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The previous M.O. treatment of unsubstituted hexahalides has been modified, taking the results
on Farapay effect obtained at the University of Virginia into account. The absorption spectra pre-
viously measured of the complexes (M=0s, Ir) trans-MCl,Br,™ and trans-MCl,Br, are interpreted
by a M.O. treatment for the symmetry D4y as electron transfer transitions, including a first-order
relativistic (spin-orbit coupling) correction. The concept of holohedrized symmetry is sufficiently
valid to allow a description of MCl;Br— and MCIBr; ™ as if they were tetragonal with centre of in-

version and fac-(or cis-) MClyBrs~

as if they were cubic. It is shown that the ligand-ligand anti-

bonding effects have the same order of magnitude as the moderate difference in optical electro-

negativity between Cl™ and Br™.

The absorption spectra of mixed halide complexes
are theoretically very interesting. Such spectra are
for instance known for chlorobromo complexes of
bismuth (IIT)!, uranium (IV) in nitromethane solu-
tion 2, palladium (IT)3 and gold (III)*. The equilibria
are almost instantaneous in these cases, and the in-
dividual spectra have been calculated from formation
constants and the solution spectra by the technique
first applied by Bserrum®. In the 5d group the
complexes are frequently robust and can be sepa-
rated by electrophoresis or chromatography at room
temperature. Such a separation is much easier in the
case of mixed complexes of a neutral ligand (water,
ammonia) and an anion, because the charge of the
complex molecule then varies with the composition.
However, it has been possible for MijLLER ® to sepa-
rate the seven rhenium (IV) complexes ReCl,Br _;
all having the same charge. Unfortunately the elec-
tron transfer bands are not easy to study because
they are superposed to a great extent, as is also
true? for ReCl™™ and ReBrg™™. The complexes
0sCl,Brg_; and IrCl,Brg_; were separated by Bra-
stus and Preerz ® and recently, even the geometrical

1 L. Newmax and D. N. Humg, J. Amer. Chem. Soc. 79, 4581
[1957].

2 C. K. Jorcexnsen, Acta Chem. Scand. 17, 251 [1963].

3 S. Srivastava and L. Newmay, Inorg. Chem. 5, 1506 [1966].

4 J. Pourapier and M. Coquarp, J. Chim. Physique 63, 1072
[1966].

5 J.BiserruM, Metal Ammine Formation in Aqueous Solution,
Haase and Son, Copenhagen 1941 (2. ed. 1957).

8 H. MtLLER, J. Inorg. Nucl. Chem. 27, 1745 [1965].

7 C. K. Jorcensex and K. Scuwocnavu, Z. Naturforschg. 20 a,
65 [1965].

isomers cis- and trans- (in the case of MCI;Br; also
called fac- and mer-) have been characterized ? using
kinetic control of the reaction path.

The absorption spectra® ? contain many narrow
bands due to electron transfer from the eighteen
filled orbitals mainly delocalized on the six halide
ligands to the partly filled shell, the preponderant
electron configuration being 5d* for osmium (IV)
and 5d® for iridium(IV). The spectra of Ir(IV)
lacking one electron in the lower sub-shell in octa-
hedral symmetry 1% 1, where at most six electrons
can be accommodated, are expected to be particu-
larly simple 12 because each set of degenerate or-
bitals having the symmetry type yx corresponds to
exactly one excited term 2I'y, the “hole” having
moved from the lower 5d-sub-shell to the filled M. O.
(molecular orbitals). Hence, IrClg™™ and IrBrg™™
have been favourite examples for the study of elec-
tron transfer spectra 715, Due to a rather unex-
pected effect of nearly pure j,j-coupling 3 in 5d*,
Os(IV) presents nearly the same distribution of
electron transfer bands as Ir(IV), only at a higher
wavenumber because of the less oxidizing character
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of osmium(IV) and corresponding lower optical
electronegativity 1% 16 x . . This argument cannot be
extended to Re(IV)7. We are now discussing the
energy levels expected for substituted chromophores
MA_,B¢_, of orthoaxial type!7 i. e. all six ligands A
and B can be situated on the axes of a Cartesian
coordinate system, and we start by considering the
unsubstituted hexahalide MAg .

Unsubstituted Hexahalides MA,

Until recently, it was assumed 1% 1% 14 that the
order of the twelve & orbitals formed by the loosest
bound, filled p shell of A was that determined by
the number of angular node-planes® which also
indicates the lowest value of [ for central atom or-
bitals which are able to mix with the combination
of ligand orbitals. We call this quantum number “I”’
and write “s”, “p”, “d”, “f”, “g”...for “I”=0, 1,
2, 3, 4,... Said in other words, the four sets of
ct-orbitals have “I”” =4, 3, 2, 1 and the three sets of
o-orbitals “I” =2, 1, 0. However, in octahedral sym-
metry, the number of degenerate orbitals is not al-
ways (27+1) like in spherical symmetry 1° but it is
3,3,3,3,2,3,1 in the sets mentioned. The energy
difference between the s-orbitals “f” and “d” can
be ascribed to the central atom d orbitals forming
a bonding M. O. by combination with the latter set
(as experimentally verified by the study of hyperfine
structure of the paramagnetic resonance curve in-
duced by the iridium and chlorine nuclei 1?). On the
other hand, since the central atom g and f orbitals
presumably hardly have any importance for the
chemical bonding, the energy difference observed
between the “g” and “f” z-orbitals must be caused
by McCrure’s effect, i.e. the increased kinetic en-
ergy 2% 21 due to the four rather than three angular
node-planes. Similar arguments can be extracted
from ScumIDTKE’s article on topological matrices 2.
In tetrahedral chromophores MX, , the loosest bound
combination of s-orbitals is “f”” having the highest
number of angular node-planes 1% 23 24,

These arguments have always been slightly un-
certain in the case of the z-orbitals having “I”=1.
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This set is the only one having the same symmetry
type (74y in BETHE, t;, in MULLIKEN’s nomenclature)
as one of the sets of o-orbitals. The effect on the
intensities of transitions to the higher d-sub-shell
are spectacular '3; it is nearly certain that the ad-
mixture of o-character to the z-set [which we hence
call (st+0)y4,] is responsible for nearly all of the
electric dipole oscillator strength observed. Thus, it
may be argued that one should assign “I” =3 rather
than 1 to the s-combination which has to be ortho-
gonal 2° on the o-combination “p”’ and hence devel-
ops a node-cone, the M.O. wavefunction having
opposite sign for four ligands relative to the two
others on one Cartesian axis. It is generally recog-
nized that a node-cone counts for two node-planes.

Fig. 1. The energy differences between 8 of the 12 energy
levels formed from six halide ligands as a function of their
LaxpE parameter. In the non-relativistic case at the left-hand
side, the energy difference between 74z and (7-+0)4y has
been taken as the average for a variety of hexahalide com-
plexes. In our case of Os(IV) and Ir(IV), it is hardly larger
[Eq. (9)] than between (7+40)4u and 75y . However, since
the even and odd levels do not mix, this only shifts the two
highest curves. The dashed curves correspond to relativistic
orbitals from which transitions to a central atom p7g orbital
have no oscillator strength.
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Said in other words, whereas the lowest “p” o-orbital
has only one node-plane like the angular function
(z/r), the z-orbitals of same symmetry type have
one node-plane and one node-cone similar to the
angular f function z(52z*—37r?)/r%. The question
whether this “~ f” set of symmetry type y4, or the
“f” set of symmetry type 75, [having node-planes
comparable to z(z% —y2) /r®] has highest energy be-
comes a question of whether the stabilizing influence
of the central atom empty p orbitals forming bond-
ing combinations with “~{” are more!3 or less
important than the ligand-ligand anti-bonding effect
because of the node-cone between 7- and o contribu-
tions to “~1”.

Actually, evidence is accumulating 2627 that li-
gand-ligand anti-bonding effects can be of great
importance for the loosest bound M. O. In our case,
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the clearest argument comes from the Farapay
effect 28 29, According to a kind communication from
McCarrery and Scrarz 1630 there is no doubt that
the transition from “~{” occurs at lower energy,
20.5kK (1kK=1000cm™!) in IrClg"" than from
“f” at 23.0 and 24.4kK because the circular di-
chroism induced by the external magnetic field has
opposite, and known, signs in the two cases.

Figure 1 shows the influence of the relativistic
(spin-orbit coupling) effects1%13 in the halide ligands
represented by increasing values of the LanDE pa-
rameter {y, for the halogen 6. The non-relativistic
orbital energy differences are essentially taken from
the absorption spectra!® concording for a large
number of hexahalide complexes and from the Fara-
pay effect just discussed. However, their qualitative
justification would be:

“g” n}qg(tlg) E= H,,+Hnang
“ 99 H?:m H:'p

~E o) () E=Hek T~ Hapae—
“f” 7T V5u (t2u) E = Hn + Hn par

2

“&* 7 s ee) E—H.~Haus— 1, "5,
(39 k2] 3 H:d

d”  oyse(eg) E=H;+Hocis— % Hotrans — Hy—H, "
&K H,bn 3 H;p

p7 (04) au(ti) E=Ho— g 2, + 3 Howans— 3
[IP%2) 3 H’d.

s 0 71g(asg) E=Hu—2Hocis_7H“”‘“5—m

In these equations, H, and H, represent the diagonal
elements of energy characterizing non-bonding -
and o-orbitals. Their difference is partly a ligand
field effect influencing the potential, the o-orbitals
being more stabilized by the positive central atom
than the 7t-orbitals. Other reasons may be the ortho-
gonalization conditions in general in the chromo-
phore. The first-order perturbation expressions
(proportional to other H), and the second-order
expressions (H? divided by H;—H,) derive from
interactions between orbitals having identical ener-
gies or highly different energies. In the WoLrsBERG—
Hermuorz model 1% 11 and related treatments, the

26 C. K. Jorcensen, Coord. Chem. Rev. 1, 164 [1966].

27 R. Parpararpo and C. K. Jorcensex, J. Chem. Phys. 46, 632
[1967].

28 P, J. Steprexns, Inorg. Chem. 4, 1690 [1965].

29 B, Briat, M. Birarpon, J. Bapoz, and J. Loriers, Analyt.
Chim. Acta 34, 465 [1966].

ligand-ligand bonding effects change the diagonal
element for a given symmetry type yi as is also the
case for the difference between H, and H,. The
alternative treatment3! of non-symmetry-adapted
atomic orbitals as starting material would consider
the ligand-ligand effects as non-diagonal elements
between degenerate orbitals. H, ,,, indicates the non-
diagonal element appropriate for two -orbitals of
adjacent ligand atoms in cis-position, having ortho-
gonal node-planes. It is expected that this non-diag-
onal element is larger than H,p,, involving two
parallel z-orbitals on two ligands in cis-position
having the same node-plane. We neglect non-diag-

30 A. J. McCarrery and P. N. Scuarz, personal communica-
tion.

31 C. E. Scuirrer and C. K. Jercensen, Mol. Phys. 9, 401
[1965].
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onal elements between z-orbitals in ligands in trans-
position. H, . is the non-diagonal element between
two o-orbitals on ligands in cis-positions and is ex-
pected to be much larger than H,.,,s though
Wirtn 32 performed WorrsBerc—HELMHOLZ calcu-
lations for Co(NH;)¢™ and found a non-negligible
overlap integral between the two rather diffuse lone-
pairs of ammonia molecules in trans-position. The
coefficients to the first-order ligand-ligand effects
in (1) are found by summing the normalization
coefficients of the ligand-ligand overlap integrals in
the limit of weak overlap but can also be found
considering the topological matrices 2. The second-
order perturbation expressions represent the inter-
actions between central atom and ligand orbitals. It
must be recognized that the absorption bands ob-
served only indicate the order of increasing ex-
citation energy “g” <“~{f’<“f” < “p” and that
the position of some of the other orblta]s of even
parity has not been established 3% 3%, Thus, Symons 3%
suggested “p”>“s”>“d” for the energies of the
three sets of o-orbitals.

Equation (1) has not taken into account that anti-
bonding M. O. are more anti-bonding than the corre-
sponding bonding M. O. are bonding. If the changes
of kinetic energy in the bond region are evaluated !
one would to a certain approximation expect for
bonding situations, i.e. negative coefficients in (1),

—l
H2 — (—1) [u“ + u\ — Hy — Hx] S\I‘{ (2)

and for anti—bonding situations

H2 — ; [uit +p% —Hy—Hx] Six  (3)

and the corresponding square-roots for the first-
order perturbations. » is a constant expected to be
somewhat above 1; the case =1 occurs if the
eigenfunctions are the original combination yyx of
ligand orbitals and the combination made orthogonal
to it, i.e. the normalized form of yy — Syxvwx,
where Syx is the overlap integral. The quantities
ty and uy are the asymptotic values of the expo-
nents for large r, v = kexp (— w r), producing a neg-
ative local contribution to the kinetic energy 3¢ and

32 T. H. Wirtn, Acta Chem. Scand. 19, 2261 [1965].

33 C. K. Jorcensex, Mol. Phys. 4, 231 [1961].

34 C. K. Jorcensex and J. S. Brixen, Mol. Phys. 5, 535 [1962].
M.

o
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C Jorcexsexn, Proc. Bressanone Conference, July 1967.
Joercensen, S. M. Horxer, W. E. HatrieLp, and S. Y.

K.

K.

C. R. Symoxns, J. Chem. Soc. 1964, 1482.
K.

C: K.

Tyree, Int. J. Quantum Chem. 1, 191 [1967].
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the subtraction of the diagonal elements Hy and Hy
in (2) and (3) represents approximately the effect
of positive local kinetic energy 93 42 at smaller r
values since we can write SCHRODINGER’s equation
for stationary states and real one-electron wave-
functions :

%(x’yyz) +U(x,?/,z) =K

By L Sy Sy
Oy | 92 |
vy

1

S’Bz = 72 (4')

U being the potential for electrons and E the eigen-
value, all in atomic units of length 1bohr and en-
ergy 1 hartree = 2 rydberg =219.5 kK.

It is not suggested that (2) and (3) are quan-
titatively sufficient; we rather evaluate (1) by com-
parison with experiment. However, (2) and (3)
contain the very important insurance against im-
plosion of molecules and crystals by interpenetration
of the atomic cores. Another important point is the
influence of MaDELUNG potentials on the diagonal
elements of such models 37, the local 3 is more neg-
ative in a certain region ry ~ 3 bohr because of the
more positive U in (4).

'W_,_

It is clear that the energy difference between
~f7 and “f” represented by the wavenumber
difference between the two first LaportE-allowed
absorption bands may vary rather much according
to circumstances because of the compensating con-
tributions to the energy of “~{”. Actually, there
is good evidence 16 38740 that d%-complexes such as
TiClg~", NbClg~ and WCl; have a smaller energy
difference, probably corresponding to smaller HZ,,
/(H,—H,) in the less compressed complexes. At the
same time, the transition from “~ f”” becomes rela-
tively less intense than from “f”. Solvent effects 14

43

and compression in salts !® such as Cs,IrClg seem

also to increase the difference between “~f”

and “f”

On the other hand, the energy difference between

@ 99

g” and “f” represented by the wavenumber differ-
ence between the first Larorte-forbidden and the
second Laporte-allowed band stays remarkably con-

stant and is (H, .« — H, ) in the model (1). The

38 S. M. Hor~er and
1, 43 [1965].

39 B. J. Brispox, T. E. Lester, and R. A. Warrton, personal
communication.

40 J. L. Ryax, personal communication.

S. Y. Tyreg, Inorg. Nucl. Chem. Letters
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observed values are 6.8 kK for TiClg", 6.8 kK for
RuClg3, 7.5kK for WClz, 5.8kK for OsClg,
6.2kK for OsCl;™® and 6.8 kK for IrCly™". This is
remarkably large quantity for effects of ligand-ligand
anti-bonding.

It might be argued that the optical electronega-
tivities x,p; ought to be determined from the second
Larorte-allowed transition since the energy of “f”
hardly involves any covalent bonding to the central
atom and only very moderate ligand-ligand effects.
The present values, which were determined at a time
where it was not realized that the first LaporTE-
allowed band is due to a transition from “~f”, are
roughly 0.1 unit higher for the central atom than
they would be applying “f”.

The first-order relativistic effects!® are propor-
tional to the LanDE parameter {,, of the halogen,
which we write { for simplicity. The limiting values
of the energy levels 3 for very small { (RusseLr-
SaunpEers coupling) and for very large { (restoring
j=3 at high and j= % at low energy) are

378 Mg+ 1l T3+ A+t
2 Yeg 7‘4(;_;5&‘ +;§é‘+%ﬂ4g+ 301
3980 S+ 2 3+ Fan+ tas
2960 gu— 30 T3+ Fan+ fou

Y Tout+ 38 T E+7,
2980 pu— 28 Tt I+ A+ A+ fon
(71) e+ 38 3475 (5)
(278g) sg— 28 + 30+ o+ T asg + § 03
(178g) 03¢ —{+ §sg+ F5e+ Yoy
1980 Op — {4 Fan+ st Bon
1 76u O4u —C+ da+ Yoy
(1 76¢) 01¢ —C+ e+ Yoy

writing the energies of 7y, and oy as @1 and oy
for brevity and using Berue’s double-group quantum
number ¢, y; and yg with even (g=gerade) and
odd (u=ungerade) parity. Fig. 1 gives the variation
of the energy levels between the two extremes (5)
for a choice of orbital energies 77, and oy in reason-
able agreement with the observed spectra of hexa-
chloro complexes. The positions of the four levels
given in parentheses in (5) are not known but very
qualitatively, and since they do not produce any
strong absorption bands (the Larorre-forbidden
transitions may occur !> 33 in the 30 kK region for
OsCly™™ and IrCly™") they have not been included
on Fig. 1. Since the groundlevel of low-spin d°-
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systems is I'7;, i.e. the lower sub-shell has the pure
j».j-coupling configuration yg.* y7,, the transitions
from 7, orbitals to this y7.-hole are symmetry-for-
bidden, and the even orbitals (from which transi-
tions are Laporte-forbidden) and y;, are shown as
dashed lines on Fig. 1.

In the gaseous, neutral atoms, the values of {
known from atomic spectroscopy are in kK:

F0.27 Cl0.59 Br246 15.07 (6)

In halide complexes 16, these values are influenced
by changing the fractional charge on the halogen
and by delocalization effects. These two effects are
expected partly to cancel. Further on, (5) neglects
the contributions from central atom orbitals.

Thus, in orbitals of the symmetry type 74, , the con-
tributions from p orbitals of the central atom are

—a® by (7)

where a is the Stevens delocalization coefficient
equal to H,,/(H,—H,) or H,,/(H,—H,) in the

perturbation treatment (1).

Yau T % a® S)Ip V6u

After what we may colloquially call the “Vir-
ginian revolution”, i.e. the establishment from the
Farapay effect 30 that the “ ~ 1’ = (x4 0) 74, set of
orbitals have higher energy than the “f”” = y;, set,
it is probable that the doublet structure of the second
LarortEe-allowed band (the difference between the
two maxima is 1.4 kK in IrClg™™ and 0.7 kK in
OsClg™") is mainly due to the energy difference be-
tween 2 y7, and 2 yg, of (5) though it was expected
to be only 0.45 kK according to (6). It is possible
that 3 yg, and 2 y;, are separated to a larger extent
because of (7) but since the transition 2 y4, — 5d 37,
is symmetry-forbidden we do not expect it to be
spectacular though a weak band seems to occur for
IrClg™ in certain organic solvents producing nar-
rower bands than the aqueous solution 4.

IrBrg™™ is in fairly good agreement with Fig. 1
assuming oy, 3.5 kK and 75, 6.7 kK below my, (all
values 5.0 kK higher than for IrClg™") and { = 2.4 kK
(see Table 2). The transitions from the filled M. O.
to the higher sub-shell 5d y;, are not restricted to
vsu components of 74, orbitals since y5, — 3, is also
symmetry-allowed as electric dipole radiation. How-
ever, it is beyond doubt!334 that (2 4 0) y4, — 5d y3,
presents a much higher intensity because of the o-
intermixing than does the equally symmetry-allowed

7 Y50 —> od y3. . Hence, the relativistic orbitals 3 yg,

and 2 yg, are expected to divide the intensity of the
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broad absorption bands, at 31.5 and 37.0kK in the
case of IrBrg™™, according to the o-character. It is
worth emphasizing that the difference 5.5 kK is more
than 2 (g, of (6) and could not be readily explained
by a relativistic splitting of one z y; set. However,
on Fig.1, it is caused partly by the energy differ-
ence between 714, and 715, . Actually, the 5d®-complex
PtBrg™ has three bands at 27.0, 31.8 and 33.3 kK,
and the hexaiodides three maxima (Oslg™™ 26.8,
30.0 and 35.6kK; Ptly~ 20.25, 22.75 and
29.15 kK). The middle of these three transitions can
be explained by 2 74, acquiring some o-character.

We mentioned above the extraordinary similarity
between low-spin d*-systems such as Os(IV) and
low-spin d®-systems such as Os(III) and Ir(IV)
due to the somewhat accidental validity of y;— y7,¢
results in both cases!®. The individual bands of
OsBrg™™ can be recognized as corresponding to those
obtained by adding 5.7kK to the wavenumbers of
IrBrg™™ [4kK in the case of (714 06)— 5d y3]. Ac-
tually, the agreement is better than concerning the
shift 12 —13 kK between the isoelectronic OsBry™3
and IrBrg™.

It is interesting to compare Fig. 1 with OsIg™3 and
Oslg™™ having three Laporte-allowed 71— 5d 75,
transitions 4! roughly equidistant with the difference
3 kK. This is qualitatively in agreement with the
positions expected for 3 yg,, 2 y7, and 2 yg, but only
if the effective value of { is somewhat above the
value 5.07 kK for the isolated iodine atom (6). The
intermediate coupling has progressed so strongly
toward the j,j-extreme that the difference between
2 y7, and 2yg, is not much below the difference
3015, — 1% gy — 504, from (5) which would be ex-
pected to be some 8kK, since the broad band
1 ygy— 5d 3, has been identified 13 at 44.6 kK for
Oslg™, i.e. 17.8kK above 3 yg,— 5d 73, (the anal-
ogous distance is 19.5 kK for Ptl;™"). The differ-
ence between 3 yg, and 17g, in the j,j-limit (5) is
34+ {5 — 50 —% 04y, and suggests that 1y,
— 5, ~3 kK and 715, — 04, ~ 12 kK appropriate for
hexachloro complexes cannot be far off for hexaiodo
complexes either. This discrepancy cannot be re-
moved within the frame of our model, because the
two distances between adjacent bands in the visible
are known to be nearly identical.

However, we should not believe that we have
understood everything. It is striking that each of

4t C. K. Jorcensen, Acta Chem. Scand. 17,1043 [1963].
42 J. C. EsexstEly, J. Chem. Phys. 25, 142 [1956].
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the Laporte-allowed transitions in OsIg™3 and Oslg™
correspond to two adjacent, very narrow bands %!
having a distance of some 0.3 to 0.7 kK. This may
be a vibronic phenomenon connected either with a
dynamic JauN-TeLLER effect or with some higher-
order relativistic effect. Comparable difficulties occur
for the additional bands of IrBrg™", one of the two
bands 13.4 or 14.3kK and the broad band at
19.7kK which moves to 18.5kK in many organic
solvents 14. However, one of the even levels given in
parentheses in (5) might be the origin of the latter
absorption band.

Tetragonal trans-MA,B,

ErsensteIN 42 indicated the symmetry types of cen-
tral atom and ligand - and o-orbitals in many dif-
ferent chromophores. The type trans-MA B, having
the symmetry Dy, can be considered as the super-
position of quadratic MA, and linear MB,. We use
BETHE’S nomenclature for tetragonal symmetry, giv-
ing MULLIKEN’s nomenclature in parenthesis, as de-
rived from octahedral symmetry. The even or odd
parity is added as a further specification if Dy, and
Oy, are considered rather than D, and O:

ri(ay) =yu(ay), Y6 =716 »
ve(az) =y(by), YT= 717
r3(e) =yula) +r7sby), Ys=7w+ V- (8)

7a(t) =7ywe(az) +yui(e),
75(te) =yes(ba) 4+ y5(e),

Using the coordinates given in Table 4 of ref. 43 the
non-relativistic orbitals given in Table 1 have well-
defined symmetry types 7y and their energy and
the first-order relativistic splitting can be calculated.
It is sufficient to consider the diagonal sum rule and
the invariance of squared elements of the secular
determinant [Eq. (93) of ref.*3] in order to obtain
these results. It has previously been shown 111316
that in cubic symmetry, the orbitals y; consist of
(w=%) components of the p-shell of the ligands
and y7 exclusively of (w=4%), having the contribu-
tion + & .

In Table 2, the observed and calculated energy
levels of iridium(IV) chloro-bromo complexes are
compared, and in Table 3, a similar comparison is
made for osmium (IV). The agreement is satisfactory
in spite of the following difficulties:

43 C.K. Jercensen, Absorption Spectra and Chemical Bonding
in Complexes, Pergamon Press, Oxford 1962.
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Symmetry type

non-diagonal

cubic tetragonal Wavefunction Non-relativistic energy First-order relativistic correction elements
Az;—Az,—Baz;+Bzg | H H H {}’Wg +1{8 == V2
7 yag { Ytsg { Azg—Az,—By,+By, I % Han+3% Hpa+ ABzang tee —3¢3 P 4 CA
Yteg A Y1 —A yz—A ZZ3+A Ty Haz+HAAx ang Vteg 0
. Ayi+Ay,+By;+By, } _ frta  +31CB
7 Vau { Vtsu { A13+AI4+B 25+B 24 3 Hyn+3% Hp, HAB:zpar l}’tsu —1/fp P 1/? A
Ytou Az;+Az,+Az+Az, HAz—HAAz par 7téu 0 < 4 7
. Ay;+Ay,—By;—Buy, } {}’tru +1¢B < 3
s { i { AzytAz,—Bz—Bz, | 1 HAat}HBatHaBapar vtow  —1CB KZ L
Ytau A 21+A 2,—Azg—Az Haz+HAAx par 7t7u 0 <—
[ Aogy—Auq, } {J’nu 0
6 Y4u { Vtsu 1l A 0,—A 0, HAs+3% HaAo trans Ytou 0
Yt2u Bo;—Bog Hps+% HBBo trans 7téu 0

Table 1. Energies of the filled M.O. in trans-MA,B, . The results can be applied to MA;B removing the parity of the group-
theoretical quantum numbers and, when the ligand A replaces B on one of the positions 5 or 6, replacing {B by ({a+{B)/2.

Symmetry type
cubic non-relativistic TYag (7 + 0)y4u TTYs5u
tetragonal non-relativistic Visg Viog Vtsu Yt2u Visu Vidu
tetragonal relativistic Yirg Ytég Vt6g Yt7u Ytéu Ytéu Yt7u Ytéu Yt7u
IrClg— obs.13 17.0 20.5 23.0,24.4
IrCl;Br—— obs.8 14.23 — - 18.8 ©19.65 — 22.05 — 23.6
cale. 15.5 16.1 17.0 19.0 19.6 20.5 22.2 22.8 23.7
trans-IrClyBra—— obs.? 13.66 - — 17.24 — — 21.64 - 23.53
cale. 13.9 15.1 17.0 17.4 18.6 20.5 20.6 21.8 23.7
trans-IrClaBrs—— obs.? — 12.05 — 16.56 14.8 20.08 18.08 21.14 22.27
cale. 14.5 11.8 14.7 18.0 15.3 18.2 18.5 21.2 21.4
IrC1Br;—— obs.8 — 12.4 — 15.62 14.5 — 17.68 18.95 20.6
cale. 12.9 11.6 13.9 16.4 15.1 174 18.2 20.2 20.1
IrBrg— obs.13 11.6 13.4 14.3, 14.9 — 17.15 18.35, 19.7
cale. 114 13.2 14.9 16.7 17.5 19.3
fac-IrClgBrz— obs.? 13.17 15.43 17.68 — 20.5 22.32
cale. 14.2 15.1 17.7 18.6 20.6 21.5
cubic relativistic Vsg Veg V8u Y6u Y7u Y8u
Table 2. Assignments of absorption bands of iridium (IV)complexes.
Symmetry type
cubic non-relativistic TTY4g (7 + 0)yau TTYs5u
tetragonal non-relativistic Visg Viog Yt5u Yt2u Ytsu Ytdu
tetragonal relativistic Vitg Vtég Viég t7u Vt6u Vtéu Ytu Ytéu Vt7u
OsClg~— obs.13 23.9 27.0 29.3, 30.0
0sCl;Br——obs.8 21.23 — — (25.0) 26.32 — (28.6) — 29.6
cale. 22.1 22.7 23.9 25.3 25.9 27.0 28.1 28.7 29.7
trans-0sClyBra—— obs.? (20.28) — — 23.64 (25) — — (28.4) 29.58
cale. 20.2 214 23.9 23.5 25.3 27.0 26.4 27.6 29.7
trans-0sClaBrs—— obs.? — (18.3) — 22.57 20.7 (25.8) 23.75 (27.0) 28.17
cale. 20.8 17.5 21.0 24.1 21.0 24.3 24.1 27.0 27.3
OsC1Brs—— obs.8 18.76 — — 21.68 (20) — 23.53 — 26.63
cale. 18.9 174 19.8 22.3 20.9 23.2 23.9 26.0 25.9
OsBrg=— obs.13 17.3 (19.0) 20.45 22.6 23.7 25.0
cale. 17.1 18.9 20.6 22.4 23.2 25.0
fac-0sClgBrz—— obs.? 19.7 (21.5) 23.75 — 26.45 28.1
cale. 20.5 21.4 23.8 24.7 26.4 27.3
cubic relativistic Vsg Veég V8u Y6u Y7u Y8u

Table 3. Assignments of absorption bands of osmium (IV)complexes.
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1) It has been assumed that energies such as
H \p  ane are the arithmetic means of the correspond-
ing values in MAgy and MBg. It might have been
argued that they would be smaller and reduce to a
kind of second-order perturbation because of the
different diagonal energies H, y and H, . However,
a closer analysis shows that in octahedral chromo-
phores, the normalization coefficients of the wave-
functions in Table1 are given by symmetry alone
in the limit of A and B not being particularly differ-
ent. If the electronegativities of A and B are indeed
very different, the two sets of orbitals y;, origi-
nating from the cubic symmetry types yy, and 73,
are redistributed in such a way that e. g. the linear
combination (By;+ Bys) has much higher energy
than (Ay; -+ Ay,). Because the normalization co-
efficient is /2 times larger, the relativistic splitting of
the former set corresponds to 7, at +%{p and ey
at —3Cp. In the case of complexes such as trans-
M (NH;) 4B, where the second set does not exist at
all, ligands such as NHj having only a o-bonding
lone-pair and no z-lone-pairs, the same situation
occurs. The same arguments hold for the two sets
Vi5¢ In trans-MA,B, .

2) In Tables2 and 3, the calculated levels are
derived from the first-order relativistic treatment
alone, assuming (=0 and {p,=2.4KkK, and the
o-admixture (estimated to a* ~ 0.2 from intensities 13)
to yts, has been neglected, except as a contribution
to the diagonal energy 7y, .

This approximation of RussELL—SAUNDERS cou-
pling seems to be satisfactory in chloro-bromo com-
plexes, whereas it would not work for iodides, as
we discussed in connection with Fig. 1. Actually, the
agreement is slightly less convincing for IrBrg™™
than for the mixed complexes. The excitation ener-
gies of the non-relativistic orbital sets relative to the
5d y7¢ hole were taken to be in kK:

— T4g — Tl4u — Ts5u
OsClg— 23.9 27.0 29.7
OsBrg— 177 212 244 )
IrClg— 17.0 20.5 23.7
IrBrg— 12.0 15.5 18.7

essentially in order to obtain agreement with the
observed spectra of the hexachloro complexes. The
corresponding excitation energies were taken to be

4 H. Yamatera, J. Inorg. Nucl. Chem. 15, 50 [1960].
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5.0kK lower in IrBrg™™ than in IrCly™ and 5.7 kK
higher in OsBrg™~ than in IrBrg™.

We do not attempt to describe the roughly linear
variations of the broad and intense electron transfer
bands above 30kK corresponding to transitions
from the three g, (cubic symmetry) relativistic
orbital sets of (5) to the upper 5d 73, (ys¢) sub-shell.
The main interest of the observation of these
bands ® ? would be the detection of weak transitions
from orbitals such as (By;+Byg) in trans-MA,B,
discussed above. Yamarera #* discussed thoroughly
such transitions in Co(NH;);X*" and similar com-
plexes 6. However, Larorte-forbidden transitions
between the two sub-shells 5d y;. and 5dy3, and
transitions from low-lying M. O. to 5d y;, interfere
with the detection of weak transitions to 5d yse . It
is recognized '3 that even the Laporte-allowed tran-
sition 0 y4 — d 75, is remarkably weak, and there
is only one certain case where it has been identified,
viz. the low-spin 4d® complex Ru(NH;) " having
a band with moderate intensity (&=2530)10:45 at
36.2kK. Another interesting phenomenon is the
weak and very broad shoulder of IrBrg™™ at 24 kK
which persists & in IrCIBr;™".

Orthoaxial Chromophores of Lower Symmetry

We have no safe theoretical reason to believe that
the approximation of holohedrized symmetry17: 25 31
can be applied to electron transfer bands. However,
experimental evidence  ? and the results of the first-
order relativistic calculation in Tables 2 and 3 seem
to indicate that it is still a fairly good approximation.
The assumption of (=0 assures that our first-order
calculation gives excitation energies for MCI;Br—~
which are exactly the mean values for MClg™™ and
trans-MCl,Br,"". On the other hand, the non-diago-
nal element between the two levels having identical
vt and deriving from the same cubic y; in Table 1
is the same in MCIBr;™" and trans-MCl,Br,~" but
act on diagonal elements at slightly different posi-
tions. Consequently, a perfect linear extrapolation
is not possible from these chromophores to MBrg™".

Actually, the observed absorption bands®? in
most cases vary in a fairly linear fashion from
MClg™~ over MCI;Br™~ to trans-MCl,Br,”~. However,

the very first Larorte-forbidden transition of

45 H. Hartvany and C. Buscuseck, Z. Physik. Chem. Frank-
furt 11, 120 [1957].
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MCI;Br~™ has a somewhat lower wavenumber, about
1kK, than expected. This is much less than one
would predict from the difference 6 kK between the
excitation energies of chloro and bromo complexes
of the same central atom. This discrepancy can be
explained by the dilemma mentioned above: if yis,
orbitals really change from (A z; — Az, — B+ B xg)
to (Bxy;—Bzg), they are easier to excite because
of the lower electronegativity of B, but this effect
is counter-acted by the absence of A —B ligand-
ligand anti-bonding effects, and we know from the
unsubstituted hexahalides that (H, e — H,par) is
some 6 to 7kK. In other words, the first electron
transfer band of MCI;I7" is expected to be much
closer to that of trans-MClLI,”™ than to that of
MClg™™ because the optical electronegativities of Cl~
and I correspond to a larger energy difference,
15 kK.

A clear-cut case of holohedrized symmetry !7 O,
of fac-MA;B; (having the conventional symmetry
Csy) can also be recognized in Tables 2 and 3.
We treat fac-OsClyBr;™™ and fac-IrCl;Bry™™ as the
hexa-complexes of a hypothetical ligand having
= (Co1+Crr) /2, or for the argument, 1.2kK. It
turns out that the wavenumbers of the absorption
maxima are very satisfactorily predicted (though
{ could very well be 2kK), and that no additional
bands are observed in this region. There is a very
pronounced intensification of Laporre-forbidden
transitions [the iridium(IV) complex has =880
for the first band and osmium (IV) &=2320]. In
close analogy to the corresponding internal transi-
tions in partly filled d-shells, the complexes cis-
MCI1,Br,™™ and c¢is-MCl,Br, ™ also lacking a centre
of inversion have e-values for Laporte-forbidden
bands approaching the values in fac-MCl3Bry". It
is typical for the concept of holohedrized symmetry
that it is approximately valid for the energy levels,
but that relatively minor modifications of the wave-
functions are able to mitigate the selection rules for
intensity.

At present, we do not judge it worthwhile to at-
tempt similar calculations for the residual com-
plexes & ? c¢is-MClBr,™", mer-MCl3Bry™™ and cis-
MCI,Br,”~ having lower symmetries. However, the
success encountered for fac-MCl3Br;™~ makes it plau-

46 E. Brasius and W. Preerz, Chromatographic Rev. 6, 191
[1964].

47 B. Comney, A. J. Epwarps, M. Mercer, and R. D. Peacock,
Chem. Commun. 1965, 322.
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sible to consider the holohedrized tetragonal sym-
metry of the cis-complexes having either two chloride
or two bromide ligands on the tetragonal axis and
the mean (Cl+Br) on the four positions in the
equatorial plane. The approximate result of applying
the treatment of Table 1 to this situation is that each
cubic y; is split — 4times as much in cis-MA,B, as
in the corresponding trans-MA,B, in close analogy
to the well-known results for internal d-shell tran-
sitions.

Conclusions

The excited energy levels of electron transfer tran-
sitions removing one of the 24 z-electrons mainly
concentrated on the six ligands to the partly filled
5d-shell of the central atom have been described in
mixed chloro-bromo complexes which can be sepa-
rated by electrophoretic techniques 8 % 46. The elec-
tronegativities of chloride and bromide are not suf-
ficiently different to mask the strong effects of
interaction between the six ligands. In a way, the
situation would be much simpler in complexes such
as RuCl;I™3 or IrF;Br™ with great electronegativity
differences comparable with known cases such as16:45
Ru (NHj) ;X** or 4 Co(NH;);X**. It would be of
great theoretical importance to study the absorption
spectra of complexes such as*” yellow WF;Cl. We
shall attempt to prepare and separate the mixed
complexes of the series OsCl,I4_;, OsF,Brg_; and
IrF,Brg_. In the case of Os(IV) it seems to be pos-
sible to isolate some species of the type OsF,Ig_.

It is interesting to note that straw-yellow IrFy™~
is known %% 49 to have an internal 5d’-transition at
31.6 kK and an electron transfer band at 47.0 kK.
It has been argued #° that a pink modification exists
having a moderately strong band (e~250) at
19.0 kK. It is quite conceivable that this sample con-
tained a substituted impurity such as IrF;CI™™ or

F,IrOIrF, .

From the point of view of M. O. theory, mixed
aqua-halide complexes are similar to the situation of
very weakly reducing ligands, and indeed, a compa-
rable behaviour is observed for ruthenium (III)6
and rhodium (III) complexes 3® which are relatively

48 M. A. Hepwortn, P. L. Rosinson, and G. J. Westranp, J.
Chem. Soc. 1958, 611.

49 D, H. Browx, D. R. Russerr, and D. W. A. Suare, J. Chem.
Soc. A 1966, 18.

50 E. Brastus and W. Preerz, Z. Anorg. Chem. 335, 1 [1965].
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easier to separate than mixed hexahalides. However,
bromo and iodo complexes have much narrower ab-
sorption bands, mainly because of the higher mass
of the ligands 3, and hence, it is possible to identify
adjacent energy levels with much higher confidence.

The close similarity between the osmium (IV) and
iridium (IV) complex of a given set of ligands yields
the interesting information that not only is the
groundstate of Os(IV) a nearly pure j,j-coupling
sub-shell configuration 1% but also that the effects
of interelectronic repulsion between the partly filled
5d-shell and the lower orbitals do not separate in-
dividual terms of a given M. O. configuration to any
large extent. This is not trivial because the first ex-

H. W. BUSCHMANN UND W.GROTH

cited levels of MnO,~ are spread over some 5 kK,
and apparently belonging to the same excited con-
figuration 3.

The first-order effect of changing the ligands for
either Os(IV) or Ir(IV) is to shift the complicated
group of excited levels to an extent roughly propor-
tional to the relative content of chloride and bromide.
However, the geometrical isomers have structures
of this group at least as different as two complexes
of different composition. It has been shown that the
concept of holohedrized symmetry 1725 can be ap-
plied to electron transfer spectra with the same suc-
cess as to internal transitions in the partly filled
d-shell in octahedral orthoaxial complexes.

v-Radiolyse von fliissigem Kohlenoxid bei —196 °C
H. W. Buscumany und W. Grorr

Institut fiir Physikalische Chemie der Universitdt Bonn

(Z. Naturforschg. 22 a, 954—960 [1967] ; eingegangen am 12. Februar 1967)

The radiation chemistry of liquid carbon monoxide at —196 °C and mixtures of CO with various
gases has been investigated. In the y-radiolysis of pure CO CO, is formed with G (CO,)=0.18. The
addition of CHy, C;Hy, O,, and NO leads to the formation of C3O, which is not observed in the

y-radiolysis of pure CO.

In the case of CO—CH, mixtures the following reacting products were identified: C,Hy. C,H, ,

H,CO, H,C,0 (Ketene), CO, and C;0,.

Results of experiments with CO—CH,—'*CH, and

CO—CH,—CD, mixtures and measurements of the dependence of G(CO,), G(C;0,), G(C,H,)
and G(C,Hg) on the concentration of CH; have shown that ethane is formed by energy transfer
from CO to CHy or by reaction of CHy with excited CO and that C30, and C,H, are formed by
reaction of free carbon atoms which are formed in the presence of methane.

Von photochemischen Untersuchungen her ist be-
kannt, daf} sich Kohlenoxid bei Bestrahlung mit den
Linien 1236 A und 1295 A! sowie mit der Linie
2062 A 2 unter Bildung von Kohlendioxid und Koh-
lensuboxid zersetzt. Dagegen beobachtet man bei der
v-Radiolyse des Kohlenoxids® * zwar die Bildung
von Kohlendioxid mit G(CO,) =2,0, anstelle von
Kohlensuboxid findet man jedoch ein festes braunes
Reaktionsprodukt. Dieses ist im Gegensatz zu ther-
misch oder strahlenchemisch polymerisiertem Kohlen-
suboxid in allen untersuchten Losungsmitteln nicht
loslich. Es ist anzunehmen, da} es sich bei diesem
Reaktionsprodukt um eine innige Mischung von

Kohlensuboxid und freiem Kohlenstoff handelt. Die

1 'W. Groru, W. Pesarra u. H. J. Romumer, Z. Physik. Chem.
Frankfurt 32, 192 [1962].

2 P. Harteck, R. R. Reeves u. B. A. Tuompsox, Z. Naturforschg.
19a, 2 [1964].

Bildung von monomerem Kohlensuboxid ist bei der
y-Radiolyse des Kohlenoxids auch nicht zu erwarten,
da Messungen in unserem Laboratorium ergeben
haben, dafl Kohlensuboxid unter dem Einfluf} ioni-
sierender Strahlung mit G (— C30,) = 10° polymeri-
siert. Bei der Bestrahlung von verfliissigtem reinem
Kohlenoxid bei —196 °C beobachtet man ebenfalls
die Bildung von Kohlendioxid. Kohlensuboxid ist
unter diesen Bedingungen nicht nachweisbar.

Setzt man jedoch dem verfliissigten Kohlenoxid
Fremdgase zu, so wird je nach Art des zugesetzten
Gases Kohlensuboxid gebildet. Die Radiolysepro-
dukte verschiedener Gasmischungen sind in Tab. 1
zusammengefalt.

3 S.Doxpes, P. Harteck u. H. v. Wevssexnorr, Z. Naturforschg.
19a, 13 [1964].

4 A. R. Axperson, J. V. F. Best u. M. J. WiLLerr, Trans. Fa-
raday Soc. 62, 595 [1966].



