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one of these can be neglected without leading to drastic con- 
sequences. The implication is that the extent of success of 
other semiempirical methods, which rely on parameterization, 
depends on the effectiveness of the parameters to compensate 
for those quantities which are inherent in the bonding, i. e., 
neighbor atom potentials, ligand field splittings, environment- 
al charge effects, electron pairing, etc. Although the relative 
importance of any one, or all of these quantities, is very much 
a function of the particular environmental influences on the 
atoms forming the bonds, they must all be integrated to  
achieve a unified and physically reasonable molecular orbital 
representation. In methods that are totally computational, 
this is achieved through the mathematics of the model, but 
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in semiempirical or empirical models these quantities must 
be explicitly included, which may or may not be possible 
through the use of arbitrary scaling parameters. 

Finally, the success of the present method shows that it is 
indeed possible to  achieve meaningful results through a sim- 
plified MO approach without having to  resort to the very 
costly and limited applications of the ab initio method. Cal- 
culations utilizing the present method are now in progress on 
other types of systems to provide a further test and will be 
presented in forthcoming publications. 

Registry NO. TiF63-: 19694-53-2; CrF63-, 15276-04-7; 
FeF6 '-, 175 95 -3 1-2 ; NiF64-, 1 89 18-8 1-5. 
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Strong sharp-line luminescence has been observed for the (5d4) hexabromoosmate(1V) ion in single cubic crystals of the 
host lattice cesium hexabromozirconate(1V) at  20°K. In  the visible and near-infrared regions luminescence is found within 
the t2g4 configuration between the r l ( lAIg )  excited state and the four spin-orbit components of the 'Tlg ground state. 
Additional bands are observed in absorption. The major portion of the vibrational structure for each of the band systems 
is assigned to  the ungerade modes of the OsBr,'- complex in the lattice. The weak vibrational structure may be interpreted 
in terms of a magnetic dipole mechanism and Jahn-Teller coupling. Good agreement is obtained with available infrared 
results. The value of the magnetic susceptibility can be calculated from the optical data and is in good agreement with the 
available susceptibility data for Cs,OsBr,. 

Introduction 
A great amount of luminescence data is available for 3d 

and 4f transition metal substances. In contrast. little work 
has been reported in the literature on the luminescence spec- 
tra of 4d and 5d transition metal complexes with two excep- 
tions. First, Reinberg and have reported the 
sharp-line luminescence of ReC162- and OsC16'- doped in 
single crystals of CszZrC16 and Cs2HfC16 at 4°K using phase- 
sensitive detection methods. Second, we have reported re- 
cently4 the sharp-line luminescence and absorption spectra 
at 20°K for ReBr62-doped in Cs2ZrBr6. The luminescence 
reported for the ReBr62-ion is sufficiently intense that the 
absorption and the luminescence were recorded simultane- 
ously on photographic plates without phase-sensitive in- 
strumentation. In this paper we discuss the sharp-line lumi- 
nescence and absorption spectra for the 5d4 system of 
OsBr6'-doped as an impurity in the Cs2ZrBr6 lattice at 
20°K. This system is of interest because selection rules can 
be derived that describe the nature of vibrational-electronic 
coupling in d-d type transitions. 

Dorain, Patterson, and Jordan' have reported the optical 
absorption spectra for OsC16'- doped into Cs2ZrC16, 
CSpHfC16, and KzPtC16 at 4°K. Transitions with energies 
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greater than 20,000 cm-' were assigned as of the type 
t2g4 -+ tZg3eg. Within the t2g4 configuration the I'1(3T1.J -+ 

r1('Alg) transition was observed at 17,091 cm-', the 
Fl(:Tlg) + rs('T2g) transition at 10,733 cm-', and the 
rl( Tlg) -+ F3('l$) transition at 1 1,083 cm-'. Also, the 
energies of the low-lying states arising from the tzg4 con- 
figuration were calculated by means of an intermediate 
coupling crystal field model. Reinberg3 has reported lumi- 
nescence for OsC16'-in Cs2ZrC16 at 4%. Vibronic struc- 
ture could only be assigned for the rl(lAlg) -+ I'1(3Tlg) 
transition. Excellent agreement was obtained between the 
predicted energies of Dorain, Patterson, and Jordan and the 
Reinberg experimental results for the states arising out of 
the tzg4 configuration. Recently, Allen and coworkers6 
have discussed the electronic spectra of O S X ~ ~ -  (X = F, C1, 
Br, I). 
Experimental Section 

Cesium hexabromozirconate(1V) was prepared from zirconium 
tetrabromide (Alfa Inorganics) and cesium bromide (Alfa Inorganics). 
Stoichiometric amounts of zirconium tetrabromide and cesium bro- 
mide were placed in a 9-mm Vycor tube and dried in vacuo at 110" 
for 24 hr. The sealed evacuated Vycor tube was then lowered 
through a Bridgeman furnace preheated to  800". The product was 
allowed to  anneal at  500" for 12 hr before the furnace was turned 
off and the tube was cooled slowly to  room temperature. The tube 
was opened in a drybox and any black impurities were removed 
with a razor blade. The clearest portions were collected in a new 
Vycor tube which, after being evacuated and sealed, was passed 
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through the vertical furnace a second time to  give optically clear 
crystals of Cs,ZrBr,. 

The mixed Cs,(Os,Zr)Br, crystals were prepared by placing 
about 0.5 mol % b y  weight of Cs,OsBr, with the Cs,ZrBr, in a 9- 
mm Vycor tube. The tube was evacuated, sealed, and passed 
through a vertical furnace at a rate of about 2 cm/hr to  give optically 
clear single red crystals. The mixed Cs,(Os,Zr)Br, crystals were 
cleaved with a razor blade to give sections suitable for optical meas- 
urements. Several representative samples of the mixed crystals 
were dissolved in HBr solution and the optical density of the peak 
at 3970 A was measured to determine the concentration of  Cs,- 
OsBr, in Cs,ZrBr,. The amount of the Cs,OsBr, in Cs,ZrBr, was 
found to  be between 0.1 and 0.4 mol %. It has been reported' 
that the do ZrBr,'-ion does not absorb up to 34,000 cm-'. Also, 
the amount of luminescence and absorption observed in our studies 
can be directly correlated with the amount of red color-due to  
Cs,OsBr, -present in the various C,s,(Os,Zr)Br, crystal samples. 
Therefore, the luminescence reported here cannot be due to  the 
host material. 

was recorded with a McPherson 1-m Model 2051 monochromator 
on Kodak 1N and 1 M  photographic plates. The plate factor was 
8.33 A/mm in the first order. A mercury lamp or a high-pressure 
xenon lamp was used as the light source. All spectra were calibrated 
vs. an iron-arc spectrum. An Air Products Cryotip (AC3L-110) 
dewar was used to cool the mounted crystals between room tempera- 
ture and 20°K. The temperature was measured by means of a 
chromel-constantan thermocouple. 

Results and Discussion 

structure have been observed between 10,000 and 16,500 
cm-' for single mixed crystals of Cs2(Os,Zr)Br6 at 20°K. 
The first transition shown in Figures 1 and 2 extends in 
energy from 15,823 to 16,458 cm-' and has both emission 
and absorption components. The second transition con- 
sists of sharp luminescence lines and, as shown in Figures 
3-5, is between 12,950 and 13,360 cm-'. The third and 
fourth transitions are shown in Figure 6. These transitions 
consist of sharp luminescence lines between 10,821 and 
11,119 cm-' . Finally, two transitions are observed only in 
absorption between 10,000 cm-' and 10,224 cm-' . The 
line width of these two transitions is between 7 and 26 
cm-' ; in contrast, the other transitions reported herein have 
line widths of 5 cm-' or less. 

Assignment of Vibrational Structure. To assign the vibra- 
tional structure associated with each electronic transition we 
must consider the possible vibrational states. The normal 
modes of vibration for the O ~ B r ~ ~ - c o m p l e x *  may be de- 
noted as vl(alg), v2(eg), v d t d ,  v4(tlu), VS(t2g), and v6(t2u) 
where the expression in parentheses gives the irreducible 
representation of the octahedral point group according to 
how the mode transforms. The vl, v 2 ,  and v s  modes are 
Raman active and the v4 and v3 modes are infrared active. 
The v6 mode is both infrared and Raman inactive. 

Brown and co-workersg have reported the v 3  mode of 
CS20SBr6 to be 216 cm-'. Woodward and Ware" have 
studied the infrared spectra of Cs2ReBr6, cszReC16, and 
cs2osc16 in mulls and the Raman spectra of ReBr62-, 

and in solution. Their measurements 
indicate the vibrational mode energies of ReC162- and 
OsCl6'- complexes are almost identical. It would seem 
that the vibrational mode energies of ReBr62- and 
should also correspond quite closely. Their values for 

The optical spectrum of the Cs,(Os,Zr)Br, single mixed crystals 

Six electronic transitions each with associated vibrational 

Inorganic Chemistry, Vol. 22, No. 7, 1973 1603 

(7) B. J .  Brisdon, T. E. Lester, and R. A. Walton, Spectrochim. 

(8) F. A. Cotton, "Chemical Applications of Group Theory," 

(9) D. H. Brown, K. R. Dixon, C. M. Livingston, R. H. Nuttall, 

(10) L. A. Woodward and M. J .  Ware, Spectrochim. Acta, 20, 

Acta, Part A ,  23, 1969 (1967). 

Interscience, New York, N. Y., 1963, Chapter 9.  

and D. W. A. Sharp, J.  Chem. SOC. A ,  100 (1967). 

7 1 1  (1964).  

Figure 1. A microphotometer tracing of the optical system 
r1(3T1g) - rl( 'AIg) a t  16,039 cm-l for a single mixed 
Cs,(Os,Zr)Br, crystal at 20'K showing both the luminescence and 
absorption components. The energies and assignments of the peaks 
are given in Table 11. 

ReBr62- were the following: v 1  213 cm-', v2 174 cm-', 
v3 217 cm-', v4 118 cm-', and v s  105 cm-'. From our 
luminescence experiments4 on ReBr62- doped in Cs2ZrBr6 
we have found v6 t o  be about 88 cm-' . 

For a substance such as Cs2ZrBrd with space group Fm3m 
Pollack: has performed a factor group analysis and showed 
that at k =O there exist three lattice modes of t lu ,  tlg, and 
tZg symmetry. The tl, mode, labeled v l ,  is infrared active. 
Dispersion curves for Cs2ZrBr6 have not been determined. 
However, from the results of Pollack and Satten" it is to 
be expected that the dispersion curves for the internal 
modes should be relatively flat. 

The O ~ B r ~ ~ - i o n  doped in the Cs2ZrBr6 host lattice pos- 
sesses inversion site symmetry. Thus a pure electronic d-d 
electric dipole type transition is parity forbidden. Three 
mechanisms can account for the appearance of d-d transi- 
tions: (1) destruction of inversion symmetry by static dis- 
tortions; (2) vibrational-electronic coupling to destroy the 
center of symmetry; (3) magnetic dipole or electric quad- 
rupole mechanism. 

For an electronic transition between an initial electronic 
state i and a final electronic state f to occur the matrix ele- 
ment Wie1 I 0 1 \ k f l )  must be nonzero, where 0 is the electric 
dipole, magnetic dipole, or electric quadrupoleoperator. 
For d-d type transitions the initial and final electronic states 
are gerade. The electric dipole operator transforms as the 
r4u irreducible representation of the O h  point group so no 
transitions are electric dipole allowed. However, if the 
ungerade vibrational modes of the final state are considered, 
we now have rge l  X ruvii = U *ronic. As long as the direct 
product riel X rQ X r f e l  X rUd contains rl the transition 
is allowed. For magnetic dipole transitions the operator 
transforms as l?4g and zero-zero transitions are allowed. 
Finally, the irreducible representation for the electric quad- 
rupole operator transforms as I?,, and and so like the 
magnetic dipole mechanism we might be able to observe 
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Table I. Magnetic Dipole, Electric Quadrupole, and Vibronic 
Selection Rules for the OsBr, 2- Complexa 

Symmetry 

electronic 
Of Symmetry of initial vibrationless electronic state 

state rl r2 r3 r4 rS 
rl EQ MD EQ 

v 4 ,  '3 '6 v 6 ,  v 4 >  v 3  v 6 >  v 4 3  v 3  v63  '4, v 3  

r Z  EQ EQ MD 

r3 EQ EQ EQ MD,EQ MD,EQ 

r4 MD EQ MD,EQ MD,EQ MD,EQ 

rs EQ MD MD,EQ MD,EQ MD,EQ 

a The notation MD or EQ means the transition is magnetic dipole 

v6 v4, v3 V 6 r  v 4 ,  v 3  v 6 ,  v4,  v 3  v 6 3  V 4 r  v 3  

v63 v 4 i  v3 V6r v4> v 3  v6,  v 4 >  v3 v 6 3  v 4 >  v 3  v61 '4, '3 

v6 ,  v4i v3 v 6 ,  v 4 i  v3 v6 ,  v 4 ,  v 3  v 6 ,  v4, v3 v 6 >  v 4 ,  v 3  

v6 ,  v4,v3 V 6 > V 4 r  v3 v 6 ,  V4r v3 v 6 ,  v4, v3 v 6 ,  v4. v3 

allowed or electric quadrupole allowed, respectively. Also, the sym- 
metry of vibrations allowing d-d transitions is given. 
Table 11. Energies and Assignments for the Luminescence and 
Absorption Spectrum of Single Mixed Cs,(Os,Zr)Br, Crystals at  
20°K in the 10,821-16,254-cm-' Energy Region 

Obsd 
Figure energy, 

No. Peak cm-' Assignment 
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1 B' 
A' 
A 
B 

2 1  
2 
3 
A 
B 
C 
D 

3 0 '  
A '  
B' 
C' 

4 A' 
0 '  
1 
2 
3 
A'  
B '  

G' 
H'  
C'  

5 D'  
E '  
F '  

6 A '  
B '  

C'  
D'  
E '  
F' 
G'  
H'  

15,822.7 
15,924.2 
16,157.1 
16,253.8 
16,067.6 
16,083.8 
16,107.7 
16,157.1 
16,253.8 
16,363.9 
16,458.4 
13,280.1 
13,194.3 
13,162.9 
13,062.7 
13,359.9 
13,280.1 
13,252.9 
13,236.9 
13,221.1 
13,194.3 
13,162.9 
13,133.2 
13,102.0 
13,079.2 
13,062.7 
13,012.2 
12,979.5 
12,950.3 
11,119 
11,027 

11,017 
10,986 
10,956 
10,924 
10,857 
10,821 

+ v. 

t lm 
+ lm 

+ va 

+ '6 

a Abbreviation lm means lattice mode. 
0-0 transitions. Selection rules are given in Table I. The 
predicted transition probabilities are in the order13 of elec- 
tric dipole allowed B magnetic dipole allowed B electric 
quadrupole allowed. The assignment of the vibrational 
structure for the individual transitions will now be discussed. 
The observed or calculated origin for each electronic transi- 

(13)  J .  S .  Griffith, "The Theory of Transition-Metal Ions," 
Cambridge University Press, New York, N. Y., 1961, Chapter 11. 

Table 111. Energies and Assignments for the Absorption 
Spectrum in the 10,000-10,224-cm-' Region for 
Cs,(Os,Zr)Br, Crystals at  20°K 

Peak Obsd 
(of energy, 

Figure 7) cm-' Assignment 
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Figure 2. A microphotometer tracing of a photographic plate 
showing the optical absorption spectrum for the r,('Tlg! -+ rl('Alg) 
transition given in Figure 1 with increased vibronic detail. 

tion will be used as an index for the spectrum of a given 
electronic transition. The energies and assignments of the 
various peaks are giveii in Tables I1 and 111. The electronic 
assignments will be discussed in another section of this 
paper. 

A E  = 16,039 cm-', I'1(3Tlg) t-f rl('Alg). For the spec- 
trum shown in Figure 1 the emission and absorption por- 
tions form symmetrical mirror images of each other. The 
energy difference between emission peaks B '  and A ' i s  101.5 
cm-' while the energy difference between absorption 
peaks B and A is 96.3 cm-'. These energy differences 
correspond closely to the v3-v4 energy separation. Thus, 
peaks A' and B'  are assigned to v4 and v 3  of the ground 
electronic state while A and B are assigned to v4 and v3 of 
the excited electronic state. If the system is assigned as 
r1(3Tlg) t-f rl('Alg) we see from the selection rules in 
Table I that only the v4 and v3 modes should appear (not 
the v6 mode) and the 0-0 no-phonon transition is forbidden. 
This is in complete agreement with our experimental results. 

Figure 2 gives in greater detail the absorption portion of 
the Fl('Alg) ++ r1(3Tlg) system. The energy difference be- 
tween peaks A and C is 207 cm-', and that between B and 
D is 205 cm-' , so we assign peak C as v4 + v1 and peak D 
as v g  + v l .  If we use the Brown, et al., value' of 216 cm-' 
for the v3 mode of the ground electronic state, we calcu- 
late the origin of the transition to be at 16,039 cm-'. This 
gives energy values for peaks 1, 2 ,  and 3 of 29 ,45 ,  and 59 
cm-', respectively. These peaks may be assigned as lattice 
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ENERGY, CM-' 

Figure 3. A microphotometer tracing of the luminescence spectrum 
of the rl('Alg) + r/T1 ) transitionat 13,280 cm-'. The lines 
are labeled according to  %able 11. 

modes and should be compared with the lattice mode en- 
ergies for Cs2(Re,Zr)Br6 of 30 ,40 ,  and 63 Cm-'. 

It should be pointed out that on the basis of the lattice 
selection r u l q  derived by Pollack" for the case where the 
wave vector k = 0 only one lattice mode should appear in 
the Figure 2 spectrum. The fact that three lattice modes 
are present indicates that points of high symmetry in the 
Cs2ZrBr6 Brillouin zone other than it'= 0 must be consid- 
ered where there is a corresponding high density of phonon 
states within a narrow energy range. Unfortunately, no 
lattice dynamics calculations have been performed for the 
host lattice; therefore, we will not be able to  give specific 
assignments for the three lattice peaks except to say that 
consideration of selection rules at the special symmetry 
points X and L in the Brillouin zone for CszZrBrd will in- 
dicate probable lattice mode assignments. We choose not 
to pursue this discussion any further at this time. The in- 
terested reader is referred to  the papers by Loudon14 and 
by O'Leary and Wheeler.ls 

AE = 13,280.1 cm-', rl('Alg) + I'4(3Tlg). Figure 3 
shows the emission spectrum observed at about 13,280 
cm-' . The peak energies and assignments are given in Table 
11. The four peaks may be assigned easily. The energy dif- 
ferences between 0' and A', B', and C'are 85.8, 117.2, and 
217.4 cm-'. Since these differences nearly correspond to 
the v g ,  v4, and v3 vibrational mode energies reported by 
Woodward and Ware for we assign line O'as the 
0-0 transition and lines A', B', and C' to the v6 ,  v4, and v3 
modes of the final electronic state. 

photographic plates with long time exposures to show the 
fine detail present in the 13,280-cm-' luminescence spec- 
trum. The peak A* is 82  cm-' greater in energy than 0' 
and is assigned to  v6 of the initial electronic state. Peaks 
E'and F'are assigned as ( v 6  + v l )  and (v4 f V I )  for the 
final electronic state, respectively, with the value of v1 equal 
to 214 cm-'. Three weak lines, assigned to lattice modes, 
have been observed with energies of 28.2,43.2, and 59.0 
cm-' . 

vg), re- 

In Figures 4 and 5 microphotometer tracings are given of 

Peaks G '  and D' can be assigned to v2 and (v2 

(14) R. Loudon, Proc. Phys. SOC., London, 84, 379 (1964). 
(15) G. P. O'Leary and R. G. Wheeler, Phys. Rev. B ,  1,4409 

(1970). 

Figure 4. A microphotometer tracing of the r1('Alg) --t rJ3Tlk) 
transition given in Figure 3 showing increased vibrational detad. 

I I  

i 2 , m  13,000 13,100 
ENERGY, CM-l 

Figure 5. A microphotometer tracing of a photographic plate 
showing the tail of the luminescence spectrum for the rl( lAlg)  -f 
??4(3T1g) spectrum. 

spectively, of the final electronic state, with the value of v2 

equal to 178 cm-'. If the electronic transition is -+ I',, 
with the final electronic state threefold degenerate, it is 
possible to interpret the appearance of the vz(eg) mode as 
evidence for weak dynamic Jahn-Teller coupling being pres- 
ent in the F4 electronic state. Brand, Goodman, and 
Wein~tock'~'' '  have measured the optical absorption spec- 
trum of ReF6 and IrF6. Short progressions were found to 
be present not only in the v1 mode but also in the v2 and 
v5 modes. From an analysis of the intensity distribution 
in the progressions it was possible to calculate the magni- 
tude of the weak dynamic Jahn-Teller coupling. Work is 
under way in our laboratory to perform a similar analysis 
for the OsBr6'-case. 

A E =  11,073 cm-',rl('Aig)+r3(3Tlg);AE= 11,236 
cm-', rl('Alg) + r5(3Tlg). In Figure 6 a microphotometer 

Spectrosc., 38, 449 (1971). 

Spectrosc., 37, 464 (1971). 

(16) J.  C. D. Brand, G. L. Goodman, and B. Weinstock, J. Mol. 

(17) J.  C. D. Brand, G. L. Goodman, and B. Weinstock, J. Mol. 
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Electronic Assignments. Osmium(4+) has a d4 electronic 
configuration. When the ion is placed in an octahedral 
crystal field the following terms result within the tzg4 con- 
figuration in order of increasing energy: 3Tlg, 'TZg, 'Eg, 
'Alg. These terms will be split by spin-orbit interaction 
into states which can be denoted in the Bethe notation as 
ri (i = 1-5) where Fi is the appropriate irreducible iepresen- 
tation of the cubic group. Magnetic susceptibility meas- 
urements18 indicate that the spin-orbit interaction is of the 
same order of magnitude as the interelectronic repulsion 
and cannot be treated simply by perturbation theory alone. 

It is possible to estimate the approximate energies of the 
various electronic tzg4 states by use of the p" isomorphism 
to t2g6-n, discussed by Moffitt, Goodman, Fred, and 
Weinstock." Moffitt and coworkers found that the states 
arising from the t2gn configuration in octahedral symmetry 
are formally identical with those of the atomic configura- 
tion p6-". As a result of this equivalence the magnitude of 
the interelectronic repulsive interaction may now be as- 
sessed by a single parameter (3B + C), whose magnitude 
relative to that of the spin-orbit parameter g determines 
the coupling scheme (Russell-Saunders, intermediate cou- 
pling, or j - j ) .  Tn terms of the ratio of the interelectronic 
repulsion to the spin-orbit interaction one can calculate an 
energy level diagram for the states arising out of the t 2  

configuration. Moffitt, et al., have done this for the d 
system PtF6. In Figure 8 we show such a diagram. Com- 
paring the absorption spectrum of PtF6 with the energy 
level diagram, Moffitt, et al., concluded that a satisfactory 
assignment of the weak-band systems could be made on 
the basis of transitions within the tZg4 configuration for l =  
3400 cin-l, 3B + C = 2400 em-', and the ratio of t/(3R + 
C )  = 1.4. Similar success was attained in a n a l y h g  the 
weak-band systems in ReF6, OsF6, and IrF, with g/(3B + 
C) = 1.4. 

In the first step of our analysis it was assumed that the 
t2g4 states in OsBr6'-are at about the same energy as with 
PtF6. The system observed at 16,039 cm-' in both absorp- 
tion and emission is then assigned as l'1(3Tlg) * rl('Alg) 
in contrast to 16,000 cm-l reported for P~F, .  Second, 
the luminescence spectrum with origin at 13,280 c1n-l is 
assigned as a transition from the Fl('Alg) state to the I?, 
component of the spin-orbit split 3Tlg ground state; there- 
fore, the I'4(3Tlg) state is 2759 cm-' above the ground 
state in O ~ B r ~ ~ - i n  contrast to the value of 3300 cm-' for 
PtF6. Next, the two absorption spectra observed at about 
9942 cm-' are assigned as T'1(3Tlg) + r5('TZg), r3(lEg) in 
contrast to the 12,000-cm-' value for PtF,. It should be 
noted that the two excited states r5(lTZg) and r3(lEg) are 
degenerate in the pn-t2g6-n approximation; however, when 
configuration interaction is included,' they become some- 
what separated with the r3(lEg) state lying higher in energy 
than the rs('T2g) state. Finally, it should follow that the 
two transitions observed in luminescence at about 11,155 
cm-' correspond to the transitions rl(lAlg) --f F3(3Tlg), 
r5(3Tlg) with the FS, F, states calculated to be at 4887 
cm-' in contrast to 5500 crn-l for PtF6. 

In the second step of the analysis a computer program 
was written to calculate the energies of the t2g4 states as a 
function of the parameters (3B + e) and t .  The relevant 
interelectronic repulsive and spin-orbit matrix elements 

5 

H G' 

4 I 1 I 
10,900 I 1,000 I !,IO0 

ENERGY, CM-' 

P i p r e  6. A microphotometer tracing showing the r1(lAlg) + 
r3(3T,g), I ? ~ ( ~ T , ~ )  luminescence spectrum at about 11,000 cm-l. 
The energies and assignments of the various peaks are given in 
Table 11. 

I I I 
IOD00 I0,IGC 10.200 

ENERGY, CM-' 

Fibwre 7. A microphotometer tracing showing the absorption 
spectrum at about 10,000 cm-' assigned to  a transition between 
the ri(3T,g) ground state and the IT3('Eg), rs(lTZg) excited states. 
The peaks are labeled according to Table 111. 

tracing is shown of the luminescence spectrum recorded be- 
iween 10,821 and 11,119 cni-'. The quality of the tracing 
is somewhat less than the preceding tracings due to the use 
of M photographic plates in this region. The spectrum is 
assigned as a transition between an initial vibrationless elec- 
tronic state and two final electronic states. It has not been 
possible to assign the spectrum to one final electronic state 
alone. Peaks A '  and C'-B' are assigned to v4 and v3 of one 
final electronic state. Further, peaks D'. E', and G'are as- 
signed to v6, v4, and v 3 ,  respectively, of a second final elec- 
tronic state. If we assume v4 to be 117 cm-' for both final 
electronic states, a value of 11,236 cm-' is obtained for the 
origin of the first transition and a value of 11,073 cm-' 
for the origin of the second transition. 

AE = 9914 cm-' , r1(3T1g) -+ rg(lTZg); A E  = 9969 cm-', 
k'"1(3Tlg) -+ r3('Eg). Figure 7 shows a copy of a micropho- 
tometer tracing of the absorption spectrum recorded be- 
tween 10,000 and 10,224 cm-'. In this spectral region M 
photographic plates were used. The energies and assign- 
ments of the various peaks are given in Table 111. Peaks A, 
B, and F are assigned as v 6 ,  v4, and v 3 ,  respectively, to one 
final electronic state. Peaks C, D, and G are assigned in a 
similar fashion to v6, v4, and v3 ,  respectively, of a second 
final electronic state. If we assume v4 of both final elec- 
tronic states to be 117 cm-', a value of 9914 cm-l is ob- 
tained for the origin of the first transition while a value of 
9969 cm-' is obtained for the origin of the second transition. 

(18)  A. Earnshaw, B. N. Figgis, J .  Lewis, and R. I). Peacock, 

(19) W. Moffitt, G. L. Goodman, M. Fred, and B. Weinstock, 
J. Chem. SOC. 3132 (1961). 

iMol. Phys., 2, 109 (1959). 
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Figure 8. Behavior of the t, configuration states as a function of 
the dimensionless parameter k= $ / ( 3 B  + C). 

are given by Griffith." For each choice of the parameters 
(38 + C) and the computer output consisted of the elec- 
tronic state energies and the root-mean-square (rms) devia- 
tion of the calculated energies from the observed energies. 
The minimum rms deviation was achieved for the choice 
of parameters g/(38 + C) = 1.561, 3B + C = 2032 cm-', 
and g = 3 172 cm-' . The rms value was 95 cm-' . Energy 
level diagrams are given in Figures 9 and 10. 

The vibrational analysis presented in the previous section 
is of some relevance in confirming our assignments. For 
the I'1(3Tlg) ff rl('Alg) system the selection rules in Table 
I predict that a 0-0 no-phonon line should not appear in 
the spectrum in agreement with experiment and that the 
Vg(t2u) mode should not appear, again in a reement with 

the magnetic dipole selection rules predict a 0-0 line and 
the vibronic selection rules predict the appearance of 
Vg(tZu), v4(tIU), and v3(tlu) modes, all in agreement with 
our data. The other transitions observed have vibrational 
mode assignments in agreement with the selection rules in 
Table I. 

It should be pointed out that at energies greater than 
17,500 cm-' a number of strong absorptions occur for the 
OsBr6'- complex. Schatz and coworkers" in a recent 
study have assigned these transitions as charge transfer in 
nature from their low-temperature high-resolution magnetic 
circular dichroism and absorption studies. Dorain, 
Patterson, and Jordans in a low-temperature absorption 
study of OsC16'- assigned these transitions as of the type 
tzg4 --z tZg3e,. In this paper we choose not t o  discuss these 
higher energy transitions except t o  point out that the close- 
ness of these states t o  the tzg4 states will result in configura- 
tion interaction mixing these states with the tzg4 states in 
an unknown way. 

Lindberg" reported for ammonium hexabromoosmate a 
temperature-independent molar magnetic susceptibility of 
(980 k 20) X cm3 mol-' in the temperature range of 
100-400'K. In 1961 Westland and BhiwandkerZ3 reported 
measurements on solid solutions of K20sC16 and KzOSBrg 
diluted with diamagnetic KzPtC16 and KzPtBr6, respectively, 

experiment. Next, for the rl('Alg) += r4( B Tlg) transition 

Magnetic Susceptibility. In 1954 Johannesen and 

(20) J .  S .  Griffith, "The Theory of Transition-Metal Ions," 

(21) W. H. Inskeep, R. W. Schwartz, and P. N. Schatz, Mol. Phys., 

(22) R. B. Johannesen and A. R. Lindberg, J.  Amer. Chem. 

( 2 3 )  A. D. Westland and N. C. Bhiwandker, Can. J. Chem., 39, 

Cambridge University Press, New York, N. Y., 1961, p 282. 

in press. 

SOC., 16, 5349 (1954). 

1284 (1961). 

SPIN ORBIT (CM-'1 

Figure 9. Energy level diagram for the tZg4 states of a d4  ion in a 
strong octahedral field. Energies are plotted as a function of 
increasing spin-orbit interaction. The value of 2032 cm-' has been 
used for the Coulomb interaction parameter, 3B + C. 
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Figure 10. Energy level diagram for the OsBr,'- complex at 20°K 
showing the observed electronic transitions. 

which showed that the paramagnetism of the osmium salts 
increased with dilution. They proposed that extensive 
superexchange takes place through the overlap of d orbitals 
on the osmium atom and orbitals on the ligands in the pure 
substances and in the concentrated crystals. 

Johannesen and Candelaz4 in 1962 reported magnetic 
susceptibility measurements on a series of hexachloro- and 
hexabromoosmates, with the paramagnetism independent 
of temperature between 78 and 278%. (NH&0sBr6 had 
a molar magnetic susceptibility of 991 X cm3 mol-' 
and CszOsBr6 has a molar magnetic susceptibility of 988 X 

They found that the paramagnetism of the Os(1V) 
complexes increases as the osmium ions are separated and 
that the effect of dilution can be described by the equation 
x = x,/(l + h d - n ~ _ )  where x, is the susceptibility at infi- 
nite dilution, d is the average distance between the osmium 
ions, X is a constant, and n is approximately 2. The sus- 
ceptibility was found to be neither strongly affected by the 

(24) R. B. Johannesen and G. A. Candela, Inorg. Chem., 2, 67 
(1963). 
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nature of the cations nor by the type of halogen ligand. 
The fact that the halogen ligand does not have a great effect 
on the susceptibility would indicate that superexchange via 
the halogen atom cannot be very important in determining 
the amount of exchange. Greenslade?' has suggested that 
ligand fields of lower than cubic symmetry can explain the 
dilution effects. 

To compare the magnetic susceptibility measurements 
with the optical analysis we can make use of the low-spin 
d4 model of Griffith.20 The ground state transforms as the 
rl irreducible representation and is nonmagnetic; also, the 
energy difference between the ground state and the low- 
lying r4 excited state is great enough so that only the 
ground state will be appreciably populated in the tempera- 
ture range of the magnetic measurements. Van Vleck para- 
magnetism arises from the admixture by an applied magnetic 
field of excited r4 magnetic states with the ground state re- 
sulting in a measured magnetic susceptibility independent 
of temperature. Griffith used the isomorphism between 
the t2g4 and p2 configurations to derive an expression for 
the susceptibility of low-spin d4 complexes. He gave 

xM = 3 6 ( 4 / 4  tan 8 - 1 + sec 6 )  

where 6 = '/2(15B + 5C + Elk, tan 8 = &$B, and k is the 
orbital reduction factor. The contribution to the suscepti- 
bility from the higher configuration states was estimated by 
Griffith to be about (50-70) X cm3 mol-'. 

If the values of (3B + e) and .$ calculated from the crystal 
field analysis of the optical data are substituted into the 
Griffith expression, with the orbital reduction factor equal 
to 1, the value of xM calculated for Cs20sBr6 is 947 X 
cm3 mol-'. The value of xM measured for pure Cs@sBr6 
is 988 X lod6 cm3 mol-' by Johannesen and Candela. This 
represents less than a 5% difference between the value of 
xM calculated from the optical data for the dilute case, 
Cs20sBr6 in Cs2ZrBr6, and the xM measured for pure 
CS2OSBr6. When only the Iy3Tlg) excited state and the 
II'l('Alg) excited state are fit to the crystal field model and 
the other states are ignored, the xM calculated becomes 
1022 cm3 mol-' with an rms deviation between the ob- 
served energies and calculated energies of 1.2 cm-' . In 

2NP2(1 + cos B)(k + 2)2 

(25) D. 3. Greenslade,J. Chem. SOC. A ,  834 (1968). 

Nims, Patterson, Khan, and Valencia 

this case the difference between the calculated and meas- 
ured xM values is about 4%. 

Griffiths and Owens26 have estimated the orbital reduc- 
tion factor t o  be 0.84 for K2IrC16 and K2IrBr6 from analysis 
of the hyperfine structure in the electron paramagnetic r;eso- 
nance spectrum. No data are available for the osmium(4+) 
salts. If k becomes 0.84, xM decreases by 90 X cm3 
mol-'. Also, Dorain, Patterson, and Jordan' in their analy- 
sis of K20sC16 have shown that the states arising from the 
t2,3e configuration contribute about +lo0 X cm3 
mol-' to the susceptibility and this contribution has not 
been included in the Griffith formula. Thus, it would seem 
that inclusion of the orbital reduction effect is about bal- 
anced out by the t2g3eg states contribution to the suscepti- 
bility, and the calculation of xM from the Griffith formula 
is a reasonable approach. 

The fact that the susceptibilities for the pure Cs20sBr6 
system and for the dilute undistorted CszOsBr6-Cs~ZrBr6 
system are in good agreement would suggest that the 
Westland-Bhiwandker dilution effects can be explained by 
distortion effects present in the K20sBr6-K2PtBr6 system. 
In an effort t o  prove this we have grown single K20sBr6- 
K2PtBr6 mixed crystals with a molar concentration for 
K20sBr6 of about 1 mol %. Initial optical experiments in 
our laboratory at 20°K show that the I'1(3Tlg) -+ F1('Alg) 
spectrum for K20sBr6 in K2PtBr6 is very broad and shifted 
from the spectrum in Figure 1 for Cs20sBr6 in Cs2ZrBr6. 
Further details of this study will be published at a later 
date. 

58-6; Cs20sBr6, 191 21-80-3. 
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