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Figure 11.-First-order rate equation plots for the decrease of 
lithium nitrite. 

250°, k = (1.30 =k 0.07) X sec-' a t  300°, and 
k = (1.25 =k 0.07) X loF6 sec-' a t  350'. 

Although i t  is not possible to distinguish between 
the rate constants a t  300 and 350°, i t  is clear that the 
rate of decomposition at  250" is slower. It is also clear 
that  the initial rates of decomposition are very strongly 
dependent on temperature as indicated by the wide 
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spread in the curves on Figure 11 despite identical 
starting compositions. Because of the complex nature 
of the nitrite decomposition, which involves consecu- 
tive, conjugate, and reversible reactions, there is no 
reason to expect that  there would be a simple tempera- 
ture dependency for the rate constants. 

Stabilization of a LiNOz-LiNOo-LizO Mixture.-The 
initial rate of decomposition of pure nitrite is fast, but 
i t  decreases quickly to a low steady value depending on 
the rates of formation of nitrate and gaseous products. 
Using the prediction method of Lee and Johnson17 the 
solubilities of the gaseous products in lithium nitrite 
are estimated to be of the order of mol (cm3 of 
melt)-' atm-'. These solubilities are small, and con- 
sequently the concentrations of the gases in the melt 
rapidly approach the equilibrium concentrations and 
so depress the decomposition of nitrite. 

The observed low rates of decomposition of lithium 
nitrite melts containing lithium nitrate and lithium 
oxide could be decreased further by pressurizing the 
melt with the gaseous products of the decomposition. 
By appropriate choice of gas composition and pressure 
the melt composition could be stabilized readily in the 
temperature range studied here. 

(17) A. K. K. Lee and E. F. Johnson, I n d .  Eng. Chem.,  Fundam. ,  8 ,  726 
(1969). 
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The electronic spectra of the hexahalo anions of osmium(IV), 0~x8~- (X = F, C1, Br, I), and of iridium(IV), IrXs2- (X = F, 
C1, Br), have been studied by diffuse reflectance between 4 and 50 kK. All the salts investigated show well-marked band 
systems of moderate intensity between 4 and 8 kK, which are interpreted as arising from transitions between the spin-orbit 
split components of the 3Tl,(Os(IV), d4) and of the 2T2a(Ir(IV), d6) ground states, respectively. The spectra of the chloro, 
bromo, and iodo species are dominated by much stronger bands, assigned as Laporte-allowed charge-transfer transitions, 
which extend upward from between 10 and 20 kK and prevent the derivation of fitting parameters for the d-d excitations, 
but for the hexafluoro complexes the other d-d bands identified lead to the parameters Dq = 2600 cm-l, B = 500 cm-', and 
6 = 2900 cm-l, for OsFs2-, and Dg = 2700 cm-', B = 510 cm-l, and 4 = 3300 ern-', for IrF62-. For O S F ~ ~ -  
the peak at  5.4 kK is ascribed to the aTl,(I'l) - 3T~,(r3, I's) transition, and the weaker bands a t  12.7 and 18.5 kK and the 
shoulder a t  23 kK are assigned to the formally spin-forbidden excitations 3T1,( I'd -+ 'Eg, ~Tz,, 3T1,( I-1) .-t 5E,, and 3Ti,( rl) + 

'AI,, respectively. The stronger absorptions at  about 30 and 42 kK are attributed to numerous spin-allowed tZg4 + tZg3e, ex- 
citations, and the intense peak indicated slightly above 50 kK is attibuted to a T -+ tzg charge-transfer transition. Similarly, 
for I ~ F G ~ -  the prominent peak at  6.7 kK is assigned as the ZTzg(I'7) + 2Tzg(I 'a)  excitation, and the less intense bands at  19.8 
and 25.0 kK are attributed to the spin-forbidden transitions 2Tz,(I',) + 4T1, and 2Tz,(I'?) -f 4Tzg. The stronger broad bands 
at  30 and 38 kK again represent many spin-allowed transitions, here tzg6  - tzg4e,, while the Laporte-allowed T -+ t z ,  band 
appears a t  47.8 kK. From these data a measure of the extent of covalency for the OsFs2- and IrF6Z-anions may be deduced, 
but for all the complexes the value of the effective spin-orbit coupling constant may be estimated from the low-energy bands, 
thus yielding some indication of this effect. The degree of covalency is found in both cases to increase in the sense MFs2- < 
MCls2- < MBre2- < MIs2-, but for the fluoro anion is found, predictably, to be appreciably smaller than for the correspond- 
ing Os(V) and Ir(V) species. Finally, consideration is given to the factors influencing the intensities and bandwidths 
of the low-energy transitions (and to the effects produced by the change of cation), and the derived values are used for the 
calculation of relativistically corrected optical electronegativities. 

Introduction have been reported. Thus, the chloro, bromo, and 
iodo complexes of Os(1V) and the chloro and bromo 
derivatives of Ir(1V) have been studied in solution by 
J#rgenseqZ and most of the intense bands which occur 
from between 10 and 20 kK upward were assigned as 

Although the M(V) and M(V1) hexaha10 species 
of the 5d elements w to pt are exemplified only by 
hexafluoro derivatives, many M(IV) hexaha10 corn- 
pounds are known, and numerous spectroscopic studies 

(1) Ph.D. students supported by the Royal Saudi Arabian Government. (2) C. K .  J$rgensen, Mol. Phys. ,  2, 309 (1959) 
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Laporte-allowed, r+tzg, charge-transfer transitions. 
On the other hand Dorain, et ~ l . , ~  have measured the 
optical spectrum of O S C ~ ~ ~ -  in single cubic crystals up 
to about 35 kK and concluded that all the observed 
bands may be assigned to d-d excitations, while Doug- 
las4 has demonstrated that the single-crystal spectrum 
of 1 r C l ~ ~ -  up to about 25 kK contains both d-d and 
charge-transfer type transitions. The assignment of 
the stronger bands remains however a matter of some 
controversy, and in a more recent review J@rgensen5 
has reinforced and elaborated his earlier interpretation 
of these absorptions for the hIHa162- complexes. 

Nevertheless, electronegativity considerations in- 
dicate that for the hexafluoro anions the electron- 
transfer bands should occur a t  substantially higher 
energies than for the other halo complexes and that 
an unequivocal assignment of several more d-d bands 
should therefore be possible. For both OsFa2- and 
IrFe2- some fragmentary observations of the solution 
spectra were recorded by Hepworth, Robinson, and 
W7estland,6 and diffuse reflectance measurements for 
CszOsFs and CszIrF6 were reported by Brown, Russell, 
and Sharp.' In  neither case though were the spectra 
reproduced diagramatically, and the latter workers 
studied only the range 10-40 kK and virtually neglected 
the effects of spin-orbit coupling in making their as- 
signments. Our study of the spectra of the OsFe2- 
and IrF62- anions, over the wider energy range of 4- 
50 kK, has revealed a number of important differences 
between our results and those of Brown, et al.,  and we 
now therefore report our findings for the hexafluoro- 
osrnate(1V) and hexafluoroiridate(1V) anions, together 
with the fitting parameters obtained using the full 
strong-field electrostatic and spin-orbit matrices for 
d4 and d6 systems. At the same time we record our 
results for the other hexahalo anions of Os(1V) and 
Ir(1V) and the values of the effective spin-orbit cou- 
pling constants deduced from the low-energy d-d bands. 

Experimental Section 
Potassium and Cesium Hexafluoroosmate(1V) and Potas- 

sium Hexafluoroiridate(1V) .-These were obtained by hydroly- 
sis of the corresponding hexafluoroosmate(V) and hexafluoroiri- 
date(1') complexes, according t o  the method of Hepworth, 
Robinson, and Westland.6 Anal. Calcd for KzOsFs: Os, 
49.7; F, 29.8. Found: Os, 49.1; F, 30.05. Calcd for CSzOsF6: 
Os, 33.4; F, 20.0. Found: Os, 33.9; F, 19.85. Calcd for 
K21rF6: Ir, 50.0; F, 29.7. Found: Ir, 49.3; F, 30.0. 

Potassium Hexachloroosmate(IV), Sodium, Potassium, and 
Ammonium Hexachloroiridate(IV), and Potassium Hexabromo- 
iridate(IV).-These were obtained as high-purity products from 
Johnson Matthey and Co. Ltd. 

Potassium Hexabromoosmate(IV).-This was obtained ac- 
cording to Turner, et id.,* by the action of concentrated hydro- 
bromic acid on Os04. Anal. Calcd for K10sBr6: Os, 25.4; 
Br, 64.1. Found: Os, 25.2; Br, 64.6. 

Potassium Hexaiodoosmate(1V) .-This was prepared accord- 
ing to Fenn, et aZ.,g by the interaction of potassium iodide, con- 
centrated hydrochloric acid, and OsOe. Anal. Calcd for Kz- 
Os18: Os, 18.5; I ,  73.9. Found: Os, 18.1; I,  75.0. 

Potassium Hexaiodoiridate(IV).-There exists in the literature 

(3) P. B. Dorain, H. H. Patterson, and P. C. Jordan, J .  Chem. Phys. ,  49, 

(4) I. N. Douglas, ibid., 61, 3066 (1969). 
(5) C. K. Jgrgensen, Pvogv. Inovg. Chem., 12, 101 (1970). 
(6) A t ,  A. Hepworth, P. L. Robinson, and G. J. Westland, J .  Chem. Soc., 

(7) D. H. Brown, D. R. Russell, and D. 7N. A. Sharp, ibid., A ,  18 (1969). 
(8) A. G. Turner, A. F. Clifford, and C. N .  Ramachandra Rao, A n d .  

(9) E. Fenn, R. S. Xyholm, P. G. Owston, and A. Turco, J. Inovg.  h'UC1. 

3845 (1968). 

611 (1968). 

Chem., SO, 1708 (1958). 

Ckewz., 17, 387 (1961). 
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a very early reference to this compound,lo but in our hands at- 
tempts t o  prepare it were unsuccessful. 

Tetraethylammonium Salts.-These were prepared as re- 
quired either by methods similar to those described above or by 
appropriate double-decomposition reactions. 

Diffuse Reflectance Measurements.-These were made as be- 
fore" using a Beckman DK 2A spectroreflectometer with a mag- 
nesium oxide reference. Intensities are expressed in terms of 
the Kubelka-Munk function, FR, but uncertainty concerning 
the appropriate scattering coefficient for the 5d series prevents 
their conversion to approximate extinction coefficients. 

Results and Discussion 
In Table I we list our results and assignments for 

TABLE I 

HEXAFLUORO-, HEXACHLORO-, HEXABROMO-, 
ASD HEXAIODOOSMATE(IV) 

THE DIFFUSE REFLECTANCE SPECTRA O F  POTASSIUM 

Band position, 
kK F R  

3,0-3.4 (?I 
5.62 2 .4  

12.7 0 . 4  
18.5 0.75 
22 .5  2 . 3  
30.0 br 5 . 7  

42.0 (?I 
> 50 Intense 

5.15 5 . 9  
11.3 1 . 2  
19.0 br 4 . 3  
26.3 14.6 
30.0 19.7 
37.7 18.8 
43-47 br Ca. 20 

4.90 7 . 8  
7 .7  0 . 5  

10.9 2 . 5  
17.2 19.5 
20.0 22.6 
23.4 sh 23.7 
24.9 25.0 
33 0 20.6 
37.0 19.4 
41-42 br Ca. 20 

4.62 9 . 0  
9 0  10 4 

10 .6  12.7 
15.4 br 28.0 
3 5 . 0 ~  br 14.8 

44-46 br Ca. 20 

the potassium salts 
and * O S I ~ ~ -  anions, while Table I1 similarly gives our 
findings for the potassium salts of the IrFG2-, IrC162-, 
and IrBr62- ions. The corresponding diffuse reflec- 
tance spectra are shown in Figures 1 and 2 ,  respectively. 
For the hexachloro, hexabromo, and hexaiodo com- 
pounds the spectra are dominated to such an extent 
by strong bands, assigned as charge-transfer excita- 
tions, that it is not possible to derive reliable crystal 

(10) T. Oppler, Dissertation, University of Gottingen, 1857, p 2 5 ;  cited 
in "Gmelin's Handbuch der anorganischen Chemie," Iridium, Vol. 67, Verlag 
Chemie, Berlin, 1939, pp 106, 119. 

(11) (a) G. C. Alien and K. D. Warren, Inovg. Chem., 8 ,  753 (1969); 
(b) ibid., 8, 1895 (1969). 
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TABLE I1 
THE DIFFUSE REFLECTANCE SPECTRA OF POTASSIUM 

HEXAFLVORO-, HEXACHLORO-, AND FR 
HEXABROMOIRIDATE (IV) I %  

Band position, 
kK F R  

6.65  3.1 
1 9 . 8  2 . 5  
24 .9  2 . 5  
30 .0  br 4 . 5  

38.0 br 6 .85  
47 .8  21.9 

5 . 2 5  5 . 3  
17 .4  15.4 
1 9 . 6  20.0 
2 3 . 5  19 .6  
3 5 . 5  br 12 ,25  
45.0 br Ca. 20 

4.70 6 .2  
1 3 . 5  18.3 
16 .7  20.7 
26 .3  16.9 
36 .0  br 13.0 

46.0 Ca. 20 

Figure 1 .-The diffuse reflectance spectra of potassium hexahalo- 
osmates(IV): F .  _ _ _ _ _ _  C1. _._._. ,Br ;  . . . . . . ,  I. I ,  > !  

field fitting parameters, Dq, B,  and E ,  from the ob- 
served d-d transitions, but for the hexafluoro com- 
plexes, OsFe2- and IrFgZ-, sufficient bands of this type 
were observed for such parameters to be derived. 

For complexes of the 5d series the spin-orbit cou- 
pling constant is of course substantial, being comparable 
to the crystal field splitting parameter, Dq, and con- 
siderably greater than the Racah electrostatic param- 
eter, B .  Spin-orbit coupling cannot therefore be 
treated as a minor perturbation, and the data for the 
hexafluorides were accordingly fitted using the strong 
field electrostatic matrices of Tanabe and Sugano,12 
together with the d4 and d5 spin-orbit matrices of 
Schroeder.13j14 In our fitting the assumed value of 
the ratio of the Racah parameters, C/B,  was obtained 
using the same considerations as in our treatment15 

(12) Y Tanabe and S Sugano, J P h y s  Soc J a p  , 9 ,  753, 766 (1954) 
(13) K A Schroeder, J C h e m  P h y s  , 37, 2553 (1962) 
(14) K A Schroeder, zb$d , 37, 1587 (1962) 
(15) G C Allen, G A M El-Sharkawy, and K D Warren, Inorg C h e m  , 

11, 51 (1972) 

' 1,. _. 15 

10 20 30 40 50 K K  

Figure 2.-The diffuse reflectance spectra of potassium hexahalo- 
iridates(1V): ----, F;  ------, C1; - . - . -* ,  Br. 

of the OsFs- and IrFs- anions, the ratios being taken 
as 4.75 for Os(1V) and 4.90 for Ir(1V). In  this way 
we were able to avoid the wild variations in the derived 
C/B value, within a series of similar complexes, which 
often ensue when C and B are allowed to vary indepen- 
dently. Similarly we used, as before,15 only a single 
value of B and of E in our fitting, since our inability 
to resolve the bands corresponding to the spin-allowed 
d-d excitations renders the use of separate B 3 5  and B56, 

and 536  and $66, parameters inappropriate. Finally, 
we determined the nephelauxetic ratio, p ( = Bcomplex/  

Bgas), and the relativistic ratio, /?* (= Ecomplex/Egas), 

for the OsFe2- and IrF62- anions by evaluating the 
free-ion values of B and .$ in the same way as before. 
Thus we assume J@rgensen's16 approximation Bgas- 
(M, 5dn) = 0.6Bgas(M, 3dn) and the proportionality 
between E and B3 found by Cole and Garrett,l' from 
which we obtain B,,,(Os(IV)) = 677 cm-l, Bgas(Ir(IV)) 
= 712 cm-', EgaS (Os(1V)) = 3870 cm-I, and &,,- 
(Ir(1V)) = 4500 cm-'. 

For all but one of the potassium salts studied X-ray 
crystallographic data are available. Thus KzOsF6 
and K&F6 both have trigonal K2GeF6-type lattices 
in which the MF6 octahedra are only slightly distorted 
from perfect Oh symmetry,6 while K20sCl6 and KzOsBr6 
possess the cubic K2PtCls type structure. Similarly 
K21rC16 and KzIrBr6 both show the cubic lattice, but 
esr data indicate that although the IrClcZ- unit is 
strictly oh, the IrBre2- ion exhibits a small tetragonal 
distortion. l9 Nevertheless, the departures from regular 
octahedral symmetry about the metal are always small, 
and we have therefore analyzed our data throughout 
on the assumption of regular Oh geometry. 

Assignment of Charge-Transfer Bands.-As indi- 
cated in the Introduction, the assignments of the in- 
tense bands observed in the solution spectra' of the 
hexahalo complexes of Os(IV) and of Ir(IV) have re- 
cently become the subject of some controversy. Thus 
Dorain and his coworkers have s u g g e ~ t e d ~ ~ ~ ~ ~ ~ ~  that the 
intensity criterion may sometimes be inadequate and 

(16) C. K. JZrgensen, Progv. Inovg. C h e m . ,  4,  73 (1962). 
(17) G. M. Cole and B. B. Garrett, Inorg. C h e m . ,  9, 1898 (1970). 
(18) J. D. McCullough, 2. Kvistallogr., Kristallgeometvie, K r i s t a l l p h r s . ,  

(19) J .  H. E. Griffiths and J .  Owen, PYOC. R o y .  SOL.,  Sev. A ,  226, 96 (1954). 
(20) P. B. Dorain and R. G. Wheeler, J .  C h e m .  Phys., 45, 1172 (1966). 
(21) P. C. Jordan, H. H. Patterson, and P. B. Dorain, i b i d . ,  49, 3858 

Kvislallchem., 94, 143 (1936). 

(1968). 
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that such bands could in fact represent d-d transitions 
for which a change in the tPg, eg orbital occupation en- 
ables the vibronic coupling mechanism to provide 
sufficient strength. Much of this reasoning however 
involves arguments based on the assignment of the 
observed vibrational detail to the coexcitation of odd 
vibrational modes, thereby implying the presence of a 
Laporte-forbidden, g-g, transition. In this event, 
though, i t  is always difficult to assign excited-state 
vibronics on the basis of ground-state frequencies, 
and even if established the involvement of odd modes 
would not be inconsistent with the occurrence of parity- 
forbidden charge-transfer bands or with the super- 
position of d-d and Laporte-allowed transitions. 

Thus Douglas4 found evidence for both d-d and u-g 
charge-transfer bands in the 18-25-kK region of IrC162-, 
and for the same ion the magnetic circular dichroism 
studies of McCaffery, et al.,2z,23 both in solution and 
for single crystals, have provided further support for 
the charge-transfer assignments of Jgrgensen, although 
the results did show the necessity of revising the ener- 
getic order assumed2 for the ligand orbitals. A sim- 
ilar very recent study of IrBr6'- also provides unequiv- 
ocal confirmationz4 of the charge-transfer assignment 
for the 10-20-kK bands, and preliminary hlCD re- 
s u l t ~ ~ ~  for Os4+ in Oh C1- environments also favor the 
assignment of most of the intense bands to charge- 
transfer transitions. Additional evidence favoring 
the charge-transfer interpretation for the strong bands 
in the hexachloro and hexabromo complexes of both 
Os(1V) and Ir(IV) has been summarized by Bird, 
Day, and Grant,26 and furthermore both the semiem- 
pirical molecular orbital calculations of Cotton and 
Harriszi and optical electronegativity considerations 
suggest that the charge-transfer bands for the hexa- 
halo complexes of Os(1V) should not lie more than 
about 5-10 kK higher than in the corresponding Ir(IV) 
compounds. 

On these grounds therefore we have assigned the 
more intense bands ( F R  > lo) ,  above 10 kK, as charge- 
transfer excitations, and in Tables I and I1 our assign- 
ments and nomenclature follow that of J$rgensen5 
and of Jgrgensen and Preetz.2k Thus the lowest lying 
mainly ligand levels from which electron transfer may 
occur are the x t,,, x tlu, x tzu, and r tzg sets. Of these 
the u tl, will interact with the lower lying u tl, level, 
giving a higher energy, predominantly, x, ( x  + u) 
tl, orbital, and a lower, mainly U ,  (U + x) tl, level. 
From the MCD studies of McCaffery, et al.,z2-24 the 
order of M O  energies was found to be x tlg > (x + u) 
tl, > a t P u  > . . . > (a + x) tl,. The x tlg level would 
be expected to lie close to the x t z ,  level, but transitions 
from it to the mainly metal orbitals are parity forbidden 
and probably indistinguishable from the Laporte- 
allowed bands. When relativistic effects due to the 
ligands become important (e.g. ,  for Br- and I-), con- 
sideration must be given to the spin-orbit splitting 
of the ligand levels. T h u ~ ~ , ~ ~  F tlg yields a yap + a y6gl  

(22) G. N. Henning, A. J. McCaffery, P. S. Schatz, and P. J. Stephens, 

(23) A. J. XcCaffery, P. N. Schatz, and T. E. Lester, ibid., 60, 379 (1969), 
(24) S. B. Piepho, T. E.  Lester, A. J. hlcCaffery, J. R. Dickinson, and 

P. h", Schatz, M o l ,  P h y s . ,  19, 781 (1970). 
(25) P. N. Schatz, R. B. Shiflett, J. A. Spencer, A. J. McCaffery, S. B. 

Piepho, J. R. Dickinson, and T. E. Lester, Symfi. Pnvaday  SOC., 3, 14 (1969). 
(26) B. D. Bird, P. Day, and E. A .  Grant, J .  C h e m .  SOC. A ,  I00 (1970). 
(27) F. A.  Cotton and C.  B. Harris, f n o v g .  Chem., 6 ,  376 (1067). 
(28) C. K. JZrgensen and W .  Preetz, Z.  Araluv,%sch. A ,  22, 945 (1967). 

J .  Chcm. Phys . ,  48, 5656 (1968). 
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(x + C) t l u  -+ a 7812 + a 76ur  x t 2 u  Y7u + b ?'xu, and 
(u + x) ti, - c 78u + b 76u, a detailed description and 
a full splitting diagram being given by Jgrgensen and 
Preetz. 28 

For the d5 Ir(1V) complexes the electronic spectrum 
arising from electron transfer from the ligand orbitals 
to the metal should be relatively simple since only the 
I'1, t2,6 level (yB4 yT2 in the j j  nomenclature) is available,2s5 
and each x -+ d excitation should therefore give rise 
only to a single energy state. For Os(1V) complexes 
the situation is fortuitously as simple: the rll 3T,g 
ground state for the d4 system is predominantly yS4 in 
the j j  scheme, and since the accessible r7 and rBj 
bg5 states correspond, respectively, to yy4y73 and y83y72, 
only the former represents a one-electron jump, which 
should be readily observable. We have accordingly 
assigned our observed bands on this basis, and the re- 
flectance data are found to parallel quite closely the 
earlier solution results.2s5 The degree of resolution 
obtainable by reflectance studies is not of course high, 
but it is interesting to note that the bands assigned as 
F + t Z g  are appreciably sharper than those ascribed 
to x ---t eg transitions, in agreement with the observa- 
tions and explanation advanced previously by Jgr- 
gensen.2 In our spectra the apparent intensities of 
the x -+ eg bands are slightly less than those of the x - 
t 2 g  transitions, in contrast to Jgrgensen's findings, but 
it must be remembered that the scattering coefficient 
usually increases quite sharply above about 25 kK, 
thereby causing diffuse reflectance spectra significantly 
to underestimate the intensities of the higher energy 
bands. For the hexafluoro complexes the only bands 
which may reasonably be identified as charge-transfer 
transitions are of course a t  much higher energies than 
for the other halides. For IrFc2- the band a t  47.8 kK 
corresponds quite closely to that reported as F -+ t Z g  
at 47 kK by Westland, et a1.,6 from solution measure- 
ments, but for OsFtz- the rather strong band a t  42 kK 
seems somewhat too low to represent a charge-transfer 
transition. More probably i t  corresponds to a number 
of superimposed spin-allowed tag4  +. bg3eg transitions 
which are gaining intensity by virtue of their proximity 
to the x -+ t P g  band reported by Westland, et al., just 
above 50 kK. This assignment is certainly more ac- 
ceptable on the basis of optical electronegativities, but 
we defer treatment of this until the d-d fitting param- 
eters have been established. 

Assignment of d-d Bands.-For the hexafluoro 
anions OsFe2- and IrF6*- diffuse reflectance spectra 
have already been reported by Brown, et al.,i and solu- 
tion data by Westland, et ~ 1 . ~  The former authors 
record absorptions at 23.5, 30.0, and 33.0 kK for CSZ- 
OsF6 and a t  13.0, 19.0, 24.2, 30.5, and 34.0 kK for 
Cs21rF8, while the solution spectra shorn peaks a t  32.5 
and at 31.6 kK, which were attributed to spin-allowed 
t 2 g  -t eg transitions in OsF6*- and in IrF62-, respectively. 
However, even in the IO-40-kK region our spectra for 
O S F ~ ~ -  and IrF62- differ significantly from those of 
Brown, et al. Thus for K20sF6 we find two fairly 
weak bands, a t  12.7 and 18.5 kK, followed by a shoulder 
a t  around 23 kK and broader, stronger absorptions a t  
about 30 and 42 kK. For the low-spin d4 system in- 
dicated by the magnetic data,29 a 3T1,(tzg4) state will con- 

(29) A. Earnshaw, B. E. Figgis, J. Lewis, and R. n. Peacock, J .  Chem. 
SOC., 3132 (1961). 
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stitute the ground state, and the lowest lying transitions 
should be the formally spin-forbidden, intrasubshell, ex- 
citations to the ITzg, 'E, and to the 'AI, levels, together 
with the also spin-forbidden transition to  the 5Eg(t2g3eg) 
level. I n  the related OsCle2- ion the 3T1, + 'Tz,, 'E, 
transition has been located by Dorain, et ~ l . , ~  and by 
Dickinson and Johnson,3o a t  10.6-11.1 kK, so that our 
band a t  12.7 kK in OsFe2- is reasonably assigned in the 
same way: its intensity is consistent with the assign- 
ment as a spin-forbidden band, and its slightly greater 
energy with the expectation that the electrostatic repul- 
sion parameters should be somewhat larger for fluoro 
than for chloro complexes. The assignment of the next 
two bands though is less simple, since for OsCla2- both 
the 3T1, --t 'A1, and the 3T1, + 5E, transitions are found 
a t  virtually the same energy, ca. 17.1-17.2 kK.  How- 
ever, on passing from the chloro to the fluoro compound, 
both Dq and B would be expected to increase: for 
the 5E, level these trends would tend to counterbalance 
each other, but for the 'Alg state an increase in the 
energy should occur because only the change in B will 
be effective. Accordingly we assign the 18.5-kK 
peak as 3T1, -+ 5Eg and the 23-kK shoulder as 3T1, + 
'Alg, and assuming that this corresponds to the peak 
of Brown, et al., a t  23.5 kK, we disagree with their 
assignment of i t  as 3T1, + 5E,. This latter conclusion 
was reached without proper consideration of the sub- 
stantial spin-orbit coupling, but our calculations show 
that when this is included, all the observed levels can 
be satisfactorily reproduced. Our values, shown in 
Figure 3 and Table 111, appear to suggest that  the 'AI, 
level is somewhat underestimated, but gaussian an- 
alysis indicates that  the 23-kK shoulder should cor- 
respond to a fairly weak band, with a maximum not 
higher than 22.5 kK, and quite possibly lower. 

TABLE I11 
CALCULATED ENERGY LEVELS FOR OsF? (Dq = 2600 

CM-', B = 500 CM-~ ,  E = 2900 C M - ~ ,  AND CIA = 4.75) 
aT1~ (h4) 'E, (t2g3e,) 3Eg(t~g3eg) 

rl 0 00 rz 17.06 r4 28.53 
r4 3 09 r, 17 22 rb 29.19 
r5 5.47 
r3 5.52  

r5 30.77 
rz 32.29 

r4 33.46 

In  the 30-35-kK region we succeeded in resolving 
only one band, rather than the two reported7 a t  30 
and 33 kK, but this is very broad and we agree with 
Brown, et al., in assigning this to  spin-allowed tlg4 + 
tzg3eg transitions to the spin-orbit split components of 
the 3T1g, 3Eg, 3Tzg, 3Alg, and 3A2g levels (see Tables I 
and 111). For KzOsF6 we found a further, stronger 
absorption a t  about 42 kK, which we also assign as 
spin-allowed t z g  + tZg3e, transitions, to higher lying 
3T1, and 3T2g states. For the potassium salt the ab- 

(30) J. R. Dickinson and K E. Johnson, Mol. Pbys  , 19, 19 (1970). 
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Figure 3.-Calculated energy levels for OsFo2-; Dq = 2600 cm-', 
B = 500 cm-', 6 = 2900 cm-', and C / B  = 4.75. 

sorption in this region tended to be very high but diffi- 
cult to  reproduce and we are inclined to think that  the 
F R  value is exaggerated in this region. It is probably 
noteworthy that for the cesium salt the intensity is 
only slightly greater than that  of the 30-kK band, sup- 
porting its d-d assignment, and in both compounds a 
very steep increase in intensity occurs at around 48.5 
kK in agreement with the ?r + t a g  band reported by 
Westland, et al., a t  above 50 kK. In  the cesium salt 
the bands a t  12.8 and 18.5 k K  were also much weaker 
than in K ~ O S F ~ ,  and the 23-kK shoulder was more pro- 
nounced, thus possibly accounting for the failure of 
Brown, et al., to  detect the former two absorptions. 

It is however in the region below 10 k K  that  the most 
prominent new features are found. Thus in K ~ O S F ~  
a moderately strong ( F R  = 2.4) band, showing a con- 
siderable amount of structure, is observed a t  5.6 kK, 
and similar peaks are also found for the OsCla2-, 
O S B ~ ~ ~ - - ,  and OsIe2- anions in the 4.5-5.2-kK region. 
Furthermore, the corresponding Ir(1V) complexes 
(quod vide) also display a similar, moderate-intensity 
band in the low-energy region, a t  6.6 kK for IrF& 
and between 4.7 and 5.2 k K  for the hexachloro and 
hexabromo compounds. For the Os(1V) complexes 
these low-energy bands are readily assigned as formally 
spin-allowed transitions between the spin-orbit split 
components of the 3T1, ground state, and such an in- 
terpretation has already been advanced by Dickinson 
and Johnson30 for OsCl2- as a result of melt and KBr 
disk studies of the sodium salt. For the d4 Os(1V) 
systems the 3T1, ground state will be split by spin- 
orbit coupling into four components rl, r3, r4, and r6 
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in the O* double group, and in the strong-field scheme 
r3 and I'j will be approximately degenerate, a t  3/*( 

above the rl ground state, with the r4 level a t  I/&. 

In fact, such systems are better reflected in the j j  cou- 
pling scheme in which, using the pn isomorphism, the 
first-order energies are found to be rl, 0 with r3, r4, 
and I's all a t  t3//2$. For I(2OsFe though our fitting 
parameters (Table 111)) using the complete strong- 
field scheme, indicate an intermediate coupling situa- 
tion, with 1'3 and r5 almost degenerate a t  5.5 kK and 
r4 a t  3.1 kK, and in all the hexahaloosmate(1V) com- 
plexes the beginnings of the r4 band can clearly be seen 
in the spectral region just above 4 kK (the lower limit 
of our instrument). In the case of the potassium salt 
of the hexafluoro anion however we did obtain further 
confirmation of this prediction by observing a weak 
band in the infrared region between 3.0 and 3.4 kK, 
using a hexachlorobutadiene mull. 

Thus, in the 5d series the values of the effective spin- 
orbit coupling constants in the hexahalo complexes can 
be large enough (ca. 3-4 kK) for the splittings of the 
ground state to be directly observable. Such an effect 
would therefore be anticipated for the d4 3T1g and d5 
2T2g (quod v ide )  ground states but not for the d3  4Azgjr8) 
and d6 lAlg(I'l) ground states, and in accordance with 
this expectation we have found no trace of low-energy 
bands for PtFG2- and Ptc162- (dG) or for 1 r C l ~ ~ -  (d6), 
while for R ~ F G ~ - ,  ReC1e2-, and OSFG- (d3), no bands 
were found above 4 kK which could not be attributed 
to spin-forbidden intra-subshell (tzg3) excitations. On 
the other hand, the d4 IrFG- ion was found to  show 
a low-energy band a t  6.5 kK similar to  that observed 
for the Os(1V) complexes. Moreover, analogous low- 
energy bands, arising from the spin-orbit splitting of 
the ground state, have also been recorded by Moffitt, 
et aZ.,31 for the d', d2,  and d4 systems-ReFG, OSFG, 
and PtFs. 

From the observed ground-state splitting for &OsF6 
i t  is possible to make a first-order estimate of the effec- 
tive spin-orbit coupling constant, but i t  should be 
noted that our fitting parameters, obtained via the 
complete spin-orbit and electrostatic matrices, indicate 
that the actual separation of the rl and the r3, r j  com- 
ponents is appreciably more than 3/2$.  Thus our data 
are well fitted by the values Dq = 2600 cm-1, 3 = 
500 cm-I, and t = 2900 cm-l, and consequently the 
use of the p"(jj) isomorphism to fit the bands arising 
from t2g4 only is likely appreciably to overestimate (, 
since this formalism leads to 3T1g(I'1) -+ 3Tl,(I'3, I'J 
= 1.5l. 

For IrFG2- ion our results (Table IV) again differ 
from those of Brown, et al., who studied Cs21rFs. Our 
main results refer here to the potassium salt, but our 
spectra for KzIrFG and for Cs21rFG do not disagree in 
any significant way. Thus, for K21rF~ we find only 
an extremely faint absorption a t  13 kK (which we con- 
sider to be spurious) and our findings concerning the 
intensity of the band near 19 kK and the assignment 
of the peak a t  24.9 kK also differ. For the d5 IrFG2- 
anion, the magnetic data again indicate6 a low-spin 
ground state, 2T2s(t2g5), for which the lowest lying ex- 
cited states will be the tzg4eg 4T1g and 4T2g levels. For 
the related ion, IrCls2-, the positions of some of the 
spin-orbit components of these levels have been estab- 

a,  io9 (1969) 
(31) W. Moffitt, G L Goodman, iL1 Fred, and B Weinstock, MoZ. Phys  , 
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TABLE IV 
CALCULATED ENERGY LEVELS FOR IrF& (Dq = 2700 

C M - ~ ,  B = 510 cM-', ( = 3300 C M - ~ ,  ASD C / B  = 4 . 9 0 )  

rl 19.22 
rs 20,64 
re 21.67 

4Teg(tzg4eg) 
rs 24.18 
rg 24.55 
r7 24.77 
rs 24.77 

lished by D ~ u g l a s , ~  the former lying between 18.8 and 
21.1 kK and the latter lying close to 22.9 kK. Again, 
on passing from the hexachloro to the hexafluoro com- 
plex, the values of both Dq and B mould be expected 
to increase, and once more these changes would in- 
fluence the positions of both the quartet levels in mu- 
tually contrary directions. We do not therefore feel 
that  a decrease in the *Tzg -+ 4T1, energy of some 7 kK 
between IrC1G2- and IrFG2- is reasonable, and we there- 
fore assign the two relatively weaker bands a t  19.8 and 
24.9 kK as 2T2, - 4T1, and 2T2, + 4T2,, respectively. 
Furthermore our results do not indicate any anoma- 
lously high intensity for the *Tzg + 'TI, transition. 
Formally this excitation is of course spin forbidden, 
but the F R  value appears entirely reasonable in view 
of the large spin-orbit coupling constant which ensures 
substantial mixing with the doublet tZg4eg levels be- 
ginning less than 10 kK higher. There is, moreover, 
no substantial difference in intensities for any of the 
bands between the potassium, rubidium, and cesium 
salts. 

For the two quartet t2,4eg levels our calculations in- 
dicate that the spin-orbit splitting of their compo- 
nents should be somewhat greater for the 4T1, than for 
the 4T2g state. In agreement with this, the band a t  
19.8 kK does seem to be rather broader than the 24.9- 
kK absorption, and in CszIrF6 some splitting of the 
former peak is discernible with the maximum a t  19.5 
kK and a shoulder a t  20 1 kK In addition our ob- 
servation of essentially two groups of spin-allowed 
t z p 5  + tzg4eg transitions, represented by broad bands 
a t  ca. 30 and 38 kK, is also paralleled in our calcula- 
tions, which suggest that  the former should correspond 
mainly to transitions to 2T1g, 2Azg, 2T2g, and 2Eg levels, 
and the latter to transitions to higher lying 2T2e and 
2T1g levels and to a 2A1g state. 

Again however the most striking feature of the spec- 
trum lies in the region below 10 kK, where for K21rF6 
a broad, moderately strong band, showing consider- 
able vibrational detail, is observed a t  6.6 kK.  As 
for the d4 Os(I1') complexes, the 2T2g low-spin ground 
state of the d5 Ir(1V) compounds is split under the in- 
fluence of spin-orbit coupling. In this case the overall 
ground state is the 2T2,(I'7) level, and in both the 
strong-field and the p"(jj) schemes the first-order sep- 
aration between this and the upper I'8 component is 
3/2(.  Thus, since the spin-orbit coupling constants 
of the order of 3-4 kK are to be expected in this part 
of the 5d series, the low-energy band is readily assigned 
as the 2Tzg(r,) + 2Tzg(r8) transition, its intensity 
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being consistent with a formally spin-allowed excitation. 
Once more the position of the low-energy band affords 
a first-order estimate of the effective spin-orbit cou- 
pling constant in the complex, but as in the case of the 
Os(1V) compound a complete fitting, using the strong- 
field electrostatic and spin-orbit matrices, indicates 
that  the actual splitting of the I'7 and rS components of 
2Tzg(t2,6) is appreciably greater than 1.5l. A very 
satisfactory fit of the bands for IrFe2- was in fact ob- 
tained from the parameters Dq = 2700 cm-', B = 
510 cm-I, and = 3300 cm-l, as illustrated in Figure 4. 

'1 0 

Figure 4.-Calculated energy levels for IrFa2-; 'Dp =.2700 cm-l, 
B = 510 cm-', ,$ = 3300 em-', and C/B = 4.90. 

For the remaining hexahalo complexes of Os(1V) 
and Ir(1V) there are not enough d-d bands accessible 
for a complete fitting to  be attempted, but some ap- 
proximate parameterization is possible. Thus, low- 
energy bands are found in all the complexes, similar 
to those observed for OsFa2- and IrFe2-, which permit 
an estimate to be made of the effective spin-orbit 
coupling constant, even though this necessitates the 
use of second-order perturbation theory because of the 
inadequacy of the approximation AE = l .5f.  

For O S C ~ ~ ~ -  we identify only two d-d bands with 
certainty-the 3Tl,(I'l) + 3Tlg(I'3, I',) peak at 5.15 
kK and the 3T~,(I'~) + lTzg, lE, band a t  11.3 kK. The 
latter observation is in good agreement with the loca- 
tion of the lT2, and 'E, levels a t  10.56 and 11.10 k K  
by Dorain, et aL13 and with the reflectance spectrum of 
OsCle2- in a KC1-LiC1 melt reported by Dickinson and 
Johnson.30 The latter workers were successful in re- 
solving this band into components a t  10.4 and 11.65 
kK and also in finding the 3Tl,(I'l) + lAlg, 6E, transi- 
tions at 17.25 kK, but our spectrum shows only one 
peak for the 3Tl,(I'l) + ITpg, lT?, transitions, and the 
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3Tl,(I'l) + lAlg, 6Eg transitions, found by Dorain, 
et al., a t  17.1-17.3 kK, are obscured by the onset of 
the x tl, + t z g  charge-transfer band. However, our 
d-d bands, together with the reported values for the 
3Tl,(I'l) * lAlg, 6Eg transitions, can be approximately 
reproduced with the parameters B = 425 cm-1 and 4 
= 2650 cm-l. 

For o ~ B r 6 ~ -  we identify the 4.8- and 10.9-kK bands 
as transitions from 3T~g(I'l) to 3Tl,(I'3, I?,) and to lTZg 
and lEg, respectively, the origin of the 7.7-kK absorp- 
tion being obscure. This yields the values B = 400 
cm-1 and t = 2500 cm-1. However, for Ode2- just 
the 3Tlg(I'l) + 3Tl,(I'3, r6) band is found, permitting 
only the estimate .$ = 2350 cm-l. 

For IrCle2- .we identify only the 2T2g(I'7) + 2T2g(I',) 
band, since we were unable to resolve the 2T2g(r7) + 

4T1, transition from the beginning of the x tl, + t z g  
charge-transfer band. The fragmentary d-d band 
positions reported by Douglas4 can however be roughly 
satisfied using Dq = 2300 cm-l B = 450 cm-l, and 5 
= 2750 cm-l, but for I r B r P  only the 2Tzg(I'7) + 2Tzg 
(r8) band is available, giving the approximation .$ = 
2500 cm-l. 

The estimation of the parameters for OSCI~~-,  
OSBI~~--, O S I ~ ~ - ,  IrC162-, and IrBre2- is of course handi- 
capped by the absence of information concerning the 
spin-allowed d-d bands, which prevents any reliable 
estimate of Dq being made and introduces consider- 
able uncertainty into the B and E values obtained. 
The .$ results should though be somewhat the more 
reliable, and the data are all collected in Tables V 
and VI. We have throughout assumed C/B = 4.75 
for Os(1V) and 4.90 for Ir(1V). 

TABLE V 
NEPHELAUXETIC AND RELATIVISTIC PARAMETERS 

FOR OSMIUM(IV) COMPLEXES 

B ,  cm-l 500 425 (400) ? 
,$, cm-' 2900 (2650) (2500) (2350) 
P 0.74 0.66 0.59 ? 
P* 0.75 0.68 0.65 0.61 
as2 0.90 0.87 0.84 . . .  
(Z/ZO) 0.91 0.88 0.84 . . .  
a 2  0.74 0.66 0.51 . . .  

-Ligand-----. 
F c1 Br I 

TABLE VI 
NEPHELAUXETIC AND RELATIVISTIC PARAMETERS 

FOR IRIDIUM(IV) COMPLEXES 
I 

F 

B,  cm-l 510 
5 ,  cm-l 3300 
P 0.72 
P* 0.73 
a 2  0.90 
(Z/ZO) 0.90 
asa 0.73 

--- Ligand - 
c1 Br 

(2750) (2500) 
0.60 ? 
0.61 0.56 
0.84 . . .  
0.85 . . .  
0.59 0.41 

(425) ? 

As noted above, all the hexahalo complexes of Os(1V) 
and of Ir(1V) show well-marked low-energy bands 
which we ascribe to the spin-orbit splitting of the 
ground states. There are though certain features of 
these bands which merit further attention, especially 
considerations regarding their energies, their inten- 
sities, their shapes, and the effect of change of cation. 
The most obvious aspect lies however in the positions 
of the band maxima which are found in both series to 
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decrease in energy in the sense of MFc2- > pI/Ic1,2- > 
MBre2- > MIo2- (see Figures 1 and 2), thus implying 
a decrease in the effective spin-orbit coupling constants 
in the same order. This in turn is readily interpreted 
in terms of the well-known increasing tendency toward 
covalency for the ligand series F-, C1-, Br-, I-, since, 
as shown below, even the large spin-orbit coupling 
constants of the Br- and I- ligands are not sufficient 
to offset the diminishing contribution of the metal ion 
to the effective ( value. 

It is also noticeable that the FR values of the low- 
energy bands increase progressively in the sense F < 
C1 < Br < I, while the bandwidths show a marked de- 
crease in that order. This latter finding can though 
be readily rationalized. Thus the measurements of 
Dorain, et ul., and of Douglas4 suggest that  for O S C ~ ~ ~ -  
and for IrClo2- the vibrational mode principally in- 
volved in vibronic coupling is the mainly bending vq, 

7lU mode. For the hexachloro species the frequency 
of this mode is about 1'70-180 cm-l, and if we assume 
the same enabling vibration to operate for all the hex- 
ahalo complexes, we should anticipate values of 250- 
300, 120-130, and 70-80 cm-l, respectively, for the 
fluoro, bromo, and iodo compounds. The observed 
decrease in bandwidths is therefore easily understood 
since the appearance of the d-d band depends upon 
the coexcitation of the odd vibrational mode. The 
decrease of the enabling frequency from F to C1, etc., 
would also have the effect of enhancing the band in- 
tensity via the coth (hv /2kT)  term, in the sense ob- 
served, but i t  is not possible to reach an unequivocal 
conclusion on this point since the band intensities will 
also depend upon the extent of vibronic mixing with 
the Laporte-allowed levels and on the energy separa- 
tions between these and the low-energy d-d excita- 
tions. Thus the band intensity should be inversely 
p r o p ~ r t i o n a l ~ ~ ' ~ ~  to the third power of the energy gap 
between the upper g and the lowest u states, so that 
from the positions of the corresponding Laporte- 
allowed charge-transfer bands we should also predict 
the intensities to increase from F to C1 to Br, etc. 
Since however the intensity should in addition depend 
upon the AE value for the g-g transition and on the 
extent of vibronic mixing, i t  is not feasible to make 
quantitative estimates, and consequently me are 
unable to decide whether the u-g mixing or the coth 
(hv/2kT)  factor is the predominant influence in deter- 
mining the intensity sequences. 

The effect of change of cation on the position of the 
maximum of the low-energy band was also investigated 
for all the Os(1V) and Ir(1V) hexahalo anions. In 
every case but one the general appearance of these 
bands was unchanged and i t  was found throughout 
that  the band maxima were moved to slightly higher 
energies as the size of the cation was increased. Thus, 
for example, for IrC1C2- the maxima lie a t  5.24, 5.25, 
5.29, 5.32, and 5.32 kK, respectively, for the Na, K, 
Cs, NHq, and NEt4 salts, while for OsBre2- the K,  Cs, 
and NEt4 salts show maxima a t  4.90, 4.99, and 5.04 kK.  
For d-d transitions i t  is well established that a de- 
crease in the metal-ligand distance is accompanied by 
a blue shift, so that if i t  is assumed that the MX6'- 
units are compressed by increase in the size of the cat- 

(32) C. J.'Ballhaiisen, "Introduction to Ligand Field Theory," McGraw- 

(33) J. Owen and J. H .  M. Thornley, Rep.  Progv. Phys. ,  29, 676 (1966). 
Hill, New York, N. Y., 1962, p 188. 

ion, then the observed behavior can be understood, 
In  the present case though i t  must be inferred that in- 
stead of the effect being due to an accentuation of the 
difference between the t Z g  and e, orbital energies, a sim- 
ilar circumstance obtains for the double-group orbitals 
y7 and 78. The one exception to the regular behavior 
described above is afforded by the OsFe2- ion. In  this 
case the change of cation from K to Cs results in an in- 
crease in the position of the band maximum of just over 
0.5 kK, which is much larger than would be expected 
to  arise from any lattice compression effects, and the 
actual shape of the band is appreciably changed. Since 
both the K and the Cs salts belong to the trigonal, 
K2GeF6-type lattice, i t  is clear that  the differences can- 
not arise in this way, but it is possible that the effect 
could be due to a change in the odd enabling vibration 
from v4, ~1~ to the higher energy v3, T~~ mode. Alterna- 
tively, the band maximum in the Cs salt might 
correspond to the coexcitation of a greater number 
of the fully symmetric v l r  cylg vibrational quanta, but 
the reason for this anomaly is really not as yet properly 
understood. 

As noted above the decrease in the effective spin- 
orbit coupling constants for the hexahalo complexes 
of Os(1V) and Ir(1V) in the sense F > C1 > Br > I 
can easily be understood qualitatively in terms of an 
increasing tendency toward covalency, but a quantita- 
tive assessment of this trend is less straightforward. 
Thus, Owen and T h ~ r n l e y ~ ~  ascribed the reduction of 
the free-ion value of r;, due to complex formation, 
entirely to symmetry-restricted covalency, leading to  
the expression (obsd = NA2(kd + l/~~,z&,), where the 
normalizing constant N ,  is equal to [I - 4a,S + 
 CY,^)-^/'. If, in the absence of reliable values for the 
metal-ligand overlap integrals, we assume the approx- 
imation S = 0, the fractional contributions of the metal 
and ligands are equal to (1 + and 1/zo(,2(1 + 
aT2)  -I, respectively, and the appropriate coefficients, 
uT2, for the t z g  (n) metal orbitals of the Os(1V) and 
Ir(1V) complexes are readily found to have the values 
given in Tables V and VI. The neglect of central 
field covalency in this approach does however tend to 
overestimate the extent of the symmetry-restricted 
contribution, and i t  is not a t  the moment clear that 
this approximation is strictly justifiable, even though 
the spin-orbit coupling constant is dominantly an inner 
radial function quantity, which would not be expected 
to show large central field covalency effects. Thus, 
J g r g e n ~ e n ~ ~  has shown that the nephelauxetic and rela- 
tivistic ratios, Ps5 and /3*&g,  should be related to the metal 
orbital contribution coefficient, a52, and the relative 
reduction of the effective nuclear charge by the expres- 
sions /355 = aj4(Z/Zp) and p*55 = a ~ , ~ ( ( z / ( z , ) ~  + l /~ ( l  - 
a52)((,(lig)/(d(metal)), where again we assume S = 0. 
(When the spin-orbit coupling constant of the ligand 
is small compared with that of the metal, the last term 
in the second expression may be neglected.) Thus, 
if both /Ib5 and /3*55  are known for a given complex, 
a62 and (Z/Z,) can each be determined, and the values 
calculated in this way are also shown in Tables V 
and VI. In the present work only the results for the 
two hexafluoro complexes can be regarded as properly 
reliable, because of the uncertainty in B for the other 
species, but in all cases the results show the usual 

(34) C. K. J$rgensen, Stvzrct. Bonding (Berl in) ,  1, 3 (1966). 
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trend in covalency effects for the halide series and 
suggest that  the neglect of central-field effects tends 
to exaggerate the overall extent of the ligand contribu- 
tions. 

For the Ir(1V) complexes i t  is possible to compare 
our present results with the results obtsined19 for the 
fraction of unpaired electron spin density per ligand, as 
deduced from esr measurements of the g values and 
ligand hyperfine splittings. The most recent inter- 
~ r e t a t i o n ~ ~  of these data involves some assumptions 
concerning the degree of interaction of the eg (u) metal 
orbitals with the ligands, but for the F, Cl, and Br 
complexes the f7 values calculated from the g factors 
were, respectively, 11.5, 14.1, and 14.170, while the 
ligand hyperfine splittings yielded the figures 8.1, 8.0, 
and 7.5y0. From our aT2 values we calculate the cor- 
responding results of 6.9, 10.3, and 14.8%, which agree 
as well with T h ~ r n l e y ’ s ~ ~  two sets of values as these do 
with each other. In  view of the approximations made 
here the agreement is reasonably satisfactory, but our 
results do tend to  support the view that  the consider- 
ation only of symmetry-restricted covalency does lead 
to  an overestimate of the ligand contributions. It is 
though noteworthy that the Os(1V) and Ir(1V) hex- 
afluoro complexes both lead to  much larger values of 
uj2 and appreciably more reduced values of (Z/Z,) than 
for the corresponding Os(V) and Ir(V) anions, which, 
overall, show much stronger covalent tendencies. l5 

For the Ir(1V) complexes the progressive reduction 
of the effective spin-orbit coupling constant on descent 
of the halogen series is closely reflected in the correspond- 
ing values of the magnetic moments, which, for a 
low-spin, 2TIg ground state, would be expected to in- 
crease as g decreased. Thus, for CszIrF6, a moment of 
1.42 BM at 300°K is reportedJ6 while K2IrC& and 
(NH4)21rC16 give 1.77 and 1.84 BM, respectively, and 
(NH4)21rBr6 yields a value of 2.09 BM.36 For the 
Os(1V) complexes the low-spin, 3T1g ground state also 
leads to  the expectation that the magnetic moment 
should tend to  increase with a decreasing spin-orbit 
coupling constant. However, although there is some 
evidence to suggest that  this is the general trend, the 
magnetic moments appear to  be appreciably cation 
dependent and there is some suggestion that the situa- 
tion may be complicated by antiferromagnetic effects. 29  

Thus the magnetic data are qualitatively in agreement 
.with our findings for the values of the spin-orbit cou- 
pling constants in both series, but we have not attempted 
to assess the extent of covalency effects via the orbital 
reduction factor, k, since it has been shown by Gerloch 
and Miller37 that  this factor cannot be assumed to be 
equivalent to  u52 and in fact provides only a qualitative 
guide to the magnitude of covalent contributions. It 
is therefore not possible to make an independent esti- 
mate of the magnitude of u52, with a view to deciding 
whether the Owen and T h ~ r n l e y ~ ~  or the J g r g e n ~ e n ~ ~  
approach affords the better description of the situation. 
On the whole we are inclined to believe that  the former 
tends to overestimate uT2 and the latter to exaggerate 
the reduction in (Z/&), and we have previously16 in- 
dicated our reservations concerning the combination 

(35) J. H. M.  Thornley, Pvoc. Phys. Soc. London (Solid State P h y s . ) ,  [2] 

(36) V. Norman and J. C. Morrow, J .  Chem. Phys.,  81, 455 (1959). 
(37) M. Gerloch and J. R. Miller, PYOKY. Inovg. Chem., 10, 1 (1968). 

1, 1024 (1968). 
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of Jgrgensen’s two expressions for the purpose of cal- 
culating a2 and (Z/Z,>. 

From the positions of the lowest Laporte-allowed 
charge-transfer transitions in the Os(1V) and Ir(1V) 
complexes studied i t  is possible to  calculate optical 
electronegativity values for the metals in the usual 
way.38 Such values have already been obtained by 
J@rgensen2 from solution measurements for the chloro, 
bromo, and iodo species, the values of Xopt for the metal 
being essentially independent of the ligand, Os(1V) 
and Ir(1V) having Xopt values of 2.2 and 2.35, respec- 
tively. These values were however derived by apply- 
ing to Crobsd (the lowest Laporte-allowed charge-transfer 
band) only the corrections due to  changes in the spin- 
pairing energy accompanying the dq + dq+l transition, 
the relativistic (spin-orbit) effects being neglected, but  
in the 5d series the values of 5 are substantial and these 
contributions should not be ignored. For tagn ground 
states the spin-orbit corrections are readily derived 
using the p” isomorphism and the approximation of j j  
coupling in which the spin-orbit matrices are diagonal, 
whence we obtain for d4 and d5 systems the results 
ucor(d4) = uobsd - 4/3D - l and ucor(d5) = uobsd - 
2/3D - 5,  where D is the spin-pairing energy. Note 
that in these cases the relativistic correction acts in 
the same sense as the spin-pairing term whereas for d3  
systems (e.g., Re(IV),39 Os(V)I5) the contributions are 
opposed Since ucor(d3) = uobsd - 2 0  + 2t. 

For the chloro, bromo, and iodo complexes the pres- 
ent Uobsd values agree quite closely with the solution 
data2 and we have thus used them as outlined above 
to calculate the optical electronegativity values, 
xopt(rel) ,  containing the spin-orbit corrections. For 
I ~ F B ~ -  f7obud is well established as 47.8 kK, but  for 
OsFo2- we have assumed Uobsd = 50-55 kK, in agreement 
with the findings of Hepworth, et al.,6 and with the in- 
dications in our own spectrum of the beginning of the 
charge-transfer region just below 50 kK. The xopt(rel) 
values thus derived are listed in Table VII, together 

TABLE VI1 
OPTICAL ELECTRONEGATIVITY PARAMETERS FOR 

OSMIUM(IV) AND IRIDIUM(IV) ANIONS 
Ligand uobsd, kK uDOrr kK D ,  k K  Xopt(re1) 

Os(1V) 
F 50-55 44 4.22 2 .43  =I= 0 . 0 8  
c1 26 .3  18.6 3.81 2 . 3 8  
Br 20.0 13.0 3 . 3 8  2 .37  

Ir (IV) 
F 4 7 . 8  41.6 4.40 2.51 
c1 19 .6  14.4 3 . 6 7  2 .52  

with the Uobsd, ucoI, and D parameters. As expected, 
the Xopt(rel) values for Os(1V) and Ir(1V) are somewhat 
smaller than the corresponding figures for Os(V) and 
Ir(V),15 2.53 and 2.76, respectively, reflecting the re- 
duced tendency for electron accession to the metal in 
the M(1V) series, which is also paralleled in the larger 
/3 values for the hexafluoro complexes: Os(IV), 0.74; 
Os(V), 0.56; Ir(IV), 0.72; Ir(V), 0.47. The increased 
tendency toward covalency for the higher oxidation 
states is also reflected in the /3 values of 0.48 and 0.37 
calculatedla for Os(V1) and Ir(V1) in OSFB and IrFs. 
(38) C. K. Jplrgensen, “Orbitals in Atoms and Molecules,” Academic 

(39) C. K. Jplrgensen and K .  Schwokau, Z. Natuvforsch. A, 90, 65 
Press, New York, N. Y., 1962, p 94. 

(1965). 
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For the M(.?V) series the familiar increase in co- 
valency (decrease of p) toward the end of the d block 
is again observed. Thus, the data of J#rgensen and 
S c h w ~ k a u ~ ~  for ReF2- yield P b b  = 0.85, as compared 
with our values of 0.74 and 0.72 for OsFe2- and IrFG2-, 
while for PtFa2- the data40 require 0 = 0.55. In a 
similar way the optical electronegativity shows a 
progressive increase along the 5d series, the values 
of Xopt(rel) for Re(1V) and Pt(1V) being approximately 
1.9 and 2.6,  respectively, so that the relationship be- 
tween @ and Xopt, for which we have previously sug- 

(40) C. K. J#rgensen, Helv. Chim. Acta, Fasciculus Extraordinarium 
Alfred Wevneu, 131 (1967). 

gested a ra t i~na l iza t ion ,~~ appears to hold in the 5d 
block as well as in the first transition series. This 
connection appears to be rather less exact in the 5d 
series than for the 3d complexes since the Xopt(rel) value 
for Re(1V) is surprisingly low, but our own diffuse re- 
flectance measurements confirm the Uobsd value of 
35.6 kK for ReCIG2- and also show no indication of 
charge-transfer bands below 50 kK for ReF62-. In 
fact, though, a fairly substantial difference in xopt(rel) 

between d3  and d4 systems is not altogether unexpected, 
since the relativistic corrections operate in a contrary 
sense in the two cases. 

(41) G. C. Allen and K.  D. Warren, Mol.  Phys.,  20, 379 (1971). 
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The enthalpies of formation of AsHa and As2H4 have been determined by the method of explosion in mixtures with ShH3, 
and the thermochemical bond energies have been derived. Results are AHfo(AsH3(g)) = +14.9 =k 0.4 kcal mol-', 
A.Hfo(As2H4) = +28.2 zt 1.3 kcal mol-', E(As-H) = 71.2 kcal mol-', and E(As-As) = 39.9 kcal mol-'. 

Introduction The stibine cylinder was held at  -78' while the gas was mith- 

As part of a continuing program of investigation of 
the enthalpies of formation and thermochemical bond 
energies of the binary2+ and ternaryg hydrides of boron 
and the group IV-VI elements, the enthalpies of de- 
composition of arsine and biarsine have been measured. 
No previous calorimetric studies have been reported 
for biarsine, but a mass spectrometric appearance po- 
tential study exists.1° 

The method used was explosion of the gaseous hy- 
dride in mixtures with stibine, as in earlier stud- 
ies.2-6~s,e The enthalpy of decomposition of arsine 
was previously measured by this method2 but only a t  a 
single AsH3 : SbHz ratio. Since elemental arsenic and 
antimony form a continuous range of solid solutions, 
the enthalpy of mixing of the metals might have a sig- 
nificant effect upon the deduced enthalpy of formation. 
Accordingly, in the present work the measurements 
were performed over a range of AsH3 : SbH3 ratios. 

Experimental Section 
Stibine and arsine were obtained from the Matheson Chemical 
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drawn into flasks a t  - 196'; a middle fraction was used. The 
arsine was passed twice through a trap a t  -126'. A single 
flask of each gas was used for all of the calorimetric work; melt- 
ing curve analysis12 of both indicated the mole fraction of liquid- 
soluble, solid-insoluble impurities to be less than 2 x 10-6. 

Biarsine was prepared as described by Shriver and Jolly,l3 
using an ozonizer-type discharge tube operated a t  12.5 kV with 
arsine passed through at  low pressure and without diluent gas. 
About 25 mmol of arsine was condensed in a U trap (without 
packing) a t  - 196". The surrounding dewar was removed and 
the liquid nitrogen was dumped out of it; when the discharge 
started, the cold, empty dewar was replaced around the trap 
and adjusted to a height such as to keep the trap a t  a temperature 
a t  which the vapor pressure of the arsine was barely adequate to 
maintain the discharge. -4bout 30-45 min was required to pass 
the total batch of arsine; the rate of production of biarsine was 
roughly 0.15 mmol hr-l. To a first approximation, this rate was 
unaffected by passing the arsine considerably more rapidly a t  a 
higher pressure. 

Biarsine is fairly stable as a gas, even a t  somewhat elevated 
temperatures, but is extremely unstable in the condensed phase 
above ca. -100". Accordingly, the biarsine was always con- 
densed, in the preparation, purification, and calorimeter-loading 
vacuum lines, into special traps having electrically heated re- 
entrant inlet tubes so that the gas went directly to a surface a t  
- 126" (methylcyclohexane slush), as described by Shriver and 
Jolly.1a The biarsine was always volatilized rapidly from the 
trap by removing a surrounding dewar of liquid nitrogen and im- 
mediately replacing it with water a t  ca. 60". The biarsine was 
purified by several trap-to-trap distillations a t  - 126'. The 
volume of gas decreased lo-207, per pass, indicating this to be 
the amount decomposed a t  each volatilization. 

The vapor pressure of biarsine is very difficult to determine be- 
cause of the instability of the liquid; Shriver and Jollyla esti- 
mated 10 mm a t  room temperature. In the course of the present 
work, experiments were done wherein the pressure in a bulb was 
observed as the temperature of a surrounding bath was lowered. 

(12) S. R. Gunn, Anal. Chem., 34, 1292 (1962). 
(13) D. F. Shriver and W. L. Jolly, Report UCRL-5148, Lawrence Radia- 

tion Laboratory, Livermore, Calif., 1958. 


