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Crystal Field Interpretation of Some Activity Patterns
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Crystal field stabilization energies have been calculated for various first series
transition metal oxides. The geometric ligand configurations considered are the
transition from a square pyramid to an octahedral configuration due to a chemi-
sorbed O jon. The metal oxides considered show a clearer pattern in their crystal
field stabilization in certain other geometric structures where the chemisorbed O*
ion does not change the symmetry of the complex. The crystal field effects obtained
agree well with observed catalytic activity patterns.

InTRODUCTION

First series transition metal oxides are
frequently used as catalysts for oxidation
reactions. The application of the crystal
field theory to first series transition metal
oxides requires bonds of predominantly
ionic character between the metal and the
oxygen. This assumption seems to have
considerable justification (I, 2). The addi-
tional assumption of redox couples appears
to be a useful model for oxidation reactions.

Considering oxidation reactions, Dowden
and Wells (1) were first to show that a
remarkable relation exists between the
catalytic activity and the ecrystal field
stabilization for various first series transi-
tion metal oxides. Their work is based on
the idea that a chemisorbed O ion changes
the symmetry as well as the strength of the
crystal field affecting the transition metal
ion. However, important configuration
changes like the one from a square pyramid
to octahedral symmetry seem to cause only
very small increases or even decreases in
the total stabilization energy for the vari-
ous metal ions. Their calculation of the
stabilization energies are based on a quan-
titative pattern for crystal field splittings
presented by Basolo and Pearson (3).
There appears to be some confusion in

respect to this crystal field splitting pattern
for certain nonoctahedral symmetry cases.
Hartmann and Fischer-Wasels (4), for
example, reported a splitting for D terms
of a Nil jon (not ground term) in square
planar configuration which contradicts the
quantitative pattern of Ref. (3), so do the
results of Orgel (5) on the same term
for tetrahedral configuration. Furthermore,
Basolo and Pearson caution not to compare
the splitting pattern of one symmetry case
with another one quantitatively as done in
Ref. (1). In this paper, the stabilization
energy changes have been calculated for
the transition from a square pyramid
ligand configuration to an octahedral one.
The results are compared to the results of
Dowden and Wells for the same case.
Generally, an incoming O% jon causes a
particular metal ion to split rather differ-
ently depending on the geometric configura-
tion the metal ion was exposed to before.
This implies a change of symmetry caused
by the incoming O? ion. As a result, a
different split term can be lowest for the
metal ion before and after the O%- jon has
been chemisorbed. Therefore, it is difficult
to make a fair comparison of the pertinent
crystal field stabilization energies occurring
for different metal ions without knowing
the geometric configurations of the most
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effective active catalyst sites. In order to
avoid this difficulty, in this paper, con-
figurations have also been considered
where an incoming ligand does not change
the symmetry of the crystal field and
where the part of the stabilization energy
due to the incoming ligand adds linearly to
the total stabilization energy of the transi-
tion metal ion. This seems to provide a
clearer comparison of the stabilization
energies for different metals. The results
strongly support the original claims of
Dowden and Wells.

This work is confined to oxidation reac-
tions catalized by the oxides of the following
first series transition metals: Tilll, Til, VIV,
VI Y Cpl Or't, Mn!Y, Mn!t, Mn!,
Felll, Fell Colll, Coll, Nilll, Nill, Cull,

CrysTAL FiELp CALCULATIONS

Besides octahedral and square pyramidal
ligand configurations being of O, or C,
symmetry, additional configurations are
considered here which show the following
characteristic property. The O* ligand of
the original catalyst positioned on the main
symmetry axis is assumed to display an
overwhelming influence on the metal ion
compared to all other ligands so that the
stabilization energy caused by the chemi-
sorbed O ion also positioned on the main
axis will linearly add in full to the total
stabilization energy of the metal ion. Such
a configuration is realized by a single metal
ion above a regular crystal plane or by a
single metal ion at a corner of a cubic
body centered lattice. C., symmetry has
been assumed for simplicity. However, the
change of stabilization energy due to an
incoming O ion on the main axis turns out
to be the same, to a first approximation,
for any pertinent symmetry case of the
type considered.

The crystal field theory formalism used
is very similar to the one of Ref. (6). The
weak field method has been followed
throughout this paper. The formalism is
given by Condon and Shortley (7-9).

The metal ions investigated have S, D,
F terms as ground terms. Since S terms
(resulting from d° as in Fe'™ or Mn" or
from d'° as in Cu' or Zn™) do not split in
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any crystal field, these ions show no
stabilization effects at all in weak field
method calculations. D and F terms split
under the influence of O; and Cy fields in
the following way:
On Cup
D— Ty + E,, D~ A+ Bi+ B: + E,
On

Cs»
F'_)7’10+T20+A2g, F“)A1+Bl+Bz+2E

Ballhausen (7) presents the stabilization
energy AE caused by octahedral ligand
fields for all metal ions considered

dl, d° — AE = —4Dq
@, dt, dr, d® — AE = —6Dq
&, &8 — AE = —12Dq

where 10 Dq is defined as the amount of
splitting of a single d-electron in an octa-
hedral ligand field. A negative value of AE
indicates stabilization.

To obtain the expressions for AE in the
case of C,, symmetry, the proper linear
combinations of atomie eigenfunctions be-
longing to these irreducible representations
are calculated following the method of
Bethe (10). The atomic eigenfunctions ob-
tained are subsequently replaced by anti-
symmetrized products of one-electron
eigenfunctions. Condon and Shortley (11)
present a formula for changing the perti-
nent integrals of products of one-electron
eigenfunctions into sums of one-electron
integrals of which only the following seven
do not vanish:

[2ved; [-2v.-2d;
fl*Vsl dr; /—l*Vs ~ ldr
[ovods [2V.—2d;

[ —2vaan.

where [ . . . dr indicates integration over
the whole space. V, is the perturbation
operator representing the ligand field. 2, 1,
0, —1, —2, are the complex d-electron
eigenfunctions with the magnetic quantum
number 2, 1, 0, —1, —2 (12). The asterisk
refers to the conjugated complex nature of
this one-electron eigenfunction.



316

One has also to consider the constant
amount of shifting of all split terms result-
ing from the ground term of a free ion as
explained by Ballhausen (7).

Slater type eigenfunctions are most com-
monly used in ligand field calculations due
to their simplicity. Generally, the radial
part of a Slater eigenfunction is considered
as the least accurate part. These radial
parts contain the Slater parameter f (12)
and the distances R between central ion
and ligand in higher powers. Unfortunately,
the f and R values often cannot easily be
obtained with sufficient accuracy. There-
fore, to overcome these shortcomings of
Slater’s eigenfunctions, one commonly cal-
culates any crystal field splitting or erystal
field stabilization in terms of 10 Dq of the
considered case. 10 Dq in terms of f and R
is given by

10Dq = 525 %, 1)

for all ions with 3d-electrons, with n being
the number of negative charges of the
ligand considered.

PR = (PR X (@)

where f are the proper f values calculated
by Slater’s rule (12). This way, the values
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of 1/f2R? and 1/f*R® used, i.e., the radial
parts of the pertinent eigenfunctions, are
obtained semiempirically and are more
accurate than in an a priori calculation of
the Slater eigenfunction. Table 1 contains
the values used for 2R3 f*R® and Dg, of
which the latter are experimentally ob-
tained from absorption spectra (7, 13).
Whenever the Dg values for the oxides
were unavailable, the Dq values for the
corresponding octahedral hexa-aquo com-
plexes were used as shown in Ref. (1).

All results for Ti" have been omitted
because of Ti™ complexes being unstable.

The one-clectron integrals have a solu-
tion of the following general form for ion
ligands:

POt eos $) M % + P,/%(cos 0)M2F%~3
+ P,0(cos )M, f%ﬁv
where P,l°l(cos &) 1is the associated

Legendre polynominal. & is the angle
formed by the main axis and the shortest
connection between the pertinent O
ligand and the metal ion.

All terms with M, vanish for the calcula-
tion of the stabilization energies.

TABLE 1
VALUES OF f2R? f*RS, anp Dg vor DirrzreENT TRaNsITION MsetaL Ions
fZRB f4R5 Dq

Ton (a.u.) (a..) (em™0) Remarks
Tit 241.6 11 350 2030
v 190.5 8 864 2600 Extrapolated value
yir 237.8 12 226 1885
vit 325.0 19 531 1180
Cril 232.0 12 80¢ 1800
Crlt 277.2 16 461 1400
Mn!v 11730 From crystal radius
Mnt! 198.0 10 621 2170
Fell 309.0 23 047 1000
Colll 193.3 11 640 1980 Reference 13
Coll 304.9 24 260 950
Nilt 323.0 29 030 From crystal radius
Nilt 313.4 27 114 850
Cull 261.9 20 950 1100
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It is because of P,l°l(cos ©#) that the
ligands on the main symmetry axis, i.e.,
# = 0°, cause strongest crystal field effects
followed by the ligands with 4 = 90°. Any
other ligands, with & = 45° for example,
show much smaller crystal field effects. It
is due to this series of decreasing influence
that those cases are realistic where one
ligand on the main axis is of overwhelming
importance.

Only considering the single chemisorbed
O ligand, the following M, and i, values
are obtained for the seven aforementioned
one-electron integrals

/ 2V,2 dr

[—2v. - 2dT} M=

[ 1'V,1dr

[-rv.- 1df} M =2;

[ov.0 dfg My=4; M,=90,

—4; AM4 = 15,

M4 = _"60,

[2v. - QdT}
[ 2V M =0; Mi=0,

The M, and M, values for the case of a
square pyramid ligand configuration are as
follows:

{ 2_‘2/12/0[7_ ) dT} M,=4; M, =375,

/1*V31 dr
M2 = —2; JW4 =

[ 17— 1 0

/o*Vso dT} My = —4; M, = 225,

[ 2V, — 2dr
) Ms:=0; M,= 65625,
[ —2*V.2dr

Since the following equalities
[2ved= [ -2v.—2a; [V
= [-vrvi—van [2v.- 24
= [ —2vaad,
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are valid for the considered case, the final
results for the stabilization energy due to
a Cy ligand field can be stated as follows:

d' =D 3)
apedy = 2 [ovea—2 v
( 1——gj s_‘r—?_)lesld‘r
4 .
+ < | 0V, 0dr,
5
- B

| zvad T—~/ 1'V.L dr
0*V80d7+/2*Vs— 2 dr,
+g/2*Vs2dr—2/l V.1 dr
0

V.0 dT—/TV — 2dr,

AECE) = — % / 27,2 dr+§ / 1"V, dr

/O*V(]d‘r

@2 — F

o1|r—‘

AE(AL) = —%fz*v;z d7+§/1*vs1 dr

2 [
B/OVOdr,

AE(BY) +5/9*V2dr——/1*Vsldr
+§/0V0df—/2v—2dr,

AE(Bs) =+§/ *V,24d /1V1dT
+—§/0V0dr+/ 2V, — 2dr,

AECE') = +%/ »V.2dr + 1 /lVldr
%/0 V.0 dr,

AECE”) = %/2*V2dr—|— /1 V.1 dr.

d*—*F
all AE’s are negative equal to the AE’s of d2.
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dt— 5D

all AE’s are negative equal to the AE’s of d'.
d®*— S

AE(PA,) =0
d® — 5D

all AE’s are equal to the AE’s of d'.

&' —4F

all AE’s are equal to the AE’s of d2.
&5 — 3F

all AE’s are negative equal to the AE’s of d%
d*—2D

all AE’s are negative equal to the AE’s of d'.

Ballhausen (14) presents a scheme for
the splitting of a d-electron in tegragonal
symmetry where the a; and b, split terms
reverse energetic positions depending on
the strength of the ligand field. This also
contradicts a general quantitative splitting
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pattern as stated in Ref. (8). This situation
sharply differs from a single 3d-electron in
a field of O, symmetry where the ¢, split
term is always 4Dgq below the original level
and the e, split term is always 6Dq above
the original level.

The final results are presented in Table
2. AE is the crystal field stabilization
energy in an octahedral or square pyra-
midal ligand field. Ae is the difference be-
tween both, ie., Ae = Ay, — AEC,,. AE,
is the increase of the crystal field stabiliza-
tion energy due to a single incoming O*-
ion positioned on the main symmetry axis.
The Ae¢ values of Dowden and Wells are
presented for comparison. Negative AE,
AE,, Ac values indicate stabilization.

DiscussioN oF THE RESULTS

The results in Table 2 show that the
stabilization energies for the transition
from a square pyramid to an octahedral
ligand configuration obtained in this paper
differ considerably from the Ae’s reported

TABLE 2
Varues oF AE, AE,, Ae or DirrERENT TrANsITION METAL IoNs FOR 02~ Licanps (keal/mole).

The values in brackets are obtained with the strong field method.

Ae

Metal No. of AE (Dowden

ion d-electrons AE(03) (square pyramid) Ae and Wells) AE,
Tt 1 —23 —27 +4 +2.9 —19
viv 1 —-30 —34 +4 —24
VI 2 —32 —-32 0 +5.5 —15
Vi 3 —41 —21 —20 —-7.0 -7
Crlt 3 - 62 —32 —30 —-9.2 —10
Crlt 4 —24 —26 +2 +12.0 —25
MnlV 3 —67 -35 —32 —11
Mn!it 4 =37 —38 +1 +17 —36
Mpn!! 5 0 0 0 0 0
Felll 5 0 0 0 0 0
Fell 6 —12 —-16 +4 +1.7 —15
Colll 6 —23[—54] —29[-31] +6[—23] +3[—21] —24
Col! 7 —16 —18 +2 +3.2 —11
NjlI 7 —13 —16 +3 —10
Nilt 8 —29 —15 —14 —4.6 —5
Cull 9 —19 —25 +6 +12 —25
Cul 10 0 0 0 0 0
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by Dowden and Wells. Since no more
refinements of the weak field method have
been used here, the difference seems to be
due to the general splitting pattern for a
square pyramid configuration as discussed
before. However, especially the AE(Oy)
results are subject to various corrections.
All d* and d° metal ions are strongly
stabilized in O, fields by the Jahn-Teller
effect. This would drop the energy state for
Crll, Mn™, Cu® sufficiently so that Ae will
be of negative value. Since for Ni'™ and
Mn' erystal radii have been used, the
results are of lesser accuracy. Apparently,
V¥ forms “octahedral” complexes, where
one O* ion is considerably closer to the
metal than the others. VM on the other
hand, shows a superposed trigonal compo-
nent in its octahedral complexes. The
unrealistically large positive value of Ae
for Co™ is due to the fact that most octa-
hedral complexes have singlet split terms
as ground terms. A strong ligand field
causes an excited G or I term of the free
ion to split so much that its lowest split
term lies lower than the lowest split term
of the 3D term which is the ground state
of a free Co™ ion. It is more convenient to
calculate the splitting of 'G' and *I terms
by using the strong field method. The
differences between weak field and strong
field results are here essentially due to the
fact that two different split terms are con-
sidered. However, strong field calculations
on the quintet case and the singlet case for
a square pyramid lead to similar results as
shown in Table 2. Fe™ displays the same
behavior as Co™ to a somewhat lesser
extent.

Besides the arguments as presented in
the introduction, it becomes evident that
many strong distortions like the Jahn-
Teller effect affect complexes of different
symmetry to a very different extent. There-
fore, a case without symmetry change
seems to be much more suited for compar-
ing crystal field stabilization. The AE,
values in Table 2 appear to be much more
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coherent than the Ae values. If one assumes
that the oxidation reactions considered in-
volve a redox couple of the catalyst metal,
a series with decreasing AE, can be stated:

MpllI > Cull > Colll ~ VIV > VII > Njll
~ CrlII 3> Felll =

This series agrees well with the activity
pattern reported by Klier (2) and Dowden
and Wells (7). On the other hand, the
corresponding series with decreasing Ae
substantially differs in the positions of
Crt VIV and Mn'".

The AE, values represent the crystal
field energy change caused by one chemi-
sorbed O?% ion for most cases without sym-
metry change as mentioned before.

REFERENCES

1. DowpeN, D. A., aNnp WELLs, D., Actes Congr.
Int. Catal., 2nd, 1960 Vol. 2, 1499 (1961).

2. Kuer, K., J. Catal. 8, 14 (1967),

3. Basoro, F., anp Pearson, R. G., “Mechanisms
of Inorganic Reactions,” p. 68. Wiley, New
York, 1967.

4. Harrman~, H. H., anp FiscEEr-WaseLs, H.,
Z. Phys. Chem. N. F. 4, 20 (1955).

§. OrceL, L, E,, J. Chem, Phys. 23, 1004 (1955).

6. KoLLrack, R., J. Catal. 14, 332 (1969).

7. Bauuausen, C. J., “Introduction to Ligand
Field Theory.” MecGraw-Hill, New York,
1962.

8. Conoon, E. U, anxp SuOrTLEY, G. H., “The
Theory of Atomic Spectra.” Cambridge
Univ. Press, London/New York, 1953.

9. GrirrrtH, J. S, “The Theory of Transition-
Metal Tons.” Cambridge Univ. Press, Lon-
don/New York, 1961.

10. Berur, H. A, Ann. Phys. (Engl Transl) 3,
133 (1929).

11. Coxpon, E. U, anp SmortLey, G. H., “The
Theory of Atomic Spectra,” p. 171. Cam-
bridge TUniv. Press, London/New York,
1953.

12. Suater, J. C., Phys. Rev. 36, 57 (1930).

13. Georag, P,, anp McCurugre, D. 8., Progr. Inorg.
Chem. 1, 381 (1959).

14. Barruausen, C. J., “Introduction to Ligand
Field Theory,” p. 102. McGraw-Hill, New
York, 1962.



