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The coordination of divalent metal cations to ZSM-5 has been investigated using gradient-corrected density
functional theory (DFT). Coordination at both isolated charge-exchange sites and pairs of charge-exchange
sites was considered for &g ClL#", F&t, Ni2t, Pdt, PET, RIZT, RI', and Zri#™. Thermodynamic calculations

of the stability of MP" to reduction to M and demetalation to form M(particles were also carried out. The
results indicate that Ct, C?t, Fet, and N+ are coordinated preferentially to five-membered rings containing

two Al atoms, which are located on the walls of the sinusoidal channels, wher&a$®d, R+, R, and

Zn?* are coordinated preferentially to six-membered rings located on the walls of the sinusoidal channels.
Examination of the stability of dimer cations of the form fMD—M]?" shows that such structures are not
generally stable to hydrolysis, with the possible exception of{Ou-Cul?". The findings of these calculations

are in good general agreement with experimental results.

Introduction

The exchange of group VIII and other metals into the zeolite
ZSM-5 produces materials that exhibit catalytic activity for NO
decompositiord; > N,O decompositios; 10 selective catalytic
reduction of NO by ammonia and light hydrocarbdts? and
aromatization of hydrocarborR&24Extended X-ray absorption
fine structure (EXAFS), X-ray absorption near edge structure
(XANES), and U\~vis studies of metal-exchanged ZSM-5
indicate that divalent cations, ¥V, can be associated with either
one or two charge-exchange sites in the zeolite. The first of
these cases is represented byM(OH)]*, where Z designates
a charge-exchange site. When two Al charge-exchange sites are
in proximity, such as in rings containing four, five, or six T
sites, structures of the type KI12*Z~ can be formed. There is
also a growing body of evidence suggesting the presence of
dimer cations in which two I cations are bridged by an O
atom or two M cations are bridged by two O atorfis3® Such
structures can be represented byM(O)M]2*Z~ and Z'[M-
(0):M]%*Z~. The experimental evidence also indicates that M
cations can be reduced to form small metal particles or can react
with oxygen and water to form metal oxide particles. Occurrence
of either of these processes generally leads to a loss in catalytic
activity and selectivity?®37 For these reasons, it is desirable to
understand the relative stability ofa¥ cations in ZSM-5 as a
function of cation composition and location of the charge-
exchange site in the zeolite. A closely related question is whether
the formation of dimer cations is thermodynamically favorable, ) )
as has been suggested by recent quantum chemical calculaFigure 1. Structures of I5, Z4, S5, Z5, S6, and Z6 clusters in their
tions38:391n the present study, density functional theory (DFT) acidic form.

; i + + N2+
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energy of cation reduction and demetalation is also determinedCharge'exChalnge sites and the stability of the cation with respect

from DFT calculations, whereas the entropy of reaction for each ©© reduction and demetalation.
of thesg processes is determined with additional .statlstlcal Theoretical Methods
mechanics calculations. Taken together, these calculations enable

The zeolite is represented by a cluster containing between 4
t Department of Chemical Engineering. and 6 T sites (Si or Al) and between 25 and 39 atoms in total.
* Department of Chemistry. Figure 1 illustrates the structure of these clusters in their
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TABLE 1: Cluster Classification and Identification
cluster label type location T sites Al positions
Z4 ring zigzag T9T9T10T10 T9T10
S5 ring straight T3T5T6T11T12 T6T11
15 branched intersection T3T8T11T12T12 T12
Z5 ring zigzag T3TAT7T8T12 T8T12
S6 ring straight T7T7T11T11T12T12 T11T11
Z6 ring zigzag T7T7T10T10T11T11 T11T11
SZ8 multiple rings straight/zigzag T7T7T10T10T11T11T12T12 T11T11
19 branched intersection T2T3T3T4T6T8T11T12T12 T3T12

set were found to be in good agreement with those measured
experimentally as well as those determined from CCSD(T)
calculations.

In the acid forms of the clusters (see Figure 1), each proton
can sit on one of four O atoms bound to an Al atom. All possible
locations that do not lie on cluster-terminating O atoms were
evaluated, and only the cluster with the lowest energy was used
for further calculations. In all cases, the-® bond distance is
0.97 A. In rings containing two protons, the most favorable
configuration is that shown in Figure 1. The positions of the
protons minimize electrostatic repulsion.

Thermodynamic properties (i.e., entropy and Gibbs free
energy) are estimated using standard statistical mechanical
methods*® For gaseous species, the translational, rotational, and
electronic partition functions are calculated. For a reaction
involving bulk solid, such as the ZSM-5 catalyst, the transla-
tional partition functions for reactant and product clusters are
taken to be equivalent because the masses of these clusters are
essentially the same. The rotational partition functions for both
protonated form, and Figure 2 shows their location within the the reactant and product clusters are taken to be unity. Because
framework of ZSM-5% The identity of the specific T sites  the reactant and product clusters are constrained, it is difficult
involved in each cluster and the identity of the T sites occupied t0 obtain reliable calculations of the vibrational partition
by Al are given in Table 1. For ease of referencing, each cluster functions for these structures. To overcome this limitation,
is labeled as indicated in Figures 1 and 2 and Table 1. Thus, calculations of the most relevant vibrational modes associated
for example, S6 is a six-membered ring located in the straight With €ach charge-exchange site were made using a small cluster
channels, whereas Z6 is a six-membered ring located in the containing only one T site. '_I'he est|mat_ed errorin th_e calculated
zigzag, or sinusoidal, channels. Each cluster is terminated by aGiPbs free energies resulting from this approach is not more
H atom bonded to either an O or a Si atom located at the edgethan £5 kcal/mol. For the systems treated, only the ground-
of the cluster. Either a proton or an [M(OH)tation is used o State degeneracy contributes to the electronic partition function.
charge-compensate for the introduction of a single Al atom into | "€ stability of transition-metal cations to either reduction
the cluster. When two Al atoms are present in the cluster, charge®' démetalation was evaluated by calculating the free energy

Figure 2. Location of clusters within ZSM-5 (E intersection of
straight and zigzag channels=Sstraight channel, Z zigzag channel).
Arabic numerals indicate the number of T sites.

compensation is done by twottbr two [M(OH)]* cations or
by one M or [M—O—M]2" cation. During the calculation,
all of the atoms with the exception of the terminating H, O,

of reaction for each of these processes in the following manner.
For the reduction of [M(OH)j or M2*, the overall reaction is
considered as the sum of two components and can be written
s

and Si atoms are allowed to undergo geometric relaxation. The?
terminal Si-H and O-H bonds at the edge of the cluster are __ >+ ot 1
maintained at 1.00 and 1.50 A, respectively. Z MT(OH)" —Z H" + M(g) + 7,0,(9)

Gradient-corrected density functional theory calculations are 1 . .
carried out using the B3LYP functional to estimate electron M(9) + 7,0,(9) + Hy(9) — M(s) + H,0(9) (experimental)

exchange and correlation contributions to the energy. Because__ _ -
transition metals are used for many of the clusters, numerousZ M” (OH) + Hy(@) = Z H" + M(s) + H,0(9)

(theoretical)

spin multiplicities were calculated. First, either a singlet or (overall)
doublet was calculated for each cluster. Then, higher multiplici- gpq

ties were checked until the cluster energy increased. This

procedure ensured that the lowest energy spin multiplicity was z=m2tz~ + H,(g) — Z H"Z H" + M(g) (theoretical)

attained for each cluster. The 6-31G basis set is used to describe
all atoms except the metals. For the metals, the Hay and Wadt
effective core potentials and associated valence basis functions
are used! ™ To further enhance the basis set, polarization z"M?**Z~ + H,(g) —~Z H"Z H" + M(s)
functions are added to all atoms except for the metals and the

H and O which terminate the cluster. The basis set used in thewhere Z represents a charge-exchange site. The energy change
present work is identical to that used in our investigations of associated with the first reaction in each set is determined
the stability of Cd and C@d*t cations in ZSM-5* Bond theoretically, whereas the energy change associated with the
distances and energies for CuO dimers calculated with this basissecond reaction is determined from experimental vatti@ne

M(g) — M(s) (experimental)

(overall)
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TABLE 2: Energy of Reduction for M 2+ Cations at 15 Site$
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Charge-Exchange Site
Z"M2vZ~ + Hy(g) — Z"H*Z"H* + M(s)

Zi5"M2*(OH)™ + Ha(g) — Zis"H* + M(s) + H0(g)

TABLE 3: Energy of Reduction for M 2™ as a Function of

metal AE AGOSOOK metal AE AG°500K
Co 16 8.7 Pt 1129 -1199 metal z4 S5 Z5 S6 Z6
Cu —-56.0 —63.0 Rh —86.8 —93.9 Co NA +4.6 NA —6.9 NA
Fe —-18.9 —26.0 Ru —-91.8 —98.9 Cu NA —51.4 —-57.9 —56.2 —68.9
Ni —43.8 —50.9 Zn -0.4 —7.4 Fe —-78.1 —6.4 —-15.9 —-10.1 —22.2
Pd —88.8 —95.9 Ni —125.7 —46.4 —64.4 —56.4 —-58.8
a . . Pd —164.3 —100.2 —100.6 —-91.5 —-111.0
All energies are in kcal/mol. Pt  -1984 -128.6 —132.8 —111.9 1316
.. . . . . . Rh —149.6 —93.0 —-92.3 —92.2 —115.4
of the quantities used in carrying out this latter calculation is Ru ~151.0 —941 -96.1 —916 -1226
the heat of condensation to form bulk metal. The use of bulk  zn —64.1 +12 —-06 +2.6 —225

properties sets an upper bound on the energy change associated
with the second reaction, because the magnitude of the heat of
condensation for particles smaller than about 20 A will be less cation is exchanged as K12*Z~ rather than as ZM(OH)] .
than that for bulk metal. The only exceptions to this trend are?®dand RE", which

The calculations for demetalation are handled similarly. The favor coordination to a single Al T site in IS over the S6 ring
appropriate elementary processes are now cluster by 2.7 and 5.4 kcal/mol, respectively.

a All energies are in kcal/mol.

ZM*(OH) +Z H'ZH' —
ZH"+Z"M*Z" + H,0(g)

However, when we consider the free energy of reaction that
would transfer the Pd or R** from the I5 to the S6 cluster,
a different picture emerges. We estimate the translational and
rotational entropy for water at 500 K to be 55.7 cal midk 1.
and Combining this entropy and th&(PV) work term, we estimate
the free energy to bAGspox = —26.3 kcal/mol for P&" and
AGsgox = —23.6 kcal/mol for RR". Thus, from a free-energy
standpoint metal cations uniformly prefer coordination to the
S5 or S6 zeolitic ring clusters with two Al T sites over a single
exchange site by a minimum of 26 kcal/mol at 500 K.

Comparison of the trends in cation reducibility reported above
with experimental observations is difficult to do because the
methods of cation exchange, sample pretreatment, and conditions
of H, reduction differ from one group to another and no two

H . lval h b diod ine th groups use the same protocol. For these reasons, we have chosen
ere too, experimental values have been used to determine thg,, \,5e a5 a criterion of reducibility the maximum temperature

heat of reaction for the second elemeqtary process in each CaS8equired to achieve complete reduction of divalent metal cations
and both the metal and the metal oxide are assumed 10 havg, e zerovalent metallic state during temperature-programmed
bulk properties. reduction. This criterion is valid because temperature-pro-
grammed reactions in microporous systems occur under quasi-
equilibrium conditions (see, for example, ref 47). On the basis
of the maximum reduction temperature, the following sequence
(AG®s00k) evaluated at 500 K for reduction of an [M(OH)] is obtained for the increasing ease of reduction?Z+1173
cation situated at an 15 site are listed in Table 2. K)2448 < Co?™ (993 K)I0 < Fe#t (890 K)Y*® < Ni2+ (573 K)°
Reduction of the cation to zerovalent metal is favorable in < Cu2* (548 K@122 < P& (453 K)5! This trend is identical
all cases. The stability to Hreduction decreases in the order to that reported here for ¥ cations associated with 15 sites.
Zn > Co> Fe> Ni > Cu> Rh> Pd> Ru > Pt. This can be understood from a consideration of the distribution
Table 3 lists values foAE for the reduction of M* from of M2* cations for situations in which the M/AI ratio lies
Z4, S5, Z5, S6, and Z6 clusters. For each metal cation, its between 0.5 and 1.0, which is the case for all of the experimental
stability to reduction depends on the structure of the cluster. situations examined. From stochastic and Monte Carlo simula-
Thus, C8", Cw?™, F&*+, and NP" are most stable in S5 sites, tions of ZSM-5 at a Si/Al ratio of 15253the maximum value
whereas P, PEt, Ri?H, and Z#+ are most stable in S6 sites.  of M/AI for cations accommodated in five- and six-membered
By contrast, the stability of R in S5, Z5, and S6 sites is  rings will be between 0.183 and 0.241, depending on whether
approximately the same. Looking only at the sites for most stable Al in the zeolite framework is distributed thermodynamically
binding, it is evident that the reduction of €cand Zri#* cations or entirely randomly. For M/Al values larger than these limits,
is endothermic, whereas the reduction of all other metal cationsM2* cations can be exchanged only agM(OH)]*. Thus, if
is exothermic. The stability of Kt cations to reduction from  the overall value of M/Al is close to unity, the majority of the
rings containing two Al atoms decreases in the orderrCon M2+ cations will be associated with individual charge-exchange
> Fe> Ni > Cu> Ru~ Rh > Pd> Pt. With the exception sites and not pairs of such sites. As a consequence, it is not
of Rh and Ru, this is the same order as was observed forsurprising that the trend in ease of reduction is reflective of
[M(OH)]* associated with the I5 cluster. M2+ cations associated with isolated charge-exchange sites.
Comparison of the data in Tables 2 and 3 reveals that the Figure 3 shows the structure ofsZ[M(OH)] ", and selected
energy for reduction of ¥t is almost always lower when the  bond distances are presented in Table 4. Figure 4a illustrates

Z"M*(OH)" — Z H" + M(g) + ,0,(g) (theoretical)
M(g) + *,0,(g) =~ MO,(s) (experimental)
Z"M*"(OH)™ + “D,0,9)—Z H" + MOs) (overall)

ZM¥Z™ +H,0(g)— Z H'Z H' + M(g) + ¥,0,9)
(theoretical)

M(g) + 7,0,(g) —~ MO(s) (experimental)

Z"M*'Z" + H,0(g) + *~ Y1,0(9) —
Z H'Z H" + MO,(s) (overall)

Results and Discussion

The change in energyAg) and the Gibbs free energy
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Figure 4. The geometries of (a) Co, CL#*, F&*, and N#* associated with S5 sites and (b)2PdP£", and Zi#+ associated with S6 sites.

TABLE 4: Geometry of [M 2"OH~] Associated with an 15 TABLE 5: Bond Distances and Angles for Mf+
Site Charge-Exchanged at S5 and S6 Sites
geometry of exchanged cluster geometry of exchanged cluster
distances (A) metal  stable (M—0), 5 (IOMO),
metal cation (M-Oon) (M—0z) (M—0z2) (M—AI) cation cluster distances (A) angles (deg)
Co 1.78 1.97 2.08 2.78 Co S5 1.97, 2.00, 2.03, 2.06 326.79
Cu 1.77 1.94 2.04 272 Cu S5 1.93,1.96,1.97, 2.01 342.25
Fe 1.75 1.97 1.97 2.71 Fe S5 1.89,1.91,1.91,1.95 347.74
Ni 1.75 1.94 2.06 2.75 Ni S5 1.84,1.87,1.87,1.89 358.93
Pd 1.90 2.11 2.14 2.85 Pd S6 2.03, 2.03, 2.07, 2.07 355.43
Pt 1.91 2.07 2.13 2.90 Pt S6 2.04,2.04,2.08,2.08 356.67
Rh 1.78 1.97 2.08 2.78 Rh S6 2.04,2.04,2.04,2.07 357.23
Ru 1.90 2.14 2.14 2.88 Ru S6 2.04,2.07,2.07,2.10 346.33
Zn 1.84 2.03 2.04 2.80 Zn S6 2.00, 2.00, 2.01, 2.02 357.16

the structure for C&, Ci?t, F&#*, and N situated in S5 rings, average calculated MO bond distance of less than 2.02 A
and Figure 4b illustrates the structures foPRPE", and ZiF" (C**, CU#F, Fet, and N#T), a five-membered ring is favored,
situated in S6 rings. Which ring type is favored depends on the whereas for metals with an MO length longer than 2.03 A
length of the M-O bonds (see Table 5). For metals with an (Pd™, P&", R?*, RW#", and Z#t), a six-membered ring is
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TABLE 6: Energy of Demetalation for M 2+ Cations
Charge-Exchanged at 15 Site3

Z|5_M2+(OH)_ + (x_l)/zoz(g) —Zis HT + MO(s)

J. Phys. Chem. B, Vol. 104, No. 43, 2008091

TABLE 7: Energy of Demetalation for M 2+ as a Function of
Charge-Exchange Site

Z"M?*Z~ + H;0(g) + *9/,05(g) — Z"H*Z H* + MOL(S)

metal oxide AE  AG%guk metal oxide AE  AG°soox M,Oy z4 S5 z5 S6 26
Co0; —205 —15.9 P$O4 ~73.8 —69.2 Co0; NA -143 NA —258 NA
CuO —414 —41.4 RhOs ~75.7 —64.6 Cuo NA -36.9 —43.3 —41.7 -54.4
FeOs  —653 —57.9 RuQ ~-1126 —905 FeOs —1245  —528 —62.3 -56.5 —68.6
Ni;O;  —50.2 —42.8 Zno —-315 -315 Ni;0; -132.1  —-52.8 —708 —62.8 —65.2
PdO -57.1 —57.1 PdO  —-1326  —685 —68.9 —-59.7 —79.3
a Al . in keal/mol P04 —159.3 —89.4 —93.6 —-72.8 —92.5

energies are n keal/mol. RhOs; —138.5 -81.9 -—81.2 -81.1 -—104.3

preferred. How favorably a metal cation coordinates to a ring Ru© ~ -1718  -1149 -1169 -1123 -1434

Zno -95.2 299 —317 —285 —53.6

is also reflected by the sum of the four smallest angles formed
by the metal cation and the four binding O atorR§[JOMO),

listed in Table 5. The closer this sum is to 36the closer the
metal is to a planar orientation and the better the overlap of
orbitals between the metal and the four O atoms associated with
the two Al atoms in the ring. If the ring is too small to
accommodate the metal, as is the case for the Z4 ring, the metal
cation cannot lie in the plane of the four O atoms and
> (OOMO); is significantly less than 360For a given ring size,
visualization of the orbitals reveals that superior orbital overlap
is achieved for rings in the straight channels rather than for rings
in the zigzag channels.

Table 5 shows that all of the ¥ cations considered bind
with a 4-fold coordination to the O atoms in the ring. In the S5
ring, the M—O bond distances range from 1.84 to 2.06 A, and
in the S6 ring they range from 2.01 to 2.08 A. Comparison
with experimentally reported values is difficult because deter-
mination of M—O bond distances from EXAFS data is done
for samples containing Rt cations in several environments.
As a result, the reported MO bond distances represent an
average. Nevertheless, the agreement between calculated an
observed bond distances is encouraging. Thus, forL3M-

5, Cu—0 distances of 1.94 and 2.00 &4 have been repoged, TABLE 8: Energy of Formation for [MOM] 2+ Cations?
whereas the average calculated bond distance is 1.97 A. In the _ I R -
case of P&ZSM-5, the reported PdO distance is 2.01 & Z MPT(OH) 2" M*"(OH)” — 2" [MOM]*'Z "+ H:0(g)

a All energies are in kcal/mol.

Figure 5. The structures of [M-O—M]?* cations associated with S6
d 19 sites.

and that calculated is 2.05 A. For ZZSM-5, the observed metal 19 S6 metal 19 S6

Zn—0 bond distance is 2.09 A, whereas the calculated distance Cu +26.6 +15.6 Pd +13.9 +29.0

is 2.01 A24 Qur structural predictions are similar to those E‘? igé-g E?ss Zn +53.9  +684
| . .

reported in DFT studies of both GZSM-5 and Pe&-ZSM-5.
LSDA geometric structures indicate EQoy distances of 1.76
and 1.75 A for 1 and 5 T site modéfsrespectively. This is in

close agreement with our predicted €Dy distance of 1.77 one to identify the relative stability for a sequence of metal
A cations. It is clear, though, that Zn and Co are much more

.Values of AE and AG® (500 K) for the demetalation of  resistant to demetalation than Pd and that Cu has an intermediate

[M(OH)] * situated at an I5 site are listed in Table 6. From Table level of stability®>¢-58 The sequence of stability to demetalation
6, it is evident that demetalation ofsZ[M(OH)] * is favorable reported here is in qualitative agreement with these observations.

in all instances. The stability of the metal cations to demetalation It has been proposed that metal cations can forhridged
decreases in the order CoZn > Cu > Ni > Pd > Fe > Rh metal-oxo dimers, [M-O—M]?* 21.2224-28,37,36-33.36To assess

> Pt > Ru. the stability of such dimers, calculations were performed for
Values ofAE for demetalation of M from rings containing  the following reaction (see Figure 5):
two Al atoms are presented in Table 7. As in the case of
reduction, Cé", Cw", Fet, and N#" are most stable to
demetalation when located in S5 rings, wherea3"PBE",
RH*, R, and Z#™ are most stable to demetalation when Table 8 lists the change in energy for this reaction for M-
located in S6 rings. It is noted, though, that for2RhRU2™, CUET, Fe#T, Ni2*, P, and Zr#™. This reaction is endothermic
and Zri#* the stability of these cations is essentially the same for all five metal cations; however, the free-energy change is
in the S5 and S6 sites. The order of decreasing stability to favorable for C&" and Pd* in 19 and S6 sites and for Alf in
demetalation from the site at which the?Mis bound most S6 sites. For Cu and Ni, binding of the [MORA] cation is
favorably is Co> Zn > Cu> Fe~ Ni > Pd> Pt> Rh> Ru, favored in an S6 ring, whereas for Pd and Zn binding of the
which with the exception of P& and RE' is the same trend  dimer is favored in an 19 cluster. It is, therefore, evident that
seen for [M(OH)}" associated with the 15 site. where [MOMFE* clusters are stable, their formation is driven
The literature on the effects of,@nd HO on the stability by entropy (forT = 500 K; TAS = 23.9 kcal/mol) rather than
of M2* cations in ZSM-5 is not sufficiently developed to enable by energy considerations. Consistent with the findings reported

a All energies are in kcal/mol.

Z"M*(OH) Z"M*"(OH)” —Z [M—0—M]*'Z" + H,0
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here, evidence from EXAFS has been found for the possible

existence of [Ct-O—CuP" cations®?

Conclusions

Divalent metal cations can be exchanged into ZSM-5 either
as [M(OH)J" in association with isolated charge-exchange sites

or as M in association with a pair of charge-exchange sites

Rice et al.
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(16) Ogura, M.; Hayaskhi, M.; Kikuchi, ECatal. Today1998 45, 139.

(17) Ogura, M.; Sugiura, Y.; Hayaskhi, M.; Kikuchi, Eatal. Lett.1996
42, 185.

(18) Ali, A.; Alvarez, W.; Loughran, C. J.; Resasco, D.Appl. Catal.,

that are proximate to each other. The stability to reduction of g 1997 14, 13.

[M(OH)]* cations at 15 sites (see Table 1) via the process

Z"MZH(OH)™ + Hx(g) — Z"HT™ 4+ M(s) + H,O(g) decreases
in the order ZA"™ > Co*™ > F&#* > Ni2t > CW¥" > R >
P&™ > R > P£". This trend is good qualitative agreement
with experimental observation. €g CW?", Fet, and N#*
cations are most stable in S5 sites, wherea% Ract+, P&,
and Zri#" cations are most stable in S6 sites;?Rleations are

nearly equally stable in S5, S6, and Z5 sites. The stability to

reduction of M* cations from their most stable charge-exchange
site via the process M?2tZ~ + Hy(g) — Z"HZ H' 4+ M(s)
decreases in the order €o> Zn?" > F&2™ > Ni¢" > Cw2t >
RWT = R > P&+ > P£", The stability of [M(OH)E" cations

at I5 sites to demetalation via the processVZ(OH)~ + -1/
202(g) — Z"H* + MOy(s) decreases in the order &o> Zn?*

> Cwt > Ni?t > Pt > Fet > RPT > PEH > R
Similarly, for M2* cations exchanged into their most favorable
sites the stability to demetalation via the process2'zZ~ +
H,0(g) + ®D/,05(g) — Z"H*Z"H™ 4+ MOy(s) decreases in
the order C&" > Zn?" > Cw?+ > Fe&#t = Ni?t > P&t > Pg*

> R?T > RW?". The formation ofu-bridged metat-oxo dimer
cations, [M—O—M)]?2", via the process 2M2+(OH)"Z~M2+(OH)~

— Z"[M—0—M]?"Z~ + H,0 is endothermic for Clf, F&,
Ni2*, and Pd". However, the free-energy change for this
process is favorable for G and Pd* in 19 and S6 sites and
for Ni?* in S6 sites. Finally, it must be recognized that the
relative stability of metal cations having comparable stability

could be affected by a change in the basis set used for the

calculations.
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