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very small variations with the change in outer cation.
No unambiguous correlation could be observed be-
tween the isomer shift and the electronegativity of the
cations.

Quadrupole Splitting.——All nitroprussides showed a
symmetric doublet (except ferrous nitroprusside) with
large quadrupole splittings (AEq = 1.50-2.00 mm/sec)
which are comparable to those observed for high-spin
Fe?t compounds.” Quadrupole splitting in a series
of compounds of similar geometry can be influenced by
a number of factors, the most obvious of these being (i)
electronegativity® of the cation, (ii) size of the cation,?
and (iii) the lability of the electrons in the d orbitals of
the cations. Since we are investigating the influence
of an outer cation on an already existing large asym-
metry, the variations due to the changes in the above
parameters are, in general, not too large. We did not
see any pronounced and systematic variation in the
quadrupole splitting of any of the above factors.

Ferrous Nitroprusside.—The Mdssbauer spectrum
of ferrous nitroprusside comnsists of four well-resolved
lines of almost equal intensity as shown in Figure 1.
An analysis of this spectrum reveals that two of the
lines correspond to the usual nitroprusside part of the
compound and yield a quadrupole splitting, AFq, of
1.74 = 0.03 mm/sec and an isomer shift, 5, of —0.01 %
0.02mm/sec. The remaining two lines would then give
AEq = 2.75 £ 0.05 mm/sec and § = 1.22 £+ 0.03
mm/sec. These parameters correspond® to the high-
spin state of Fe?*. 'To confirm this we synthesized and

(37) R.Ingalls, Phys. Rev. A, 188, 787 (1864).
(38) R.V. Parish and R, H. Platt, Chem. Commun., 1118 (1969).

Inorganic Chemistry, Vol. 10, No. 7, 1971 1347
studied Fe[Mn(CN);NO]:-2H,O where the inner unit
of nitroprusside anion is structurally the same but
does not contain iron and the outer iron is present as
such. This compound gave rise to only a two-line
spectrum depicting the high-spin state of Fe?*, with
the Mossbauer parameters § = 1.24 £ 0.02 mm/sec
and AEq = 2.76 £ 0.02 mm/sec. These agree well
with those assumed for the high-spin state in the case
of ferrous nitroprusside. Therefore we can infer
that there are two clearly defined states of iron, .e., (i)
the inner iron in the usual low-spin state and covalently
bonded with five CN~ and one NOT groups and (ii)
the outer cationic iron in the high-spin state. This
is a confirmation of the results of magnetic susceptibility
measurements,®

Recently Fung and Drickamer®® have also studied
Fe[Fe(CN);NO] and confirmed the presence of two
types of irons by tagging them with ¥Fe separately.
Our results are comparable with these within experi-
mental error. These authors have also found that
the percentage of high-spin iron increases with the
increase in pressure,

Acknowledgments.—We are thankful to Professor
P. T. Manoharan for helpful discussions. We thank
Mr. P. N. Shukla for help in taking the spectra and
Mr. R. K. Sharma for technical help. A. N. Garg
expresses his gratitude to the Council of Scientific and
Industrial Research, New Delhi, India, for awarding a
Junior Research Fellowship during most of the experi-
mental phase.

(39) S. C. Fung and H. G. Drickamer, J. Chem. Phys., B1, 4360 (1969).

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY,

UNIVERSITY OF SASKATCHEWAN, REGINA, SASKATCHEWAN, CANADA

Electronic Spectra of Ruthenium(IIIl) and Osmium(III) in Chloride Melts

By K. W. FUNG anp K. E. JOHNSON*

Received August 18, 1970

Ruthenium(I1I) adopts octahedral coordination in LiCI-KCl at 450° with the ligand field parameters A = 18.7, B = 0.49
and € = 2.3 kK. A preliminary study of osmium(III) chloride shows that it disproportionates to Os(IV) and Os metal in

both LiCl-KCl and BiCl;, the rate of decotnposition rising markedly above 500°.

However, the coordination of Os(II1I)

appears to be distorted octahedral with a trigonal or tetragonal ligand field component of 4.0 kK and a spin~orbital coupling
constant of 2.7kK. Ruthenium(III), ostium(I1I), and osmium(IV) showed no electrochemical activity in LiCI-K CI.

The ligand field spectra of complexes of Ru(III) and
Os(IIT) have not been studied in great detail. For
example, Jgrgensen'? measured the spectrum of
RuClg®~ in hydrochloric acid but made no definite
assignments, and Johnson and Dickinson? noted the
presence of a weak band at 17.5 kK and a shoulder at
24.5 kK for RuCl; dissolved in LiCl-KCl eutectic
melt. The spectrum of Ru(ox);*~ (ox = oxalate) has
been given and interpreted.* Again, Jgrgensen? has

(1) C. K. Jgrgensen, Acta Chem, Scand., 10, 578 (1956).

(2) C.K. Jorgensen, Mol. Phys., 3, 309 (1959).

(3) K. E. Johnson and J. R. Dickinson in ‘“Advances in Molten Salt
Chemistry,” Vol. II, G. P. Smith, G. Mamantov, and J. Braunstein, Ed.,
Plenum Press, New York, N. Y., in press.

(4) R. W. Olliff and A. L. Odell, J. Chem. Soc., 2467 (1964).

reported the charge-transfer spectrum of OsClg~ in
hydrochloric acid but no ligand field bands were ob-
served. On the other hand, ligand field bands of the
Os(11I) complexes Os(acac)s and OsCl;(Sb(CsHj;)); have
been assigned.®®

In this paper we present further measurements of the
spectrum of Ru(IIT) in LiCl-KCl and the first datum
concerning Os(III) in both LiCI-KCl and BiCl;. It
transpires that Os(III) is in equilibrium with Os(IV)
and Os metal in these melts but some useful information
may be extracted from the spectra.

(5) R. Dingle, J. Mol, Spectrosc., 18, 276 (1965).
(6) V. Valenti, A. Sgamellotti, F. Cariati, and A. Franco, Gazz. Chim, Ital.
98, 983 (1968).
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Experimental Section

Anhydrous RuCl; and K,O0sCls (Alfa Inorganics) and OsCl;
(Engelhard Industries Inc.) were used as supplied. LiCl-KCl
eutectic, mixed from Baker Analyzed salts, was purified by the
method of Maricle and Hume’ and BiCl; was prepared as de-
scribed by Yosim, ef al8 Concentrated solutions of RuCl;,
OsCl;, and K;0sCls were made by melting finely ground mixtures
of the salts and filtering through a sintered-glass disk. Samples
containing Ru(IIT) were analyzed for ruthenium by colorimetry
as described by Ayres and Young® with a Beckman DK-2A spec-
trophotometer.

Molten salt spectra were obtained with a Cary 14H spectro-
photometer using a furnace described elsewhere.’ Samples were
contained in 1l-cm? silica cells (Pyrocell) and sealed under dry
nitrogen and the spectra of each solvent and solution were mea-
sured us. air. Concentrations were calculated on the assump-
tion that the density of a dilute solution was the same as that of
the solvent.!! All manipulations were carried out in a drybox.

In an attempt, futile in fact, to throw further light on the
changes taking place in the osmium system, current-voltage
curves of solutions were measured; the experimental arrange-
ment was similar to that of Johnson and Mackenzie.!’? The
instrumentation included a Sargent Model 1V coulometric cur-
rent source to generate Pt(I1) for a Pt(I1)-Pt(0) reference elec-
trode and a Sargent Model X VI polarograph. Microelectrodes
were of platinum (area 1.26 X 1073 cm?) and tungsten (area 1.32
X 1073 cm?).

Results and Discussion
Ruthenium (III)

Spectrum.—Figure 1 shows the

300

200

100

Figure 1.—Spectrum of RuCl; in LiCl-KCl eutectic melt at
450°. Main figure covers the region from 4 to 26 kK; inset
covers that from 14 to 30 kK.

spectrum of RuCl; in LiCl-KCl eutectic melt at 450°.
It has been broken down into Gaussian components
by the method of Chatt, et al.,*? and Table I summarizes
the band positions, intensities, and assignments. In
octahedral symmetry the ground state of Ru(I1I), 4d?,
is 2Ty, according to magnetic susceptibility data.'41s
With a spin—orbital coupling constant, ¢, of about 1500

(7) D. L. Maricle and D. N. Hume, J. Elecirochem. Soc., 107, 354 (1960).

(8) S.J. Yosim, A. J. Darnell, W, G. Gehman, and S. W, Mayer, J, Phys.
Chem., 68, 231 (1959).

(9) G. H. Ayresand F. Young, Anal. Chem., 22, 1277 (1950).

(10) X. E. Johnson, J. R. Mackenzie, and J. N. Sandoe, J. Chem, Soc. 4,
2644 (1968).

(11) J. P. Vereshchetina and N. P. Luzhnayn, J. Appl. Chem. USSR, 24,
165 (1951).

(12) K. E. Johnson and J. R. Mackenzie, J, Electrochem. Soc., 116, 1697
(1969).

(18) J. Chatt, L. E. Orgel, and G. A. Gamlen, J. Chem. Soc., 486 (1958).

(14) H. Hartmann and C. Buschbeck, Z. Phys. Chem. (Frankfurt am
Main), 11, 120 (1957).

(15) B. N. Figgis, Discuss. Faraday Soc., 28, 103 (1958).
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TaBLE 1
¥found, Yoaled,
kK g 104 8 Assignment kK
8.42 1.39 0.27 4.75 T < 2Ty, 8.23
6A1g - 8.64
12.02 1.89 0.22 2.54 1Ty — 11.66
16.00 26.1 2.47 2.06 2Agg — 16.11
2Tlg - 16.27
17.87 37.9 3.56 2.04 gy 17.48
19.23 22.7 1.54 1.48 E, «— 18.68
21.73 43.9 5.77 2.86 T - 21.90
23.56 34.0 4.06 2.60 Ay 24 .02
28.50 580 230 7.60 Vs
33.00 ~1150 Y5

@ Standard error of 0.15 (59%,) from 4 to 14.5 kK and 2.8 (69,)
from 14.5 to 26 kK.

cm ! it is possible to describe the energy levels in 4
Russell-Saunders coupling scheme. Thus the first
two observed transitions are assigned as spin-forbidden
d~d, the next five as spin-allowed d-d, and the last
two as charge-transfer transitions. The assignment
7vs < m of the 28.50-kK band was given by Jgrgensen.?

The ligand field parameters for a d” system in O,
may be calculated from the Tanabe-Sugano deter-
minants;'® these do, however, mneglect spin-orbital
coupling. At first sight this is a serious objection since
{44 may be as high as 1500 K but the effect of spin—
orbital coupling of this magnitude is merely to add a
splitting of each band by 2000 or 2250 K (quartet vs.
doublet). As with the spectra of many 4d” ion com-
plexes this splitting is not observed. If it were, up to
16 ligand field transitions would be expected instead
of the 8 resolved by gaussian analysis.

For the mode of calculation, several options are open,
as pointed out by Stevenson,'” but it is possible to
write the first few transitions as linear equations in A,
B, and C and then to find the best values of A,
B, and C which fit the experimental data. Full in-
structions for carrying out this procedure will be
published elsewhere.’* Applying it to the data of
Table I, we find the parameters A = 18.7 kK, B =
0.49 kK, and ¢ = 2.3 kK with the calculated tran-
sition energies listed in the last columnn. The standard
deviation in the calculated energies is 0.35 kK or
2,269

For Ru(ox)s*~, Olliff and Odell“reported A = 28.7 kK
and B = 0.56 kK with the assumption of C = 4B;
for Rh(III) in the LiCl-KCl melt and the tris-oxalate
complex a similar divergence is apparent!®® (cf.
Table II). A limited number of results is available
but if we take into account the usual trends for both A
and B, viz., Arnaip ~ Arean, Aci- < Aoe- ~ Amo
and Bei- < Bgy:- ~ Bpy,0, we see that the results for
Ru(III) in LiCI-KCl are quite reasonable and sup-
port the idea of an octahedral coordination of Ru(III)
in the melt. '

(16) Y. Tanabe and S. Sugano, J. Pkys. Soc. Jap., 9, 753 (1054),

(17) R. Stevenson, ‘“Multiplet Structure of Atoms and Molecules,” W. B.
Saunders, Philadelphia, Pa., 19635, p 135.

(18) I.. G. Boxall, K. E. Johnson, and K, W. Fung, to be submitted for
publication. The method consists of writing the energy E of a transition
as a function of all possible products of unit powers of 4, B, and C and
calculating the eight coefficients for each transition. It happens that two
distinct ranges of A must be treated to give solutions for practical cases.
The best A, B, and C for a given set of transitions are calculated by an itera-
tive procedure from the appropriate coefficients on the basis of reasonable
assignments and estimates of the parameters within a factor of 2. Any
interchange of assignments clearly shows in the final printout.

(19) J. R. Dickinson and K. E. Johnson, Cen. J. Chem., 48, 2457 (1967).

(20) C. K. Jdrgensen, ‘“‘Absorption Spectra and Chemical Bonding in
Complexes,” Pergamon Press, London, 1964, p 293.
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TaBLE II
SPECTRAL PARAMETERS FOR Ru(III), Rh(III), anp Co(IITI)

System A, kK B, kK C, kX Ref
Ru(III) in LiCI-KCl 18.7 0.49 2.29
Ru(ox)s®™ 28.7 0.56 =4B 4
RU(III) in LiCI-KCl 19.3 0.37 19
Rh(ox)s8~ 26.4 20
Rh(III) in HO 27.0 0.51 20
Co(III) in H:O 18.2 0.67 20
Co(ox)s®~ 18.0 0.54 20

Osmium(III) Spectra.—The spectra of OsCl; in
LiCI-KCl eutectic at 450° and BiCl; at 270° are pre-
sented in Figure 2. In Figure 3 the temperature de-
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Figure 2.—Spectra of OsCls solutions: top, in LiCl-KCl eutectic
at 450°; bottom, in BiCl; at 270°.
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Figure 3.—Temperature dependence of the spectrum of OsCls in
LiCl-KCl eutectic melt.

pendence of the low-energy electronic spectrum for
the eutectic is illustrated.

Below 400°, the melts were clear and light brown
and the spectrum remained constant for 12 hr (Figure
3A). As the temperature increased, the band at ~35
kK increased in intensity relative to the rest and at
500° a new band appeared at ~11 kK while dark
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particles were discernible in the solution. Neverthe-
less, up to 500°, the spectrum for a given temperature
was stable for at least 5 hr. At 530°, this stability was
lost. The spectral changes were accompanied by the
increased deposition of dark particles in the cell and the
formation of a brown deposit on the cooler walls above
the melt until the actual melt became colorless and
finally the dark particles completely disappeared.
Examination of the cell later showed the rough surfaces
to have been etched and an odor like that of OsO, was
noticed. .

In a separate experiment a concentrated solution of

| 0sCl; in LiCl-KCl was heated to 550° in a Pyrex tube.

The same dark brown deposit condensed on the upper
sides of the tube but instead of particles a metallic mir-
ror was formed. The brown deposit gave no flame
reaction for Li or K. In another instance some of the
particles were filtered off and found to be insoluble in
acid but readily oxidized in air at 250° to a vapor.
The brown solid dissolved in 6 V HCI to give a solution
with a spectrum characteristic of Os(IV).32! 22

The set of peaks which develop with time is the
same as the spectrum of Nay,OsCls?! and K;0sCls in
LiCl-KCl but the species is longer lived in the presence
of Os(III). We conclude that (i) Os(III), like Re-
(111)28 and Zr(I1I),?* disproportionates in LiCl-KCl,
(ii) Os(IV) is volatilized as the tetrachloride, and (iii)
Os metal reduces the silica of the cell.

If the Os(IV) spectrum is subtracted from the com-
posite spectra of the melt solutions, the Os(I1I) bands
listed in Table I1I are identified. In addition we have

TasLE ITI®
v, kK Intens Assignment in Ds, Solvent
3.3 Medium Ps -~ P4 CHCls
<4 Medium 1 WA
6.6 Weak Pq - Pq
12.0 Medium
16.0 Strong LiCl-KCl1

19.5 Strong
23.5 Strong
30.0 Strong Charge transfer

o= —40kK; { = 2.7kK.

included the band with a clear maximum at 3.3 kK
found for a CHCl; solution of OsCl;. Since in neither
BiCl; nor LiCI-KCl is Os(III) or Os(IV) obtained at
a known concentration (Os(III) disproportionating
and Os(IV) volatizing), it is not possible to assign
absorptivities to the bands. We estimate by com-
paring the 5- and 11-kK bands in LiCl-KCl and noting
from the absorptivity of the 11-kXK band in HCI??
that the 5-kK band of Os(1V) has epqx ~150.

Os(II1) has the configuration 5d°. In a pure
octahedral field the ground state is *Ty; but this is
split by strong spin—orbital coupling into I; at —¢
and I's at {/2 where { is the one-electron 5d spin-
orbital coupling constant; thus a near-ir band of
energy /s would be anticipated. However, the
axial distortion of octahedral d® complexes is predicted
on theoretical grounds' and found in practice. The
energy levels in rhombic (Djz,) and tetragonal sym-
metry (D) then become? I'y(Da) or In(Dy) at /s

(21) J.R. Dickinson and K. E. Johnson, Mol. Phys., 19, 19 (1970).

(22) R. B, Johanneson and G. A, Candela, Inorg. Chem., 2, 67 (1963).

(23) R. A, Bailey and J. A. Mclatyre, ibid., 5, 1940 (1966).

(24) E. M. Larsenand J. J. Leddy, J. Amer. Chem. Soc., T8, 5983 (1958).
(25) B. N. Figgis, Trans. Faraday Soc., 87, 108 (1961).
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(—6/3 — ¢/2 — Q), T5(Ds) or Te(D) at 8/3 + ¢/2,
and P4(D3};) or P7(.D4);) at 1/2(_5/3 - ;/2 + Q), where
Q% = 8% 4+ 8¢ + (3/50)% and § is the axial ligand field
strength. Applying these expressions to the data of
Table III we find § = —4.0 kK and { = 2.7 kK which
are quite reasonable values when we consider § =
—3.15 kK and ¢ = 3.15 kK for Os!I(acac)s® and {5q
is usually 2.5-3.5 kK.21%.% :
The origin of the four visible bands is less clear.
By comparison with Ir(IIT) in LiCI-KCI!? we might
anticipate A = 25 kK and B = 0.3 kK and taking
C = 4.5B for pure octahedral symmetry would expect
transitions to the states 4T;, 4T, and %A; at 18.5,
21.0, and 32.5, respectively. If spin—orbital coupling
is considered instead of interelectronic repulsion, then
bands are predicted at 5, 22.5, 27.5, and 32.5 kK.¥
The addition of the axial distortion to a mixture of
these sets could conceivably yield a series of bands

(26) T. M. Dunn, “Modern Coordination Chemistry,” J. Lewis and R-
Wilkins, Ed., Interscience, New Vork, N. V., 1960, p 292.
(27) K. W.Fungand X. E. Johnson, J. I'norg. Nucl. Chem., in press.
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starting at 16 kK but not obviously one at 12 kK nor,
in particular, bands of high intensity relative to those
found in the near-ir spectrum. It is tempting to spec-
ulate that Os(III), like Re(I1I), is polymeric in com-
pounds with chloride. Further work on this system
is in progress.

Voltammetry.—No reduction waves were obtained
for RuCly, OsCl;, or Ky0sClg in LiCI-KCl eutectic
melt. A similar situation was noted for K,RuCl,,
KoRuCls-H:0, and K,Os(CN)s in several aqueous
media® and it appears?®—3 that reduction waves of
Ru and Os compounds are only observed when oxygen
is involved in one of the complexing ligands.
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The microwave spectrum of 2-chloro-1,6-dicarbahexaborane(8) has been observed and rotational constants have been assigned

for hine isotopic species.
to exist as a distorted octahedron.
is zero within experimental error.

Introduction

The class of carbon-boron-hydrogen compounds
commonly known as carboranes has received considet-
"able attention in recent years. The unusual bonding
arrangements in these molecules have made the deter-
mination of their molecular structures and properties
particularly significant and intriguing. Though the
nmr and ir spectra of some of the carboranes that have
been studied in the past were insufficient to determine
their gross structures, there was little doubt of the
atomic arrangement and shape of the symmetric C;B:H,
carborane. In spite of this, the determination of the
accurate molecular structure of this octahedral frame-
work is important in order to compare its bond lengths
to those in other systems and to understand better the
chemical bonding in carboranes. Since sym-C,B,Hs
has no dipole moment, we had to await the synthesis of
a substituted derivative before the structure could be
determined by microwave spectroscopy. In this study
we report the microwave spectrum and partial molecular
structure of 2-chloro-1,6-dicarbahexaborane(6). Un-
fortunately at this time the synthesis of the compound

(1) (a) Supported by the United States Air Force Office of Scientific Re-
search, under Grant AFOSR 849-67. (b) Alfred P. Sloan Foundation Re-
search Fellow.

The boron-boron and boron—chlorine bond lengths were determined and the molecule was shown
The #Cl quadrupole coupling constant is 49.7 == 2 MHz and the asymmetry parameter

is'not efficient enough to allow an economical prepara-
tion of enriched **C isotopic species, and the structure
determination is incomplete.

Experimental Section

A sample of the title compound {(ca. 50 mmol) was obtained
from J. Spielman and was used without further purification.
The compound is stable at room temperature, and despite re-
peated reusage of the same sample for a period of nearly 2 years,
no serious decomposition was noted. The microwave spectrum
was observed in the range 8-38 GHz using a conventional 100-
kHz Stark-modulated spectrometer and 10-12-ft wave guide
sample cells which were cooled below room temperature. Phase-
locking techniques were employed for study of the quadrupole
splittings of some low J transitions.

Observed Spectrum and Assignment

The microwave spectrum shows a multitude of weak-
to medium-intensity lines owing both to the presence of
several observable isotopic species and to the effects of
the quadrupolar nuclei. Some difficulty was experi-
enced at first in assigning the spectrum since Stark ef-
fects were not readily apparent and R-branch series for
some isotopic species overlapped. The spectra of the
nine major isotopic species were eventually assigned with
the help of a good initial rigid-rotor approximation and -
bymaking approximate relative intensity measurements.



