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The energy levels and transitions of the Cr(I1I) hexacyanide complex ion were
calculated. Only the 3d, 4s and 4p atomic orbitals of the central Cr3+ ion and only
the 2p atomic orbitals of the C atoms of the cyanide groups were taken into consid-
eration. By means of the O, symmetry of the complex ion and the empliric data
(R=2,00 A, ionisation energies), the MO method was employed in its LCAO form.
We can range the calculated transitions into four groups consisting of transitions
-close to each other. These groups of transitions are in good agreement with the
cbserved spectrum of the ion the difference being not more than 3 per cent.

§ 1. /ntroduction

The theory of complex compounds was started by the investigations of
‘'WERNER [14] and MaGNus {8]. The further elaboration of the theory was only
rendered possible by quantum mechanics. SIDGwiICcK [11] .initiated the first
step in this direction by assuming the presence of covalent bonds between
the central ion of the complexes and the groups in the coordination zone.
As a next step was the determination of the eigenfunctions of valence (con-
.cerning different coordination numbers and symmetries) by PAULING [10] and
KiMBALL [4] applying the “Valence Structure Theory“ of valence eigenfunc-
tions. Afterwards BETHE [1] tried to -make use of this theory in his “Crystal
Field Theory for crystals of similar symmetry as well as ILSE and HART-
MANN [3] for the calculation of the Ti** octahedral complexes. ILSE and
HARTMANN applied the perturbation method so that their investigation as a
~ foundation of the quantum mechanical treatment of the electrostatic complexes

can be-regarded. ‘

WOLFSBERG and HELMHOLZ [16] were the first to make calculations for
complexes of crystalline state with covalent bond. In the case of experimental
study and its immediate heuristical interpretation of the light absorption of
complex .compounds Kiss and his co-workers [5] reached outstanding results.
Recently Kiss explained the light absorption of the electrovalent and covalent
complexes [6] by the “Term Split Theory* based upon the results of quantum
mechanics. The present investigation aims at the quantum mechanical inter-
pretation of his results referring to covalent complexes.
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§ 2. Contributions to the model of the complex

The Cr (IlI) hexacyanide ion consists of a Cr®* jon and six cyanide
ions so that the nucleus of the complex being the Cr®* jon is surrounded by
six cyanide groups with octahedral symmetry (Fig. 1).

It is. assumed that between the central ion and the groups of the coor-
dination zone covalent bonds exist. These bonds are the molecular orbitals
composed from the atomic orbitals of the nucleus and the groups. Taking
into account the octahedral symmetry . of the complex considered usually the
well-known d*sp’-hybridization of the Cr®* ion orbitals is used, in accordance
with KIMBALL’s theory of
- coordination. Molecular or- iz
bitals with octahedral sym- _ .
metry can be, however, ";‘zﬁ\
composed by d* atomic or- SN
bitals too, relating to the s
Ty, irreducible representa- A
tion of the O, group. In e lo) NN
the following a special ' /7 VA
mixture of both the above / / | v,;;l{_ AN
mentioned  hybridization 7 [ AT T T E Y NN

will be used. It is -namely !é eyl ___C}_/________;_g;f,n,_)
supposed that the central #=“¥®X /L I =1
Cr** ion contributes to the AN S S
molecular orbitals with five AN Ak\é’ﬂ }

3d, one 4s and three 4p < N\ !

orbitals on which, in the AN ! i
" case of the free ion, three _ AN

3d electrons are present, ) N
furthermore the other elec- Ny

trons of the Cr®* ion o yé,“

(1s% 2s% 2p% 3s%, 3p%) be- s
long to the closed shells. - Fig. I

The groups have a nega- »

tive charge and they are localized in the complex so that the C atom is
nearer to the ion than the N atom [12]. Each group® contributes with three
2p orbitals of the C atom to the common MO system being orthogonal to
each other and showing a maximum value in the direction of edges of an
orthogonal trihedron, the edges of which run parallel to the axes of a Car-
tesian coordinate system which is determined by the axes of the octahedron.
On these atomic orbitals of the cyanide groups we have to take into account

1 In the vertices of the octahedron there are six CN™. o; indicates the orientation
of the maximum distribution for one of the 2p orbitals of the group which is on the i-th
vertex, 71; and 71 mark the orientations. of the other {wo orbitals which are perpendicu-
lar to the former. '

2 The groups may be regarded as an electric 'dipole where, owing to the electro-
static attraction of the positive charged central ion, the centre of the negative charges is
nearer to the centre of the complex than the centre of the positive charges. .
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four electrons involving even the electron which produces the negative charge
of the cyanide group. So twenty-seven electrons must be placed on the mo-
lecular orbitals formed by the twenty-seven atomic orbitals.

§ 3. Method of the Calculation

The energies of the electrons are calculated by means of the LCAO
version of the MO method (see e. g. [9]), for the extensive simplification of
which group theoretical considerations are used [13], [15]. The twenty-seven
atomic orbitals mentioned above span the space of the twenty-seven dimen-
sional reducible representation of the O, group. The characters of this redu-
cible representation were obtained with the help of the mentioned functions
by studying their behaviours under the symmetry operations of the O, group. .
Using the character system of the O, group (see e.g. [2]) and characters
obtained in this manner (Table I), the reducible representations have the form:

Fc:Fdzspa':Alg’i'Ey'f‘ Ty,

In=Ty,+Tw-+ Toy+ Tou 0
=T, :

I'=2A,42E,4+ T+ 3T1.+ 2T+ Ts..

. In order to attain the breaking down achieved in this manner instead
of the atomic orbitals new linear combinations (Table II) were introduced

Table l

0, E | 8C, | 3C, | 6C, | 6Cy i | 8iC, | 3iC, | 6iC, | 6iC,
A, 1 1 i 1 1 1 1 1 1 1

Alu 1 1 1 1 1 —1 —1 —1 —1 —1

Ay, I 1 1| —1 | =1 i 1 1| —1 | —1

A, 1 1 1| =1} —1 | =1 | —1 | —1 1 1

E, 2 | —1 2 0 0 2 | — 2 0 0

E, 2 | —1 2 ol 0 |=2 1 | =2 0 0

T, 3 0 | —1 | —1 1 3 0 | —1 | —1 1

X, ¥z Tlu 3 0 | —1 —1 1 -3 0 i 1 —1
T, 3 0 | —1 1| =1 3 0 | —1 1] —1

T, 3 0 | —1 1 |—1 | -3 0 1. | —1 1

Ao 6 0 2170 2 0 0 4 2 0

n 12 0 | —4 0 0 0 0 0- 0 0

% 3 0 | —1 1 | —1 3 0 |--1 1] —1
Laesyp 6 0 2 0 2 0 0 4 2 0

7 27 0 | —1 1 3 3 0 7 5 | —1
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Table 11.
crit | CN™
d3' d2sp3 o o 2p7
Ay s | 1B (tedat ot o)
E i Aoz 22 (o1+03— 03— 0y)
o | de (V112Q20; 4 206—0, — 00, —03)

=12 (7T + T - 7oy + TL)
', o ' 172 (7831 + 730 + 7050 + 7T61)
—1/2 (7Ty5 + T - 7Ty 4 7Ty)

. P W2 (0, —a) —1/2 (7tsp — Ty -+ T — TTy)

T Dy 1/Y2 (0, — 0y) 1/2 (7145 — 7151 — 703 + 7o)
p. | V2 (05— 0p) 1/2 (783 + 70y — Ty — TLy)

d,. o 12 (g F gy — 7130 — 5)

TQy d ' . 1/2 (7t + Tl Tlyy — TLyy)

1/2 Tz — 70 + Uy — TTyy)

- —1/2 (70 — 703 — TU5 + Tyy)
Tﬂu ‘ . : —1/2 (7145 — 715 + 75 — TTpo) .
12 (7tyy — TUoy — Tgo + Ty9)

which spaﬁ the. subspaces of the space of the twenty-seven dimensional redu-
cible representation being invariant under the operations of the O, group.

In this way it was achieved that the secular equation having originally
the form:

]Hij_E‘Sij[:() ) (2)
where '
' iji—1,2,.

may be broken up mto a product 1nclud1ng the following determinants: two
of the first order belonging to the 7\, and 75, representations, three of the
second order belonging to the A;,, E, and T, representations -and one of
the third order belonging to the 71, 1rredu01ble representation. The roots be-
longing to the A, E and T representations are one, two and threefold dege-
nerate, respective]y.
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The integrals occuring in the secular determinant were determined by
approximate methods. The so-called group overlap integrais may be expres-
sed by the atomic overlap integrals. A new method® was elaborated for the
calculation of the atomic integrals assuming that the distance between the
central ion and the C atom of the cyanide group is 2,00 A. The integral type
H:; was substituted by the suitable ionisation potentials (see Fig. 2 Column 1).
The Hj; integrals were determined with the formula of WOLFSBERG and
HewmuoLz [16]:

Hy—F.S; H“JEH” - 3)

where F is an empiric factor which was chosen as 2;5 for o -bonds and as
3 for # bonds. The energy values obtained in this way are to be found in
Table 111.

Table 1II. Table IV.
oy e T
E, «— T,
1 E, — 11,4130 E, «—» Tu
2 Ay, —9,5027 Ty < T
3 Th —8,7000 Ty s T
4 Th —8,1219 T s Ty
5 T, —7,8288 Ty s Ta
T
6 |- 78000
T, —7,5101
A, | —52039
T | —32030
10 E, —0,1688

§ 4. Selection rules

For the interpretation of the spectrum the knowledge of the selection
rules is needed. Transition between two states which are characterized by
the functions v, and v, is possible if the integral {v,E&vy,d =, where § is one
~of the coordinates, is different from zero. With simple group theoretical con-
siderations can be decided if this integral is zero or not. In Table IV a sum-
mary of the allowed transitions is given.

3 The publication of this work will follow at a later date.
4 The energy values are numbered according to Fig. 2.
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§ 5. Interpretation of the spectrdm

The transitions denoted on Fig. 2 in cm~! are to be found in Table V
where the experimental values are also presented.

It can be registered immediately that the difference between the calcu--
lated and observed. transitions obtained by the experimental absorption curve
at disposal [7] ranges from 5000 cm~' to 50000 cm~! does not exceed 3 per
cent. Our results are surprisingly good and all the more so because the na--

Table V.
Transition | cm—! Observed®
3 — 10 821
- 68 ] band from
1— 9 | €620 || 3000 1
. 4 5
4— 10 | 64158 | 000 cm .
o 6 probably maxi-
6 — 1 61561
l mum > 50 000
2 — 9 | 51546
5> 9 | 31316
- 38000
6 — 9 37084
1— 6 | 29146 ||
3 8 | 28203 | 27000
4— 8 | 23540 | ) (22000)°
3— 7 9599 \
3— 6 7260 l probably maxi-
4— 1 4935 { mum < 10000
4 — 6 2509 | |
6— 7 2339 )

LY

ture of our calculations is very approximate as well as, although the empiric
values used seem to be plausible, they can not be considered as the exact
values of the physical quantities in question. The good results show that our
model approximates the objective structure of the molecule well, furthermore,
the used approximation can be regarded as fortunate one.

5 The data present the positions of the maxima of the absorption curve.

6 Strong transparency between 10000cm—"and 20000 cm-!? was observed. The datum
in the brackets denotes “shoulder“. .
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Fig. 2. The states 1, 2, 3, 4, 5 are completely and the states 6 partly
fllled up in normal state.
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