 a 4176 (3911) 52 (40) 69.0
b, 4173 (3908) 314 (263) 6.2
Y1 a 4104 (3830) 0O (0) 171.6 Vi a 4094 (3810) 17 (11) 41.2
e 4103 (3829) 86 (63) 16.6 a 4045 (3721) 458 (570) 167.6
b2 4031 (3697) 70 (168) 19.9
Y2 a 1787 (1684) 0 (0) 1.9 2 a 1803 (1710) 44 (19) 0.2
e 1786 (1683) 165(124) 2.4 b 1779 (1678) 78 (58) 2.9
a 1771 (1661) 173 (129) 25
Y =) 366 (340) 644 (477) 0.0 Yoo by 637 (692) 370 (249) 0.1
e 362 (340) 274(178) 0.5 & 571 (635) 0 (0) 0.4
e 346 (319) 3 (74) 0.4 a 501 (517) 82 (83) 0.0
=2 331 (308) 22(108) 0.0 b2 475 (485) 459 (401) 0.1
& 86 (94) 0 (0) 2.2 b2 392 (386) 0 4 0.4
e 41 (48) 0 (0) 0.5 by 276 (263) 200 (256) 0.0
= 269 (262) 0 (0) 0.0
% 241 (245) 0 (0) 2.8
by 233 (232) 66 (26) 0.4
yeew e 194 (207) 7 (5) 0.0 YW a 221 (240) 5 (2 0.0
ydew a 156 (165) 0 (0) 0.0 yeew b, 203 (217) 14 (14) 0.0
Yok e 19 (15) 0 (0) 0.0 VoKW 4 ykew a 162 (197) 8 (13) 0.0
ARSY & 14 (11) 0 (0) 0.0 Yok b 114 (144) 0 (0) 0.0
VoKW - ykew a 73 (81) 3 3 0.1
YW by 46 (50) 4 (6) 0.0

Vw: The intermonomeric water vibrational modes. Subscripts s, b, r, and w of mode frequeme#sthe following: s=stretch, b=bend, r=rock, and
w=wag. The HF/TZ2P frequencies of the water monomeya#130,y,=1753, and=4229 cm' and MP2 frequencies aye=3855,y,=1654, and
Vs=3975 cm.

Table 4. HF(MP2)/TZ2P Predicted Vibrational Frequency Shifts in
the Monomeric Water in the Cluster Relative to the Free Water
20 | . 2+1 (Ca) Monomer, Vibrational Frequencies of the'-Water Stretching
Modes ¢“W), and the Maximum Frequencies for the Inter-
monomeric Water Vibrational Modeg.f2) (cn?)
Conformation Ay Ay> Ays YWy
10k 2+1Co) -99~-36 1850 -56~-51 221~203 637

(-158 ~ -45) (756) (-67 ~-64)(240 ~217)(692)
3+t0D;) -27~-26 33~34 -44 194 ~ 156 366

(-26 ~-25) (29 ~30) (-46) (207 ~165)(340)

0 UL L

201 3+0 (D3)

(11) cn1! (&) for 3+0 and 46 (50) crh (b,) for 2+1 corre-
spond to the out-of-plane W-K-W bending modes. The out-
of-plane bending mode of 2+1 is the wagging mode *ef K
cation center and two primary water molecuig®{-"). In
2+1 Ca), YWKW (by) is for the in-plane rocking mode of
two primary water molecules at the center of éation
against the secondary hydration shell wajg:<"W+yK-W
; (au) are for the in-plane bending mode df ¢ation and two
i : primary water molecules coupling with the stretching mode
A : of K* cation and the secondary water.
0 * : * In the mid-frequency region, there are the water wagging
3600 3800 4000 and/or rocking motions, which are called the intermono-
Figure 2. MP2-predicted OH Stretching IR Vibrational Spectra for meric water vibrational motions, which have strong IR
2+1 (C2) and 3+0 ). intensities but weak Raman activities. Their frequencies are
denoted byw. In 2+1 C) which has two bridged-type
of 2+1 (Cx) which has somewhat strong HBs are higher tharHBs, the MP2-predicted vibrational frequencigg ©f the
those of 3+0[3). The lowest HF (MP2) frequencies of 14 intermonomeric water vibrational motions are increased in

10
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comparison with the HF-predicted vibrational frequencieswater and water. Because the water-water interaction is
owing to the stronger water-water interaction. On the othefmportant in these systems, electron correlation effects can
hand, in 3+03) the MP2-predictegl,-values are decreased not be ignored. 3+@) is more stable in HF-BE&AE. and
in comparison with the HF-predicted ones. The HF (MP2)AES), but 2+1 C,,) is more stable in MP2//HF and MP2-
maximum frequencies of the intermonomeric water vibra-BEs QAE. andAESB). We have studied the effects of the elec-
tional modesy,™, are 637 (692) crh (b, symmetry) for  tron correlation at the HF-predicted geometry. The differ-
2+1 (C,) and 366 (340) cr (ap) for 3+0 D3) as shown in  ences between MP2//HF and HF-predicted binding energies
Table 3. Especially torsional modes of three water moleculesould be considered as the electron correlation effect at HF-
attached to the metal ion appear at 86 (84)dnd 41 (48) geometries, and the differences between MP2//HF and MP2
cnr! (e) of HF (MP2) frequencies in 3+M§), while tor-  binding energies could be due to the effect of differences
sional modes appear above 200tim 2+1 Cy). between the HF and MP2 geometries. The electron correla-
In the high-frequency region the modes are water monation effect for the binding energy at the HF-SCF predicted
meric vibrations [symmetric stretchings), asymmetric  geometry shows that in the 24T, the differences of the
stretching ¥s) and bendingy) of H,O]. Very intense IR  binding energiedE. (AES) are increased by 4.8 (2.8) kcal/
intensities appear in all three water monomeric vibrationamol compared to HF predicted value, while in 383)(
modes, while strong Raman activities appear only in watethose are 2.8 (1.3) kcal/mol. The relative binding energy dif-
monomeric stretching modeg éndys). ference induced by electron correlation for these two confor-
Table 4 lists the vibrational frequency shiffss( Ay, and ~ mations is about 2.0 (1.5) kcal/mol. The geometry optimi-
Ays) of the monomeric water molecules in the agualkis-  zation under the electron correlation effects further stabilizes
ters relative to the intra-water vibrational frequencyesy, this 2+1 C,,) conformation by 0.5 (0.1) kcal/mol. The corre-
andys) of the water monomer and the vibrational frequen-lation effect stabilizes the 2+1Cf) conformation, by 2.5
cies of the K-water stretching modegf"), as well as the (1.6) kcal/mol, more than 3+@§) conformation. Therefore,
maximum frequencies of the intermonomeric water vibra-this 2+1 C,,) conformation is more stable and the relative
tional modes \,"). The red-shifts of the stretching fre- binding energy difference become 0.9 (0.2) kcal/mol. The
guencies ¥y andys) of the monomeric water in the clusters results from the previous theoretical work with pCVDZ/aug-
and the blue-shifts of the bending frequencigg are  cc-pVDZ basis sets predicted 1.7 kcal/f#®l.

observed clearly. The largest frequency shift (-158! ¢an At 0 K the conformational stability must be decided by the
v1) appears in MP2 results for 2+C,() having two HBs.  binding energy corrected by zero point energies. As shown
This is one of the characteristics of 2+1 conformation. in Figure 1 and in the vibrational frequency analysis this 2+1

Binding Energies and Thermodynamic QuantitiesBind- (C.y) conformation has more tightly bound water molecules.
ing energies and thermodynamic quantities are correspondifZPEs of 3+0 are smaller than those of 2+1, as shown in
to the following reactions, Table 5. In the present study of (K.0)s, AZPE difference

. . between HF-SCF and MP2 levels is about 0.1 kcal/mol. A

E+ I §$8 - EgEZg;?’(H o) ?;(i %3)) striking thing is thatAZPE at MP2 level has larger value

- ZET2 2 than the value at HF-SCF level in 24\ conformation.
where (HO)' is the secondary hydration shell water mole-We further analyzed the origin AZPE difference for this
cule. Table 5 lists the binding energia&d AES, andAEy), K*(H20); system because larger clusters were limited to HF-
the zero-point energy changesZPE) and thermodynamic SCF frequencies. Previous studies have applied the constant
quantities AH, andAG,) of 2+1 Cz) and 3+0s). AEEBisthe  scaling method or the exponential scaling methimdorder
binding energy/Ee) with BSSE correction amE, is the sum  to improve the agreement with experiment and evaluate the
of AE. and theZPE change4ZPE) for the above reactions. thermodynamic quantities including zero-point energy,

Clusters containing a metal ion and water molecules mappecause HF and MP2 calculations tend to overestimate nor-
have several conformations. The conformational stability ignal mode frequencies (such as the stretching modes for the
decided by the interactions between metal and water, ovater monomer). Since th&/PE is the difference iZPE

Table 5 HF, MP2//HF and MP2/TZ2P Binding Energies and Thermodynamic Quantitiegtéf®):2 The thermodynamic quantities are
evaluated at 298.15 K and 1 atm

. HF MP2//HF MP2 AZPE
Conformation
AE. (AES) AE. (AES) AE, AE. (AES) AE, HF/MP2

2+1 C2) -45.3 (-44.2) -50.1 (-47.0) -44.2 -50.6 (-47.1) -44.6 5.9/6.0

3+0 ©3) -46.7 (-45.7) -49.5 (-47.0) -45.6 -49.5 (-46.9) -45.7 3.9/3.8
Conformation MP2//HF MP2 expb.

AH; AG, AH, AG AH, AG
2+1 C2) -46.5 -23.0 -46.5 -22.9 472 266
3+0 (D3) -46.1 -29.0 -46.1 -29.3

aEnergies are in kcal/moPReference 6.
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between the complex system and the isolated monomer sygable 6 The correction of thermodynamic functions for the

tems and the high intramonomeric vibrational frequenciegortional modes with the hindered rotor approximation at 298.15 K.

are almost off-set, thAZPE depends mainly on the sum of The reduced moment of inertia for the rotation of water molecule is
L ' S . . 1.91x10*° gcn?, and the symmetry numbery) is 2

the low lying intermonomeric vibrational frequencies due to -

the metal-water or the water-water interactions. There are v (enr) G (keal/mol) H (kcal/mol) S (cal/molK)

not significant differences in the structures and the energetdarmonic Oscillator 48 -0.865 0.595 4.897
ics between the HF and MP2 calculations féswater sys-  Hindered Rotor -0.608 0.391 3.349
tem, thus the HF and MP2 intermonomeric vibrationala: 0.257 -0.205 -1.548

frequencies do not give a significant difference as previousl#armonic Oscillator 94 -0.463 0.603 3.574
mentioned in vibrational analysis part. Thus, the zero-poinHindered Rotor -0.405 0.515 3.088
energy difference is insensitive to the changes in the level @ 0.058 -0.087 -0.486

theory, too. Such as water clusters and particularly aqua-ion Total correction 0.572 -0.497 -3.582

clusters, theAZPE is reasonably well described at the HF
level?12 In these molecular complex systems the generallyriately as hindered internal rotations. Since the harmonic
used constant scaling approximation is not a good methoascillator approximation may overestimate the vibrational
Kim et al?! applied an exponential scaling factor to their fre-thermal contribution to the Gibbs free energy, the predicted
guencies using the expressipfscaled)y; exp(-ay), where  AG; has the artificially decreasing value. Three water torsional
o is a constant chosen to give the best agreement betweemdes, which have the normal vibrational frequencies (48, 48,
experiment and RHF frequencies for water. Since this scabnd 94 cnt), are corrected with the hindered rotator partition
ing method has minimal effects on low frequency modesfunction (Table 6). The hindered rotor correaéti andAG,
this is a better approximation than constant scaling methofbr the 3+0 D) are -46.6 kcal/mol and -28.7 kcal/mol com-
for the thermodynamic quantity evaluation. pared to -46.1 and -29.3 kcal/mol, respectively. These values
As previously mentioned, the conformational stability wasare closer to the experimentally obtained thermal quantities
determined by the binding energy corrected by zero poinfAH,=-47.2 kcal/moandAG,=-26.6 kcal/mol). The correction
energies at 0 K. The zero point energy difference betweefor the metal-water bending modes and the metal-water
these two conformations is about 2.0 kcal/mol regardless dftretching modes will decrease the Gibbs free energy change
the level of theory, and this value is larger than the bindindurther and increase the enthalpy change, and the difference
energy difference (0.9 or 1.7 kcal/mol) of these two com-between the theoretically predicted and experimentally
plexes. The zero point energy corrected binding energiesbtained values will be disappeared. However, if we use the
(AEy) for the 2+1 C,,) and 3+0 D3) are 44.6 and 45.7 kcal/l BSSE corrected binding energies, the difference increases
mol, respectively, and the difference is 1.1 kcal/mol. Wemore and more. These results show that the CP correction
found that the most stable conformation at 0 K should beverestimates the true magnitude of BSSE in this system.
3+0 (Ds) regardless of the level of theory. The added water molecule exists either in the primary
AEy shows that 3+0 conformation is more stable than 2+1hydration shell or hydration one. It is very interesting to
We estimate the thermodynamic functions using the harstudy the conditions which determine the location of the
monic oscillator-rigid rotator approximation for vibrational- molecule. From this study, the enthalpy effect maximizes the
rotational partition functions. As the temperature increasesjumber of HBs of the clusters, while the entropy effect
vibrational enthalpy and entropy are more affected by théncreases the coordination number of metal ion as in the pre-
low frequencies than by the high ones. The enthalpy contrivious studies of Nawater cluster§®22aThe competition
bution is positive, whereas the entropy contribution is negabetween enthalpy and entropy effects determines the loca-
tive. The free energy tends to decrease as the temperaturen. In this and previous studies, the conformations have the
increases. Enthalpy predicts that the 2€3,)( which has  similar successive binding energies, which are almost same
less low-frequency modes, is more stable by 0.4 kcal/mol, ags the interaction energy obtained from the two hydrogen
Feller and coworker's prediction (1.2 kcal/n¥8Plf these  bonds, but these energies have quite different origins. One is
two conformations have the same entropies, the stability couldharge-dipole interaction, another is water-water interaction.
be determined by binding enthalpy. Since this conformatiorOur results show that the entropy term prefers the charge-
(with less low-frequencies) is less activated, the vibrationatlipole interaction to the water-water interaction. This
entropy change is also smaller than in the ) ¢onforma-  entropy effect for the hydration shell seems like "inertia
tion. The predictedG;'sfor the 2+1 C) and 3+0Ds), how-  effect of the coordination number”, and increases the coordi-
ever, are -22.9 and -29.3 kcal/mol, respectively. Based onation number of the metal ion.
Gibbs free energy change8Q;), conformation 3+00s) is
more stable by 6.4 kcal/mol at 298 K and 1 atm. We note that
the entropy effects stabilize this conformation by about 6.8 In contrast to previous studies which used only the enthal-
kcal/mol compared with 2+1 conformation. pies to compare to the conformational stability, this study
In many cases the dominant error in such a treatment maysed the free energies. When conformations are almost iso-
be the failure of the harmonic approximation for one or moreenergetic in binding energies, the conformational stability should
low-frequency vibrations that would be treated more approbe determined by the Gibbs free energy, not by enthalpy. As we

Conclusions



The Importance of Thermodynamic Quantities

compare the zero point energy difference in the levels of HF13.

SCF and MP2, this value is independent of the applied levels

of theory. We calculate the thermal contributions to enthalpyl4-

and Gibbs free energy under the rigid-rotor and harmonic
oscillator approximation. The vibrational thermal quantity
evaluation by the generally used constant scaling approximei-
tion is not a good approximation. Our MP2/TZ2P calculations
predict that the most stable conformation fofHkO); should

be 3+0 D3) at 0 K and 298.15 K. The predicted Gibbs free
energy change is -29.3 kcal/mol under the harmonic oscillator

approximation. For the low frequency mode, which is the tor-18.
sional mode of water molecule, the thermal contributions td.9.

the enthalpy and Gibbs free energy are corrected under the
hindered rotator approximation. This correction value (-28.7
kcal/mol) is in good agreement with the experimentally obtained
value AG=-26.6 kcal/mol), while the Gibbs free energy change
(AG=-22.9 kcal/mol) of previously predicted 2+@,) is far

from the experimental value. Thus, it is expected that calcula-
tions which are more accurate than the present study would not
change our conclusion. The most stable conformation of
K*(H20); ion is shown to be entropy driven such agN#D)s

and Nd(HO)s ions. This study also shows that the unknown

conformation should be determined by the Gibbs free energy.21.
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