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Figure 2. Ir spectra in the »(CO) region of (a) solid Rh, (CO),Cl,
as Nujol mull, (b) Rh,(CO),Cl, supported on Vycor after ex-
posure to air for more than 1 day, and (c) the material obtained
after exposing fully decarbonylated dimer to CO for 1 hr.

under conditions which remove oxygen from an alumina
surface. The presence of this adsorbed oxygen was demon-
strated by exposure of a sample to 1802, evacuation to remove
physisorbed oxygen, and then exposure to CO. Substantial
quantities of C160180 were formed along with lesser amounts
of C13Q2.

In order to determine whether other compounds would
exhibit similar behavior and to see whether the reaction of small
clusters to form larger ones was facile on the alumina surface,
we studied Rh4(CO)i2 and Rh2(CO)4Cl2 under conditions
similar to those described above. Both compounds adsorb out
of alkane solvents onto the surface where they are fully de-
carbonylated in a short period of time. Exposure to an at-
mosphere of CO then produces a deep violet material with a
v(CO) spectrum identical with that in Figure 1b. The »(CO)
spectrum progresses gradually through the Figure 1b—e de-
carbonylation sequence upon exposure to air. In addition,
Rhes(CO)16 can be extracted into refluxing chloroform from
the violet fully carbonylated form. The alumina surface
apparently acts as a very effective catalyst for the conversion
of these two compounds to Rhs(CO)16 under an atmosphere
of CO. This parallels the solution behavior in which both
Rh2(CO)4Cl2 and Rh4(CO)12 can be converted to Rhe(C-
0)16!1-13 under strongly basic conditions. This suggests that
the strongly basic nature of the alumina surface hydroxyl
groups is at least partially responsible for the course of these
surface reactions.

These results on alumina surface contrast sharply with our
observations using silica and Vycor support materials. All three
rhodium carbonyls appear to undergo physical adsorption or
crystallization onto silica surfaces where the ir spectra remain
virtually identical with those of the free solids for days if the
samples are maintained at room temperature. A notable
exception is the system Rh2(CO)4Clz on Vycor. Dramatic
color changes ensue upon exposure to oxygen and the »(CO)
spectrum disappears although no new bands are observed
during this decarbonylation. Under exposure to CO the color
and ir spectrum typical of the dimer return with no apparent
conversion to the hexanuclear carbonyl, this again contrasts
with the behavior on the alumina surface. These spectral
changes are shown in Figure 2.

Our studies also suggest that initiation of the observed
alumina-cataltyzed reaction is sensitive to the manner by which
adsorption onto the alumina surface is achieved. Several
samples for which deposition occurred by evaporation of a

Inorganic Chemistry, Vol. 14, No. 6, 1975 1421

saturated chloroform solution over alumina showed none of
the behavior described above. The v(CO) spectrum was simply
that of crystalline Rhe(CO)16 and the spectrum remained
unchanged for days or weeks. Only carefully controlled
adsorption out of a subsaturated solution, presumably as a
monolayer or less, led to the behavior described above. It also
occurred that these reactions only took place when at least a
substantial fraction of the alumina adsorbent was in the ¥
phase. Pure @-trihydrate and a-phase samples failed to initiate
the decarbonylation reactions.

These studies show that interesting reactions of metal
carbonyls are catalyzed by oxide surfaces and that the exact
course of the reaction is very sensitive to the type of surface
involved. This is consistent with the observations of Parkyns!
for nickel carbonyl on silica and alumina. Studies of supported
catalysts derived from molybdenum hexacarbonyl?-6 have
already suggested that metal carbonyls can be used repro-
ducibly to form supported metal catalysts by mild heating in
vacuo. Our results suggest that the proper choice of metal
carbonyl and oxide support may form decarbonylated metal
clusters by simple room-temperature oxidation. Mild reduction
conditions might then succeed in forming very active catalyst
systems consisting essentially of uniform size metal clusters
of just a few atoms. Synthetic and catalytic applications of
these oxide-supported metal cluster carbonyls are deserving
of further study.
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Resonance Raman spectroscopy affords the potential of
elucidating both vibrational and electronic transitions, since
their coupling produces resonance enhancement of Raman
bands.23 The technique offers particular promise in biological
systems,* where vibrations of chromophoric groupings can be
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Figure 1. Comparison of the visible absorption spectrum (4 =
absorbance) of [(CN)SCO(OZ)CO(CN)S]’“ (Na* salt) with intensi-
ties () of the 1104-cm ™ aqueous solution Raman band. Rgg,2-
is the molar intensity divided by the molar intensity of the 983-
cm™ (v,) band of SO,*", added as an internal standard. A ro-
tating cell was employed.

monitored in a macromolecular matrix. Recently, the
oxygen-carrying proteins hemoglobin,3 hemerythrin,® and
hemocyanin’ have been investigated by this method. In the
case of hemerythrin, enhanced Raman bands at 844 and 500
cm!, excited in an absorption band which is generally thought
to arise from O22- — Fe(IIl) charge transfer, could be
conclusively assigned, via 1802 isotope shifts, to O~O and Fe-O
stretching, respectively. The vo-o frequency is typical for
peroxide and confirms previous suggestions8 that the electronic
structure of oxyhemerythrin is well represented by Fe3+-
022-—Fe3+, In hemocyanin, a band at 742 cm~! (704 cm-!
for 1802) is assigned to peroxide stretching, in resonance with
a 575-nm O22- — Cu(II) charge-transfer band.

Many peroxide- and superoxide-bridged binuclear Co(III)
complexes have been prepared and characterized.%!10 We have
explored the solution Raman spectra of two members of the
latter, superoxide groups: [(CN)5Co(02)Co(CN)s}5- and
[(NH3)5Co(0O2)Co(NH3)s]5+, The X-ray structures reveal
a trans bridging superoxide group in the nitrate and sulfate
salts of the latter.!0.11  The electronic spectrum of
[(CN)5C0(02)Co(CN)s]5- shows a band of moderate intensity
(~745 a1 cm1) centered at 486 nm, and more intense bands
at higher energy. The assignment of the 486-nm band is
controversial;10:12 perturbed d~d,!3.14 localized superoxide, !5
and Co3* — Oz~ charge-transfer!6 transitions have been
suggested.

Results and Discussion

Blue or green Ar+ laser excitation of dilute (7 mA/) solutions
of [(CN)sCof02)Co(CN)s]5 (Nat salt) gave only two readily
observable Raman bands, at 1104 and 493 cm~!. The former
frequency is typical for superoxide!” and must be assigned to
ro-0. The 493-cm~! band is then assigned to Co—O stretching
by analogy with M-O stretching frequencies found in
hemerythrin? and in monomolecular oxygen adducts.!8 The
intensity of the 1104-cm~! band was measured relative to the
nearby 983-cm-! (v1) band of SO42-, added as an internal
standard (the 493-cm-! band could not be so measured because
of interference by a SO42- band at 450 cm~!) at several ex-
“citation wavelengths of the Ar+ laser as well as at a longer
wavelength provided by a tunable dye (Rhodamine 6G) laser.
As shown in Figure 1, the 1104-cm-! intensity tracks the
486-nm absorption band. Since O-O stretching is clearly
coupled to the electronic transition centered at 486 nm, we
conclude that the latter must involve a significant change in
the occupancy of superoxide orbitals; assignment to a largely
d—d transition seems unlikely on this basis.

The 486-nm band is shifted!0.14 to much lower energy, 672
nm (e ~927 M1 cm~1) in [(NH3)5Co(02)Co(NH3)5]Cls,
while a weaker band (¢ ~309 M-! cm™!) appears at 480 nm.

Notes
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Figure 2. Comparison of the visible absorption spectrum of
[(NH,);Co(0,)Co(NH,),1** with intensities of the 1108-cm™*
(o) Raman band obtained in 0.1 M HCl solution. Rgo, - is the
molar intensity divided by the molar intensity of the 935-cm™*
(v,) band of ClO, ", added as an internal standard.

0.0

The Raman spectrum of dilute (2.2 mM) solutions in 0.1 vV
HCI, using 0.1 A ClO4~ (v1 935 cm™!) as internal standard,
again shows bands at characteristic Co—Q and O-O stretching
frequencies, 500 and 1108 cm~l. Solid [(INH3)5C0(O2)-
Co(NH3)s5]Cls gives a Raman spectrum (obtained with a
spinning cell) displaying the O-O stretching band at 1119
cm™!, in agreement with a recent report.!®

The excitation profile for the 1108-cm~! superoxide
stretching band of [(NH3)5Co(O2)Co(INH3)5]5+ (Figure 2)
shows no peak corresponding to the 480-nm visible transition
but rises continuously toward lower energy as the excitation
wavelength approaches the 672-nm transition. This behavior
parallels the relative enhancement with the 486-nm band of
the cyanide complex and supports the correlation of the two
transitions as previously proposed.!0.14

Experimental Section

Nas[(CN)5Co(02)Co(CN)s] and [(NH3)5Co(02)Co(?NH3)5]Cls
were prepared as described in ref 9.

Raman spectra were recorded with excitation from a Coherent
Radiation CR-5 Art laser and a Spectra Physics dye laser (Rho-
damine 6G) pumped by the Ar* laser. The spectrometer is based
on a Spex 1401 double monochromator and ITT FW 130 photo-
multiplier with dc amplification. A Spex sample rotator was used
in obtaining some of the spectra. Relative intensities were determined
by measuring band areas.

Registry No. Nas[(CN)sCo(02)Co(CN)s], 54844-30-3; [(N-
H3)5Co(02)Co(NH3)5]Cls, 12526-59-9.
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~ Since the discovery!~3 of the family of high-conductivity solid
electrolytes MAgals (M = K, Rb, NHa4), we have carried out
an extensive search for high ionic conductivity in other Agl
double-salt systems. We have previously reported the discovery
of many compounds of high ionic conductivity in the systems
QI-Agl, where Q* is an ammonium ion4- or a sulfonium ion.”
The high Ag* mobility in these compounds has been attributed
to the unique crystal structures characterized by face-sharing
iodide polyhedra, forming channels of Ag* sites through the
structure, and by a large excess of vacant Ag™ sites in the unit
cell 8-11
In this paper we report our investigation of the tropyllium
iodide (C7H7I)-silver iodide system, the first examination of
a stable carbonium ion system.

Experimental Section

Using the method of Kursanov and Vol’pin!2 for the preparation
of, tropyllium chloride, a stirred mixture of 41 g of PCls in 500 ml
of CCla was treated dropwise with 9 g of cycloheptatriene in 50 mt
of CCla. The system was protected by a CaClz tube. After addition
of the triene was complete, the heavy slurry was stirred for 2 hr at
room temperature and was then filtered through a coarse frit. The
collected filtrate was cooled in Dry Ice and 20 ml of H20 was added
dropwise with stirring. Much heat and HCl were evolved. After
warming to 25°, 50 ml of 55% HI was added to the solution of
C7H7Cl, followed by 200 ml of acetone. Bright red crystals of CyH7I
separated, were collected, washed with acetone, and stored in vacuo.

Mallinckrodt reagent grade Agl was used without further puri-
fication. The AgI-C7H7I compositions were prepared by the paste
preparation procedure previously described.# The measurement of
the density of the electrolytes has also been described.# The con-
ductivities were measured using the cell Ag, RbAgsls—sample-Ag,
RbAgals as previously reported.413 All measurements were made
at 22°,

Results

The experimentally determined densities and specific
conductivities are shown in Table I. Contact resistances!3
were not determined; the reported values for the specific
conductivities therefore represent a lower limit. Our
experience4 indicates that the corrected values would be 5-8%
higher.

Discussion

The observed maximum in specific conductivity around
80-85 mol % of Agl, while not as sharp as that observed in
other systems,46-8 indicates that at least one compound with
specific conductivity greater than that of Agl is formed in this
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Table I. Density and Specific Conductivity in the Tropyllium
Iodide~Silver Iodide System

Specific conductivity,

Mol % of Agl Density, g/cm? (ohm cm) ™!
75 4.16 5.04 x 1073

80 442 5.84 x 107

85 4.69 5.78 x 1073

90 4.97 5.30x 1073

95 5.33 1.94 x 107°

100 5.75 4.00x 107*

system. More work would be necessary to establish the exact
stoichiometry of the conductive compound (or compounds).
The fact that the electrochemical cell Ag-C7H71-4AgI-C,
(CH3)4NTo has the correct potential of 0.63 V indicates that
the conduction is primarily ionic, rather than electronic.!4

The highest conductivity we have observed for onium
iodide-silver iodide compounds is 0.06 (ohm cm)-! (e.g., for
diethyldimethylammonium# and quinuclidinium$); the
maximum conductivity shown in Table I is an order of
magnitude less, but still an order of magnitude greater than
the conductivity of pure Agl. The inorganic compound
RbAgals has a specific conductivity of 0.26 (ohm cm)-L.

The work presented here supports our previous
conclusions4.6,7 that there are a multitude of QI-AglI solid
electrolytes exhibiting high ionic conductivity and that the Q*
ion, whether ammonium, sulfonium, or, as in this case, car-
bonium, serves merely to stabilize a structure through which
the Ag* ion can move freely.!5 The most important char-
acteristic of the Q* ion seems to be its size, rather than its
composition and structure.4:6
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The nature of the factors governing the properties of cobalt
oxygen complexes has recently elicited considerable interest.2



