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Excitation proﬁles have been obtained for the structurally related, linear u-oxo-bridged complexes Ru,OCly*, Ru,0Br,¢",

OSgoclm B and WZOClm

They reveal that the intense, low-frequency, totally symmetric metal-oxygen—metal stretching

vibration which is the dominant feature in the resonance Raman spectra of these ions is coupled to a single electronic transition
involving electrons spanning the M—O-M group. These observations establish that the M—O-M unit in these complexes
is an electronically unique, independent chromophore. The suggested assignment for this transition, based on the Dunitz—Orgel
molecular orbital description of the = bonding in these complexes, involves the promotion of an electron from a nonbonding
¢g orbital to an antibonding e, orbital. The utility of these observations and conclusions as they relate to the electronic
structure of other linear and near-linear u-oxo-brldged complexes is discussed. In addition, a study of the magnetlc susceptrbrhty
of K4W20Cl,0 suggests that the previous view of this material as consisting of a mixed valent ion W'-O-WV is incorrect,
but is consistent with the view that the two tungsten centers share equivalent d* configurations and are antiferromagnetically
coupled with an exchange energy of ~75 K. The nonzero susceptibility at low temperatures is most readily accounted
for by this exchange, a significant spin-orbit coupling, and C, crystal field combining to produce Van Vleck coupling to

an excited magnetic state.

Introduction

Early interest in linear u-oxo-bridged transition metal
complexes centered about their diamagnetism, the unusual
(linear) geometry of the metal-oxygen—-metal unit, and the
significantly shorter than usual metal-oxygen bond distance.
The initial novelty of these complexes has been gradually
replaced by their near-routine acceptance as a common
structural unit. The recent recognition that linear and
near-linear H-0XO- -bridged transition metal complexes appear
biochemically in such systems as the protein hemerythrin has
provided added stimulus to the study of these complexes.>

We recently reported that Raman spectroscopy can provide
a convenient spectroscoplc technique for the detection and
study of certain u-oxo-bridged complexes In the specific
examples examined viz., M;OX ;0" (M = Ru, Os, W; X = Cl,
Br), the Raman spectra were characterized by the intense,
easily identifiable symmetric M—O-M stretching vibration,
vy, with overtone progressions that extend in some instances
to at least 6 », as well as a series of combination band pro-
gressions, the most outstanding of which corresponded to sy,
+ v3 [1 = Y(M~Xiepmina)] and my + s [vs = v(M~X agica))]-
As part of our continuing study of this class of compounds,
we have examined this resonance effect in greater detail and
report here the information it provides about the electronic
nature of these complexes.

Experimental Section

Crystalline samples of K,Ru,0OCl;y, Cs;Ru,OBryy, and (N-
H.)4[0s,0Cl,,] were prepared by previously described procedures.’

Raman spectra were determined on a Cary Model 82 spectrometer
equipped with a triple monochromator and a krypton and an argon
(Coherent Model 52) ion laser. Ultraviolet and visible spectra were
determined on a Cary Model 14 spectrophotometer.

Solution Raman spectra were determined on freshly prepared dilute
samples in concentrations ranging from 2 X 10 to S X 10 M. The
solubilities of several of the complexes was insufficient in the solvent
of choice (5, 6, and 12 M HX) to permit the determination of their
spectra. In these instances, the desired solubility was obtained by
addition of 18-crown-6 ether. Spectra were determined using a rotating
cell.** Raman intensities were determined by addmg a known amount
of internal standard to the solution and comparing the intensity of

the band of interest to that of the »,(A,) line of the internal standard.
At least three spectral scans were made for each determination and
the peak areas were measured directly with a polar planimeter. The
resulting intensity ratios were averaged, converted to a molar basis,
and corrected for phototube response.

Solid-state Raman spectra were obtained with the aid of a rotating
cell.*® Intensities were determined by adding a known amount of an
internal standard such as KNO; to the desired u-oxo-decahalo complex
and homogenizing the mixture in a Spex Wig-L-Bug. Integration
and normalization procedures were the same as those described for
solution samples.

Tetrapotassium y-oxo-decachloroditungsten(IV) was prepared by
a modification of a procedure reported by Colton and Rose.” Tungstic
acid, H,WO, (12.5 g, 50.0 mmol), was added slowly with stirring
to a warm (~75 °C) solution of potassium carbonate (7.5 g) in water
(20 ml). The resulting slurry was filtered hot and the filtrate was
diluted with water to a total volume of 30 ml. This solution was then
added slowly with stirring to 300 ml of boiling concentrated hy-
drochloric acid. The resulting solution was cooled in an ice bath to
~18 °C and filtered, and the filtrate was treated (in ~1 g portions)
with granular (325 mesh) tin (a total of ~8.5 g). Upon the sudden
appearance of a deep violet color (~15-20 min from the time addition
began), the solution was rapidly gravity filtered through a plug of
glass wool into a cooled (0 °C) three-necked, 500-ml, round-bottom
flask and the filtrate was saturated with HCl gas. After ~40 min,
a crystalline material was observed and collected by suction filtration
on a fritted glass funnel. The dark-green crystals, which occasionally
appeared as an amorphous magenta powder when precipitated too
rapidly, were washed with two 15-ml portions of cold (0 °C) absolute
ethanol followed by three 10-ml portions of diethyl ether before drying
in vacuo. The isolated yield was 2.2 g (10%). Anal. Calcd. for
K.W,0Cly: K, 17.48; Cl, 39.63; W, 41.10. Found: K, 16.91; Cl,
40.07; W, 39.84; Sn, <0.01.

Results

RuZOXIO . The solutlon electronic spectra of the ions
Ru,0Cl;,* and Ru,OBr,* are seen in Figures 1 and 2 and
tabulated in Table I. They are, in general, poorly resolved,
complex spectra. They reveal several parallel features that
are noteworthy Specifically, both spectra reveal a smgle,
moderately intense band between 430 and 500 nm: Ru,0Cl,*
(479 nm, € 5200), Ru,0Br,* (492 mn, ¢ 4900). Additional
bands appear at higher energies in the spectra of both
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Figure 1. A comparison of the visible absorption spectrum of

K4Ru,0Cl;, and the relative ‘intensities (O) of the symmetric
Ru-O-Ru stretchmg vibration. Both Raman and absorption spectra
were recorded in 6 M HCl solution. R is the molar intensity of
the v(Ru—O-Ru) band divided by the molar intensity of the 1048-cm™
(»)) band of KNO; added as an internal standard.
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Figure 2. An excitation profile illustrating the influence which exciting
frequency has on the relative intensity of the symmetric Ru~O-Ru
stretching vibration of CssRu,OBr,;. Both Raman and absorption
spectra were recorded in 5 M HBr. The parameters R, represent
the molar intensity of the »(Ru-O-Ru) band divided. by the molar
intensity of the 983-cm™ (1) band of Na,SOy, added as an internal
standard.

complexes. Thus, the spectrum of Ru;OCl,,*” shows an intense
band at 254 nm (e 22200) and a less intense, unusally broad
envelope with a maximum at 375 nm (¢ 10.000). The shape
of this absorption suggests that more than one band may lie
under it. By comparison, the solution electronic spectrum of
Ru,OBr,,* exhibits an intense band at 279 nm (e 30000) and
two less intense maxima at 310 nm (e 19,200) and 406 nm
(e 4300). In addition, the spectrum of Ru,OCl,o*" displays
a weak band in the far-visible, 712 nm (¢ 60). Despite careful
exammatron, a similar band was not observed in the spectrum
of Ru;OBr*.

The fact that many u-oxo-bridged transition metal com-
plexes are unstable in solution is well documented. Indeed,
much of the early misunderstanding concerning these com-
plexes can be attributed to the failure to recognize this fact.
It follows that caution must be exercised in ascertaining
whether any of the observed bands in the solution spectra of
u-oxo-brldged complexes result from decomposmon products.

Earlier® as well as more recent®® investigations of the
- stability of Ru;OCl;o* in aqueous solution suggest three
" principal ‘categories: of reaction: :(1)-aquation, (2) rear-
rangement (possibly to a di-u-oxo-bridged species), and (3)
cleavage of the dinuclear unit into monomeric species. They
conclude, however, that the latter two processes are relatively
slow reactions which take place over a period of many hours
in aqueous hydrochloric acid (>3 M) at ambient temperatures.
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Table I. Electronic Spectra of Some u-Oxo-Decahalo Species

Amax> Amaxs € L (mol

Complex nm pm™ cm)’!

K, [Ru,0Cl,,] in 6 M HC1 712 1.40 60
479 209 5200

375 2.67 10000

254 3.94 22200

Cs,[Ru,0Br,,] in SMHBr 492  2.03 4900
406 246 4300

310 323 19200
279 3.58 30000
K, [W,0Cl,,] in 12 M HCI 535sh  1.87 23800°
sat. with HCI (g) 300sh 3.83 4500
268sh 373 10600
244 410 17200
230sh  4.34 16000
(NH,),[0s,0Cl,,] in S M HCl 720 1.39 200
558 1.79 140
395 2.53 21500
332 3.01 12600
304 3.29 14400

277sh  3.61 7900

& The intensity of this band decreased rapidly with time. The
extrapolated (¢t = 0) molar absorptivity constant for this band is
~19 000.

They further conclude that the only probable fast reaction that
may be occurring is aquation, leading to a mixture of aquo
substitution complexes in which the structural integrity of the
u-oxo-bridge is maintained.

Our studies sustain these conclusions. In particular, we
observe that solution spectra of Ru;0Xo*” obey the Beer—
Lambert law over the concentration range 10™-107% M.
Moreover, substantially equivalent spectra are observed in
aqueous hydrogen halide (6 M) or anhydrous methanol-
18-crown-6 solution. Specifically, the principal visible bands
at 479 and 492 nm retain their general position and intensity.
Taken together, these results exclude an extensive dimer—
monomer equilibrium and suggest that the major bands in the
electronic spectra shown. in Figures 1 and 2 arise from
transitions associated with the Ru,0X,,*" ion.

Excitation of a dilute (10~ M) solution of Ru,OCl o+ with
the visible frequencies of either an argon or a krypton laser
produces only one readily observable Raman band centered
at 254 cm™. Under equivalent conditions, Ru,OBr o+ exhlbrts
similar behav1or, i.e., a single Raman band at 247 cm™. We
have argued that these bands represent the totally symmetrlc
Ru—O-Ru stretching vibration. Their intensity relative to
respectlvely the 1048 cm™ (»,) band of NaNO; and the 983
cm™! (v band of NaZSO4 (internal standards) was measured
at several excitation wavelengths. As seen in Figures 1 and
2, the intensities of the 254-cm™ and of the 247-cm™ band
track the 479-nm and 492-nm absorption bands, respectively.
We conclude, therefore, that the symmetrlc Ru-0O stretching
vibrations in Ru;OCl,,*" and Ru,OBr,,* are coupled to these
respective electronic transitions. It follows that the 479-nm
and the 492-nm absorption bands are associated with the
metal—oxygen—metal chromophore in Ru,OCl,,* and
Ru,0Br,*, respectively, and that these transitions must
involve significant and presumably parallel changes in the
occupancy of the Ru—O-Ru orbitals.

This line of reasoning is further supported by the depo-
larization studies summarized in Table II. These data show
that for both bands, the depolarization ratio remains relatively
constant (p; =~ !'/3) for all near-resonance excitation fre-
quencies. Such behavior is characteristic of a resonance
situation in which a single electronic transition enhances a
single element of the Raman scattering tensor (e.g., o,, for
a z-polarlzed elecronic transition).” If this element dominates
the intensity as anticipated for a totally symmetric vibration
such as »¢(Ru—-O-Ru), then the depolarization ratio can be
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Table II. The Relative Raman Intensities and Depolarization
Ratios for vg(M-O~M) in Some Linear y-Oxo-Decahalo Species

v, cm™! Rpmo1 X 1073 ¢

Solu-

Complex Solid tion A% A p? Solid Solution

K,[Ru,0Cl, 14 254 254 4765 1.2 2.1
4880 0.35 1.6 2.1
4965 1.9 1.4
5145 0.34 2.0 0.81
5309 0.34 1.8 0.28
5682 0.37 0.34  0.17
6471 0.24

Cs,[Ru,O0Br,,J¢ 243 247 4765 0.33 6.8
4880 0.38 8.2
4965 0.38 10.
5145 0.37 6.9
5309 0.34 5.0
5682 0.34 4.3
6471

K,[W,0Cl,,)f 226 228 4765 0.32 0.25
4880 0.38 0.84
4965 0.35 1.5
5145 0.39 0.98
5309 0.37 0.44
5682 0.33 0.15
6471

(NH,),[0s,0ClL, J¥ 220 230 4765 0.34 1.05  4.56
4880 0.35 0.825 2.74
4965 0.32 0.645 1.61
5145 0.34 0.554 0.662
5309 0.32 0.607 0.497
5682 0.37 0.646 0.187
6471 0.04 0.120

@ Exciting wavelength. ? Depolarization ratio for linearly polar-
ized light. € Molar intensity of the v(M~-O-M) band, relative to
the v, band of the designated internal standard. Ry =1,M,/
I,M,;; I = intensity, M = molarity, (solution), mole fraction (solid);
1 = internal standard, 2 = M,0X,,*~. ¢ Depolarization ratios and
solution molar intensities were determined on fresh solutions pre-
pared by dissolving a known amount of K,Ru,0Cl,, in a 4:1 (v/v)
mixture of aqueous 6 M HCl-MeOH. - Complete dissolution of
K,Ru,0Cl,, under these conditions was aided by addition of the
cyclic polyether-18-crown-6 (0.22 M). h Both solution and solid-
state intensities were measured relative to the 1048 cm™ (A, )
band of NO;, added as an internal standard. € Solution studgles
were carried out on freshly prepared solutions of Cs,Ru,0Br,, in
aqueous 5 M HBr. Molar intensity ratios were determined relative
to the 983 cm™ (A, ) band of SO,*, added as Na, SO,. f Depo-
larization ratios were performed on solutions freshly prepared in
12 M HCI. Solid-state molar intensity ratios were determined rel-
ative to the 1062-cm™ (A, ) band of anhydrous K,CO,. # Depo-
larization ratios were determined in § M HCl. Solid-state molar
intensity ratios were obtained relative to the 1048-cm™ band of
KNO,. Solution molar intensity studies were carried out in 5 M
HCI, relative to the 983-cm™ band of §0,2" (as Na,S0,). " G. W.
Gokel, D. J. Cram, C. L. Liotta, H. P. Harris, and F. L. Cook, J.
Org. Chem., 39, 2445 (1974).

shown to approach !/; at resonance.®

Finally, it should be noted that the maximum in the ex-
citation profile of K,;Ru,OCl,; obtained from solid-state
Raman data falls at ~505 nm. The difference between this
value and that observed for solution data (~479 nm) is
presumably a result of solid-state effects on the electronic
spectrum of this material. This conclusion is sustained by the
fact that the reflectance spectrum of K,Ru,OCl,, (obtained
as a 0.1% dispersion in KCI) exhibits three ill-defined bands
centered at approximately 420, 375, and 490 nm (in order of
decreasing intensity) (cf. Table I). Parallel discrepancies
between solution and solid-state resonance Raman intensity
data have been observed by other investigators and attributed
to similar origins.>!°

W,0Cl,,*. We have presented evidence,’ sustained by
single-crystal x-ray diffraction,!’ that the dark-green, mi-
crocrystalline solid or the magenta-red powder isolated from
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Figure 3. A comparison of the visible absorption spectrum of
K,W,0Cl;, (recorded in 12 M HC!) and the relative intensities (O)
of vi(W-0O-W) Raman band recorded on a microcrystalline sample
of freshly prepared K,W,OCl,,. The parameter R, represents the
molar intensity of »,(W-0O-W) band divided by the molar intensity
of the 1062-cm™ (»,) band of K,CO; added as an internal standard.
The intensity of the 535-nm band decreases rapidly with time. The
extrapolated (+ = 0) molar absorptivity for this band is 19 000.

the incomplete reduction of dipotassium tungstate(VI) by tin
in concentrated hydrochloric acid contains the linear w-
oxo-bridged ion W,0Cl,,*". The solution electronic spectrum
of analytically pure K,W,OCl,, prepared by an improved
procedure (see Experimental Section) and recorded in 12 M
HCI is seen in Figure 3. By means of a comparison of
disappearance rates of the various major spectral features, we
have been able to confirm that the principal band in the optical
region (535 nm, ¢ 19000) arises from a single species, pre-
sumably the W,OCl,,* ion.

The dominant feature in the solid-state Raman spectrum
of K,W,OCly, is a single intense peak centered at 226 cm™.
In a dilute solution (12 M in HCI) this band appears at 228
cm™’. No other features could be found in solution. We have
assigned this band as the symmetric W-O-W stretching
vibration. Table II summarizes the influence which changes
in excitation frequency have on the solution depolarization ratio
of this vibration. They reveal a value of p; =~ !/; for all
near-resonance excitation frequencies. The Parallel between
this result and that observed for Ru,OX;,*" is obvious. It
follows that this vibration is coupled to a single resonating
electronic transition which enhances a single element of the
Raman scattering tensor. Unfortunately, because of the
solution instability of K,;W,0Cl,,, we were unable to obtain
meaningful solution Raman intensity data. An excitation
profile obtained from solid-state Raman data is shown in
Figure 3. The apparent difference between absorption and
excitation profile maxima is presumably a reflection of sol-
id-state effects (vide supra) on the electronc spectrum of
K,W,0Cl,,. We conclude that the Raman band at 228 cm™
and the optical absorption at 535 nm are coupled and that the
latter involves a transition of electrons localized in the W—O-W
chromophore.

Previous studies'? have concluded that the W,OCl;,* ion
exists as a mixed valent ion of W(III) and W(V). We have
addressed ourselves to this point by examining the information
provided by a consideration of the magnetic behavior of
K W,0Cl,,. Specifically, we have measured the magnetic
susceptibility of K,W,0Cl,, by the Faraday method from 4.2
to 300 K. These results are shown in Figure 4. We have not
attempted to fit the data to a detailed model, since an adequate
description must include both the tungsten spin—orbit coupling
and the C, deviation of the crystal field about tungsten from
octahedral symmetry. In this case both corrections are ex-
pected to be large (~1 eV). Rather, from the measured data
we can make some general statements about the electronic (or
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Figure 4. Magnetic susceptibility data for K,W,0C!;,. The sus-
ceptibility plot (xu vs. T) indicates an antiferromagnetic interaction
between tungsten centers. The plot 1/x vs. T provides a Curie-Weiss
fit above 150 K (0 = 97 K) and leads to a calculated value of p.q¢
= 2,48 ug and g = 1.76.

magnetic) levels of the system.

First, in view of the fact that intradimer exchange is ex-
pected to be larger by one or two orders of magnitude than
interdimer exchange, which typically amounts to only a few
degrees,'>!* it is reasonable to conclude that the interdimer
exchange contribution in K;W,0Cl,, can be neglected. It
follows that if the tungsten centers in this substance are
nonequivalent [e.g., W(V)(d') and W(III)(d*)], the net spin
of the dimer at low temperatures would be § = 1 (S = 2) for
antiferromagnetic (ferromagnetic) intradimer exchange. It
further follows that the susceptibility, under these circum-
stances, can be expected to increase approximately as 1/ T at
low T.!* However, as the data in Figure 4 reveal, the measured
susceptibility of K,;W,0Cl;y below 100 K has only weak
temperature dependence, Thus, the two tungsten atoms must
be equivalent, i.e., W(IV)(d?). ' ;

Second, additional consideration of these data reveals that
at low temperatures the effective magnetic moment of the
tungsten atoms is zero, since x is essentially temperature
independent. (We neglect the small up turn below 10 K which
is most likely due to a very small fraction of impurities.) This
result can occur in two ways: (1) the ground state of each
tungsten atom is nonmagnetic or (2) the two tungsten atoms
in a dimer couple antiferromagnetically. In the former case,
the low-temperature susceptibility would be due to a Van Vleck
coupling to an excited state A K above the ground state, In
that case xy ~ Aup’/kA, where A = Avogadro’s number
leading to A ~ 60 K.: It would be unusually fortuitous that
this small value should result from the normal ordering of
individual tungsten states determined by the crystal field and
spin—orbit perturbations. For this reason, we discount the first
possibility. In the second case, if the tungsten moments were
due to spin only the susceptibility would approach zeroas T
— 0. However, this is not expected to be an accurate de-
scrigtion of the magnetic state since the electron configuration
is d* and the spin—orbit coupling is large. Again in this case,
the magnitude of the susceptibility at low temperatures would

be given by xy ~ Aug?/kA, with A being the splitting pro- -

duced by the exchange coupling. Also, it is expected that at
high temperatures (T > A), xy = Aup’g*S(S +1)/3%(T +
©) (neglecting the small independence correction due to core
diamagnetism). Indeed a plot of 1/x vs. T in Figure 4 is linear
above ~150 K. Moreover, this treatment leads to a predicted
g value of 1.76 (with S = 1) and © ~ 100 K, a value in close
agreement with that determined by ESR (1.78)."* The ex-
change energy obtained from simple mean field models, i.c.,
J=130/25(S + 1),is 75 K.

Thus, we conclude that the magnetic data show that the
- tungsten centers in K,W,0Cl,, are d? and are antiferro-
magnetically coupled with an exchange energy of ~75 K. The
spin—orbit coupling produces a large shift of the g value from

Inorganic Chemistry, Vol. 16, No. 5, 1977 1019

x 102

b

0.0F

T3606 460 800 600 700 800 nm
Figure 5. An excitation profile illustrating the influence which exciting
frequency has on the relative intensities of the »(Os—0-0s) Raman
band. Solution Raman and absorption spectra were recorded in 5
M HCl. The parameter Ry, represents the molar intensity of the
,(0s—0-0s) band divided by the molar intensity of the 983-cm™
(»;) band of Na,SO, added as an internal standard. Solid-state molar
intensities are denoted by (O); those determined in solution are
designated by (A). For plotting purposes, the solution relative in-
tensities (A) were obtained by multiplying the observed ratios by a
factor of 5. '

2 t0 1.76, and this coupling along with the C, crystal field and
the intradimer exchange most likely account for the nonzero
susceptibility observed at low temperatures by way of Van
Vleck coupling to an excited magnetic state.

0s,0Cl,o*. Although salts of p-oxo-decachlorodi-
osmium(IV) ions are diamagnetic in the solid state, in aqueous
solution these substances exhibit temperature- and concen-
tration-dependent paramagnetism.'® This significant difference
between the solid-state and solution nature of Os,OCl;,* has
been interpreted as indicating that extensive dissociation of
the diamagnetic dimer into a paramagnetic monomer occurs
in solution.!® The comparative complexity of the solution
electronic spectrum of Os,0Cl;o* (cf. Ru,0Cl,o*) is pre-
sumably a reflection of this behavior. Thus, the electronic
spectrum of (NH,),0s,0Cl,, in 6 M HCI solution is char-
acterized by three intense, rather closely spaced, high-energy
bands: 304 nm (¢ 14400), 332 nm (e 12 600), and 395 nm
(€21500). What may be a fourth band appears as a shoulder
at 277 nm on the 304-nm band. In addition there are also two
broad bands of considerably reduced intensity with maxima
at 558 nm (e 140) and 720 nm (e 200) (Figure 5)."7

The Raman spectrum of (NH,),0s,0Cl,, is dominated by
a single intense band centered at 220 cm™ in the solid state
and 230 cm™ in dilute solution (6 M in HCl). We have argued
that this band corresponds to the totally symmetric (A,,)
Os—0-Os stretching vibration.> Figure 5 shows the variation
in the relative intensity of this band with excitation frequency
as observed for both solid-state and solution Raman spectra.
A comparison of these two profiles reveals a prominent dif-
ference: the intensity of the 220-cm™ (solid-state) band tracks
the 558-nm electronic absorption and then continues to rise
as the excitation wavelength approaches the 395-nm band,
while the intensity of the 230-cm™ (solution) band follows only
the 395-nm absorption. One interpretation of these results
is that in the solid state »5(Os—O—Os) is in resonance with both
the 558-nm and the 395-nm band, but that in solution the
intensity of the 558-nm absorption is so diminished as a result
of dimer dissociation that resonance with the more intense
395-nm band becomes dominant.!® An alternative explanation
which cannot be dismissed under the present circumstances
is that the 230-cm™ band arises from a decomposition product.
Regardless of which explanation is correct, it nonetheless
follows that the 558-nm band. is associated with the u-oxo-
bridged unit in 0s,0Cl;*.

The correspondence between the maximum in the solid-state
excitation profile and the maximum in the solution optical
spectrum of Os,OCl,,* (558 nm) parallels the behavior
observed for Ru,0OCl;o*, Ru,OBr;", and W,0Cl;,* and
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Figure 6. Diagram showing the relative energies of the = component
of the molecular orbital scheme for Ru,0X ;% and Os,0X,*". The
nonbonding e, by, and by, orbitals are closely spaced with an arbitrary
sequence that is not meant to imply a specific ordering. By removing
respectively two (2) and four (4) electrons from the nonbonding level,
a corresponding description of the « bonding in Re,0X¢* and
W,0Cl " is generated.

suggests the possibility that all these transitions may have
similar origins. The gradual red shift in position of this band
in proceeding from Ru,0Cl;;*" (479 nm) to Ru,OBr,¢* (492
nm) to W,0Cl;* (535 nm) to Os,0Cl,;* (558 nm) is also
consistent with the anticipated decrease in separation between
ground and excited electronic states that generally occurs in
the electronic spectra of transition metal complexes of similar
molecular orbital arrangement when proceeding from second-
to third-row metals.'®

Discussion

Dunitz and Orgel®?! have presented a plausible molecular
orbital treatment of the bonding in the Ru,OCl,o* jon which
explains its unusual features, i.e., diamagnetism, short Ru-O
bond length and the linear geometry of the Ru~-O-Ru group.
The resultin; ground state configuration (exclusive of o
components)* is described by (e,°)* [(bag)2(b1,)*(e)*] (€,2)°
in which the orbitals in square brackets are approximately
degenerate and nonbonding and the e,® and e,® orbitals de-
scribe respectively a set-of bonding and antibonding orbitals.
This same description can be extended to explain the bonding
in 0s,0Cl,,*, which is both isostructural and isoelectronic with
Ru,0X;o", as well as the Re,OCl,,*" and W,0Cl,o* ions
which, although isostructural with Ru,0X;¢"", involve elec-
tronically dissimilar metals (cf. Figure 6).

It can be anticipated that a M—O-M stretching mode will
be strongly enhanced by resonance involving a transition
between a bonding or nonbonding orbital and an antibonding
orbital. Assignment of such a transition as largely d-d is
unlikely for this reason. In the present molecular orbital
framework, the likeliest transitions are e,* — €,?, by — €4,
by, — €., and e, — ¢,%%° Two of these, e, — ¢,* and b,
—¢,%, can be immediately dismissed because they involve
electric dipole forbidden processes. Of the remaining two
processes, only one (e, — ¢,°) is expected to have any sig-
nificant intensity.?® Therefore, we conclude that the totally
symmetric M—~O-M stretching vibration in Ru,0X,,*,
W,0Cl,o*, and Os,OClo* is in resonance with a single
electronic transition which, within the framework of the
Dunitz—Orgel molecular orbital description, corresponds to the
promotion of an electron from a nonbonding ¢, to antibonding
e,? orbitals (’Alg — IA;, in molecular symmetry notation)
corresponding to a transition from a nonbonding 7 to =", Since
this transition is z polarized,? it follows that &, is the
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dominant element in the Raman scattering tensor of the
M-O-M vibration that is enhanced by resonance.

The above results provide convincing evidence that the
bonding in the u-oxo-bridged complexes, in contrast to certain
other systems (vide infra), can be usefully described by a
molecular orbital description. Regardless of the bonding
scheme employed, one conclusion remains inescapable: the
electronic transition observed in the optical spectra of
Ru,0X ¢+, 0s,0C1,¢*, and W,0Cl,;* and characterized by
its resonant coupling with ys(M—O-M) involves electrons
spanning the M—O-M group and establishes the M—O-M unit
as an electronically unique and independent chromophore.

A cautionary note is appropriate at this point. The un-
qualified extension of these results to linear u-oxo-bridged
complexes in general is unwarranted. Lest this statement seem
gratuitous, consider the following two examples. The structure
of the binuclear anion u-oxo-bis[oxotetracyanorhenium(V)],
[ORe(CN),ORe(CN),0O]*, has been established by a sin-
gle-crystal x-ray diffraction study as containing a linear
O=ReORe=0 grouping with the cyanide ligands completing
the octahedral environment about each rhenium.”* The
electronic spectrum of K;[Re,0:(CN)g] (recorded in aqueous
solution) is characterized by two absorptons [300 nm (e 31 200)
and 540 nm (e 273)];% the latter band is responsible for the
intense purple color of the Re,03(CN)g* ion in both the solid
state and in solution. Both bands remain unassigned. An
examination of the Raman spectrum of this material over a
range of excitation frequencies using plasma lines (5145 and
5309 A) which lie particularly close to the maximum of the
low-energy visible absorption failed to reveal any band of
significant intensity in the low-energy region (<400 cm™).
Indeed, the dominant, and essentially the only feature in the
Raman spectrum of K;Re,0;(CN)g below 1000 cm™ is a band
at 980 cm™! which we assign as »(Re=0).

A second example is the compound enH,[(FeHED-
TA),0]-6H,0 which contains a near-linear (165°) Fe—O-Fe
unit.”® It has been argued, based on the results of an extensive
study of the electronic spectra and magnetic susceptibility data
for this compound, that its electronic structure is more ac-
curately described by a simple high-spin ligand-field model
rather than by a Dunitz—Orgel molecular orbital approach.?’
Accordingly, the several bands that appear in the visible
spectrum of this complex were assigned as one-center Fe(111)
ligand-field transitions. The fact that the Raman spectrum
of this substance shows very little variation with changes in
excitation frequency and revealed no prominent band below
400 cm™ which could be readily assigned as vg(FeOFe) is
consistent with (but does not require) this conclusion.

These observations serve to underline the fact that, in the
absence of electronic homogeneity, structural similarities
between compounds will not necessarily be revealed by a
comparison of their Raman spectra, and, in general, functional
group analysis by Raman spectroscopy must be accompanied
by a consideration of the electronic nature of the compound
under investigation.
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The optical spectra of (NEt,),Ul and (NEt,),UF; are presented and analyzed. With these data the electrostatic, spin-orbit,
and crystalline field parameters have been obtained for the series of octahedral compounds UX¢* (X = F, Cl, Br, I). The
Slater parameter F diminishes approximately 20% as the halide ion changes from F~ to I". The crystalline (or ligand)
field parameters for comparable PaX¢®™ and UX¢?" compounds vary markedly.

Introduction

The preparation and spectral properties of octahedral
compounds of the type (NEt,),PaX, (X = F, Cl, Br, I) have
recently been investigated.>> The trends in the ligand field
parameters 6 and A for these 5f' complexes were explained
qualitatively in terms of molecular orbital theory by large
variations in ¢ bonding dominating the total ligand field
splitting and changing markedly as the halide ion varied. This
same trend was also found for salts of the hexahalogenour-
anates (V). As part of the above program the corresponding
(NEt,),UXs (X = F, CJ, Br, I) salts were prepared and their
optical spectra obtained at 77 K.*** The most thorough

- analyses of the octahedral UX¢* spectra (X = Cl, Br) have
been given by Satten and co-workers from data obtained at
4 K on U** diluted in single crystals.*® We report in this paper
the analyses of the spectra of (NEt,;),UXs (X = I, F) and

compare the trends in the parameters obtained for the U**
series (5f2) as the halide ion is varied, with the corresponding
parameters in the 5f! series.

Experimental Section and Calculations

The preparation of (NEt,),UIs and (NEt,);UF; and the recording
of their spectra at room temperature and 77 K have been described
previously.2?’

Calculated energies were obtained by the simultaneous diago-
nalization of the combined electrostatic, spin—orbit, and crystalline
field matrices which were constructed by the tensor operator methods
described by Judd® and Wybourne.” These matrices were factored
by the crystal quantum number, g, into a 25 X 25 matrix (u =0, T
and T, states), a 24 X 24 matrix (u = 2, T'; and [, states), and two
21 X 21 matrices (u = 1, a doubly degenerate I's state). Matrices
of these ranks can be easily diagonalized by existing computer
programs so no further factoring was necessary. Experimental energies
were compared with calculated energies and the parameters of the



