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The standard hydration enthalpyH®,q, 0f @ monatomic cation was calculated as the sum of (1) the enthalpy
due to the long-range interaction between a hydrated ion and bulk wa#érr, (2) the enthalpy due to the
short-range interaction between the ion and water molecules in the first hydrationAghi&dk, and (3) the
enthalpy due to the ligand field stabilization of an idHi° r, which arises for a transition-metal ioAH° r

was estimated on the basis of the Born theory assuming the radius of the hydrated ion as the interatomic
distance between the ion and the oxygen atom of a water molecule in the first hydrationghgliietermined
experimentally AH°sg was evaluated on the basis of the donacceptor interaction between an ion and a
water molecule coordinating to the ion, which was evaluated by the molecular orbital calculation of a
monohydrated cluster of an ion combined with the Mulliken population analyis, - was calculated on

the basis of the crystal field theory. Hydration enthalpies of 48 monatomic cations thus calculated agreed
well with those observed experimentally.

1. Introduction exaggeration to say that hydration models appropriate for the
d quantitative evaluation aAG®nyq or AHhyg Of a wide variety

of ions have not been proposed, yet.

In the present work, a hydration model was proposed to
evaluateAH®nyg of monatomic ions including alkali-metal, alka-
line-earth-metal, and transition-metal ions with valences ranging
from +I to +IV. In the model, not only the long-range and
short-range interactions between the ion and water but also
ligand field stabilization was taken into account. The evaluation
of the short-range interaction was performed referring to the
donor—acceptor interaction between an ion and a water molecule
estimated by molecular orbital (MO) calculation of a monohy-
drated cluster of an ion combined with the Mulliken population
analysis.

Since the Born equation for the evaluation of the standar
solvation free energy of an ioAG°s., Was proposedyarious
modifications of the equation have been examined to improve
the accuracy of the estimation AfG°sqy Within the framework
of the dielectric continuum modéf The AG°sqy values of many
ions (especially transition-metal ions) calculated by these
equations, however, do not agree with those obtained experi-
mentally. The main reason for the disagreement is that these
equations dealt with merely the electrostatic interaction between
an ion and bulk water (the long-range interaction), and the
short-range interaction between the ion and water molecules
in the vicinity of the ion was not taken into accoudné.

Several hydration models have been prop6séadn the basis
of the long-range and short-range electrostatic interactions for 2. Theoretical Approach
the evaluation of the standard hydration free enery$;nya, 2.1. Hydration Model. Since water molecules in the first
or the standard hydration enthal@yti°hyq, of an ion. However, hydration shell are bound strongly to the ion, these water
AG®hyaandAH?hyq evaluated by these models do not agree with gjecules cannot be treated as a part of the bulk water, which
those determined experimentally except for those of limited 5 regarded as a dielectric continuum in the Born model.
Kinds of ions (mainly ions of closed shells). One of the reasons therefore, the water phase is divided into two regions as shown
for the disagreement might be that the short-range interaction;p, Figure 1 in the present study. One is a bulk water phase
in these models was evaluated on the basis of only electrostatic(region A), which can be regarded as a dielectric continuum
interactions such as chargeipole and chargequadrupole yith 5 constant relative dielectric constaat, The other is the
interactions between an ion and water molecules, but the @onor  region of the first hydration shell (region B).
acceptor interaction beween an ion and water molecu_les was AH®n,q was assumed to be the sum of four components: (1)
neglected. Here, exper_w_nerit‘é}f’ anql thgoreucéﬁ ** studies the enthalpy due to the long-range interaction between the bulk
demonstrated the significant contribution of doracceptor water (region A) and a hydrated ion (the ion with water
?nteraction to thg short-range interaction especially when the molecules in region BYAHC . (2) the enthalpy due to the short-
lons were tr_ansmon-_meta_ll 1ons. Another reason might t_)e_ that range interaction between an ion and water molecules in region
the Ilgand field stab|I|zat|_on in th_e hydration of a transition- B, AH°sr, (3) the enthalpy due to the ligand field stabilization
metal ion was not considered in these models though the o, \se by water molecules in region B coordinating to the ion,

importance of the ligand stabilization effect has been pointed AH e and (4) the enthaloy required to form a cavity to immerse
out by Holmes and McClur®¥ As described above, it is not an an icL)'; into SNZ:lteI'AH"cp pyreq ty

*To whom correspondence should be addressed. E-mail: kiharas@ o ° ° ° °
ipc.kit.ac.jp. AH hyd — AH LR + AH SR+ AH LF (+AH CF) 1)

10.1021/jp0348171 CCC: $25.00 © 2003 American Chemical Society
Published on Web 08/29/2003



7598 J. Phys. Chem. A, Vol. 107, No. 38, 2003

bulk water phase
(region A)

first hydration sphere
{region B)

Figure 1. Schematic depiction of the hydration model of catiofirM

Since the ligand field stabilization is concerned only with the
hydration of transition-metal ion®\H° r was evaluated sepa-
rately, distinguishing it fromAH°sg, though the ligand field
stabilization is a part of the short-range interactidhl°cr was
neglected because the volume of a monatomic cation is small
enough, and the contribution &fH°cr to AH®hyq is considered
to be less than several percent of the tadt&d°nyq.2%2

2.1.1. Long-Range InteractioAccording to the Born theory,
AH°r is given by

AHC = (N, Z€18rer){ (Le,) + (Tle,))(3e/0T) — 1} (2)

whereNa, z, €, €, r, andT are Avogadro’s number, the charge
of the ion, the elementary charge, the dielectric constant of a

vacuum, the ionic radius, and the absolute temperature, respec- Th#

tively. e, andde,/oT are 78.39 and-0.3595, respectively, at 25
°C.22 Since the Born equation was applied to the cation with
the first hydration shell (region B) in this work,adopted was

Ichieda et al.

TABLE 1: Distance between an lon and the Oxygen Atom
in a Water Molecule in the First Hydration Shell, ry o,
Observed Experimentally?

ion rv—o/nm ref ion r'v—o/nm ref
Monovalent Cations
Lit 0.206 23,24 Rb 0.289 25
Na* 0.244 23 Cs 0.307 23
K+ 0.281 23 Ad 0.241 23
Divalent Cations
Be** 0.167 26 Fé 0.216 23
Mg?* 0.209 23 Cé" 0.210 23
Cat 0.240 23 N#* 0.207 23
Szt 0.264 23,27 C# 0.21¢ 23
Ba?* 0.282 27 Z@+ 0.211 23
\Vias 0.218 28 cé" 0.230 23
Crzt 0.214 29, 30 Hg" 0.241 31
Mn2+ 0.219 23 SH 0.231 23
Trivalent Cations
Al3* 0.189 23 cé 0.255 25
St 0.218 32,33 Pr 0.251 23,35
Tist 0.212 28 Nég+ 0.249 23
V3t 0.203 28 S 0.246 23
Cr3t 0.198 23 = 0.244 23
Mn3+ 0.199 17 Ga* 0.239 23
Feit 0.202 23 TB*" 0.240 23
Gat 0.194 17 Dy" 0.238 23
3t 0.237 23 E¥" 0.236 23
In3* 0.215 34 Tra* 0.234 23
TI3+ 0.223 23 YB* 0.233 23
La3* 0.253 23 L§*" 0.233 23
Tetravalent Cations
0.249 36 ut 0.246 37

aMean of the reported values (at 26). ® Mean of distances in axial
and equatorial positions.

the distance between the center of the ion and the center of theAH°sg was proposed by comparityAH® with the result of

oxygen atom in the water molecule in the first hydration shell,
rm—o, Which was determined experimentally (Table!133-37

In this connection, crystallographic ionic radii with empirical
modifications were adopted asn several types of hydration
models®~12 ry_o is considered to be preferable, however,
becausey o reflects a hydration structure of the ion. Though
hydrogen atoms of water molecules coordinating to the ion
locate outside the sphere of radiug-o, the discrepancy
betweenry_-o and an actual radius of the hydrated ion is
considered to be negligible because theHDbond length in a
water molecule is smaller thaig—o, and the G-H bond is tilted

in an aqueous solution as will be discussed later.

2.1.2. Short-Range InteractiorAccording to eq 1, the
difference betweerH®hg and AH® g, AAH®, is equal to the
sum of AH°sg and AH® £ when the ion of interest is that of a
transition metal:

AAH® = AH°x + AH°  (transition-metal ions)  (3)

AAH? can be regarded asH°sg when the ion is of closed shell
configuration, since the ligand field stabilization does not occur
(AH°_g = 0) in this case:
AAH® = AH°z(closed shell ions) 4)

AAH® was calculated by subtractiyH° r obtained on the
basis of eq 2 fromAH®nyq determined experimentally.

On the other hand, the MO calculation of a monohydrated
cluster of an ion was applied to the investigation of the electronic
state of the hydrated ion, and the doracceptor interaction

the MO calculation. Details on the MO calculation will be
described in section 2.2.

2.1.3. Ligand Field StabilizatiorThe 3d transition-metal ion
forms an octahedral aqua complex with six water molecules in
an aqueous solution. Five d orbitals of the ion split into three
lower orbitals, g, and two higher orbitals gedue to the ligand
field of the water molecules. When d orbitals of the ion are
occupied partially, ligand field stabilization occurs. On the basis
of the classical crystal field theo?§ AH°r can be approximated
as

AH® ¢ = —(N,(4Dq) + N¢(6Dq)) 5)
whereN; andN, are the numbers of d electrons in thea@d by
orbitals, respectively, and the splitting parameter, Dq, is defined
as 1/10 of the energy gap between theed bg orbitals. The
Jahr-Teller effect was not considered in this work. Ligand field
stabilizations of lanthanide and actinide ions were neglected
since they are negligibly smai.

2.2. Molecular Orbital Calculation. The MO calculation
of monohydrated clusters of alkali-metal, Agalkaline-earth-
metal, and divalent 3d transition-metal ions was carried out by
the discrete variational (DV)-X method, since an MO can be
expressed as a linear combination of atomic orbitals instead of
that of Gaussian or Slater functions, which has been used in
other typical ab initio MO methods, and hence an accurate MO
can be calculated directly by the DVeXmethod. The details
of the computation were described by Adachi éfél.The spin-

between an ion and a water molecule was evaluated quantitafpolarized DV-Xo. method was employed for calculations of

tively. Then, a semiempirical equation for the expression of

transition-metal ion clusters. The exchange-correlation potential
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TABLE 2: Hydration Enthalpies Reported as Experimental
Values, —AH®q4(exptl), and Contributions of Long-Range,
—AH° r, Short-Range,—AH°sg, and Ligand Field, —AH®° g,
Interactions to Hydration Enthalpies of Monatomic Metal
lons Evaluated in the Present Work
—AH®hye —AHhyg¢
(exptly/ —AH° g/ —AH°sgf/ —AH° Y (calcd}/
ion kJmot®l kImof®! kImolr! kJImol!  kJmolt?

Monovalent Cations

Li+ 531 339 185 0 524
Figure 2. Geometric structure of a monohydrated cluster of cation Na* 416 286 119 0 405
Mzt K+ 334 248 72 0 321
Rb* 308 241 64 0 305
. _ Cs+ 283 227 46 0 273
of an electronyyc, was approximated by Slater’siXpotential: Ag* 483 290 124 0 413
Divalent Cations
V.= —3(1(3p/87[)1/3 (6) Be2* 2510 1671 806 0 2477
Mg2* 1949 1335 596 0 1931
) cat 1602 1163 488 0 1651
wherea and p are the scaling parameter and the local charge S+ 1470 1057 422 0 1479
i i i i Ba2t 1332 990 380 0 1370
ge7n3|tyh,_ rﬁspectNEIya in theI pr?sen: worlll< wals flxl%d]:[ﬁ be vor 1659 1580 et 169 5011
S W. IC WaS. the .Optlma val Ue. or all mo ch slne Cr2+ 1933 1304 577 100 1981
numerical atomic orbitals were obtained by solving the Schro  Mn2+ 1874 1274 558 0 1832
dinger equation for each atom in the monohydrated cluster, and F&' 1972 1292 569 48 1909
the orbitals were employed as basis functions as follows: 1s Co? 2036 1329 592 9% 2017
. npioy ; : Nizt 2119 1348 604 123 2075
pp for alkali-metal ions§ = 2, 3, 4, 5, and 6 for Li, Na, K, Cw+ 2123 1329 592 93 2014
Rb, and Cs ions, respectively) and alkaline-earth-metal ipns ( Zn*" 2070 1323 588 0 1911
=2,3,4,5, and 6 for Be, Mg, Ca, Sr, and Ba ions, respectively) CcP 1833 1213 520 0 1733
19, 4 9, oroe, Mg, La, o, » 'esp Y): gt 1853 1158 485 0 1643
1s—4p for all transition-metal ions, 1s for the hydrogen atom, s+ 1577 1208 517 0 1725
and 1s-2p for the oxygen atom. The orbital populati@(y), Trivalent Cations
which is the number of electrons existing on an orbjtaif an Al3+ 4715 3322 1145 0 4467
atomi, the effective charge which is the total charge localizing  S€ 3967 2880 961 0 3842
i, nj, and the bond overlap population between atorasd N 4340 2962 999 o 4054
oni, n, an ) p pop \ V3t 4450 3093 1050 172 4315
i» Qi—j, were obtained by the Mulliken population analy%ié# crt 4670 3171 1082 253 4507
Qi-j is the number of electrons existing between atomsdj, Mn3* 4640 3155 1076 151 4381
and can be regarded as a measure of the covalent character of; e 4462 3109 1056 0 4165
9 > a measure \ Ga#+ 4300 3237 1109 0 4346
the bond between atomisandj. Positive and negative values  ys+ 3594 2649 865 0 3515
of Qi-; mean bonding and antibonding characters between atoms In®* 4127 2921 978 0 3898
: ; : TI3* 4125 2816 934 0 3750
i andj, respectively. _ La¥ 3312 2482 795 0 3277
A cluster model of a monohydrated cationzivH,0, adopted cCet 3367 2462 787 0 3250
in the MO calculation is shown in Figure 2. The geometric Pr"’;+ 3411 2502 804 0 3305
structure of the cluster in this model was determined by taking Nd " 3447 2522 812 0 3334
; ; i S 3492 2553 825 0 3377
into account the fact that the dlpo_lar axis of the water molecule g+ 3535 2573 833 0 3407
(broken line A) was found to be tilted with an angletfrom Goi+ 3549 2627 856 0 3483
the line connecting ¥ and an oxygen atom of the water ~ TB>" 3580 2616 851 0 3468
. . M-H-0 cluster. This fact Dy 3604 2638 860 0 3499
molecule (brokgn line B)_ln the 20 cluster. This fact was Er3+ 3674 2661 870 0 3530
observed experimentally in the analysis of the hydration structure Tms* 3695 2683 879 0 3563
of the ion in an aqueous solution by neutron or X-ray diffraction ~ Yb>" 3742 2695 884 0 3579
. : : Ludt 3695 2695 884 0 3579
methods. Sincé of many metal ions observed was in the range Tetravalent Cati
23,45 ; . etravalent Cations
between 30and 60, 6 was assumed to be the intermediate The+ 6057 4483 1162 0 5645

value, 48, in the present work unless otherwise mentioned. The ya+ 6572 4538 1179 0 5717
eﬁec“"‘? charge on one hydrogen atam, and the bond overlap a Standard hydration enthalpy reported as the experimental ffalue.
population betwe_en the oxygen atom and_ one hydrogen atom,, Enthalpy due to the long-range interaction calculated by eq 2.
Qo-n, were considered to be identical with those due to the cgnpthalpy due to the short-range interaction calculated by eq 7.
other hydrogen atom, because the two hydrogen atoms of the< Enthalpy due to the ligand field stabilization calculated by etjFotal
water molecule were found to be located symmetrically about hydration enthalpy calculated by eq 1.

line A in the MFT-H,O cluster. The interatomic distances

between M* and the oxygen atom determined experimentally P™ and 104, respectively’” Since the structure of the hydrated
for a fully hydrated ioA723-37 (Table 1) were defined as_o cluster adopted in the MO calculation was that determined

in M*-H,0 clusters unless otherwise noted. Here, the effect &XPerimentally as mentioned above, further optimization of the
of hydration number omy_o is considered not to be serious. configuration (bond lengths and bond angles) based on the

For example, Combariza and Kestner calculated the optimized Minimization of the total energy of electrons in the system was
structures of hydrated ions, such ag(H,0), and Na (H,0), not performed in the calculation.

(n = 1 or 3), on the basis of density functional theory and
reported that the difference betwegn.o in the monohydrated
ion cluster and that in the trihydrated cluster was not very large  3.1. Long-Range Interaction. The AH° r values of 48
and was about 2%. The O—H bond length and HO—H angle monatomic cations were calculated by substitutingo for r
in the water molecule in Ft-H,O clusters were taken as 96 in eq 2 as listed in Table 2. Th&H° r values were 6680%

3. Results and Discussion
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Figure 3. Relation between (a) the tilt anglé, or (b) the Li-O distancer.i—o, and the overlap population between'land O,Q.i—o.

TABLE 3: Orbital Populations on Orbitals y, Q(y), and
Effective Charges,n, on Li, O, and H in the Li*-H,0
Cluster

Li o Ha
Q(1s) 2.00 2.00 0.71
Q(2s) 0.09 1.66
Q(2p) 0.18 4.63
n +0.73 -0.30 +0.28

aValues for the two H atoms in a water molecule are identical.

of AH®yq Observed experimentallpH hy«(exptl).*8 and hence
20—40% of AHq was considered to be attributable to the
short-range interaction and the ligand field stabilization.

3.2. Short-Range Interaction.3.2.1. DonorAcceptor In-
teraction between i and a Water MoleculeThe donof-
acceptor interaction betweenMand a water molecule was
examined in detail, adopting tias an example of Kt. Table
3 lists the orbital population andon Li, O, and H in the Li-
H.O cluster obtained by the MO calculation combined with the
Mulliken population analysis. Thay—o andd assumed in the
calculation were 0.206 nm and 45espectively.

The result of the calculation indicates the following facts:
(1) The water molecule in the cluster is polarized due to the
electric field caused by [ in addition to the difference in

electronegativitiy between oxygen and hydrogen atoms. Two
hydrogen atoms and one oxygen atom in the cluster are charge

positively (hy = +0.28) and negativelyng = —0.30), respec-
tively. (2) The positive charge of 0.26=(2ny + no) is localized

on the HO moiety, and the corresponding negative charge of

0.26 is transferred from ¥ to unoccupied 2s and 2p orbitals

of Li*, where the water molecule acts as a donor. Consequently,

ny; is reduced fromt-1, which is the charge of a monovalent
cation in the isolated state, #0.73. (3) A single bond is formed
between the oxygen and hydrogen atoms, @ady is 0.653.
QLi-0is 0.385, which is considerably large compare@to-.

This result indicates that the short-range interaction between

0.8

0.6 1

0.4 1

0.2 |

0.6

rM_O'1 /nm’’

Figure 4. Dependence of the overlap population betweeh &hd O,
Qu—o, On the ionic radius of ¥, ru—o: @, alkali-metal ionsO, Ag™;
H, alkaline-earth-metal iong;, divalent transition-metal ions; solid
lines, determined by the least-squares method uQwg for alkali-
metal (line 1) and alkaline-earth-metal (line 2) ions.

The effect ofri—o on QLi—o was also examined as shown in

c,:igure 3b.0 was fixed at 45 in the calculation. When,j—o is

ess than 0.2 nn.i—o decreases with decreasing-o. When
Li* and a water molecule are very closgi{o < 0.13 nm),
QLi—o is negative, which implies the repulsive interaction
between Lt and a water molecule. The maximum covalent
character is obtained when_o is about 0.2 nm, which agrees
with ri—o observed experimentally (0.206 nm).

These results suggest the considerable contribution of the
covalent character between'Land a water molecule in the
determination of the hydration structure in region B though other
interactions such as chargdipole and chargequadrupole

Li+ and the oxygen atom involves a significant covalent Interactions also affect the hydration structure.

character.

To clarify the effect of6 on QLi—o, the MO calculation of
the Lit+H,0 cluster with variou® values from 0 to 90° was
performed (Figure 3a)r -0 was fixed at 0.206 nm in the
calculation. Two maximums of);—o appearing at 0 and

3.2.2. Donor-Acceptor Interaction between?¥and a Water
Molecule.The donor-acceptor interaction between?Mand a
water molecule (M = alkali-metal ions, Ag, alkaline-earth-
metal ions, and divalent 3d transition-metal ions) was investi-
gated with the aid of the MO calculation (see the results of the

around 45 can be understood by considering the orientation of calculation in Table 1S in the Supporting Information).

two lone pairs of electrons of a water molecule. One of the

lone pairs is directed to the ion at= 45°, and the orbitals of
the lone pair overlap with empty 2s and 2p orbitals of. Mhen

Qw-o obtained by the MO calculation is plotted as a function
of ry—o~tin Figure 4. TheQu-o values in all M™+H,O clusters
were positive, and linear relationships with slopes of 1.7 and

0 is O°, Li™ locates between two lone pairs, and both lone pairs 2.1 nm were found in the relation betwe&y-o andry-o?!

contribute to the covalent bond between land O. However,
the former orientation is preferred in the aqueous soll’idgh.

for monovalent ions and divalent ions including transition-metal
ions, respectivelyQu—o increased with decreasing,—o. For
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Figure 5. Dependence ofyiQw-o 0N Zry-o (Nhya = the hydration
number obtained experimentallfgu-o = the overlap population
between M and O,z = the charge of M", andru—o = the ionic
radius of M. @, monovalent ionsO, divalent ions; solid line,
determined by the least-squares method using the data on all ions.

example,Qui-o (rLi—-o = 0.206) is about 4 times larger than
Qcs-o (res-o = 0.307), in agreement with the covalent character

in the hydration of an alkali-metal ion estimated on the basis

J. Phys. Chem. A, Vol. 107, No. 38, 2008501

shell was assumed to be approximated NyyQuv-o in the
present work. This simple approximation was supported by the
result that theéN,«Qu-o values of both monovalent and divalent
ions calculated were proportional 25— as shown in Figure

5. Here,Nnyq determined experimentafiy by the neutron or
X-ray diffraction method was used in the calculation of
NhydQu-o (cf. Table 1S in the Supporting Information).

3.2.4. Baluation of AH°sg The AAH® values for 19 ions,
on which the MO calculation was done, are plotted as a function
of NnydQu-o in Figure 6a. TheAAH® of closed shell ions, i.e.,
AH°sgr (see, eq 4), is linear tNhyQu-o even though the short-
range interaction between an ion and water molecules is
considered to consist of plural interactions such as denor
acceptor, chargedipole, and chargequadrupole interactions.
SinceNnydQum-o is proportional taziry-o as mentioned previ-
ously, AH°sr is expected to be linear @ry—o.

Figure 6b shows the relation betweAAH® andz/ry-o. The
least-squares method was applied to MxeH® of alkali-metal
and alkaline-earth-metal ions (“training” set of 10 ions} Li
Na', K*, Rb", Csf, Be", Mg?", C&", S*, and B&"), and
AAH?, which can be regarded &d1°sr (see eq 4), was found
to be approximated by

AH°g, = —87.1@r,,_o) + 237.5 @

of the successive hydration enthalpy of the ion in the gas phase

by DZdi¢ and Kebarlé# Since thery—o values of divalent
transition-metal ions studied were identical (about 0.21 nm) with
each other, th€y—-o values of these ions are about the same.
However, even thoughy-o of K* (0.281 nm) is similar to
that of B&" (0.282 nm),Qga-o is about 1.4 times larger than
Qk-o. The Qu-o of a divalent ion is larger than that of a
monovalent ion wheny—o values of the ions are the same. As

where AHsg and ry—o are expressed in kilojoules per mole
and nanometers, respectively. Here, the regression coefficient
was 0.99. The deviations &fAH° for transition-metal ions from

the linear regression line are attributable to the ligand field
stabilization effect. Although Ag has a closed shell configu-
ration, the absolute value d&fH°sg of Ag™ is larger than that
expected from eq 7 by usingg-o observed experimentally.

seen in Figure 4, the high covalent nature also exists betweenThis result is attributable to the strong covalent interaction

Ag* and a water molecule. Th®y-o for the Ag" cluster is
14% larger than that for the Nacluster, thoughrag—o is
identical withrya—o.

3.2.3. Effect of Hydration NumbeAlthough Qu-o in the

between Ag and a water molecule as described in section 3.2.2.
3.3. Ligand Field Stabilization. The AH° ¢ values calculated
according to eq 5 are listed in Table 2 (cf. the details of the

calculation of AH° ¢ given in Table 2S in the Supporting

bond between an ion and one water molecule was evaluated orinformation). The Dq values determined experimentally on the

the basis of the MO calculation of a monohydrated cluster in

basis of absorption spectfavere used in the calculation. The

previous sections as the measure of the covalent character ofibsolute value oAAH® of V2* is smaller tham\H°sg calculated
the bond between an ion and water molecules in the first by eq 7 (Figure 6b), which implies negative ligand field

hydration shell (region B in Figure 1), an ion is coordinated by

stabilization (see eq 3), though the stabilization is expected to

plural water molecules in an actual aqueous solution. Therefore,be large from the fact that the absolute value of A¢° ¢ of

the number of water molecules in the first hydration shell (i.e.,
hydration numberNhyq) should be taken into account in the
estimation ofAHsg. The contribution of the covalent character

V2" is the largest among those of divalent 3d transition-metal
ions38 The reason for this conflict will be discussed later.
3.4. Comparison of AH®nyq Calculated with AH®,yg De-

between an ion and all water molecules in the first hydration termined Experimentally. The AHqq values of 48 monatomic

1000 1000
(a)
800 | o 800 |
A E; A
© ©
€ 600} Bm € 600}
= =
X X
T 4007 L) ¢ 400}
3 " - 3
200 | o e 200 |
°
o8
0 1 1 1 0
0 1 2 3 4 2 4 6 8 10 12 14
Nhyd Qm-0 z rM_o'1 /nm™!

Figure 6. Dependence of the difference between the hydration enthalpy observed experimentally and that due to the long-range interaction calculated

on the basis of the Born equatioAAH®, on (a) NnydQu-o and (b)z'rv—o: @, alkali-metal ions;O, Ag*; B, alkaline-earth metal€;], divalent
transition-metal ions; solid line, determined by the least-squares method AAHg for alkali-metal and alkaline-earth-metal ions.
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TABLE 4: Bond Overlap Populations between X and
H(1),2 Qx-ne), and Effective Charges,n, on X~, O, H(1), and
H(2)P Obtained by the MO Calculation of a Monohydrated
Halide lon Cluster, X~+H,O

on Qx-H@) Nx NH(1) No Nh(2)

F —-0.135 —-0.84 +0.38 -0.87 +0.33
Cl- —0.268 —-0.81 +0.30 —-0.82 +0.33
Br- —0.041 —0.86 +0.34 —-0.82 +0.33
(i +0.039 —0.89 +0.36 —0.80 +0.33

a20ne of the two hydrogen atoms in,® coordinated to X. ? The
other hydrogen atom in 4.

cations (“training” set of 10 ions and “test” set of 38 ions) with
valences ranging front| to +1V were estimated as the sum of
AH° R, AH°sgr, and AH° ¢ calculated by eqgs 2, 7, and 5,
respectively (Table 2)AH®qq4 thus calculatedAH®hyq(calcd),
agreed well withAH®q4(exptl). Deviations ofAH°nyq(calcd)
from AH°nyq(exptl) were within 5% for 23 ions in the test set
and within 5-10% for 11 ions in the test set. However,
deviations for Ag, V2", Hg?*, and U™ were more than 10%.
The large deviation ofAH°nq(calcd) for Agh might be
attributable to the strong covalent bond betweerf Agd water
molecules (see section 3.2.2), but those fofHand U are
not clear at the moment. TheH ny(exptl) for V2+ adopted in
this work, —1629 kJ mot?, which was reported by Marcysg,
was about 300 kJ mot larger than those for other divalent
transition-metal ions, and also much larger tiet®, q(calcd).
However, when the\H°, q(exptl) of V2" reported by Smitf?
(—1918 kJ motl) was adopted AHhq(exptl) agreed with
AH®pyq(caled) with a deviation of 5%. Therefore, the negative
ligand field stabilization estimated for?V in the previous
section might be due to the adoption of too largAld g
(exptl) reported by Marcu®

3.5. Donor—Acceptor Interaction between a Halide lon
and a Water Molecule. The MO calculation of X-H,O (X~
=F-, Cl7, Br, and I) clusters was also performed. The cluster
was considered to consist of" %o which a BO coordinated
through the bonding betweerand a hydrogen atom of @,
H(1), in the first hydration shef® The X~, H(1), and O of the
H,O were assumed to be aligned on a straight line in the
calculation, because the HEAX—0 angle was reported to be
less than 10 in agueous solutions on the basis of neutron
diffraction analysi€34° The interatomic distance between,F
Cl~, Br7, or I~ and O in the X*H>O cluster used was that
between the center of Xand the O of the water molecule in
the first hydration shell determined experimentéfiyand was
0.264, 0.317, 0.332, or 0.363, respectively. The 1) andn
on X-, O, H(1), and another hydrogen atom in@® H(2),
obtained by MO calculation are tabulated in Table 4. Negative
charges were transferred front Xo H,O in X~+H,O clusters,
and HO behaved as an acceptor im0 clusters. The
amount of charge transferred front Xo H,O was in the range
from 0.11 to 0.19, and almost independent of the kind of X
Negative Qx-w() values in clusters of F CI~, and Br are
attributable to the repulsive interaction between ahd HO.
(ThoughQx-n() for I~ is positive, it is much smaller thau-o
in M#t-H,0 clusters.) Therefore, it can be concluded that the
covalent character in the doneacceptor interaction between
X~ and HO is negligible, which is in contrast to the case of
MZzt-H,0 clusters.

4. Conclusion

In the evaluation of AH°nq in the present work, the
contribution ofAH°cr to AH®hyg Was neglected, artiHsgr was
formulated by a function of a simple termry—o, on the basis

Ichieda et al.

of the relation observed empirically betwe&hl°sg andz/ry-o

for 10 closed shell ions, which was not a sufficiently large
number of ions. Nevertheles&H,yq4(calcd) agreed well with
AH°nyq(exptl), indicating that it is useful to estimafeHpyq in

the combination of the long-range interaction, short-range
interaction, and ligand field stabilization.

Though the short-range interaction between an ion and water
is considered to be composed of plural interactions such as
donor-acceptor, chargedipole, and chargequadrupole in-
teractions AH°sg was found to be linear to the productéfyq
andQu-o estimated by DV-Xt MO calculation combined with
the Mulliken population analysi®A\H°sg was also found to be
well fitted by the simple function of/ry—o (eq 7), wherry—o
was taken as the distance between the center of the ion and the
center of the oxygen atom in the water molecule in the first
hydration shell. Although the physicochemical meaning of eq
7 has not been clarified yet, the model proposed in this work
has been proved to be useful for the evaluaiddfi®yyg of a
large variety of ions compared with the model adopted in
conventional modified Born equatichsor the semicontinuum
modeP®52 for MO calculations.
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