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We studied the structural stability of heptahydrated divalent cations in the first transition series as model intermediary
species in associative reaction pathways for the water exchange of hexahydrated cations by ab initio molecular-orbital
methods. All of the structures of heptacoordination are pentagonal bipyramidal with a distorted equatorial plane. The
structural stabilities are strongly dependent on their d-electron configurations. An associative mechanism is possible for
the water-exchange reactions of hexahydrated divalent cations having less than seven d electrons, because the seven-
coordinate species are located at the local minima or at the saddle points on the potential-energy surface. The occupation of
the antibonding b orbital induces a transition density corresponding to an antisymmetric distortion through an interaction
with a low-lying 4s orbital. The large bonding interaction makes the heptahydrated manganese(Il) ion to become located
at a local minimum. The occupancy of antibonding a orbitals determines the pattern of the antibonding interaction.
Hexahydrated divalent cations with &,d° and d’ configurations (vanadium(II), iron(Il), and cobalt(Il)) prefer a cis attack,
while chromium(II) with a d* configuration prefers a trans attack during the operative associative process of the water-

exchange reaction.

A ligand-substitution reaction, which is the replacement
of a coordinating ligand by an entering ligand, is one of the
most important reactions, as well as the electron-transfer and
isomerization reactions in coordination chemistry. The sub-
stitution mechanisms are classified as to the degree of bond
making and breaking of the entering and leaving ligands, i.e.,
an associative (A) mechanism, an associative-interchange
(I,) mechanism, a dissociative-interchange (I3) mechanism,
and a dissociative (D) mechanism.?” There have been a num-
ber of studies concerning the reaction mechanisms of ligand-
substitution reactions, while the stereochemistry of their re-
action pathways has not yet been clarified.

An ion in solution is solvated by solvent molecules where
coordinating solvent molecules are always replaced by bulk
solvent molecules. This quite simple process, called a sol-
vent-exchange reaction, is regarded as being one of the most
fundamental reactions, due to symmetry. In an aqueous
solution, divalent cations in the first transition series are
hexahydrated.” Many experimental studies performed on the
basis of activation parameters, especially the activation vol-
ume, have suggested that the operative mechanism of the
water-exchange reaction of octahedrally hexahydrated diva-
lent cations varies from I, for earlier members to I4 for later
members in the first transition series.”

Recently, the reaction mechanisms have been theoretically
discussed in some investigations along with a characteriza-
tion of the intermediary species on the reaction pathways.
The energetical characteristic of the intermediary species is

treated as a probe of the reaction mechanisms, for exam-
ple, a correlation between the actual rate constants and the
gas-phase dissociation energies of the expected intermedi-
ary species®*® ‘and a molecular orbital diagram between
a reactant and an intermediary species.*® Recent studies
are also intended for structural characterizations as well as
the stereochemistry of the intermediary species of the as-
sociative and the dissociative processes, i.e., intermediary
species with seven water molecules in the first coordina-
tion shell (heptacoordination; [M(H,0);]**) and interme-
diary species with five water molecules in the first coor-
dination shell and two water molecules in the second co-
ordination shell (pentacoordination; [M(H,0)s]**-2H,0),
respectively.>® According to the results, the pentacoordina-
tions are located at local minima for all members of the first
transition series, while the structural stability of the hepra-
coordinations, which are intermediary species in the case of
the associative mechanism, is remarkably dependent on the
central cations. There is an overall decrease in the structural
stability from the local minimum to the second-order sad-
dle-point, corresponding to the change in the central cations
from earlier members to later ones. The structural stability of
heptacoordination determines the operative mechanisms of
the water-exchange reactions; i.e., an associative mechanism
is expected for the operative mechanism of only the earlier
members, while the dissociative mechanism is feasible for
all members in the first transition series. We have explained
the dependency of the structural stability upon the occupancy
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of the o-antibonding d orbitals, and predicted the tendency
of the structural stability of the earlier members in the first
transition series.” It is important to investigate the origin of
the stabilization of seven-coordination, which is rarely found
in complexes of the first transition series in contrast to that in
commonly observed six-coordinate octahedral complexes.

In this paper, we concentrate on the heptahydrated diva-
lent cations in the first transition series and investigate the
origin of the structural stability from the viewpoint of elec-
tronic structure theory. Especially, we discuss the electronic
effect based on the manner of distortion in unstable struc-
tures which determines the stereochemistry for the water-
exchange reaction.

Computational Details

We determined the structures of heptahydrated divalent
cations ([M(H,0)71**: M =Fe, Co, and Ni) and character-
ized their structural stability on the potential-energy surface
by frequency calculations. The heptahydrated chromium(II)
ion was reoptimized under a constraint of C, symmetry for
the convenience of analyzing the molecular orbitals. The
hydration energies for reaction 1 were also calculated and
compared with the structural stabilities.

M* +7H,0 — [M(H,0);1** M =Cr, Fe, Co, and Ni) (1)

All of the calculations were performed using a double-zeta
plus polarization basis set. The [8s4p3d] segmented contrac-
tion of the (14s9p5d) primitive sets of Wachters was used for
the central cations.” The s and p spaces were contracted us-
ing contraction number 1, while the d space was contracted
to [311]. We used the Huzinaga—Dunning [4s2p]/(9s5p) ba-
sis set for oxygen and [2s]/(4s) for hydrogen.® The basis set
of hydrogen was scaled by the factor of 1.2. Two 4p func-
tions of Wachters, scaled by the factor of 1.5, were added to
the basis set of a central cation,” one d polarization function

was added to the basis set of oxygen (ap = 0.85), and one p -

polarization function was added to the basis set of hydrogen
(og=1.0). '

Previously, Akesson et al. carried out CASSCF calcula-
tions with all five 3d orbitals as the active space for hexahy-
drated titanium(Il), iron(Il), and cobalt(Il) ions in order to
examine the non-dynamical correlation effect for this type of
open-shell system.” They indicated, then, that the hydration
energies given by CASSCF and SCF were not significantly
different and that the mixing of states was merely an atomic
effect. In the present work we examined the difference in
the structures optimized by MP2 and SCF calculations for
the heptahydrated iron(Il), cobalt(Il), and nickel(Il) ions in
the B states. We carried out geometry optimizations using
the same basis set as described above, except for the polar-
ization function of hydrogen ([8s6p3d] for metal, [4s2p1d]
for oxygen, and [2s] for hydrogen) at the UHF and MP2
levels. All the optimized structures have C, symmetry as
shown in Fig. 1. The bond lengths (A) of M—0;, M-0,,
M-04, and M—Og for the optimized structures at the MP2
level (in parentheses, the structural parameters at the UHF
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level) are 2.259 (2.310), 2.288 (2.322), 2.293 (2.344), and
2.159(2.196) for iron(Il), 2.245 (2.302), 2.219 (2.263), 2.268
(2.315), and 2.147 (2.176) for cobalt(I), and 2.121 (2.148),
3.007 (3.083), 2.033 (2.069), and 2.057 (2.091) for nickel-
(1), respectively. The numbering of the oxygen atoms is
defined in Fig. 1. The bond angles (degree) of Z0,MO;,
Z04MOy, and ZOgMO; in the optimized structures are 76.6
(77.1), 142.8 (143.5), and 82.3 (82.2) for iron(II), 78.6 (78.5),
142.3 (143.3), and 81.4 (81.2) for cobalt(I) and 69.3 (69.4),
131.1 (130.9), and 85.3 (85.7) for nickel(Il), respectively.
The difference in bond length between the two levels is less
than 0.06 A, except for the longest bond (M—0,) of the hep-
tahydrated nickel(Il) ion, while the order of the bond length
is independent of the methodology. The difference in the
bond angle is less than 2°, and that in the dihedral angle is
less than 3°. The electron correlation estimated by a MP2
calculation indicates no significant effect on the pentagonal
bipyramid with the distorted equatorial plane. The MP2 op-
timized structures were not significantly different from the
SCF structures for earlier members.”® Therefore, we carried
out structural calculations at the UHF level. The basis set
superposition errors (BSSE) involved in the hydration en-
ergies were estimated by the Boys—Bernardii counterpoise
method.'®

We used the Gaussian92!'? and Gaussian94!™® programs
on an IBM RS6000 for all ab initio molecular-orbital cal-
culations and the MOLCAT program'? on a Macintosh for
visualizing the molecular structures and vibrational modes.
We drew contour maps and three-dimensional structures of
the molecular orbitals using the MOPLOT program'? in or-
der to interpret their spatial distribution. We denote energy in
kcalmol~! (1 kcal mol—! =4.1884 kI mol~!) and in atomic
unit (a.u., 1 a.u. = 627.50959 kcal mol~!) and bond length in
A (1 A=100 pm).

Results and Discussion

All of the structures of the heptacoordinations obtained in
this study are pentagonal bipyramidal with a distorted equa-
torial plane. Figure 1 shows the structures of heptahydrated
iron(Il) and nickel(I) ions as two representative structures

INi(H,0)71%"

[Fe(H,0)71%"

Fig. 1. The structures of heptahydrated iron(I) and nickel(Il)
ions. The numbering of oxygen atoms is shown. The atoms
connected by dashed lines are placed on the equatorial plane
of a pentagonal bipyramid. .
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of heptacoordinations, with numbering of the oxygen atoms.
The equatorial plane of the heptahydrated nickel(Il) ion is
flatter than that of heptahydrated iron(Il) ion. The dihedral
angles of 04— M—-0;—0; are 39.1° for the iron(Il) ion and 0.0°
for the nickel(Il) ion. The heptahydrated chromium(Il) and
nickel(Il) ions have flatter equatorial planes. Tables 1 and 2
tabulate the structural parameters and electronic states for all
of the heptahydrated divalent cations in the first transition se-
ries. The structural parameters for the optimized geometry of
the heptahydrated cations are in good agreement with those
obtained by previous studies.® The heptahydrated cobalt(Il)
ion is located at the saddle point with a small negative cur-
vature. Both of the A and 3B heptahydrated iron(II) ions
are located at the saddle point, and the 5B state is lower in
energy than the A state by 0.4 kcalmol .

The imaginary modes of all of the heptacoordinations at
the saddle points are shown in Fig. 2. They correspond to an
antisymmetric stretching which follows a concerted motion
of both the entering of a water molecule toward the central
cation and the leaving of a water molecule on the opposite
side of the C, axis away from the central cation, and causes
a distortion leading to the structure with six water molecules
in the first shell, hexacoordination.'® One of the imaginary
modes at a second-order saddle point is equivalent to the
imaginary mode at a saddle point, and the other is a symmet-
ric motion. The symmetric motion for copper(Il) and zinc(II)
follows the simultaneous leaving of two water molecules, and
causes a distortion leading to pentacoordination where five
water molecules are placed in the first shell.’®

Relationship between the Structural Stability and d-
Electron Configuration in Heptacoordination.  As is ap-
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parent from the frequency of the modes given in Tables 1 and
2, the heptahydrated divalent cations of the earlier members
are located at the local minima, those of the middle members
are at the saddle points, and those of the later members are
at the socond-order saddle points, except for the manganese-
(II), which is at a local minimum. A critical point is found
between titanium(Il) and vanadium(Il) in the series, where
the structural character changes from a local minimum to a
saddle point; the other is seen between cobalt(Il) and nickel-
(1), where the structural character varies from a saddle point
to a second-order saddle point.

For earlier members, the hydration energies of the hep-
tahydrated divalent cations at the saddle points become more
negative than those at the local minima.* Similarly, the hy-
dration energies of the heptahydrated divalent cations at the
second-order saddle points are more negative than those at
the saddle points (see Tables 1 and 2). The heptahydrated
divalent cations with d°, d', and d? configurations are at the
local minima, the d> and d* cations are the saddle points,
the d° cation is at the local minimum, the d® and d’ cations
are at the saddle points, and the d®, d°, and d'° cations are
at the second-order saddle points. The structural stability of
the heptacoordinated divalent cations in the first transition
series is dependent on their d-electron configurations and
independent of the magnitude of the hydration energy.

The three highest occupied orbitals of the water molecule
are illustrated in Scheme 1. The interaction of a d orbital
of the central cation with type-I or type-1II orbitals is of the
mi-type. The interaction with a type-II orbital is of the o-
type. Scheme 2 shows an overview of the energy levels and
molecular orbitals formed by the interaction between type-II

Table 1. Metal-Oxygen Bond Lengths, Electronic Properties, Hydration Energies, and Harmonic Vibrational Frequencies for
Heptahydrated Divalent Cations of Earlier Members in the First Transition Series

Ca(I)? Se(n™? Ti()® van® Cr(n Mn(ID)”

d Configuration” £ d' & & at &
®") @)@ EE@E?) E)E)EP)E®) BN EP)E®) @)

Bond length®
M-0O; 2.487 2.394 2.350 2238 2.188 2.343
M-0O, 2.511 2418 2.350 2.235 2.795 2.384
M-0; 2.511 2.446 2.350 2235 2.795 2.384
M-04 2.498 2.497 2.387 2.703 2.295 2.356
M-Os 2.498 2.364 2.387 2.703 2.295 2.356
M-O¢ 2.454 2.339 2.321 2.220 2.137 2.264
M-0, 2454 2.386 2.321 2.220 2.137 2.264
Total Energy” —1208.883791 —1291.850794 —1380.501200 —1474.955833  —1575.347848 —1681.850801
Electronic state ‘A ZA B . ‘A SA A
(S%)® 0.0000 07505 2.0009 3.7517 6.0026 8.7517
Hydration energy” —262.6 —283.8 —296.3 -310.8 —308.9 -301.8
Frequency” 29.4 31.8 355 128.7i 76.5i 286
Nature? Local minimum Local minimum Local minimum Saddle point Saddle point Local minimum

a) InRef.5a. b) Ref.5b. c) C| structure. d) The orbital types in the lower column are defined in Scheme 2. The b(1-type orbital is occupied
for heptacoordination of scandium(ll) in C) structure. e)InA.1A=100pm. f) Inatomic unit. 1 a.u. =2628.3 kJmol.™! g) Total squared-
magnitude of the spin. h) In kcal mol~1. 1 kcal mol = 4.1884 kI mol—!. All the values are corrected by BSSE (basis set super-position error).
The total energy of a water molecule is —76.046801 a.u. i) In cm™!. 1 em™! = 1.98648 x 10~23 J. For structures at local minima, the lowest
real frequency is given. For the structures at saddle points and second-order saddle points, all the imaginary frequencies are given. j) Nature of a
stationary point on the potential energy surface, i.e., local minimum, saddle point or second-order saddle point.
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V(H0), P [Cr(H.0)71**

[Fe(H,0)71** [Co(H20)71%*

Fig. 2. Transition vectors in the concerted motion of both the entering of a water molecule toward the central cation and the leaving
of a water molecule away from the central cation for heptahydrated vanadium(II), chromium(II), iron(II), and cobalt(II) ions.
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orbitals of the seven water molecules and the d orbitals. In the
seven-coordinated regular pentagonal-bipyramidal structure,
five 3d orbitals interact with the a; orbitals of coordinating
water molecules and split into two lower non-bonding or-
bitals (¢}) and three higher antibonding ones (¢}, a}). A
correlation between the orbitals in Ds, symmetry and the
ones in the optimized C, structures is shown in Scheme 2.
The ef orbitals are correlated with the lowest a and b orbitals,

¢, orbitals relate to the a and b orbitals, and the a; orbital
corresponds to the highest a orbital.

Bader—Peason’s second-order perturbation theory says that
a normal mode with the same symmetry as a transition den-
sity makes the total energy of the species lower.'"¥ There
is a transition density induced by an interaction between
an antibonding orbital and the empty 4s orbital, which is
the lowest unoccupied orbital in the heptahydrated divalent
cations. The transition density due to an interaction with
the antibonding b orbital (bx4s) matches the antisymmetric
distortion concerning the concerted motion of the entering
and leaving water molecules in a water-exchange reaction.
Figure 3 shows the distribution of the transition densities of
the heptahydrated vanadium(Il) and chromium(Il) ions. The
interaction between an antibonding a orbital and the empty
4s orbital (ax4s) produces a transition density concerning
the symmetric stretching motion. The occupation of the an-
tibonding d orbitals, through the interaction with 4s, causes
a distortion to a structure with a lower energy. It is possible
that the heptacoordinations with the d* to d'° configura-
tions are located at the saddle points or higher-order saddle

[V(H20)7]2* [Cr(H20)7]2+

Fig. 3. Contour maps of the transition density given by a
direct product of the antibonding b orbital and 4s orbital
(bx4s) for heptahydrated vanadium(Il) and chromium(II)
ions. An area where the transition density has negative
values is surrounded by a dotted line. An area where the
transition density has positive values is surrounded by a
solid line. An arrow directed from a negative area to a
positive one indicates the direction of distortion.
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points. Thus, the heptahydrated calcium(Il), scandium(II),
and titanium(Il) ions are located at the local minima, and
the heptahydrated divalent cations of the later members are
located at the saddle or higher-order saddle point, except
for this manganese(Il) ion. This exception will be discussed
later.

The frequency of the modes depends on the degree of
bonding, which is influenced by the occupation of the anti-
bonding orbitals, strength of the Coulombic interaction, and
the degree of mixing between a d orbital of the central cation
and the orbitals of the ligands.

The change in the structural stability between cobalt(Il)
and nickel(Il) in the series is largely affected by the degree
of bonding. The distortion, corresponding to the transition
density resulting from the occupation of antibonding a or-
bitals, gives rise to a simultaneous elimination of two water
molecules. This distortion is energetically unfavorable for
the ions of the earlier members, which retain the bonding
character, because none of the antibonding d orbitals of these
ions are doubly occupied. Therefore, the heptacoordinations
of the ions from chromium(II) to cobalt(Il) in the series are
not located at the higher-order saddle points. This distortion
turns favorable for the heptacoordination of nickel(I) ion,
which has two long bonds (Ni—O, and Ni—O3) without a
bonding character due to the doubly occupied antibonding a
orbital. The heptahydrated copper(Il) and zinc(Il) ions are
also located at the second-order saddle point due to the same
reason.

The heptacoordinations of the ions from vanadium(Il) to
cobalt(ll) in the series are located at saddle points, except
for that of manganese(II). The large Coulombic interaction
and degree of mixing of the orbitals make the heptahydrated
manganese(Il) ion to be located at a local minimum. Figure 4
shows the natural atomic charge' on the central cation and
the distribution of antibonding b orbitals of the heptacoor-
dinations of the ions from vanadium(II) to cobalt(Il) in the
series. The atomic charge, both the natural atomic charge
and Mulliken charge, on the central cation is larger for the

Natural Atomic Charge
on Metal lon

1.772 1.805

Anti-Bonding b Orbital

¢ =-0.7537 a.u.

e=—0.7110 a.u.

[V (H20)7)%* {Cr(H20)7)2*

The Stability of Seven-Coordinate Cations

later members than the earlier ones, while the manganese(Il)
has the largest atomic charge. Stabilization by a Coulombic
interaction is the largest for the manganese(Il). The distribu-
tion of the antibonding b orbitals in Fig. 4 suggests that the
orbital coefficients of the d orbital in the antibonding orbitals
decrease across the periodic table row from left to right. The
largest stabilization is expected when the orbital coefficients
of a d orbital and water-molecules are equal to each other.
Because two electrons occupy the bonding b orbital and one
electron occupies the antibonding b orbital, the bonds cor-
responding to the orbitals are stabilized by an electron. The
orbital mixing is largest for the heptahydrated manganese(II)
ion, where the extent of the d orbital is as large as those of
ligands.

An associative process for activation is operative in the
water exchange on a hexahydrated ion when the heptacoor-
dination of the ion is located at a local minimum or a saddle
point on the potential surface.” The associative mechanism
should be operative for water-exchange reactions on hexa-
hydrated divalent cations with a d configuration less than
seven.

Cis and Trans Attack. It has been discussed how
the entering ligand stereochemically attacks during ligand
substitution reactions of hexacoordinate complexes.'® The
possible reaction schemes and related transition states with
transition vectors are shown in Scheme 3. The transition
states for water exchange have the entering (X) and leaving
(Y) water molecules in the cis or trans position to each other
by a cis attack or a trans attack, respectively. The transition
density and the strength of bonding at Aeptacoordination
decide where the actual displacement occurs, i.e., the cis or
trans position. They are dependent on the amplitude of the
orbital coefficient based on the type-II orbital (Scheme 1) of
the water molecules in the antibonding b orbital.

Heptacoordinations with one or more occupied antibond-
ing d orbitals are divided into two groups. One involves
those with &3, &>, d°, d’, d°, and d'° configurations which
have a distorted equatorial plane; the other involves those

1.843

1.833

1.856

0}
L L3
£ =-0.8376 a.u. £ =-0.8594 a.u. e =~0.8681 a.u,
Mn(H20)712* {Fe(Hz0)7)2* [Co(Hz0)7)2*

Fig. 4. Natural atomic charges of the central cations and contour maps of the antibonding b orbitals of heptahydrated vanadium(II),
chromium(II), manganese(Il), iron(II), and cobalt(I) ions on the plane defined by the 4 and 5 oxygen atoms and the central cation.
The numbering of oxygen atoms is shown in Fig. 1. Dots refer to hydrogen atoms and numbered circles show oxygen atoms
projected into the plane. ¢ is the UHF orbital energy in atomic unit (1 a.u. = 2628.3 kJ mol™").
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Initial State

trans attack

Transition State

Final State

Initial State

Transition State

Final State

Scheme 3.

with d* and d® configurations of the 3B state, which has a
flat equatorial plane. The occupancy of the antibonding a or-
bitals determines the pattern of the antibonding interaction.
In the following discussion we use the numbering of water
molecules as shown in Fig. 1. The heptacoordinations are
also classified as to the type of antibonding b orbital. One
is the heptacoordination with a d* configuration where the
orbital coefficients of water molecules exist only on the 4
and 5 water molecules (Fig. 5a). The others have significant
orbital coefficients on the 2 and 3 water molecules as well as
on the 4 and 5 water molecules. Figure 5b shows this type b
orbital of heptahydrated manganese(Il) ion. In all cases, the
orbital coefficients of the 4 and 5 water molecules are larger
than those of the 2 and 3 water molecules in the antibonding
b orbital. Therefore, a cis attack is preferred for all of these

(@ [V(H,0),1*

7 R
:\ SN

'.-' \

! X \
é/f)ﬂn ——3

N 7 Vs

heptacoordinations if only the transition density selects the
method of attack. Actually, these are large transition vectors
at the 4 and 5 water molecules in the heptacoordinations
with the &3, d°, d’, d&°, and d'° configurations (vanadium-
(1), iron(II), cobalt(Il), copper(Il), and zinc(Il)). All of these
heptacoordinations have a distorted equatorial plane. In the
case of the d> vanadium(lI), the large antibonding interac-
tion with the 4 and 5 also enhances displacement of the water
molecules. On the other hand, these is a large transition vec-
tor in the trans positionv in the case of d* chromium(II). The
occupation of one of the antibonding a orbitals enhances the
antibonding interaction with the 2 and 3 water molecules, and
reduces the antibonding interaction with the 4 and 5 water
molecules which move to the nodal plane of the d orbital.
The antisymmetric imaginary vibration of heptahydrated
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Fig. 5. 3-D distributions of antibonding b orbitals of heptahydrated vanadium(JI) (a) and manganese(II) (b) ions.
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nickel(Il) ion in the >B state has a large trans vibrational
mode, which is similar to the imaginary mode of the hep-
tahydrated chromium(II) ion, while those of copper(Il) and
zinc(Il) have a large cis vibration mode.

The water-exchange reaction on hexahydrated divalent
cations from d® vanadium(lI) to d’ cobalt(I) in the series,
on which an associative process for activation is operative,
prefers cis attack. On the other hand, the water exchange
prefers trans attack when the pentagonal bipyramidal hepta-
coordination has a flat equatorial plane. In the case of the
operative associative process of the water-exchange reaction,
the hexahydrated divalent cations with >, d%, and d” config-
urations prefer a cis attack, while the d* cation prefers a trans
attack due to the structure dependency of heptacoordination
on the occupancy of the antibonding a orbitals.

Conclusions

We studied the stability of the heptahydrated divalent
cations as model intermediary species on associative reac-
tion pathways for all members of the first transition series in
order to clarify the change in the mechanism of the water-
exchange reaction on the hexahydrated divalent cations in
water as the central elements are changed.

1. All of the structures of heptacoordination obtained in
this study are pentagonal bipyramidal with a distorted equato-
rial plane, except for d* and @® cations with the flat equatorial
plane. The structural stability of the heptacoordinated diva-
lent cations in the first transition series is dependent on their
d electron configuration; the heptahydrated divalent cations
with d°, d!, and d? configurations are located at the local
minima, those with &> and d* configurations are at the sad-
dle points, the d° cation is at the local minimum, the d® and
d’ cations are at the saddle points, and the 4%, @°, and d'°
cations are at the second-order saddle points. The associative
mechanism is operative for water exchange on hexahydrated
divalent cations with less than seven d electrons, because the
seven-coordinate cations regarded as an intermediary species
are located at the local minima or at the saddle points on the
potential-energy surface. .

2. The occupation of the antibonding d orbitals determines
the structural stability of the heptacoordination. The transi-
tion density related to the antibonding b orbital and unoccu-
pied 4s orbital causes an energy lowering with an antisym-
metric distortion.

3. The occupancy of the antibonding a orbital determines
the pattern of the antibonding interaction of heptacoordi-
nation. In the operative associative process of the water-
exchange reaction, the hexahydrated divalent cations with
d%, d%, and d” configurations prefer a cis attack, while those
with a @* configuration prefer a trans attack.
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