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The charge-transfer absorption spectra of[GsCEBr], Cs[OsCLBr;] (cis) and (trans), G§OsBrCl], and
Cs[OsBrCly] (cis) are measured from microcrystals in KBr disks2aK and compared to corresponding,€s

[OsCk] and Cs[OsBrg] spectra recorded with the same technique. The observed band shifts and band splittings
due to lower molecular symmetry are interpreted using perturbation methods on the basis of molecular orbital
theory which considers interligand orbital interactions as most important. For complexes containing more bromide
than chloride ligands, spirorbit coupling on the ligands must be included. Since coupling conditions are close

to the j—j coupling limit band assignments to orbital transitions are obtained. The spectra in the region up to
33 000 cnt?! are explained by ligand to metal charge-transfer transitions starting from-rligeaid z-bonded

orbitals tg, t1,, and by (and tg). Correspondingr orbitals and intermixing with metalligand s orbitals could be
neglected due to energy reasons. Band splittings and assignments to irreducible representations of low symmetry
point groups are obtained from parameter relations. Due to the large number of orbital interaction parameters
which exceeds the number of electronic transitions observable, numerical eigenvalue calculations from pertubation
matrixes have not been carried out.

1. Introduction model on the basis of symmetry considerati®#sThe latter
work neglects, however, the inclusion of interligand orbital
interactions which essentially contribute to the explanation of
MCD spectra of IrCZ~ 811 and OsC~.2

The assignment of -€d transitions in complex spectra of
transition group ions for evaluating electronic structures is

conveniently obtained by applying ligand field theory or angular In the present work we report absorption spectra of some

O o e e300 G, Dy PO symery) and s Subsiute
9 . : reuc ) Vemixed halogeno complexes of Os(IV) which became available
been achieved only for octahedral coordination. Since the

pioneering work of Jargensénwho started investigating more recently. The spectra recorded at low temperature (2 K)

; .. show more details and have in general peak positions different
solution spectra of hexahalogeno complexes of heavy transition

roup ions, more detailed measurements were carried out o from those in solutio;"*2they are of comparable quality to
group ’ "the solid-state spectra of the trans-mixed halogeno comglexes

charge-transfer spectra of ions doped in cr.ystals which sypply but do not obtain the resolution of doped materfls.
exact octahedral fields. For Os(IV), absorption spectra at liquid The assignment of low-symmetry charge-transfer bands will

::]re lggstzﬁgg?grz: (;i \Cllzgrel;rn zriplgir]ffii:?g%ggr']%léssczgltfahOSE)e carried out using ligand orbital energies which are calculated
Y 6 & P in terms of orbital parameters similar to those used in the angular

of pure compounds are poorly resolved and have not beenoverlap model (AOM). In particular, the interactions between
assigned to symmetry specfetow-symmetry spectra have . ) ) ;

. . orbitals of (nonbonded) ligands are included which supply
been interpreted by Jgrgensen and Pfeetzho considered . ibuti h levels of ligand molecul
solution spectra of tetragonal mixed halide complexes. More Important contributions to the energy levels of ligand molecular
detailed spectra at low temperature are reported onl oﬁ trans-orbltals (MO)2&21*For compounds with @ majority of bromide

. P b P y ligands, spir-orbit coupling on this ligand must be also
mixed hexahalogeno complexes of tetrabutylammonium salts idered d he | f he band spliti h
ressed in KBr pellet$.Mixed ligand complexes with amine considered due to the large effect on the band splittings. The
gnd halogen ligands sh.ow charae-transfer bands due to electror;IJerturbatlon matrixes calculated from these interactions supply
9 9 arg Lo . nondiagonal elements which contribute significantly to the low-
transfer from the halogen with no contributions from amine o
. ; . o symmetry splittings of octahedral energy levels. Due to many
ligand orbitals. They can be explained by a qualitative MO 2 .
combinations of levels of equal symmetry in the case of double
groups, the calculation of the sphorbit coupling matrixes is

(1) Jergensen, C. KMol. Phys.1959 2, 309.

(2) Dorain, P. B.; Patterson, H. H.; Jordan, P.JCChem. Phys1968 more elaborate. ) .
49, 3845. o Because of the large number of parameters simulating the
(3) Piepho, S. B.; Dickinson, J. R.; Spencer, J. A;; Schatz, FMd. various types of metalligand and ligane-ligand interactions

Phys.1972 24, 609.

(4) Inskeep, W. H.. Schwartz, R. W.: Schatz, P.\iol. Phys.1973 25 which exceeds the number of experimentally available peak
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Figure 1. Absorption spectra of GEDsCk] (a), Cs[OsCEBr] (b), and Cg[OsCLBr;] (cis) (c) recorded 82 K from microcrystals in KBr disks.
Intensities are in arbitrary units at different scales, as indicated.

positions, a fitting procedure to theoretical energy expressions This follows from the close similarity of Ir(IV) and Os(IV)

is not possible. Rather, we apply the present MO model for hexahalogeno spectra which show equal band structures due
obtaining band assignments, band shifts, and level splittings by respectively toyitas® — yi%tas® and yiftag* — 7i%tz¢> electron

the use of well-known relations of parameter values describing transitions in the+j coupling limit (y; ligand orbitals 14, t1y,

o- andsr-bonding energies and sptorbit coupling constants  ta, etc. and g even ligand field d-orbital component of central

of chloride and bromide ligands. metals)l—38 Multiplets arising from a given orbital configura-
_ _ tions are therefore closely degenerate. This obviously holds for
2. Experimental Section mixed-ligand complexes as wélf. Indeed, a molecular orbital

The compounds have been prepared and purified using the2nalysis supplies, when spiorbit coupling is neglected, only
procedures given in refs 6, 7, 13, and 14 and references therein WO Parity-allowed one-electron transitions frombonded

The optical spectra were recorded on a Cary 4E instrument!['gan(.jt. orb|t.als V;’hr']d:j ccl)r(r)e5||o\</) nd ?“ItTVIZQ andl E)‘J@ég;z@
containing a tungsten lamp as light source, a 25 cm double ransitions in octahedral Os(IV) and Ir(IV) complexes.For

monochromator, and a photomultiplier with an S20 photocath- large spin-orbit coupling the first orbital transition corresponds

Al * . . .
ode as detector. The spectra are recorded from powdereaIo é“’l ut“ é_e 9 (Oet‘, EOUbIe 9(50,”8 nota}tlor;has Ln rtetfjs ‘Il(Vh'Ch
microcrystals pressed in KBr disks (concentrations of about 1 quihs 0e= e:fﬁd' _,85’_2: gn l.JI_d.ge”z;n 0 ter e'? 00”3155)
mg of complex compound in 600 mg KBr) immediately before apth esecT . & u“t I gylg E)”g ourl ra?s[éon?_,f_ (;e_e
use. Possible solid-state reactions with KBr were controlled by or them (é“_ €y is not allowed) being I%eary identined in
repeated recording of the spectra Os(IV) and in Ir(IV) hexabromo spectie:16For a survey see

o . . the orbital diagrams in Figure 5.
The samples were cooled by immersion into superfluid helium Th " d theref id
using a Konti bathcryostat type Spectro C of CryoVac. The | Ie pret?tenl pr%cel UL(? h ere orel consi grfs a colr_nm(_)nt mo-
cooling capacity guarantees temperatures slightly below 2 K ecular orbital model which was aiso used for earlier inter-
on the samples when exposed to radiation. The a’mbsorptionpret"jltlons of charge-transfer spectra of octahedralsMX
spectra measured are illustrated in Figure4l Spectra of complexes.>11121% %8 This assumes an electronic structure of

complexes mainly containing chloride or bromide ligands are fch:rtgi;en tr?nsfﬁirn Stf?tir‘:’ W:Hfh 'S_ \évelll rt(rap;eser?ftiedr bt?/ r:/vave
displayed on separate plots in order to demonstrate band shiftg Unctions resuiting 1ro &Y™ x (yi)° electron configurations

and band splittings due to subsequent ligand substitution. TheyWhere bgls 2 d-orbital and; = lg b, by, .. are ligand orbitals .
differ in many respects from those reported in solufidi? of appropriate symmetry. Ligand-to-metal charge transfer is
therefore described by electron transfer frpnorbitals to one

3. Theoretical of the by central metal orbitals. The model has been applied as
well in cases of lower symmetfg-10
3.1. The Model. The charge-transfer spectra of Os(IV) Due to the importance of ligardigand orbital interaction,

halogeno complexes are largely determined by ligand-to-metal which became obvious from the interpretation of MCD spec-
orbital transitions. Electron repulsion is of minor importance.

(15) Flurry, R. L.Symmetry Group$rentice Hall: Englewood Cliffs, NJ,

(13) Strand, D.; Linder, R.; Schmidtke, H.-Mlol. Phys.199Q 71, 1075. 1980.

(14) Schmidtke, H.-H.; Lehnert, N.; Giesbers, $pectrochim. Acta997, (16) Dickinson, J. R.; Piepho, S. B.; Spencer, J. A.; Schatz, B. &hem.
53A 789. Phys.1972 56, 2668.
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Figure 2. Absorption spectra of GEDsCk] (a) and Cg[OsCLBr;] (trans) (b) recorded and illustrated as described in Figure 1.
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Figure 3. Absorption spectra of GEsBIg] (a), Cs[OsBrsCl] (b), and Cg[OsBr,Cly] (cis) (c) recorded and illustrated as described in Figure 1.

tra3481116.17this interaction is considered with priority for
estimating the ligand orbital energigs The spir-orbit coupling

o, An=n—a,No=o0— 0" andA'wr =z — 7" which are
negative if the substitute Y is a heavier halogen (e.g., Br) than

is of equal importance in the case where the complex containsX (Cl), because we have < ¢', 7 < &' ando’ < ¢" ands’ <

more of the heavier ligands (bromide, iodide). Metidand
orbital interaction 45—p; is identical for all ligands and enters
on ligand substitution X by Y in MXonly by parameter changes
or parameter relations.

3.2. Model Parameters.The interligand interaction param-
eters arer andzr for X—X p, and p; orbital pairs at maximal
overlap positiong’ ands' for X—Y ando” 7" for Y=Y ligand

"', Reverse substitution requires change of signs. In addition,
a further parametekE considers the energy change of p orbitals
on the halogens X and Y which for free ions corresponds to
the difference in ionization energies, wikE positive for X=
Cl and Y = Br and negative for reverse substitution.

For an octahedral MX(On) complex the ligand molecular
orbitals forming 7z bonds M-L” to the central metal, the

pairs. These parameters are negative due to the energy gain fofollowing sequence of decreasing energies is obtained:

bonding; negative signs indicate antibonding interactions. Non-
diagonal elements and level shifts due to the ligand substitution

of X by Y can be written in terms of bond changks = o —

tlg(_a —m) > tlu(2‘77:) = t2u(_2‘77:) > tZg(o +x) (1)



6376 Inorganic Chemistry, Vol. 37, No. 24, 1998

4

Schmidtke and Lehnert

from tig

L T
16000 18000

T T T
20000 22000

Figure 4.

) ,
ug =

o e’

€

b,

a

tig
a

b,

_

t1u
a

a
t2\1
a

tog Sty

*

On  Ca  Ca

(Dan) (Day)

Figure 5. Orbital energy diagrams (schematic) indicating possible
splitting assignments for various symmetries. Starred group symbols
refer to double (spinor) groups. Orbital transitions into the lowest
d-orbital component of Os(IV) forbidden by electric dipole radiations
are marked by-{), all others are allowed. F@&;, symmetry, transitions
from & into higher ty d orbital components are allowed.
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The AOM orbital energies which result from considering only
inter-halogeno and s interactions (with energy parameters

< m) are given in brackets. The energy expressions are
calculated from corresponding symmetry orbitals which@gr
are, e.g., in refs 6 and 8. The sequence in eq 1 follows the AOM
ligand orbital energies, except for, which is further destabi-
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Absorption spectra of §OsBrg] (2) and (BuN),[OsBrg] (b) recorded and illustrated as described in Figure 1.

lized due to combinations with lower lyingr orbitals form-
ing o bonds M-L? with the metal. In the case of strong spin
orbit coupling the orbitals assume spiarbital charactery;
x €.

For heavier halogens spiorbit coupling on the ligands is
included by calculating sptrorbit pertubation matrices with
the operatory .Ga(la*Ss) the summation extending over the six
ligands supplying parametetg and&y for a MX,Y s—, complex.
Spin—orbitals are chosen to transform according to columns of
irreducible representations of double groups. The correct linear
combinations forixe€ =€ + U and $ x € = €' + U
combinations irOy* are obtained from the tables of Griffith.
Transformation properties and orbital phases of ligand orbitals
must be consistent for all spinorbitals of correct symmetry. For
low-symmetry field calculations the orbital parts in the spin
orbitals are chosen identical to symmetry adapted molecular
orbitals as used for spatial orbital interactions.

3.3. Calculations.The calculation on mixed ligand complexes
MX Y g—n Of symmetryC,, (monosubstituted complexe®) 4
(trans-disubstituted), an@,, (cis-disubstituted) is based on the
octahedral orbital scheme and considers the energy level shifts
and splittings due to ligand substitution using appropriate
symmetry orbitals. In all cases orthoaxial metédand geom-
etry is assumed for simplicity. However, the AOM allows one
to include real X-M—Y valence angles if necessary. The orbital
basis is limited to ligand p orbitals which are in bonding
position relative to the metal which in the following is briefly
noted ast MOs.

The results are compiled in Tables-4 where the orbital
interaction and the spinorbit perturbation matrixes are listed
which are used in the following for interpreting the charge-
transfer spectra of the present compounds. The-spibit
energy matrices fofx = {y agree with earlier results reported
for Oy symmetry?2°

(17) Collingwood, J. C.; Piepho, S. B.; Schwartz, R. W.; Dobosh, P. A;;
Dickinson, J. R.; Schatz, P. Mlol. Phys.1975 29, 793.

(18) Verdonck, E.; Vanquickenborne, L. Gorg. Chim. Actal977 23,
67.

(19) Griffith, J. S. The Theory of Transition-Metal longCambridge
University Press: Cambridge, U.K., 1961; p 400.

(20) Bird, B. D.; Day, P.; Grant, E. Al. Chem. Soc. (A)97Q 100.
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Table 1. Orbital Interaction Energies and Energy Matrix for LigamdViolecular Orbitals of MX%Y (C,,); Notations as Given in the
Theoretical Section

E(a) = —o — & from t,(Oy) E(a) = 27 from t,,
E(b,) = —27z from t,, E(b) = o + z from t,,
e matrix
tlg tlu t2u t2g
tig YAE — Yy(o+ 0 + 7+ ') Y4 AE+ Ao — Ax) —Y4(AE + Ao + 3Ax) —1,AE
t1u 1/4AE +a+a —1/4AE —1/4(AE — Ao — 3Aﬂ)
tou 1/4AE —a—a —1/4(AE — Ao + Aﬂ)
tag YAE+ Yo+ 0 +a+ ')
Table 2. Orbital Interactions for Ligandr MOs of transMX4Y » matrix elements of eq 2 are those of Table 1, the sum extending

(Dan); E(aeg), E(a2u), E(b2y), E(bg) Equal to Corresponding Energies overy = ty, by, by

as inCu, (Table 1) . _ The long-wavelength shift also observed for one-dimensional
€ matrix & matrix Cy4, levels which result from if, and §, is explained by
tig tag tay tou combinations with lower lyingg MOs showing the importance
of nondiagonal elements between different parent levels: i.e.,
when the symmetry is reduced fraba to C,, the lowere MOs
split into g — & + by, ti,o — & + e, and ag— a;. Although
o orbitals are much lower in energy than they can shift the
a; component of 7 (cf. Figure 5) by interaction with;a@Os
The assignment is based on the spectra of octahedralresulting from g ti,0, and a4 and the h component of £, by
complexes Os¥(X = Cl, Br) and outlines band shifts and band  interaction with h from e, o orbitals. Since gaoccurs only from
splittings due to substitution of one or two of the ligands. Figure t, it cannot be shifted by this mechanism. With this we obtain
lillustrates the spectra of complexes with a majority of chloride the orbital assignments given for the G€sCkBr] spectrum
ligands in comparison with the well-known Og@pectrum. In  of Figure 1. An uncertainty arises on the assignment,@f t
Figure 3 mixed ligand complexes containing more bromide components. The level sequence>eb; derived from the
ligands are compared with OsBrThe trans di-substituted diagonal elemeste - h = Y4(AE) + Az > 0 could be reversed
complex plotted in Figure 2 will be discussed separately. The if stabilization due to e ofst, by combination to e components
charge-transfer spectrum of the hexachloro Os(IV) complex hasof t,; and 4 is larger than destabilization due to e gfand of
been assigned on the basis of MCD results to electron transitionst, & from lower energy. Since the absolute value of the
from tiq, t1,, @and by ligand molecular orbitals into,4 orbitals nondiagonal elemerii,y|H|t,gentering in second order is larger
resulting from metal d orbita®® Due to the large number of  than that ofith,|H|tzu[{(cf. Table 1) and; and t, are the closest

model parameters which is in excess to the number of peakin energy to 4, we believe that the assumed orbital sequence
positions to be identified, a fitting of theoretical parameter values ¢ > p, is correct.

to the experiment is not possible. However, relative sizes of
parameters can be used for an interpretation of the spectra.
4.1. Chloro Complex Derivatives. CqOsClsBr]. All bands
of the monosubstituted complex are shifted to smaller wave-
numbers compared to the hexachloro spectrum: they are split
due to symmetry reduction (cf. Figure 1).The shift toward lower
energy for ligand to metal charge transfer corresponds to the
decrease of ionization energy or optical electronegativity of Br
compared to C#! The calculated ligand orbitals im positions
to the central metal (Table 1) for one-dimensional components
a, &, by, and b have, however, orbital energies that are identical
to those for OsGlorbitals, cf. eq 1. Only e components are
predicted to shift, e.g., the e resulting from(©n) by Y4(AE)
— Y5(Ao + An) > 0, i.e., the e orbitals will be higher in energy
than a. Also this orbital sequence & & from tig will be
unchanged when the nondiagonal elements between e levels ar
considered since estimation from second-order perturbation

t]_g l/zAE —o —a lleE tlu 1/2AE + 27 l/zAE
tog YoAE+ 0 + 7' toy Y,AE — 27

4. Discussion

Selection rules from symmetry consideration (cf. Figure 5)
evaluated for a system of four d electrons wiflng configu-
ration in C4, supply charge-transfer transitions from tfie
ground state which are all allowed by electric dipole radiation;
from the higher level*A, of 3T;((Oy) four out of seven
transitions are allowed. This explains the intensities of the £sCI
Br bands, the lack of an inversion center gives rise to higher
intensities also for the low-energy transitions whiclOiresult
from parity-forbidden transitions.

Parameter Relations.Due to the large number of parameters
a conventional fit to the spectra cannot be carried outOjin
we haveo and & parameters for interligand orbital interac-
tion and another forifz—t;,0 ligand orbital combination.
For metat-ligand & bonding we must include parameters
For p-(metaly-ty, and d(metal}-tyy interaction for correct
ocation of t, and by in the ligand orbital scheme. For metal
ligand o bonds additional parameters are necessary, and at

lower symmetryAE, ¢', and ' etc. parameters have to be
|[ﬂlg|H|V|:u2 added.
ety = MglHItg z @ However, some relations between these parameters can be
7B g HIty - GHIy O ' P

obtained from the observed orbital transitions. They may be,
for instance, calculated i@y from t;g and by ligand MOs which
cannot combine through metdigand interactions. For a basis
set of MXs containing ligand valence orbitals and d, s, and p

(21) Jargensen, C. KOrbitals in Atoms and Moleculegcademic Press: 0N the central metal and s and p on the ligands, the resulting
London, 1969. symmetry orbitals 14 and t, do not combine by symmetry

pushes the e component further to higher energy whittoas
not combine with any orbital within the set considered. The
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Table 3. Orbital Interactions for Ligandr MOs tyg, t1,, and by of cisMX4Y> (Cz)

a matrix
tay tou
i Y4AE + YHg(o — 20" + 0" + 9 + 6’ + 7'") Y4AE + Yg(—2A0 + A'o — 2A7 + A'n)
tou Y,AE + Yg(o — 20" + 0" — T — 107 + ')
& matrix » matrix
tig tou tig t
tig 1/4A37I§J—r 1420 + 20+ (VIBAE + (VIB)Ao + Am + A'm) g 1/4%5— Ha20+ 20"+t (VIUBAE + (VIB) Ao + Ax — A'm)
tou ) Y,AE — Yo(rr + 27 + 7) thu " Y,AE + Yol + 27 + )
b; matrix
tig t tau
tig Y2AE—yo+20 + 0"+ +27 +7")  (VIUBAE + Yy (V12) Ao+ 4Ax — A'm)  (VUBAE + Yu(v/12)(A 0 — 4A7 + A'7)
t1y YAE + Yg(—0 + 20" — 0" + T+ 107" — 7" Y4AE + Hg(2A0 — A'o + 2Ax — N'7)
toy Y\AE + Yg(—0+ 20" — 0" — 9 — 67 — 7"
Table 4. Spin—Orbit Coupling Matrix for Ligandz MOs of MXsY (Cs,) with AL = &x — &v
€ matrix
Op tig tw tou tog
(o} €y Ug ey uy Uy Uy
t € —YaB0x +&v)  —(V2124A¢ 12Ag —(v/2I24) AL (V213)lsAE —(v2131:AL
! U'q You(78x — &v) — (V224 AL 24AG —(V13)IsAL —(V1/3)Hg(Bx + Ey)?
€y —Y250x +&v) (V21248 (V213)YsAL (V1I6)1.AE
- u'y YolTx — &v)  (VLBMa(SCx + &v)? —(V113)lsAE
tou Uy —Yg(Sx + Cv) I1sAG
tog Uy —Yg(Cx + &v)
€' matrix
On tig tiu tou tog
oN Uyg Uy ey Uy ey Uy
tig Ug Ye(Ex + &v) —11sAg (V213)IsAL —(V1I3)lsAL —(V2IBYWAL  —(V1IB)a(5Ex + Lv)?
o Uy Tex+ &) (V2BMAL  (VIBW(SEk + )R (VIBYLAL —(V113)lsAE
t €'y Y12(58x + &v) (V2124)A¢ 112AL (V2124 AL
T “piTEx — &) (V124§ AL AL
€’y Y12(58x + Lv) (V21248
o Uyg —Y24(78x — &v)

@ The dominant part results fromi symmetry functions oOh combining { and t. The low-symmetry contribution is (v 1/3)/g(Ag) for u'g and
u'y, respectively.

reasons. The difference in orbital energies of eq 1 due to ligand Table 1,
ligand interaction, i.e. 1§ — toy= —o + x, then can be related

to corresponding band peaks of the absorption spectrum of UAE+Y (Ao + An) + e? =540 cm-1 (4)
4 2 =

Figure 1 (21 60629 600 = — 8000 cntl). The observed
metal-ligand charge-transfer bands therefore suggest a param-
eter relation of eq 3. where &) > 0 is the shift of the e component ofgtdue
to second-order terms resulting from nondiagonal elements
o — = —8000 cnit 3) to lower lying orbitals e(t), e(by), etc. The parameteAE

is related to the,t, band peaks of Osgl(29 600 cnrl) and
OsBr (23 600 cnt! as estimated from taking the center of
gravity, i.e., 1:2, due to spinorbit component degeneracies)
by eq 5.

Since botho and r are by definition negative, we expect a
relatively large interligand-interaction, i.e./o| > 8000 cnt?!
and as usualr| < |o|.

An estimation of low-symmetry parameters can be obtained .
from the low-energy peaks of Os@Br and OsC{ spectra AE + 2A’7 = 6000 cm (5)
assuming parameter transferability from one compound to
the other. The shift 21 06621 600 = 540 cnT! resulting This compares with optical electronegativities 3.0 of Cl and 2.8
from t;4 corresponds to the theoretical orbital difference of of Br which refer to the highest bond orbitals of ligarfdVith
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the approximatiom\'st = 2 Az we have from eqs 4 and 5 on higher substitution of chloride by bromide (larger central
field covalency?). This contribution leads to a moderate general

Ao — Az < —1920cmtfore? > 0 or= 0, blue shift of all charge-transfer bands in addition to all changes

respectively (6) occurring from ligane-ligand orbital interactions so far men-

tioned.

The difference of orbital electronegativities converted into  Cs[OsCI4Br;] (trans). The assignment of this spectrum

wavenumbers yielding 6000 cthsuggests, however, thAlv  potted in Figure 2 is straightforward in view of the preceding

andAsr parameter relations derived from the preceding equations resyits. Due to the conservation of the inversion center we can

may be overestimated in their sizes. distinguish between Laporte-forbidden (low-intensity bands) and

Since bond changes, eq 6, differ less than bonding parametersg)|gwed (high intensity) transitions. The high symmetBa)
eq 3, and are as expected to be smaller (absolutely), considerimits the number of possible combinations. The peaks which
ation of nondiagonal energy matrix elements as perturbations are sjightly shifted compared to the hexachloro complex are
of diagonal expressions as in eq 2 is justified. assigned to one-dimensional orbital levels Da, which is

Cs,[OsCliBr] (cis). In the spectrum of the disubstituted g gqested by the interligand orbital energies of Table 2 and from
complex (Figure 1) we notice a further shift toward lower energy jnensity arguments as well (not all the transitions into d orbitals
due to substitution of a second ligand and a somewhat larger allowed). The dimensions of thg and g matrixes are

:oand fspk:itting. All bands are more intensbe due to th_eddefi;]ite smaller; however, nondiagonal elements are rather large, leading
oss of the symmetry inversion center, as becomes evident fromy, yomarkable shifts. Indeed we see batb@mponents in Figure
pands_ b, b, and a resulting from i¢(On) which obtal_n similar 2 shifted toward lower energy, the shift of fom t;, being
intensity as those fromgand .. The small absorption below much larger. This is rationalized from thgraatrix of Table 2:

(111\09())(24cm is assigned to a ligand field transition infa the diagonal elements increasgtg) relative to {, of Oy by
1o . . . HYo(AE) — 2Am and e(tay) becomes somewhat smaller b
_ Although all transitionsa, ti, and by in Oy should be split 1/§EAE§ + 2Axm Whilea(tﬁ;) nondiagonal element pushes tﬁ/e
e e ooty () lvel further o ighr enrgy and stabilzot). Ths
the energies pcalculated fro% S m.metr -adapted pmoleculailr explains the highly unsymmetrical eband shifts compared to
. rgies y Y b . the octahedral bands leading to shifts toward lower wavenum-
orbitals listed in Table 3. Due to the large number of possible bers, pushing tw) by 2810 cnT® and &(t) by 1600 cnr?
’ 1u, 2 .

combinations, the calculations are limited to thg ti, ty 7 : : . .
orbitals. If parameters are assumed to be related by mean valueg loser numerical a_naIyS|s WOL."d require rsllable_values for_the
model parameters involved. Since interactions with lower lying
M—L o orbitals are expected to be large as well, the actual
parameter sizes cannot be estimated due to the lack of
information on these level energies. They will, however, not
interfer with the assignment carried out on the basis eflMrz
orbitals.
It should be noted that the present assignment agrees with
— — — that of Jargensen and Preetmit is different for £, to the work
3llig) = Paltag) A(t) = bi(ty), and a(te) =by(t) - (8) of Schatz et al.from which a b, < &, low-symmetry band
sequence has been derived. However, the latter spectrum has
Figure 1. The bcomponent of4, b, of t1, and a of t,, exhibit large vi_brational_ fine structure and is recorded from samples
larger shifts toward lower wavenumbers than their respective contaminated with the cis isomé.
components. The nondiagonal elements remove the degeneracy 4.2. Bromo Complex Derivatives. AOsBre. The charge-
only marginally since energy changes due to second-order termdransfer spectrum of the hexabromo complex is well inter-
are small: the aand b components ofit, for instance, are  preted:*>2The assignment takes the spiorbit coupling on
moved by similar amounts due to nondiagonal elements with the bromo ligands into account which is much larger than that

a(tz) and b(ty) (Table 3) which differ only by\/z(A’n) of chloro Iig_ands, e. g., in the free atom the slpinbit coupling
(although the energy denominatokg—tto, and tg—tiy in eq par-ameter Is 590 _crﬁ for C_:I and 2460 cm’ for Br. Banql
2 differ as well). A closer analysis of second-order effects splittings due to this coupling can be detected already in the

supplies energy shifts for quasidegenerate orbitals differing ;oll;tion sp(alctruri?bMoreover, Sp?bc"? of Ieft doped in Cﬁ'h. h
by about 500 cm?, which is well within the uncertain- rBrg crystals exhibit extensive vibrational fine structure whic

ties resulting from band half-widths of 1000 cthmeasured in part could be assigned to normal vibrations due to the
for these bands. Obviously, band resolution is too low to show complex octahedrofiOur spectrum recorded from pure £s

a removal of accidental degeneracy. The calculated resultsOSB®& (Figure 3) exhibits only the main contours of doped
further suggest a small energy shifu(AE) + Yx(Ao) + material spectra and is somewhat shifted to lower wavenumbers.

Y,(A'7) for & and b relative to the parent§ band of Cs- Assignments to sp'rﬁo_rbit level components as_indicatt_ed inthe
OsCk. Depending on the size &E > 0 andAao,Ax < 0, this flgurg agree with ear.her results and are consistent with energy
corresponds to a low- or high-energy shift. Parameter estima- Matrix elements obtained from MX of Table 4 when Y equals
tion from egs 5 and 7 suggests a small low-frequency shift X- In particular, we assign the small 19 880 chband to the
which is, however, not observed. The corresponding peak in €u(Cn*) component of £(Or), which in strict octahedral
Figure 1 is almost at equal energy which also cannot be €nvironmentis symmetry forbidden (Figure 5) but may become
explained due to changes of the ligand field energies on the allowed by vibronic coupling. This transition has been identified
metal d orbital side. We attribute this discrepancy to an increasein MCD of Cs,ZrBrg:Os*" as vibrational sidebands which in
of d orbital energies due to the lower effective charge on Os-
(IV) resulting from enhanced covalency of metégand bonds (22) Barka, G.; Preetz, WZ. Anorg. Allg. Chem1977, 433 147.

o' ="yo+ 0") andx’ = y(m + 2") @)

which approximate CtBr interaction by C+Cl and BrBr,
the diagonal elements supply the following accidental degenera-
cies:

Equation 8 suggests an orbital assignment as indicated in
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absorption appear as shoulders imposed on the brgdobad o _ 1
of the strong charge-transfer transition resulting frept The Cor €@) = 12A & from €,(0y")
large splitting of the first charge-transfer bandinto u, and dle) = iA +1AE — AT
€, compared to the others results from a combined second- ©) 2474 i from U (O%) )
order effect due to 'y combinations of #yr and byt ligand g'(e) = _l'AC+1'AE_ A
8 4

orbital$ and of 7 and by, the latter providing the matrix
elements+(v/3/4)Cg, in Table 4 (for&x = &y in Oyt sym-
metry). Since there are no other electronic transitions in
octahedral symmetry, we must attribute the 18 810cband
and the weak shoulder on the high-energy flank of the 17 360

The parameter relations supply an orbital sequence of increasing
energy as

cm! peak to superpositions of various vibronic transitions é(a) < €'(e) < €(e) fromt, (10)
which are not as well resolved as in the spectra of doped !
materialst20

The intensity arguments favoring even-to-odd transitions predict
We notice, however, a large dependence of the complex € (e) from t, assignment to the absorption peak of lowest energy
spectrum on the counterion: Figure 4 compares, e.g., the 2 K(18 010 cntl). Inclusion of nondiagonal elements will not
charge-transfer absorption spectra of potassium and tetrabuty-change this assignment due to repulsion to all othkvels of
lammonium salts recorded using the same experimental condi-lower energy. According to eq 9 thé&@) component should
tions. A remarkable shift toward higher wavenumbers in the move to higher energyA¢ > 0), the corresponding transition
series of K, Cs, and BN salts is evident (s. Figure 3 for Cs) therefore is predicted to shift to lower frequency which for the
which has been explained by larger-€Br atomic distances  assignment given is not the case: the corresponding band
due to increased unit cells for bulky catioh$his is supported  changes from 19 880 crh for OsBIs to 20 770 cm® (¢) for
by the bathochromic shift of the JOsBi spectrum when OsBrCl (Figure 3). Since this shift cannot be reversed by
applying external pressufé.The BuN complex spectrum is  inclusion of central field covalency increasing the effective
different in some other aspects due to the lower symmetry of charge on Os on substitution of Br by CI, it must be due to
the OsX% chromophore which is also noticed in the ligand field nondiagonal elements by coupling higher energywave
spectrum+* The low &, — €'¢ band at 19 880 crt, forbidden functions to §a), the largest contribution resulting from
in Op*, moves to 21 880 cm* and is much more intense. The  [&(e)[H|€(u)0= —(v/2/24)(A%) in Table 4. Attributing the
other component,'y— €'g, around 19 400 cmt now exhibits 20 770 cn! peak to &(by) arising from %, which would mean
vibrational fine structure, the profile being strongly temperature a 1430 cm! shift to lower energy in contrast to all other bands,
dependent. The small absorptions at lower frequency are dueis less probable because diagonal elements ob¢rseguential
to the first spir-orbit component of i which in alkali salt levels rather suggest a high-frequency shift.
spectra is covered by transitions from. tSome essentials of The interaction with 4; wave functions of lower symmetry,
the BuN spectrum are very similar to those reported for the which combine with 4, functions due to the removal of the
ethylammonium sal®; in either case the intensity of the 21 880 inversion center, leads to larger changes. The orbital sequence
cm! peak is very high, and there is a large temperature (cf. Figure 5) inferred from diagonal elements is calculated as
dependence in the 19 400 chregion, the reason for which

remaining obscure. €(a) <€'(e) < €(e) from t (11)
Cs[OsBrsCl]. The spectrum of the chloro-substituted , '
complex is shifted to higher energy with respect to@sBrs We expect the two'devels to move the'é;,) toward lower

(cf. Figure 3) which corresponds to the similar low energy ©€Nergy (seeig—ti, nondiagonal elements in Table 4) which is
shift in compounds with reverse ligand composition as out- most effecnye because prbltals rg;ultlng from and iy are
lined in the previous section. Due to larger sparbit split- the clo.sest in energy. Since transitions frq@dybﬂals haye
tings, the spectra of bromo complex derivatives have more lower intensities, we observe these absorption only in the
bands and assignments will be more elaborate. A total of Proadening of th? 18 010 crh(€) and the low energy shoulder
nine electronic transitions is predicted from, tty, and by of the 19 720 cm” band (€) in the &, absorption region (Figure
by symmetry reduction t€s,* (double group). In the spec- 3). More eyldence on these transitions is obtained from the
trum of Cs[OsBrCI] (Figure 3) we can identify only five OsBrCl, (Cis) spectrum. . .

maxima and some shoulders and inflections. Transitions Th?_ spectrum higher thaf‘ 22000 t_:hms dominated by
resulting from iy presumably have lower intensities than transitions arising from 24 ligand orbitals. The sequence
others (similar to what was observed for Og&) and are calculated from diagonal elements of Tables 1 and 4 is
largely covered by stronger bands resulting fronfu'g), ' '
e'(uy), €(€y) of ty, as obtained for GOsBE (cf. Figure 5). ee)=ee)=ee)
The orbital interaction matrix for OsBCl is listed in Table 1;
that for spin-orbit coupling is listed in Table 4. The para-

Teter relations in this case aiE < 0,0 > ¢, @ > ', andZx diagram, the coupling to othet and ¢ wave functions should
Cy. ) o o not interfere with the sequence of eq 12. In this case the highest
As previously the energy splittings of o_ctahed_ral spombit orbital level &(by) changes by-1,(AE) < 0 relative to &,
levels of OsBg due to lower symmetry will be discussed (cf. (Or*) toward lower energy, predicting a high-frequency band
Figure 5). Restriction to diagonal matrix elements supplies the ghift as observed in the spectrum, i.e., from 22 200 for
following orbital energy changes relative tq, bf OsBi on OsBr; to 23 090 cmi! for OSBECI.
substitution of one Br by CI (cf. Tables 1 and 4). Cs;[0sBr4Cly] (cis). This spectrum (Figure 3) is shifted
further to higher energy. Since ti@&,* double group has only
(23) Balchan, A. S.; Drickamer, H. G. Chem. Phys1961, 35, 356. one irreducible representatioh symmetry assignments are not

fromt,, (12)

which suggests the band assignment as given in Figure 3. Since
levels above and below are more distant in the orbital energy
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informative. Therefore a calculation of the spiorbit matrix (e.g., Br). Due to the number of model parameters which
which is of high dimension was not carried out. Due to Kramers exceeds the number of transitions possibly observable, eigen-
degeneracy, no further splitting than that obtained for @Br  value calculations from perturbation matrixes are not recom-
(C4*) is possible. Affiliation of bands to octahedral parent levels mended. However, relative parameter values are in general
can, however, be discussed. The bands higher than 23 000 cm  sufficient for carrying out reliable assignments for most of the
can be attributed to transitions resulting fromeind the stronger  pands to electronic transitions and to levels split by lower
peaks, 18 750, 20 890, and 21 670 Tmfrom ty. Intensity  symmetry. The calculated orbital patterns show a remarkable
arguments as used for OgBi attribute the 18 100 and 20 020 5r4jielism to those in ligand field theory: orbital series and

—1 H H 1 . .
cm™* shoulders to 14 which are more intense than their energy degeneracies f@;, and D4, complexes follow in the
equivalents in the OsBCI spectrum (Figure 3) because of the same sense and corresponding sequence€£ocomplexes

more efficient removal of the inversion center in the cis- : : ' .
disubstituted complex. Further evidence cannot be obtained from(mcIUdIng accidental degeneracies) are reversed in the energy
: o . . diagram (cf. Figure 5). The method evidently works optimal
arguments based on qualitative considerations. . o
for systems of high symmetry due to symmetry restrictions.
5. Conclusions Other well-resolved charge-transfer spectra of mixed ligand
complexes should be investigated on the basis of the present

Ligand to metal charge-transfer spectra of low-symmetry model

transition group ion complexes can be interpreted applying
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