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The electron repulsion parameter, Bjs, obtained from optical spectra is used to describe the
electronic state of a transition metal ion in oxide solid solutions. Electronic and catalytic properties
are discussed in terms of the correlation between the atomic catalytic activities of transition metal
ions and their By values. Quantum chemical calculations explain the nature of the correlation
inherent to the reaction mechanism of N,0 decomposition.

INTRODUCTION

Oxide solid solutions of transition metal
ions (TMI) have received considerable at-
tention in fundamental studies of catalytic
action over the past 15 years (/ —¢). This
has made it possible to enlighten the
influence of the TMI electronic configura-
tion, the TMI-TMI interaction, and the
effect of the matrix environment, including
the local symmetry of the site occupied.
N:0 decomposition has been used most
frequently as a test reaction for investiga-
tions of solid solution catalysts (I, 4) and is
covered by this paper.

This work is aimed at introducing the
value of the electron repulsion parameter,
By, obtained from optical spectra, as a cri-
terion for TMI electronic state description
in the solid solution and at examining the
correlation between the catalytic and elec-
tronic properties. The mechanism of N,O
decomposition over Ni?*, Co?*, and Cr3+
ions in different solid solutions is discussed
in terms of B, based on the results of
quantum chemical calculations. The in-
fluence of the d-electron orbital shape on
the adsorbate activation is estimated.

THEORY
Interelectronic Repulsion Parameters

The interelectronic repulsion parameters
(IERP) are widely used in atomic and mo-

lecular structure theory and spectroscopy
(5). The energy terms of TMI with 34"
configurations are easily described via the
well-known Slater (F,, F,) or Racah (B, C)
parameters derived from 3d-interelectronic
repulsion integrals. These parameters are,
in general, proportional to the reciprocal
localization radius of bound electrons. For
the Slater-type atomic orbital, the charac-
teristic electron localization radius is given
by

e ~ B = 2./n,, (1)

where n, and z, are the effective quantum
number and the effective charge, respec-
tively.

The nephelauxetic effect (5) emphasizes
the fact that IERP are smaller in complexes
than in the free ion, which is attributed to
the radial expansion of the d orbitals in the
complexes. The so-called ‘‘central field co-
valency’’ refers to the screening of the nu-
clear charge by a negative charge of the
ligand: B8 = B(complex)/B(free ion) ~
z,(complex)/z,(free ion). ‘‘Symmetry-re-
stricted covalency’’ refers to the delocali-
zation of TMI d electrons on the ligand.
The MO LCAOQO description of the complex
(0, symmetry) leads to

Ecomplex ~ I\Ia4 CI)()\, SML) Mad, (2)

where N,* = [1 + A2 — 2A8,4]2 is a nor-
malizing factor in the antibonding MO with
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dominant 3d character, S,q is the group
overlap integral, A the covalency parame-
ter, and u4,7! is the effective Slater orbital
exponent of the bonded TMI.

Taking into account that spin-allowed
transitions in the optical spectra are
interconfigurational, only the By parameter
is being considered here (the notation B,y is
related to the notation of 3d orbitals in cu-
bic symmetry as 3 (¢,) and 5 (#,;)). A review
of the numerical procedures for determin-
ing Bgs, on the basis of spectroscopically
determined energies of spin-allowed transi-
tions in octahedral and tetrahedral d3, 47,
and d°® systems, has been given by Konig
(6). The By values used in this paper have
been evaluated from reliable experimental
data according to Konig’s recommenda-
tions.

In spite of some minor differences in the
interpretation of the physical meaning of
the nephelauxetic effect, an agreement ex-
ists on the issue that integrals of interelec-
tronic repulsion contain information di-
rectly connected with the electronic state of
3d electrons in the solid (7). It has already
been pointed out (8) that the Racah param-
eters can be associated with the extent of
electronic isolation of TMI in solid solu-
tions. Due to the smaller metal-oxygen dis-
tance in oxides, compared to the aqua com-
plexes, for example, even small changes in
the metal-oxygen bond character bring
about considerable changes in the By;. The
above statements could be deemed as argu-
ments in favour of using the By, parameter
as a criterion for characterizing the TMI
electronic structure in oxide catalyst sys-
tems.

Quantum chemical calculations. Infor-
mation about the influence of the IERP on
the coordinated adsorbate activation has
been obtained by model quantum chemical
calculations. The calculated electron bond
population of the adsorbate in the model
has been used as a criterion for its activa-
tion.

The variation of the IERP has been mod-
elled by varying the effective exponent u in

the Slater orbital of TMI (Eq. (1)). A pro-
portionality between the IERP (Bj) and p
follows from Eq. (2). The interaction be-
tween the TMI 34 orbitals and the respec-
tive adsorbate orbitals is taken into ac-
count. The distance between them is taken
as the sum of the ionic radius and the adsor-
bate van der Waals radius. The values of
bond populations have been obtained from
Mulliken’s formula (9).

RESULTS AND DISCUSSION

The Correlation between Catalytic
Activity and Bas Values

Ni%* and Co? in different host lattices.
The N,O decomposition reaction on Ni?*
and Co?* ions in different matrices has been
studied in great detail by Cimino and co-
workers (10-16). The correlation between
the atomic catalytic activity (ACA) of
nickel ions in N,O decomposition and the
Bjs value, derived from experimental spec-
tra of catalytic systems under consider-
ation, is given in Fig. 1. The strong effect of
Ni?* local-environment symmetry on cata-
Iytic activity is demonstrated. It is worth
noting that in the case of the Nig,
Mg, ,AlL;O, sample the point lies on the cor-
relation line only if the distribution between
octahedral and tetrahedral sites is taken
into account (79).

Similar correlation has been obtained for
Co%*-containing systems using appropriate
data available such as Co,Mg;_ .0, Co,
Zn,_,0, Co,Mg,-,ALO,, Co,Zn, ,AlLO,,
and CoALO,. It can now be concluded that
the effect of Co?t local environment on the
catalytic activity, established firmly by ex-
periment (22), manifests itself by corre-
sponding ACA vs By; dependences.

The influence of the TMI environment
can be approximated to the effective charge
variation in the electrostatic field of the
crystal (25):

- Z\ - 22‘(1)\ - l)aM)’ 3)

zsryst: Z.— (i r
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FiG. 1. Atomic catalytic activity (ACA) of Ni** and
Co?* ions in different matrices for N,O decomposition
vs By values of the catalytic systems: 1—Nig Mg, ,0,
ACA from (/1), By from spectral data in (I7); 2—
Niy ;Mg ,ALO,, ACA from (I/2), By from spectral
data in (/8), ion distribution between octahedral and
tetrahedral sites from (/9); 3—NiAlQ,, ACA from
(12), By from spectral data in (17); 4—Nig ¢sZng 50,
ACA from (13), By from spectral data in (/8) and (20);
5—Co04.0:Mgy 450, ACA from (15), Bygs from (21); 6—
Cog.0Mgo0sAl,04, ACA from (22), B,; from spectral
data in (23) (distribution between octahedral and tetra-
hedral sites taken into account (22)); 7—CoAlQ,,
ACA from (22), By from spectral data in (23); 8—
C0g.01Zn4 950, ACA from (24), By from (6).

where z,, z, are the cation and anion
charges, d the distance between ions, ay
the Madelung constant, A the degree of the
Me-O bond covalency, and r,, = ayn,?/z, is
the distance between the nucleus and the
3d-electron density maximum. According
to Eq. (3) the influence of the TMI environ-
ment on By (proportional to z¢, see Eq.
(2)) is directly introduced by particular ay,
and d values of the crystal. The chemical
individuality of the TMI is represented by
Tm.
Ni**, Co*, and Cr®** ions dispersed in
different concentrations. The ACA in the
N,O decomposition reaction has been stud-
ied for Ni?* and Co?* in magnesium oxide
(11, 15), zinc oxide (I3, 24), and some
spinel systems (10, 12, 22). A “‘dilution ef-
fect,” i.e., an increase in ACA when con-
centration decreases, has been found for all
the systems studied.

Experimental ACA for N,0 decomposi-
tion over Ni?*- and Co?*-containing magne-

sium oxide samples have been analysed
based on reliable spectral data available for
B,;. Figure 2 shows a good correlation be-
tween the ACA and the corresponding B
values for both nickel- and cobalt-contain-
ing magnesia. As observed earlier (Fig. 1),
higher catalytic activity corresponds to
higher B, values in both series.

The variation of N,O decomposition ac-
tivity with TMI concentration has been
studied on Al, .Cr.0; (27, 28) andd Mg
Al,_.Cr,0, (29) for the whole range of
compositions (x = 0-2). Interest in these
systems is aroused by the possibility of
studying cation—cation interaction in con-
centrated solid solutions (8, 30). The
results of the ACA vs By dependence for
Al,_.Cr,0, are presented in Fig. 3. As in
the case of diluted nickel- and cobalt-con-
taining systems, a small increase of By; en-
hances the activity in the region of diluted
solutions but a reverse activity rise is ob-
served in concentrated samples. This inter-
esting feature will be discussed later.

There is no full agreement on the issue of
B, dependence on chromium concentra-
tion in Al,_,Cr,0,. Many attempts have
been made to explain it by the Cr3*-site
geometry changes and Cr3*-Cr3* interac-
tion between mr-antibonding #,, electrons
(31). More acceptable explanations, in
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FiG. 2. ACA of Ni** and Co?* ions in MgO vs By
values. Ni,Mg, ,O: 1—x = 0.0}, 2—x = 0.1, 3—x =
0.2, 4—x = 0.5; ACA (log ky; at 713 K) from (11); By,
calculated from spectral data in (/7). Co,Mg,_,0: 5—
x=0.01, 6—x = 0.1, 7—x = 0.2, 8—x = 0.5; ACA (log
k¢, at 588 K) from (15); Bsy from (21, 26).
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F16. 3. ACA of Cr® ions for N, O decomposition vs

By, values for Al,_,Cr,Oy: 1-—x = 0.020, 2—x = 0.054,
3—x = 0.068, 4—x = 0.098, 5—x = 0.182, 6—x =
0.400, 7—x = 0.794, 8—x = 1.200, 9—x = 2.00; ACA
(log k¢, at 555 K) from (26); Bss from (29) (for Cr,0,
another widely accepted value from (31)).

agreement with X-ray and magnetic data,
could be given in terms of Cr~O bond cova-
lency changes with concentration. The sen-
sitivity of By to covalency changes is evi-
dent from Eqgs. (2) and (3). The interaction
between strongly connected polyhedra in
the corundum structure determines the sen-
sitivity of the Cr?* electronic state to chem-
ical changes in its environment. A simiiar
effect of the concentration on By has been
observed for Ni Mg, O and Co,Mg,_,O
(16, 20, 32).

TMI with different electronic con-
Sfigurations. The only data available for the
relative activity of first-series TMI solid so-
lutions are those summarised by Cimino
(1). Comparison of the activities for N,O
decomposition on 1% solid solutions at
315°C is made, involving ions with
configurations from d® to d®. Only catalytic
activity data (Jog kaps) Which are not sub-
jected to error due to the presence of ions
with different valencies will be considered.

The catalytic activities and the most reli-
able IERP are given in Table 1. B8, instead
of B,; values are used as more appropriate
when comparing the properties of TMI with

diffarant alastranis canfionratinng
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There are other parameters available for
describing the relativistic nephelauxetic ef-
fect (5) ensuing from the g factor obtained
by EPR data (33 ) The g factor for octahe-
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can be written as
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g = 2.00229 + 44/ Dg,

where A,; is the spin-orbit coupling con-
stant. The Ag/Ane® (Ang® refers to the gas-
eous ion) is proportional to the effective
charge in the crystal.

and

o
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TABLE 1
Catalytic Activity and Some Physical Constants for TMI in MgO
Ion Catalytic activity Bss g A Ay Re AE?
of 1% solid value® from EPR €V)
solution in MgO, data®
log k, (315°C)
Co?** —-2.38 0.87¢ 4.,2785 0.85 1.40 1.7
Ni#* -3.12 0.79 2.2145 0.77 1.25 1.7
Cuz* —4.12 —_ 2.190 — —_— —
Cr3+ —4.34 0.67¢ 1.9782 0.72 1.29 2.2
Fest -5.21 — 2.0037 —_ 1.15 4.4
e Ref. (33).
b Ref. (34).
¢ Ref. (25).
4 Ref. (36).
¢ Ref. (26).
7 Ref. (35).

9 Ref. (31).



As indicated in Table 1, the catalytic ac-
tivity for N,O decomposition is markedly
influenced by the cation electronic struc-
ture. Maximum activity is reached for ions
with maximum B and Auq/Ang? values. In
agreement with earlier findings for diluted
systems, higher catalytic activity corre-
sponds to higher electron localization on
the ion.

Intraatomic electron interaction (electron

corralation) ic a decigive factor in determin-
correiation) 1s a gecistve 1actor in getermin

ing TMI properties in the free state as well
as in the solid phase (37). In order to esti-
mate the atomic-orbital energies, Slater
(37) proposed the use of ‘‘modified one-

alantmnn Amaraiag
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E,i = I(i) + (qi - i‘)(i’ i) + 2 q.‘i(i’ j);

=4
=

(4

where I(i) is the sum of the kinetic and
potential energies of an electron in the ith
orbital in the nucleus field, (i, i) is the elec-
trostatic interaction integral between two
electrons in the orbital j, (i, j) is the interac-
tion integral between an electron in the ith
sheli and one in the jih sheii, and g is the
occupation number of the shell. These E’;
values have been successfully used in solid
state electronic structure descriptions (37).
The configurational stability of the 3d-elec-
tronic state can be evaluated taking into

account the spin polarization with the quan-

titias E' = (0. E'. + a E:Y/g. whare g = a
s Ly = 5=/, WACTS 4 ks

+4q, The correspondmg En4 values for dif-
ferent 3d configurations have been obtained
using E;,.,,T and Ej3, . data for 3d"s? (38):

Configu-
_ration
Ezs (Ry)

34
-0.500

3dl
-0.550

3d"
—0.488

3d°
-0.494

3d°
-0.517

Comparison between Ej; values (as a mea-
sure of configurational stability) and TMI
catalytic activity (Table 1) reveals a reverse
correlation between them: a highly active
TMI possesses more unstable (“‘quick’ in a
chemical sense) 3d shells due to a higher
interelectron repulsion

The high sensitivity of TMI polarizability
(@) to the effective charge —da/a = 49z./z,

n

(24) confirms the relationship between re-
activity and interelectron repulsion. The re-
fractions (R) of TMI, presented in Table 1,
correlate with catalytic activity. The fact
that polarizability reflects *‘liquidity’’ of 3d-
electron density, caused by the high effec-
tive charge value, explains this relation-
ship.

The influence of the Coulomb and the
exchange components of intraatomic elec-

tron interaction on the TMI can be esti-

AL A AVIVIL VL AT A VAL LAl U s

mated also by the energy difference (AE)
between the ground and the first excited
states (AFE is listed in Table 1). As indicated
in Table 1, the cations with smaller excita-

finn anarg QAaRg har satalytis activ

tion enecrgy possess lllsll&«l CatarytliC aciiv-
ity.

The above arguments help to gain further
insight into the correlation between the
ACA and the IERP. It is also possible to
explain the ‘‘d-correlation effect’” (39) on
the same basis. However, it has to be kept
in mind that a mainly independent TMlin a
solid solution is being considered here and
that electron delocalization in concentrated
solutions or pure oxides requires special
treatment.

An interesting interpretation of the ¢
ity on oxide solid solution systems was
given by Pomonis and Vickerman (40),
based on the effective size of the electronic
trap. It must be pointed out in connection

with the nrecant regnlte that tha affactive
¥Y ALLL ik Pl WAL LW UOUILTD LIAAL VILy WwiaLlWwW RL Y W

size of the electronic trap is proportional to
the interelectronic interaction on the TMI.

By, Values and Reaction Mechanism

According to the data presented so far,
there exists a correlation between the cata-
lytic activity and the corresponding By
values of the samples. An attempt will now
be made to connect the electronic state of
the TMI and the mechanism of the catalytic
reaction on the basis of the B35 concept.

The mechanism of N,O decomposition is
known to a certain extent and it has been
concluded ‘‘that the nature of the surface
complex between oxygen and the metal ion
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controls the course of the reaction’’ (1):

N,O(g) — N,O(ads), S
N.O(ads) + e~ — N,O(ads), (6)
N;O~(ads) — Ny(g) + O~(ads), (7)

O~(ads) — #0,(g) + e~ 8)

If the desorption step (Eq. (8)) is rate deter-
mining, the higher activity can be attributed
to the weaker TMI-oxygen bond.

Quantum chemical calculations of the
Me-O bond order (Py_,) have been carried
out with orbital exponent w variation, thus
modelling TMI with different By values,
according to Eq. (2). The parameter u has
been varied within reasonable limits, in line
with the modern concepts of chemical
bonding (4I). Figure 4 depicts Pc..o and
P, values as a function of u. In the same
figure the ACA/Bj; dependence for
CrzAl;_,03 and CoMg;--O is shown at a
fixed proportion between u and Bgs. The
corresponding Slater orbital exponents and
B values for free (gaseous) Cr®* and Co?*
ions have been used as fixing points be-
tween p and By axes.

The higher catalytic activity of Co®* at
higher B, values corresponds to a lower
P, value (Fig. 4), i.e., a weaker Co-O

-4}

bond facilitates oxygen desorption and en-
hances catalytic activity. The minimum in
ACA/B,s; dependence observed for
Cr,Al,_,0O; coincides with the maximum in
the Pc,_o/u curve also in agreement with
the mechanism in Eqs. (5)~(8). It is evident
that the orbital shape individuality (ex-
pressed by the appropriate u value)
specifically influences the electron density
distribution in the adsorption complex and
hence the reaction mechanism.

The model used for the present quantum
chemical calculations is based on the con-
cept that the 4 levels localized on the metal
cation exist in the oxide systems under con-
sideration (42). The EHM calculations of
Me-0 bond populations (Fig. 4) have been
carried out with a fixed diagonal matrix ele-
ment Hy, (representing localized 3d levels)
for different u values. The Hj, values have
been chosen according to existing data for
impurity 3d levels in the oxide solid solu-
tion (42). The 3d-electron energy level de-
pends, however, upon interelectronic inter-
action (see Eq. (4)). In specially performed
quantum chemical calculations of P¢,_o/p
curves for different Hyy it has been proved
that the general mode of P¢,_o/n depen-
dence does not change with reasonable H3,4
variation (Fig. 5). It would be reasonable to
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FiG. 4. The Me-O bond population (Py_o) calculated quantum chemically as a function of the u

value. ACA /By dependences from Figs. 1 and 3.
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assume that conclusions concerning the re-
action mechanism could be drawn on the
basis of Fig. 4 irrespectively of the choice
of Hz4 value.

According to the calculation method
used, the covalency of the Me—O bond is
proportional to the corresponding bond
population. The maximum covalency of the
Cr-O bond is shown in Fig, §, curve 11, for
which the condition Hagc, ~ H?™ is fulfilled,
while curves I and III reveal greater ionic-
ity: Hy, " < Ho,0 and H,, > H,,°0, respec-
tively. This reveals the possibility of esti-

tha NMa_N
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ntievey

matiiig
covalency within such a model.

The model quantum chemical calcula-
tions carried out are qualitative and the
conclusions drawn on them are within the
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CONCLUSIONS

The Bj; parameter of interelectronic re-
pulsion defines the electronic properties of
TMI in solid soiutions. Correlation between
the ACA for N,O decomposition and Bj; is
found and satisfactorily explained by quan-
tum chemical calculations based on the ef-
fective charge concept, in accordance with
the experimentally substantiated mecha-
nism. It seems that the experimentally ob-

-
!

tained Bas is an objective and informative
criterion for characterizing the electronic
properties of TMI-containing catalysts.
This treatment demonstrates the opportuni-
ties offered by the interelectronic repulsion
concept for studying the mechanism of TMI
catalytic activity in solid solutions.
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