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Many of the group IA and IIA metal ions, such as Na*, K*, Mg?*, and Ca?*, play crucial roles in biological functions.
Previous theoretical studies generally focus on the number of water molecules bound to a particular (as opposed
to all) alkali or alkaline earth cations and could not establish a single preferred CN for the heavier alkali and
alkaline earth ion—water complexes. Crystal structures of hydrated Na*, K*, and Rb* also cannot establish the
preferred number of inner-shell water molecules bound to these cations. Consequently, it is unclear if the gas-
phase CNs of group IA metal hydrates increase with increasing ion size, as observed for the group IIA series from
the Cambridge Structural Database, and if the same factors govern the gas-phase CNs of both group IA and IIA
ion—water complexes. Thus, in this work, we determine the number of water molecules directly bound to the series
of alkali (Li*, Na*, K*, and Rb*) and alkaline earth (Be?*, Mg?*, Ca?*, Sr?*, and Ba?*) metal ions in the gas phase
by computing the free energy for forming an isolated metal-aqua complex as a function of the number of water
molecules at 298 K. The preferred gas-phase CNs of group IA hydrates appear insensitive to the ion size; they are
all 4, except for Rb*, where a CN of 6 seems as likely. In contrast, the preferred gas-phase CNs of the group IIA
dications increase with increasing ion size; they are 4 for Be?*, 6 for Mg?* and Ca?*, and 7 for Sr?* and Ba?*. An
entropic penalty disfavors a gas-phase CN greater than 4 for group IA hydrates, but it does not dictate the gas-
phase CNs of group IIA hydrates. Instead, interactions between the metal ion and first-shell water molecules and
between first-shell and second-shell water molecules govern the preferred gas-phase CNs of the group IIA metal
hydrates.

1. Introduction all types of ligands show that the preferred CN is 6 for'Na

Nearly half of all proteins contain metal cofactors, which Put 4 for the smaller Li and larger K, whereas complexes
are essential to life. The metal's primary coordination containing only water molecules show that the preferred CN

number, referred to below as simply the CN, governs the 'S 4 for Li*, indeterminate for Nj and uncertain for K1 _
three-dimensional structure and thus the properties andBecause many of the group IA and IIA cations are crucial
function of the metal complex. A recent Cambridge Structural for biological function, it would be of great interest to identify
Database (CSD) survey of the CNs of metal ions in the entire fthe factors determining the preferred'CNs of these metal ions
periodic tablé showed that, as expected, the preferred CN [N the various phases (gas, crystalline, and solution). As a
increases with increasing size of the dication for the alkaline fi'St Step, our goals herein are (1) to determine the gas-phase

earth metal series. Surprisingly, however, it does not increaseCN ©Of an isolated group IA/IA metalaqua complex,
with increasing size of the monocation for the alkali metal defined as the preferred number of water molecules coor-
dinated to a group IA/IIA metal ion in the gas phase (i.e., in
the absence of other interactions such as bulk solvent), and

ga:eTs?n\i’ggoe”&ucg\fl respondence should be addressed. E-mail: carmay@ (2) to identify the factors governing the preferred gas-phase

series; high-resolution (R-facter 5%) CSD complexes with

T Academia Sinica. CNs of these metal hydrates.
iDepartment of Life Sciences, National Tsing Hua University. Many theoretical studies of group IA and IIA cations,
Department of Chemistry, National Tsing Hua University. : : :
) Dudev. M. Wang. 1. Budev. T Lim & Phys. Chem, 2006 hydrated in the gas phase or in aqueous solution, have been
110, 1889. performed 1?2 mostly with the aim of investigating the
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reliability of the calculations and/or reporting the structures, the alkali monocations, It Na*, K*, and Rb, as well as
thermodynamic properties, and spectra of specific ions. Forthe alkaline earth dications, Be Mg?", C&*, SP*, and
example, gas-phase binding energies and enthalpies of grouBa?", in the gas phase by computing the free energy for the
IA2 and group II&7 cations binding to water molecules have binding of n water molecules to each metal ion (Mg of
been computed with different methods with the goal of chargeq at 298 K
determining the theory level and basis set that can reliably
describe the metaiwater distances and energies. Although Me"? + n(H,0) — [Me(H,0),_+(H,0),] (1)
most of the ab initio studies report the lowest-energy
structures for a given alkali/alkaline earth metal hydrate and |n eq 1, the bullet separates the— m water molecules in
the respective energies, a few studies have also computedhe first shell from thenwater molecules in the second shell.
the free energy for water molecules binding to a specific For a given metal hydrate, its preferred gas-phase CN
alkali or alkaline earth ion (rather than all group IA/IIA corresponds to the minimum in the gas-phase free energy
cations) in the gas phase at 298 K. A CN of 4 has been of reaction 1 as a function of The reliability of the structure
obtained for hydrated Liin the gas phase from ab initio  and energy calculations was validated by comparing (i) the
free-energy calculatiofid” as well as in aqueous solution  optimized geometries with the respective CSD structures,
from quasichemical theory and ab initio molecular dynamics and (ii) the computed incremental free energies for the
simulations'®!! From free energies computed at the MP2/ syccessive binding of a water molecule to the metajua
TZ2PIIHF/TZ2P level, researchers found no single preferred complex with the respective experimental values, where
CN for hydrated N&, K*, and Rb; the free energy of a  available.
Na“ or Rb" bound to four water molecules is comparable  This study adds to previous works by including both group
to that of the respective metal ion bound directly to five water |A and group IIA hydrates in order to evaluate the relative
molecules’*?whereas structures of*kbound to four, five,  contributions of the enthalpic and entropic terms to the gas-
and six first-shell water molecules have comparable stabili- phase free energy of eq 1 as a function of ion size and charge
ties? On the other hand, from free energies computed at the distribution. The results reveal that the preferred number of
MP2/6-311-+G**//[RHF/6-31G* level, researchers have metal-bound water molecules in the gas phase is relatively
obtained CNs of 4 and 6 for hydrated Beand Mg", insensitive to the size of the alkali monocation, but increases
respectively. None of the previous studies, to the best of with increasing size of the alkaline earth dication. They also
our knowledge, have compared the preferred CNs of hydratedreveal the physical basis for these trends and the reason the
group IA ions with those of hydrated group IIA ions in the preferred number of water molecules bound to a group IA
gas phase or determined the factors governing their preferredmonocation in the gas phase is not larger than that bound to
gas-phase CNs. the smaller group IIA counterpart.

Despite the plethora of studies on the hydration of group
IA and IIA cations, several important questions remain. For 2. Methods
example, (1) what are the preferred gas-phase CNs of the Geometry Optimization. All geometries were optimized using
bulkier alkali ions, Na, K*, and Rb, in complexes with  the Gaussian 03 prografwith the three-parameter hybrid method
water molecules? (2) Do the gas-phase CNs of monovalentby Becké#in conjunction with the Lee, Yang, and Parr correlation
alkali metal hydrates increase with increasing size of the ion, functional?® B3-LYP, which has been shown to yield good overall
as observed in the CSD for the divalent alkaline earth metal performance from benchmark studies by Zhao and co-wofkers
series (see above)? (3) What are the factors governing theand referenc_es therein. The geometries were optimize_d using the
preferred gas-phase CNs of group IA and IIA metal hydrates §-31G** basis sef 19 02 all atoms except for the heawgr metal
and are these factors the same? (4) What factors account fol°"S: RP» SP', and Ba", which employed the SDD basis gét.

the observed changes in the preferred CNs of certain metal ¢ 031G basis set was chosen because the B3-LYP/6-31G*
9 P optimized geometry of [Mg (kD)s]2" and the respective B3-LYP/

hydrgtes upon solvation? To address these questions, we firsf 514, +G(2df,2pd) and B3-LYP/6-31+G(3df,3pd) electronic
predict the preferred number of water molecules bound 10 gnergies are similar to those computed using the much larger

(2) Bock, C. W.; Glusker, J. Anorg. Chem.1993 32, 1242. 6-31++G** and 6-311-+G(2df,2pd) basis sets (see the Supporting
(3) Glendening, E. D.; Feller, Dl. Phys. Chem1995 99, 3060. Information, Table S1). Correlation-consistent polarized type basis
(4) Kim, J.; Lee, S.; Seung, J. C.; Byung, J. M.; Kim, S. K.Chem.  gets such as cc-pVTZ and their augmented counterparts were not

©) Eng)lrski\l:r?msé%.g?é?usker 3. P. Bock. C. L. Trachtman. M.: Bock. considered, as they are not properly defined for several of the alkali

C. W.J. Phys. Chem1996 100, 3488.

(6) Glendening, E. D.; Feller, Dl. Phys. Chem1996 100, 4790. (13) Frisch, M. J.; et alGaussian 03rev. B.03; Gaussian, Inc.: Pittsburgh,
(7) Pavlov, M.; Siegbahn, P. E. M.; SandsiroM. J. Phys. Chem. A998 PA, 2003.
102 219. (14) Becke, A. D.J. Chem. Phys1993 98, 5648.
(8) Tongraar, A.; Liedl, K. R.; Rode, B. MChem. Phys. Let.998 286, (15) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 B37, 785.
56. (16) Zhao, Y.; Pu, J.; Lynch, B. J.; Truhlar, D. ®hys. Chem. Chem.
(9) Lee, M. L.; Kim, J.; Lee, S.; Byung, J. M.; Kim, S. K. Chem. Phys. Phys.2004 6, 673.
1999 111, 3995. (17) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl973 28, 213.
(10) Rempe, S. B.; Pratt, L. R.; Hummer, G.; Kress, J. D.; Martin, L. M.; (18) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; DeFrees,
Redondo, AJ. Am. Chem. So00Q 122, 966. D. J.; Pople, J. A.; Gordon, M. S. Chem. Phys1982 77, 3654.
(11) Lyubartsev, A. P.; Laasonen, K.; LaaksonenJ AChem. Phy2001, (19) Rassolov, V. A.; Pople, J. A.; Ratner, M. A.; Windus, TJLChem.
114 3120. Phys.1998 109
(12) Park, J.; Kolaski, M.; Lee, H. M.; Kim, S. KI. Chem. Phys2004 (20) Kaupp, M.; Schleyer, P. v. R.; Stoll, H.; Preuss,JHChem. Phys.
121, 3108. 1991, 94, 1360.
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Table 3. Calculated Free Energies (in kcal/mol) for Me- n(H.O) —
[Me(H20)n—m*(H20)m] ™

Table 1. Comparison between Calculateda(d and Experimental
(rexpd) Metal—O(water) Distances (&) in Optimized Gas-Phase and
Crystal lon-Aqua Complexes

n+m Li* Na* K+ Rb*

Mes CN reaicd Me—O) rep(Me—O)° 1 —20.2 ~18.7 ~12.4 —95
Li+ 4 1.946 1.922 2 —51.7 ~34.1 ~23.0 ~18.2
Na* 4 2.269 2.224 3 —65.8 —441 —29.7 —24.1
K+ 4 2.673 e 4 ~743 —51.4 ~36.0 -29.6
Rb* 4 2.870 e 5 ~70.2 ~46.7 ~335 -25.8
B2t 4 1.647 1.6131.620 @+1y ~771 -535 -3838 -311
Mg2* 6 2.098 2.046-2.087 6 —65.8 ~45.8 ~33.7 -31.6
cat 7 2.432-2.513 2.350-2.421 G+ 1) b -50.7 ~34.1 -20.3
st 8 2.630 2.585.2.614 @+ 2) ~78.0 ~55.9 ~39.6 ~32.0
Ba*+ 9 2.725-2.911 e

2The metal ion is bound to one or two water molecules in the second
shell.? A local minimum for the [Li(H:O)s:(H20):]* product could not be
found.

aDistances computed using B3-LYP with the SDD basis set fof,Rb
ST, and B&" and the 6-31G** basis set for the other metal ions and water
atoms.? Experimental values from CSD X-ray diffraction structures, with
the lowest R-factor corresponding to the CN in the tdblgTaken from Table 4. Comparison between the Metal CNs of Isolated Alkali
CSD entrycoveeu; R-factor = 2.6%.9 Taken from CSD entryGIxBAQ; lon—Water Complexes from This Work with Those from Previous
R-factor= 4.6%.® Experimental data are unavailable or are uncertain (see Studies in the Gas Phase, in Crystal Structures, and in Aqueous Solution
Methods).f Taken from CSD entrkipreu01; R-factor= 2.64%.9 Taken

from CSD entryxuxLux; R-factor = 2.79%.h Taken from CSD entry method L- Na K* Rbt

REMNAY; R-factor= 4.24%.! Taken from CSD entryocbug; R-factor= gas-phase calculations, this work 4 4 4 40r6

4.6%. gas-phase calculations, previous studie3 4 4or% 4,5 0r6 4or3
gas-phase experiments and calculations 4 4ef 4¢ 4¢

Table 2. Comparison between Computadd Experimentél crystal structures of the hydrated metal 9(18) #4(2) P h

Incremental Free Energies (in kcal/mol) at 298 K for crystal structures of the hydrated metal (1  69(3)

solution experiments i4 40r6 4or6 3.5

['\/I(E(Hzo)n‘(Hz())m]qJr + H,O — ['\/Ie(Hzo)rpr;['(Hz())m]q+ or

o aqt+
[Me(HzO) (H20)m+1] aFrom refs 8 and 102 From ref 4.¢ From ref 9.9 From ref 12.¢ From

n—n+1 Table 2, see texf.From ref 31.9 From Table 5 in ref 1; the number in
orn+m— ) parentheses is the number of CSD structures with that"@b high-
n+(m+1) Li* Na* K* Rb* resolution (R-factors 5%) crystal structure of the ion bound only to water
0—1 —29.2 ~18.7 (-17.6) —12.4 (-11.4) —9.5 (-9.6) molecules is found in the current CSOFrom ref 29. From ref 33.
1—2 —22.6 (-18.9) —15.4 (-13.2) —10.6 (-8.9) —8.7 (-7.0)
2—3 ~140(13.8) ~100(9.3) —67(-6.3) —59(-5.0) whereEgiec is the electronic energyEr is the thermal correction
3—4 —85(-75) —7.3(-6.3) —6.4(-4.4) —54(-3.8) - . : .
4—5 41 4.7 26 38 term including the zero-point energly is the work term, anc
4—4+1 —28(45F —21(39F —27(32F —-15(2.8Ff is the entropy. The electronic energiés.. were evaluated using
g_’ g 1 4.4 31-8 —g-g —g-g the Gaussian 03 prografwith the B3-LYP functional in conjunc-
— -3. —0. -3. : : ; + +
A4+1-4+2 —09(-25F —24(29F —09(23F —09 tion with the SDD baS|§ set for Rb S, and B&" and the
6-311++G(2df,2dp¥* basis set for all the other atoms. The latter
Mg2* Cet St Ba2* basis set was chosen because it yields a water dipole moment of
56 —16.4 (-16.0) —15.8 (-16.1) —13.5 (-14.5)—10.8 (-12.6) 1.94 D that is reasonably close to the experimental value (1.85 D)
6—7 d -7.7 —10.2 (-10.5) —11.8 (~10.0) and could therefore reliably describe the chardgole interactions
g: g +1  -101¢12.8f ‘15 (-10.9 1s 1 that dictate the metaiwater interactions. The diffuse functions and
7741 90 9.6y 105 9.3y 64 8.8f extra polarization functi_ons in the _6-3%%6(_2df_,2_dp) basis _set_
64+1—6+2 —8.8 (-9.6F are needed to also reliably describe the significant polarization
8—9 —33 —2.8 effects in the ior-water interactions, which largely account for
g:f i é +1 :g'i C7.8r the nonadditive, many-body contributions to the binding enéfgy.
74+1—7+2 —48(-7.8y The computed energies for eq 1 were corrected for basis-set
74+1—9 +5.6 superposition errors using the counterpoise metiddhe thermal

aComputed using eq 2 with the electronic enerdigg. evaluated at
the B3-LYP/(6-313-+G(2df,2dp)/SDD)//B3-LYP/(6-31G**/SDD) level

energy Er, and the total entropyg, were evaluated using standard
statistical mechanical formulas after scaling the vibrational frequen-

and the vibrational frequencies scaled by an empirical factor of 0.9613 (see cies by an empirical factor of 0.9623Partial atomic charges were
Methods).® Where available, experimental values from Kebarle and co- g|so calculated using natural population analysis at the B3-LYP/

workers are given in parenthes€g? ¢ The experimental value matches

the computed number for [Me@@)n:(H20)m] ™ + H,O — [Me(H20)n:

(H20)m+1] " better than that for the corresponding— n + 1 reaction.
d A local minimum for the [Me(HO)n: (H20)m+1] "9 product could not be

found.

and alkaline earth metal ions studied. Vibrational frequencies were

(6-311++G(2df,2dp)/SDD)//B3-LYP/(6-31G**/SDD) leve®

CSD Structures.As we determine the preferred number of water
molecules bound to a given metal ion in the gas phase, we compare
this number to that observed in CSD structures of the respective
metal ion bound to only water molecules. These CSD structures
were obtained in previous wofkywhere the Cambridge Structural

computed using the same B3-LYP/6-31G** method. The fully patapase version 5.25and ConQuest version 26wvere used to
optimized structures do not contain any imaginary modes, verifying gearch for structures with R-facter0.05 for all group IA and I1A
that they are indeed potential energy minima.

Gas-Phase Free-Energy CalculationsThe gas-phase free
energy, AG!, for eq 1 at room temperaturd, = 298 K, was

computed according to

AG" = AE .+ AE; + APV — TAS

elec

@)

(21) Frisch, M. J.; Pople, J. A.; Binkley, J. $. Chem. Phys1984 80,
3265.

(22) Dudev, T.; Lim, CJ. Phys. Chem. A999 103 8093.

(23) Boys, S. F.; Bernardi, MVlol. Phys.197Q 19, 553.

(24) Wong, M. W.Chem. Phys. Lett1996 256, 391.

(25) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.
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Table 5. Calculated Free Energies (in kcal/mol) for #e+ n(H20) — [Me(H20)n—m*(H20)m]?" 2

n+m Bet Mg2*+ cat S+ Ba?™

1 —141.8 —76.5 —51.0 —41.3 —345

2 —251.6 —141.0 —93.3 —76.8 —62.5

3 —318.5 —188.9 —128.9 —105.4 —87.0

4 —357.4 —225.6 —157.2 —-131.1 —-109.1

5 (4+1) —360.6 (-377.7) —245.9 —=177.2 —147.9 —124.5

6 [4+2] —364.5 [-396.7] —262.3 ~193.0 ~161.5 -135.3

7 (6+1) (—272.2§ —200.7 (-204.6) -171.7 —147.1

8 (7+1) [6+2] —199.7 (-209.7) [-213.4] —173.0 182.2) —146.0 (-153.5)

9 (8+1) [7+2] -176.3 —148.8 (-153.5) [-158.3]

aNumbers in round parenthesis and square brackets correspond to structures with one or two water molecules, respectively, in the $eGendhstisil.
optimization of the metal ion bound to all the water molecules in the first shell yielded an unstable structure that spontaneously decompose€to a lowe
structure with one water in the second shell.

: -1 Table 6. Comparison of the Metal CNs in Gas-Phase Alkali Earth
metal ions bound to only water molecules. No such structures with lon—Water Complexes from This Work with the Respective CNs from
R-factor < 0.05 were found for K and Rb" bound to only water Previous Studies in the Gas Phase, in Crystal Structures, and in Aqueous
molecules. The metalaqua complex structures were analyzed for Solution

the metal CNs according to the atoms that were “connected” to a

. S . . . method Bé&" Mg?" ca’ St Bagt

given metal ion in the PDB coordinate file. However, for the single - 9

Ba?*—aqua complex structure (CSD entry, ICEKAD), theBEN gaf};?sh\"l’\‘z‘?kcalcu'at'°”5'4 6 6 7 7

is 9 in the chemical fo_rmgla_and diagram but 12 in the 3D visualizer. gas-phase calculations, 42 6 b b b

Because of the ambiguity in the BaCN, the ICEKAD structure previous studies

was not used in the analyses below. gas-phase experiments? 6° 6° 7° 7
and calculations

3. Results crystal structures of the 49(3)  6(65) 6'(2), ®(5), 89(1) (1)
hydrated metal 84(1)

Comparison Between Computed and Experimental solution experiments 4 6° 6,7,0r8 8 9.5
Geometries.For a metat-water complex of a given CN, a From ref 5.° No data availableS From Table 2, see text.From Table

comparison of the average mef@(water) distance in the 5 in ref 1; number in parentheses is the number of CSD structures with
B3-LYP/(6-31G**/SDD) optimized structures with that in ~ that CN.cFrom ref 29.

the respective CSD structure of the metafjlua complex . . -

with the lowest R-factor shows that the average metal n + 1 free energies fpr the SUccessive binding of water
O(water) distances in the optimized gas-phase structures arénOIe'_zgej tﬁﬂeaﬁhgufaﬂ (())r aII:fh_rlel\jarmwtgmat.erl_lc%mpﬁx,
consistently greater than those in the CSD crystal structures-<" [Me(Hz0)h(H2O)] [Me(HzO)1:(H20)w] ™",
by 0.02-0.09 A (Table 1). The discrepancy between the to the respective experimental numbers in the gas phase
experimental and computed met@(water) distances is where available (see Table 2). Note that it is difficult to

i i i i i 28,29
partly due to the crystal structures being perturbed by the obtain reliaple experimental ¢ 1 free energies for Li

presence of counterions, as evidenced by the unequal bonc’n addition, experimental incremental free energies for group
distances observed for B*e Mg?+, and S#. For example IA dications whenn < 5 have not been measured, because

the fully optimized hexahydrated Mg structure is fully these met.al complgxes POSSESS Very Iarge bor)d energies; thus,
symmetric with a M§"—O distance of 2.10 A, whereas the they require very h|.gh tempgratures .to d'.SSOC'ate the.metal
respective CSD structurguxLux , is slightly distorted by a O(wgtergzl;ond, Wh'Ch. was |nacces§|ble n the experimental
counterion, yielding unequal Mg—O distances that differ studies’®2?° The experimental error in the incremental free

by up to 0.04 A (Table 1). Itis also partly because the CSD energies in Table 2 has_been estlmat_ed tathekcal/mol.
structures are in the crystalline phase, as opposed to gas phaé@ cases where therfa s a clear mismaich between the
in the calculations, and were solved by X-ray diffraction, compgted and experimental — n + 1 gas-phas-e free
which gives atomic coordinates that are at the center of energies, the + m— n +(m+ 1) free energy for binding
gravity of the electron density of the atom rather than nuclear of a watfr molecule in the second shell, |;e., [MeQih-
positions. Considering these differences between the csplHzOnl" + H0 — [Me(H0)yr (H:0)ma]®", was also
and the computed structures, the B3-LYP/(6-31G**/SDD) computed. The n.otatlonn. + m denotes the nur_nber of
method yields reasonably accurate geometries for group A Water molecules in the first and second hydration shells,
and IIA cations complexed with water molecules. Further- respectlyely. ] )
more, previous work has shown that substantial deviation 1he biggest errors in the computed free energies probably
from experimental geometries has negligible influence on Stém from the harmonic approximation for the lower
the meta-water interaction energy, e.g., when the error in vibrational modes; however, the errors in the reactant metal
the C&*—0 bond distance was reduced to 0.05 A, thé'€a
water neraction energy changed by only 0.16 kcalfnol. - 26) len £ 1cs Cosalba Sect Boez e seo, | o
Comparison Between Computed and Experimental McCabe, P.; Pearson, J.; Taylor, Reta Crystallogr, Sect. B2002

Incremental Free Energies.To assess the accuracy of the 28) ?38"389] Kebarle, PJ. Phys. Cheml67Q 74, 1466
. . ZidIC, |.; Kebarle, . yS. e s .
free energies computed using eq 2 and the B3-LYP/- (5q) peschie. M.; Blades, A. T.; Kebarle, 2 Phys. Chem. A998 102,

(6-311++G(2df,2dp)/SDD) energies, we compared the- 9978.
4814 Inorganic Chemistry, Vol. 45, No. 12, 2006




Isolated Group IA and IIA Metal Hydrates

-50

Energy [kcal/mol]

-100

-150

40

-40

Energy [kcal/mol]

-80

1 1 1 1

-120

1 2 3 4 5 6 1 2 3 4 5 6
Number of water ligands Number of water ligands

Figure 1. Calculated free-energy components (see eq 2) for (&) (b), Na", (c) K*, and (d) RB as a function of the number of water ligands. As the

work and thermal correction terms in eq 2 are relatively small and insensitive to the CN, as shown in panel a, they are omitted for eldrifyhia filed

symbols correspond to structures with all the water molecules bound directly to the metal ion, whereas the open symbols correspond to the respective
structure with one or two water molecules in the second shell. Note that-th® énd 5+ 1 K aqua complexes have nearly identical free energiesi(

kcal/mol), whereas the 6 0 and 4+ 2 Rb" aqua complexes have nearly identical free energied2(kcal/mol); thus, the corresponding open and filled

symbols overlap.

aqua complex partly cancel those in the corresponding complex with the respective available experimental number
product metal complex with one more inner-shell water determined (i) in the gas phase, (ii) in crystal structures of
molecule, allowing for reasonable agreement between thethe given metal ion bound to only water molecules, and (iii)
experimental gas-phase incremental free energies and thén aqueous solution (Tables 4 and 6).
computech — n + lvalues. For group IA monocations, the Gas-Phase CNs of Group IA Metal Hydrates.The
experimental values match the computed m— n + (m preferred gas-phase CN for each alkali metal ion complexed
+ 1) free energies better than the corresponding computedwith water molecules was determined by computing the gas-
n—n+ 1 numbers when = 4. For example, the computed phase free energies for Met+ n(H,0) — [Me(H20)n—m:
4 — 5 incremental free energies are unfavorable (positive), (H,0).]* as a function of the number of water molecules,
whereas the computed4 0 — 4 + 1 values are favorable  (see Table 3). For each alkali metal ion, the calculated free
(negative), in accord with the respective experimental energy for M& + n(H.O) — [Me(H20)n-m*(H20)] ™ and
numbers. These results suggest that when the alkali metalts component binding energy\Eeec in eq 2) and entropy
ion has become tetrahydrated in the gas phase, it prefers taerm (—TASin eq 2) are shown in Figure 1.
bind indirectly to a fifth or sixth water molecule in the second  Lithijum. Lithium differs from the other group IA cations
shell rather than expand its CN to bind directly to additional in that it has no second-shell electrons. Yet its Pauling ionic
water molecules. On the other hand, for group IlA dications, radius, 0.74 ACis similar to that of M§*, 0.72 A2° hence,
the experimental values match the computetl m—n + Li*, like Mg?*, can accommodate six water molecules in
(m+ 1) free energies better than the corresponding computedthe first shell. Indeed, the binding energy (Figure 1a, filled
n—n+ 1 numbers whem > 6 for Mg?" and C&" and  circles) of hexa- (6+ 0) or penta- (5+ 0) hydrated Li is
whenn > 7 for SP* and B&". more negative than that of thet40 tetrahydrate. In contrast

In the following, we present first our findings on the to the binding energy, which becomes more favorable (more
preferred gas-phase CNs of isolated metajua complexes  negative) with an increasing number of metal-bound water
and compare them with the respective numbers obtained inmolecules, the corresponding entropy term (Figure 1a, filled
previous theoretical studies (Tables@). We also compare  squares) becomes more unfavorable with increasing CN. On
the preferred gas-phase CN of an isolated medgla the other hand, the work and thermal correction terms in eq
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2 are relatively small and insensitive to the CN (Figure 1la,

Tunell and Lim

WABPIZ), but 6 in three CSD structureQQkEes FAascel, and

inverted triangles and crosses). Because of the oppositexukwor). A reliable CN for K' is difficult to obtain from
enthalpic and entropic effects, the gas-phase free energy iscrystal structures of hydrated 'K As the Kf—O(water)

a minimum when the CN of Liis 4 rather than 6 (Figure
1a, filled triangles, and Table 3). That'Liprefers a gas-

distance (2.7 A) is comparable to the O(wate®)(water)
distance (2.8 A and a water molecule can hydrogen bond

phase CN of 4 is also supported by the more-favorable freeto four ligands, it would be difficult to differentiate between

energies found for the 4 1 (—77 kcal/mol) and 4+ 2 (—78
kcal/mol) structures with one and two second-shell water

K* and O when K is bound to four ligands. Furthermore,
the residence time for a water oxygen atom to stay in the

molecules, respectively, relative to those of the correspondingfirst shell of K* is very short €1 x 10719 s)3! making the

5+ 0 (—70 kcal/mol) and 6+ 0 (—66 kcal/mol) structures
(Table 3), in accord with previous electronic structure
calculationg’10

The preferred Li CN of 4 found in the gas phase is
consistent with that observed in the CSD structures of Li
bound to only water molecules:
tetrahydrated Lfi, whereas only one shows a pentahydrated
Li*.! Interestingly, bulk solvent effects do not seem to affect
the preferred Li CN, which is also found to be 4 in aqueous
solution from X-ray diffraction dafd as well as from
QM/MM?8 and ab initio MD simulation$®* Thus, Li

crystallization process sensitive to fluctuations. In aqueous
solution, both CNs 4 and 6 are found for Nand K" from
X-ray diffraction data* A CN in aqueous solution that is
larger than that in the gas-phase aqua complex can be
attributed to the weaker ierO(water) interactions in the

13 structures show a larger hydrated metal ion being compensated by an energy

gain from additional hydrogen-bonding interactions between
first- and second-shell water molecufes.

Rubidium. For the largest nonradioactive group IA metal
ion considered here, the preferred gas-phase CN is not solely
imposed by the entropic cost of localizing the metal-bound

prefers a CN of 4 in the gas phase, in the crystalline state,water molecules, as it is for the smaller alkali metal ions.

and in aqueous solution (Table 4).
Sodium and PotassiumAs for Li*, the binding energies

Similarly to Lit, Nat, and K", the Rb" binding energy
becomes more favorable with increasing CN (Figure 1d), as

of Na" and K" aqua complexes become more favorable the large Rb ion can easily accommodate many water
with increasing CN so that the hexa- or pentahydrated molecules in the first shell. In contrast to'l.iNat, and K,
metal ion is energetically more stable than the tetrahydratedthe free energy of hexahydrated Rb-31.6 kcal/mol) is
one (Figure 1b,c, filled circles). However, the magnitude of slightly more favorable than that of the tetrahydrated metal
the entropy term,|TAS, is comparable to that of the cation (-29.6 kcal/mol), indicating that the entropic cost of
electronic energy, and the entropic penalty for adding one jimmobilizing water molecules does not outweigh the energy
or two water molecules to the tetrahydrated metal ion exceedsgain in the Rb—water interactions. However, it is similar
the respective energy gain. Hence, for'Nand K', the  to the free energy of the isomeric4 2 structure {32.0
binding gas-phase free energy as a function of the numberycal/mol, Table 3). The latter is energetically more stable
of water ligands is a minimum when the CN is 4 (Figure than the respective structure with all six water molecules in
1b,c). Furthermore, the gas-phase free energies of penta (3ne first shell (Figure 1d) because of the stronger hydrogen-
+ 0) and hexa (6+ 0) hydrated Na and K" are less  ponding interactions between first-shell and second-shell
favorable than those of the respective-4 and 4+ 2 struc- ~ \yater molecules, as compared to the relatively weak elec-
tures (Table 3), in accord with previous ab initio calcula- trostatic interactions between the large*Rind first-shell
tions of Na*? and K" aqua complexe$in contrast to the  \yater molecules. Previous DFT calculations also support the
preferred gas-phase CN of 4 for Nand K* predicted from  present finding that Rbdoes not exhibit a strong preference
the present B3-LYP/(6-3H+G(2df,2pd)/SDD)//B3-LYP/  for 4 specific CN; however, they predict equally probable
(6-31G**/SDD) calculations, MP2/TZ2PI/HF/TZ2P binding  gas phase CNs of 4 and 5 (rather than 4 and 6 found herein)
free-energy calculations predict equally probable CNs of 4 5, rpt 12

and 5 for penta- and hexa-aquaNmmplexesand CNs of Because the free energy difference between the6and

i’a?r,nand 6 for hexa-agua*Kcomplexe$ at 296 K and 4 + 2 structures differs by less than 1 kcal/mol, the observed
' gas-phase CN would be expected to be sensitive to the

Aflthoudgh prevr;ous I\éPNchaI;:\lulatLjoﬁépgedm;no single experimental conditions such as the presence of counterions
prelerr? ga?-p 3seh di or Nan ounﬂ;[odwaé%rN and pH. No high-resolution crystal structure of ‘Rtbom-
molecules, Infrared photodissociation spectra of hydrat a plexed with water molecules is currently available in the

clusters show a tetrahedral first hydration shell of"Na CSD, although an NMR measurement reported a CN of 3.5
the gas phas®,in accord with our DFT calculations. On for R,b+ in aqueous solutiof? ’

the other hand, high-resolution (R-factars0.05) crystal
g ( ) cry Gas-Phase CNs of Group IIA Metal Hydrates. The

structures of hydrated Nain the CSD have inconclusive . .
CNs: the N& CN is 4 in two CSD structuress(xsao and preferred gas-phase CN for each alkaline earth metal ion
' complexed with water molecules was determined by com-

(30) Marcus, Y.Chem. Re. 1988 88, 1475.

(31) Ohtaki, H.; Radnai, TChem. Re. 1993 93, 1157.

(32) Lybrand, T. P.; Ghosh, I.; McCammon, J.AAmM. Chem. Sod985
107, 7793.

(33) Patwari, N. G.; Lisy, J. MJ. Chem. Phys2003 118 8555.

(34) Richens, D. TThe Chemistry of Aqua londohn Wiley & Sons: New
York, 1997.

(35) Vorgin, J.; Knapp, P. S.; Flint, W. L.; Anton, A.; Highberger, G.;
Malinowski, E. R.J. Chem. Physl971 54, 178.
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Figure 2. Calculated free-energy components (see eq 2) for (&8f@Bel Mg", (b) C&", (c) SE*, and (d) B&" as a function of the number of water
ligands. The filled symbols correspond to structures with all the water molecules bound directly to the metal ion, whereas the open symbols @worrespon
the respective structure with one or two water molecules in the second shell.

puting the gas-phase free energies for’Me- n(H,O) — during geometry optimization. Hence, Figure 2a shows the
[Me(H20)n-m*(H20)m]?" as a function oh (see Table 5). thermodynamic parameters for complexes with up to six first-
Beryllium. As for Rb*, both the binding energy and free  shell water ligands only. As for Bg, both the binding energy
energy become more favorable as more water moleculesand free energy become more favorable with increasing CN
become bound to Bé (Figure 2a) so that penta- or (Figure 2a, dotted curves). The octahedrally hydratedMg
hexahydrated B¢ is apparently more stable than the is stable relative to other hydration geometries/numbers in
tetrahydrated metal ion (Table 5). However, the structure the gas phase as its free energy is much more favorable than
with four water molecules in the first shell and one or two the free energy of the next most stable structure, [Mg-
water molecules in the second shell has a much more(H20)s]?*, by ~16 kcal/mol (Table 5).
favorable free energy than the five- or six-coordinated  The strong preference for Mgto be hexahydrated in the
structure by~17 and~32 kcal/mol, respectively (Figure 2a  gas phase is in accord with previous MP2/6-3#1G**//
and Table 5). The preference for a gas-phase CN of 4 appear®HF/6-31G* free-energy calculatioAsA CN of 6 is also
to be an effect of the hybrid 3porbitals formed, which ~ observed in 65 CSD aqua complexeand in aqueous
disfavor bonding to more than four water molecules. solution! As with that of B&", the residence time of water
The predicted gas-phase CN of 4 for2Bes in accord ~ Oxygen atoms in the first-shell of Mg is relatively long
with previous MP2/6-31%++G**//RHF/6-31G* free-energy ~ (~1 x 107 s)* indicating a stable hexahydrated Kig
calculation$ A CN of 4 is also found in the tetrahydrated ~complex in aqueous solutiGAThus, similar to LT and Bé",
Be2* structures in the CSIX(REU, KIDREUOL, MINKUP) and the preferred CN of Mg appears to be independent of its
in aqueous solution, as determined by X-ray diffraction and Phase.
NMR 3! That tetrahydrated Bé is a distinct stable structural Calcium. Although the binding energy becomes more
entity in aqueous solution is consistent with the relatively favorable with increasing CN (Figure 2b), the free energy
long residence timex(3 x 1074 s)! of its first-shell water ~ Of heptahydrated (# 0) C&* is slightly more favorable
oxygen atoms from NMR studies at 26.3° Thus, as with  than that of octahydrated (8 0) C&* (by 1 kcal/mol) but
Li+, Be?* prefers a CN of 4 in the gas phase, in the crystalline less favorable than that of the isomeriet61 structure (by
state, and in aqueous solution. 4 kcal/mol, Table 5). That Ca prefers a gas-phase CN of
Magnesium.No structure with seven water molecules in 6 rather than 7 is also supported by the more favorable free

the first shell could be found for Mg’ as one of the water (36) Burgess, M. AMetal lons in SolutionEllis Horwood: Chichester,
molecules spontaneously transferred to the second shell =~ uk. 1978.
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Figure 3. Calculated incremental charge transfer vs number of metal-bound water molecules for (a) alkali metal ions and (b) alkaline earth metal ions,
where the charges are derived from a natural population analysis at the B3-LYPA6-8(2df,2pd)/SDD)//B3-LYP/(6-31G**/SDD) level.

energy of the 6+ 2 structure 213 kcal/mol), as compared 5). Likewise, B&" also prefers a gas-phase CN of 7 rather
to that of the corresponding F 1 structure 210 kcal/ than 8; The free energy of the # 1 structure is more
mol, Table 5). It is also supported by the experimental favorable than that of the & O isomer (by 7.5 kcal/mal),
incremental gas-phase free energies in Table 2. The measuredhereas the free energy of the7 2 structure is more
6 — 7 gas-phase free energy 10.9 kcal/mol) is closer to  favorable than that of the & 1 or 9+ 0 structure by~5
the computed 6~ 6 + 1 free energy{11.7 kcal/mol) than and 10 kcal/mol, respectively (see Table 5).
to the computed 6= 7 number 7.7 kcal/mol). However, The predicted gas-phase CN of 7 fo?Sand B&* is
unlike B&" and Mg*, C&* does not exhibit a strong consistent with the finding that the measured-78 gas-
preference for a specific CN, as thet6l and 6+ 2 struc-  phase free energies are much closer to the computed’7
tures are only~4 kcal/mol more stable than the correspond- + 1 free energy than to the computed-78 value (see Table
ing 7+ 0 and 7+ 1 structures, respectively (Table 5). 2). However, it is smaller than the CN of 8 found in the
The relatively small free-energy difference betweedCa single high-resolution crystal structure of aZSraqua
aqua complexes containing six and seven water moleculescomplex (VOGDUQ). In agueous solution, X-ray diffraction
in the first shell suggests that both CNs may be observed,dat&! indicate a CN of 8 for St and 9.5 for B&",
depending on the experimental conditions. Indeed, both CNssuggesting an expansion of the CN upon solvation.
are observed in the CSD structures of Caqua complexes, Correlation Between the Preferred Gas-Phase CN and
where two {OGLEA, BIHNIQ) are 6 + 1 hydrated, three  the Amount of Ligand — Metal Charge Transfer. The
(REMNAY, RUMQOF, WIKXET) are 7+ 0 hydrated, and two  preferred gas-phase CN for the alkali cations appears to be
(HepHOZ zzzkvu 10) are 7+ 1 hydrated. In analogy to K, correlated with the degree of charge transfer from the water
the residence time for the €abound water oxygen is also  molecules to the monocation, as shown in Figure 3a, which
very short 1 x 107 s)* further implying a variable CN  pjots the incremental charge transferred to the metal ion upon
for C&¢*. Thus, CNs of 6, 7, and 8 have been reported for addition of a water molecule; e.g., when the number of water
C&* in aqueous solutiof:*” Recent X-ray diffraction data,  molecules is five, Figure 3 gives the charge transferred to
however, indicate a CN of 8 fa 1 M CaCl solution, with the metal ion when a water molecule binds to the tetrahy-
the CN decreasing as the Ca&alt concentration increas€s.  drated complex to form a pentahydrated one. For the alkali
This suggests that the €aCN is 8 when the second shell metal ions, the ligand~ metal charge transfer reaches a
is fully hydrated and hydrogen-bonding interactions between maximum when forming the most preferred structure with a
first- and second-shell water molecules are maximized but gas-phase CN of 4, followed by a steep decline for the

is less than 8 when the second shell is only partially hydrated, pentahydrated structure. This behavior is not apparent for

in accord with the results in Table 5 (see above).
Strontium and Barium. The binding energy becomes

more favorable as the number of metal-bound water mol-

ecules increases up to 8 for?Srand 9 for B&" (Figure

2c¢,d). No stable structures could be found for nonahydrated

S+ and decahydrated Bg as one of the water molecules

the alkaline earth metal ions (Figure 3b). FoPBavhen its
preferred gas-phase CN of 4 (see Table 5) is exceeded, it
appears to exhibit back-transfer of charge from the metal to
the ligand.

4. Discussion

spontaneously transferred to the second shell during geom-

etry optimization. St prefers a gas-phase CN of 7 rather
than 8, as the free energy of80 octahydrated 3t is ~9
kcal/mol less favorable than that of thet71 structure (Table

(37) Megyes, T.; Grosz, T.; Radnai, T.; Bako, I.; Palinkas,JGPhys.
Chem. A2004 108 7261.
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Comparison with Previous Theoretical and Experi-
mental Gas-Phase StudiesThe present DFT calculations
predict a CN of 4 for L, Na*, K*, and B&"; 4 or 6 for
Rb"; 6 for Mg?* and C&"; and 7 for St" and B&", when
these ions are bound to water molecules in the gas phase.
Previous calculations on specific alkali or alkaline earth
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hydrates support the preferred gas-phase CNs found hereirFigures 1 and 2). On the other hand, the increased positive
for LiT, Na", K" Rb", B€&#", and Mg" hydrates, but they  charge on group IIA dications does not significantly increase
predict an equally probable gas-phase CN of 5 for ,N&", the entropic penalty, agAS for group IA and group IIA
and Rb hydrates (see Table 4). The latter would be metal ions are of similar magnitude. Consequently, the
inconsistent with the experimental incremental gas-phase freebinding free energy is dictated by the binding energy, as
energies. The computed free energy for binding a fifth water shown in Figure 2ad. In addition to the interactions between
molecule directly to a tetrahydrated alkali ion in the gas phase the metal dication and first-shell water molecules, hydrogen-
is positive, in contrast to the respective experimental number, bonding interactions between first-shell and second-shell
which is negative (see Table 2). Furthermore, infrared water molecules appear to play a role in governing the first-
photodissociation spectra of hydrated™Ndusters show four ~ shell CN.
rather than five water molecules bound directly to"Na Potential Factors for the Observed CN Change of
the gas phas&.The preferred gas-phase CNs for the alkali Certain Metal lons in Water. The present and previous
or alkaline earth hydrates found from matching the measuredresult$®” provide clues to the factors affecting the change
incremental gas-phase free energies with the respectivein the CN of a given metalaqua complex upon solvation.
computed values in Table 2 also support those found from In a concentrated solution where insufficient water molecules
the minimum in the gas-phase free energy of reaction 1 asare available to form a complete second hydration shell,
a function of the number of water ligands in Tables 3 and 5. interactions between the metal ion and the first-shell water
Factors Governing the Gas-Phase CNs of Group IA molecules are predominant; thus, the observed CN in solution
Metal Hydrates. The present calculations also reveal the is expected to be similar to the preferred CN of the respective
physical basis for the unexpected insensitivity of the CN on metal-aqua complex with a few outer-shell water molecules.
the size of the alkali metal ion. Although the monovalent On the other hand, in a dilute solution where sufficient water
alkali metal ions have larger ionic radii than the divalent molecules are available to form a complete second hydration
alkaline earth metal ions and could accommodate more shell, interactions between the first-shell and second-shell
ligands, they have a smaller number of metal-bound water water molecules are maximized; thus, the observed CN of a
molecules in the gas phase than their divalent counterpartsgiven alkali/alkaline earth metal ion may be greater than the
(see above). This is not solely because they have one lesgpreferred CN found for the respective isolated metal hydrate
positive charge than the dications and therefore cannot bindif relative to the latter, the weaker metaD(water) interac-
a similar number of water molecules in the gas phase, tions in the aqua complex with a higher CN can be
because stable bound states with a CN larger than theoutweighed by an energy gain from additional hydrogen-
preferred one can exist; for each alkali metal ion, the isolated bonding interactions between first- and second-shell water
hexa (6+ 0) or penta (5+ 0) agua complex is energetically molecules in the larger aqua complex. Hence, the observed
more stable than the tetra 440) one (Figure 1bd). Rather, CN in aqueous solution may differ from that in the gas phase
the monopositive charge on the group IA metal ions yields depending on (1) the number of water molecules available
a net binding energy of magnitude comparable to the absoluteto form the second hydration shell, and (2) the balance
entropy term|TAS, at room temperature. Increasing the CN between the net ionO(water) interactions and the net first-
increases attractive electrostatic tomater interactions,  shell-second-shell hydrogen-bonding interactions.
resulting in a more favorable binding energy; however, the
water dipoles around the monocation become immobilized, ) . :
increasing the entropic penalty, which thus prohibits a gas- Dudev f_or helpfgl d|scu55|ons_. Th|§ work was supported by
phase CN greater than 4. In addition to the entropic effects,the National Science Coun_cn, Talwar_1 (NS(.: Contrgct 91-
hydrogen-bonding interactions between first-shell and second-2311'B'901). gnd the Institute of Biomedical Sciences,
shell water molecules in the case of Rélso enable the 4 Academia Sinica.

+ 2 structure to be competitive with the46 0 isomer. Supporting Information Available: B3-LYP/6-311+G(2df, -
Factors Governing the Gas-Phase CNs of Group IIA 2pd) and B3-LYP/6-31++G(3df,3pd) electronic energies of [Mg
Metal Hydrates. In contrast to group IA alkali ions, the  (H20)¢]?" corresponding to different geometries (Table S1), Gauss-
calculations show an increase in the gas-phase CN of groupian03 archives of the geometries and energies of group IA and IIA
IIA alkaline earth ions with increasing metal size (see Table metal hydrates (Tables S2 and S3), and complete ref 13. This
5). The dipositive charge on group IIA dications yields a material is available free of charge via the Internet at http://
net binding energy that is an order of magnitude greater thanPuPs-acs-0rg.

the binding energy of group IA monocations (compare 1C0519741
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