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Abstract: Optical spectra and cyclic voltammograms of M,(CO);, and M,(CO)o[(PPh,);CH] clusters have been measured,
where M = Co, Rh, and Ir. For the M,(CO),, complexes SCF-Xa-DV calculations were performed to examine bonding
trends and to aid in assignment of their spectra. All cluster complexes exhibit a metal-localized ¢ — o* transition, at 375
nm in Co,(CO),,, 303 nm in Rh,(CO)};, and 321 nm in Ir,(CO),,. All clusters are calculated to contain similar LUMO’s
with 7a, and 27e in the C;, clusters (M = Co, Rh) correlating with the 9t; LUMO in T, symmetry Ir,(CO);,. The energy
ordering for this transition, Co < Ir < Rh, is reversed from what might be expected because of increased metal-metal bonding
on descending a metal triad; however, the order agrees with calculated band positions (Co, 393 nm; Ir, 350 nm; Rh, 274 nm).
The inverted order for Rh and Ir is attributed to the structural change C;, — T, on progressing from Rh,(CO);, to Ir,(CO);,
where three bridging carbonyls become terminal. Coordination of the (PPh,);CH ligand decreases the energy of the o —
o* transition by 350-6000 cm™ in these clusters. The Xe calculations also accurately model the splitting between metal d
band and carbonyl peaks in the UPS spectra of M4(CO),, clusters. Calculated splittings within the d band are 2.5-3 eV for
M = Co, 3.0-3.5 ¢V for M = Rh, and 6 eV for M = Ir. This reflects the increasing metal-metal interactions on descending
the triad. Calculated charges for the M, core in the M,(CO);; clusters show the Rh, (+5.39) and Ir, (+5.40) cores to be
much more electron deficient than Co, (+3.11). In a previous study it was found that cluster core charges correlated well
with redox potentials as ligands are changed around a common metal core. A similar correlation does not hold for a change
in metal core and is attributed to changing covalent metal-metal interactions that are not reflected in the values of core charges.

Tetranuclear carbonyl clusters of formula M4(CO);, (M = Co,
Rh, Ir) exhibit rich substitution, catalytic, and structural chem-
istry.2 As the simplest carbonyl clusters to show three-dimensional
metal-metal bonding, it is important to understand their electronic
structure. The isostructural cobalt and rhodium clusters,? of Cy,
symmetry, contain three carbonyls bridging three equivalent metals
in the basal plane (Figure 1a). The analogous iridium cluster
adopts T, symmetry containing three terminal carbonyls per Ir
(Figure 1b).* Substitution of CO groups with phosphine donor
ligands often leads to an intramolecular rearrangement for Ir,-
(CO)SIZ with some terminal carbonyl groups moving to bridging
sites.

Experimental limitations hamper comparisons of the electronic
structures of the M,4(CO),, clusters. Poor solubility in most
solvents and poor stability toward CO substitution® limit solution
studies of Ir,(CO),,. Instability of Rhy(CO),, toward decom-
position to octahedral Rhy(CO),¢ or other higher nuclearity
rhodium clusters’ hinders study of its physical properties. Syn-
thesis of the tridentate ligand (PPh,);CH®® (tripod) and prepa-
ration of its adducts with cluster carbonyls!® provide a convenient
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method for making stable and soluble derivatives of the M4(CO),,
clusters. Coordination of the tripod ligand to form M,(CO),-
(tripod) enhances stability of the M = Rh and Co clusters, and
it yields a soluble M = Ir cluster. Furthermore, crystallographic
studies have revealed that coordination of tripod involves simple
CO substitution, without extensive cluster rearrangement.!® Thus
the cobalt and rhodium clusters retain three bridging carbonyls
in the basal (tripod capped) plane, while the Ir cluster remains
free of carbonyl-bridged metal-metal bonds.!°

In previous work we described!! the similarities between
Co,(CO),, and the substituted Co,(CO),[(PPh,);CH] derivative.
With an understanding of the tripod ligand effects for a single
metal cluster core, we now use calculations of the M,(CO),,
species in concert with experimental measurements for M,(CO),,
and M,(CO)y(tripod) compounds to define periodic trends for
tetrahedral carbonyl clusters. The enhanced cluster stability
afforded by tripod substitution permits a combination of elec-
trochemical, spectroscopic, and theoretical techniques to be em-
ployed. Calculations using the SCF-Xa-DV!2? method, instru-
mental in our understanding!"»!? of Ru;(CO),;, Os;(CO),,, and
tetracobalt carbonyl clusters, have been performed to provide a
framework for the interpretation of spectroscopic and electro-
chemical properties, as well as provide a quantitative analysis of
bonding in these clusters. Besides yielding information relevant
to an understanding of the photochemistry of carbonyl clusters,!4
such calculations have also been used!’ to explain the magnetism
of small clusters as molecular models for small metallic particles.
A density of states (DOS) analysis of bonding that has proved
so useful in a molecular understanding of the bonding in extended
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Figure 1. Coordination spheres of M,(CO);, and M (CO)y(tripod): (a)
Co4(CO)}; and Rhy(CO),y; (b) Irg(CO) a5 (€) Coy(CO)y(tripod) and
Rh,(CO),(tripod); the analogous Ir complex has all terminal CO groups.

solids!® has been adopted for the analysis of bonding in these many
electron clusters.

Experimental Section

Solvents were obtained from commercial sources, purified by standard
methods,!” distilled, and stored under N,. All manipulations were per-
formed under an inert atmosphere of prepurified N, by using modified
Schlenk and vacuum line techniques. Tetrairidium dodecacarbonyl and
tris(diphenylphosphino)methane were obtained from Strem Chemical Co.
The clusters Rhy(CO);5,!8 Rhy(CO)o(tripod), and Iry(CO)q(tripod)l®
were prepared according to published procedures, and [PPN][Rh(CO),]
was generously donated by Mr. J. Hriljac. Infrared spectra were re-
corded with use of a Perkin-Elmer Model PE-283 spectrometer. Optical
spectra were recorded (in a quartz cuvette fitted with a Teflon valve and
Pyrex bulb) with use of a Perkin-Elmer PE-320 or PE-330 spectropho-
tometer; all solvents were triply freeze—pump—thaw degassed and vacuum
distilled onto samples. The MCD spectra were measured on a Cary 61
spectropolarimeter. Magnetic circular dichroism measurements at fields
of about 38 kG were obtained with use of a Varian superconducting
magnet.

Electrochemistry. Electrochemical measurements were made with use
of a Princeton Applied Research Corp. Model 173 potentiostat/galva-
nostat, Model 179 digital coulometer, Mode! 175 universal programmer,
and Model RE0074 X-Y recorder. The potentiostat employed positive
feedback circuitry to compensate for solution resistance. A one-com-
partment cell modified from a published design!® was used in cyclic
voltammetry experiments. It contained Pt disk working and Pt wire
auxiliary electrodes as well as a Ag wire (AgRE) quasi-reference. The
AgRE was found to have a reproducible potential of +0.31 V vs. SCE;
all potentials are reported vs. AgRE. Bulk electrolyses, performed in a
four-electrode, three-compartment cell modified from the design of Smith
and Bard,?® contained a Pt mesh electrolysis electrode, a Pt disk working
electrode for CV, a coiled Pt wire auxiliary electrode, and Ag wire ref-
erence electrode. In a typical experiment, supporting electrolyte tetra-n-
butylammonium tetrafluoroborate (TBABF,, Aldrich) was weighed in
air and transferred to the three compartments of the electrolysis cell and
evacuated overnight at 107 torr. On a Schlenk line, sample was added
to the working compartment against an N, flush. The cell was returned
to the vacuum line and evacuated, and CH,Cl, solvent was distilled into
the cooled cell. Platinum electrodes were soaked in chromic acid solution
when not in use and rinsed with distilled H,O before an experiment. The
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Table I. Mulliken Populations, Total Mulliken Charge (Mp), and
Volume Integrated Charge (fp) for M4(CO),, Clusters?

M
Co® Rh Ir
Mepical nd 7.70 7.57 7.46
(n+ 1)s 0.27 0.23 0.35
(n+ p 0.73 0.51 1.00
(n+ 1)d -0.16 -0.13 -0.06
Mp +0.56 +0.08 +0.25
fo +0.62 +1.17 +1.35
Mbasal nd 7.69 7.54
(n+ s 0.25 0.18
(n+ 1)p 0.39 043
(n+ 1) -0.30 -0.27
Mp +1.00 +1.12
fo +0.83 +1.41
Cepical 2s 1.30 1.40 1.13
2p 2.42 2.51 2.76
Mp +0.28 +0.09 +0.11
fo +0.14 -0.01 -0.15
Cbasal.lerm 2s 1.27 1.42
2p 2.63 2.55
Mp +0.10 +0.03
io +0.05 -0.03
Qrerm 2s 1.80 1.83 1.76
2p 4.56 4.52 4.52
Mp -0.36 -0.35 -0.28
I -0.32 -0.36 -0.30
Cbr 2s 1.34 1.43
2p 2.72 2.72
Mp -0.06 -0.15
i +0.02 -0.19
obr 2s 1.78 1.82
2p 4.55 4.51
Mp -0.33 -0.33
i -0.36 -0.45

eM@Picel = ynjque apical M atom in Cy, symmetry; M®®l = atoms
making up plane of three equivalent M's; C*#*¢! = carbon of CO
bonded to M#pical; Chasalierm = carbon of terminal CO group bonded to
Mbasal., Qterm = oxygen bonded to Capical or Cbasal,lerm; Cb', Obr = atoms
in bridging carbony! sites. ®n = 3, 4, and 3 for Co, Rh, and Ir, re-
spectively. “Data from ref 13.

Pt disk CV working electrode was polished with 0.3-um alumina before
each experiment. The AgRE was rinsed with concentrated nitric acid
and then with distilled water before each experiment.

Calculations. Nonrelativistic, one-electron, self-consistent field (SCF)
molecular energy levels were calculated for Co(CO);,,!1! Rhy(CO),,, and
Ir,(CO),, by using the Xa~DV method.!? An exchange parameter of
0.70 was used in all calculations. Numerical orbitals?! were used
throughout as basis functions. For Rh, all orbitals 1s2...4d® 5s! 5p° 5d°
were included; a 1s2...4f'*5d%6s! 6p° 6d° basis was used for Ir, and a
potential well was used for the metals to localize virtual orbitals. A
minimal 1s, 2s, 2p basis was used for carbon and oxygen. Valence
orbitals were orthogonalized explicitly against frozen core orbitals (1s
through 4p on Rh, 1s through 4f on Ir, Is on C and O). Atomic popu-
lations were calculated by use of the Mulliken scheme.?> Preliminary
calculations were performed by using a self-consistent charge procedure,?
SCC-Xa~DV, where the Coulomb potential is generated by using values
derived from a Mulliken population analysis. Density of states plots were
calculated as described previously.'!

Bond distances and angles for theoretical calculations were taken from
published crystal structures of Rhy(CO),; and Ir,(CO),,** and idealized
to Cy, and T, symmetry, respectively. In the rhodium calculations, C-O
distances were taken as the average over all 12 such bonds in the cluster.
This was required because of the variability in bond lengths from crystal
twinning.* The Ir,(CO),, crystal structure was complicated by disorder;
in their solution of the structure, Churchill and Hutchinson used fixed
C-O distances (1.14 A) and Ir-C-O angles (180°).*

Results and Discussion

Molecular orbital energy level diagrams derived from SCF-
Xa-DV calculations of My(CO);; (M = Co, Rh, Ir) are presented

(21) Averill, F. W,; Ellis, D. E. J. Chem. Phys. 1973, 59, 6412-6418.
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1976, 65, 3629-3634.
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Table I. Percent Atomic Contributions to Frontier Orbitals of M4(CO);, Complexes

Holland et al.

Co Rh

Ir

orbital AE‘ eV Co®®  Co™ cOb orbital AE“eV  Rh®® Rhb® Cco? orbital AEf eV Ir CcO
28e 0.78 3 19 76,2-u 28e 0.70 16 1 82 16t, 0.25 17 83
Ta, 0.53 0 31 38,30-u Ta, 0.44 0 15 40,44-u 9e 0.15 13 87
27e 0 21 45 31,2-u 27e 0 20 33 452-u 9t 0 56 44
26e -1.30 41 37 20,2-p 20a, -1.91 6 52 34,8-u 8e -2.08 55 45
20a, -1.89 40 30 26,4-u 26e -2.05 20 31 27,22-u 8a; -2.32 55 45
19a, -2.02 3 68 24,5-u 25e -2.50 15 36 25,24-p 15t, -3.48 61 39
25e -2.15 40 38 7,15-u 19a, -2.73 2 59 30,8-u 8t -5.41 72 28
6a, -2.32 0 94 5,1-u 6a, -3.05 0 85 12,3-u 14t, -5.66 71 29
24e -2.45 27 54 5,14-u 24e -3.65 1 72 22,4-u 13t, -6.58 73 27
18a, -2.55 46 42 11 5a, -3.75 0 91 9 Te -6.87 71 29
5a, -2.85 0 76 19,5-u 23e -3.80 43 35 15,7-u Ta, -7.63 72 28
23e -2.95 13 58 29,1-p 18a, -3.84 50 30 19,1-u 7ty -8.38 1 99
22e -3.15 13 74 7,5-u 22e -4,02 1 71 10,19-u
17a, -3.35 9 79 11 21e -4.52 36 34 11,19-u
2le -3.55 3 80 13,4-u 17a,; -5.22 29 57 13,1-u
¢ AE = energy relative to the lowest unoccupied molecular orbital. ®The terminal carbonyl contribution unless specified u for the bridging carbony!
groups.
PARTIAL DOS, Rh4(CO)12
. Be (2
~
e \§
':c‘ - _::>
151, — — — d- 81 -
2 band
8, _ 4
141, — — R
\3v2 - g -10
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-2 _ - ;—;—; T il
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Co,(Co, Rh,(CO),, iry(€o),
Figure 2. Molecular orbital energy level diagrams for Co,(CO);,, Rhy-
(CO),, and Iry(CO),; from SCF~Xa-DV calculations. -20

in Figure 2. An analysis of the charge distribution in these clusters
is listed in Table I along with an atomic breakdown of frontier
orbitals in Table II. On the basis of both theoretical and ex-
perimental considerations, the highest energy occupied orbitals
in Co,(CO),,, from —6 to —3.5 eV, were assigned to Co,-dominated
levels.!! Occupied orbitals more tightly bound than the metal-
based ones are primarly of CO character, as are the cluster of
unoccupied orbitals just above the Fermi energy. Density of states
(DOS) analyses show small but significant amounts of Co
character mixed into both the occupied and unoccupied CO-based
levels, while the metal-based levels just below E; contain a sub-
stantial contribution from the CO’s, with the net result being
delocalized bonding.

A similar qualitative description can be applied to the Rh and
Ir clusters. High-lying occupied levels are of dominant metal
character, with CO-based levels to higher and lower energy. The
DOS plot for Rh,(CO),, (Figure 3) illustrates some subtle dif-
ferences from the electronic structure of Co,(CO),,. First, the
width of the metal-based band just below E; has increased from
2.5-3 eV in Co4(CO);; to 3-3.5 eV in Rh4(CO),,. In addition,
the metal-based band is no longer symmetric, having developed
a shoulder on the higher energy side at 7 eV. This splitting of
the Rh, level structure is also evident in the orbital population
analysis (Table IT). Examination of the MO energy level diagram
(Figure 2) suggests that the shoulder in the DOS arises from the
splitting between orbitals 20a,-6a, and 24e—17a,, where we see
a ~0.7-eV gap. The Ir,(CO),, cluster also displays a splitting
in its d band, between 8e-15t, and 8t,—7a;, where now a 2-eV
gap has developed. The total d bandwidth for Ir,(CO),, is larger
than that in either Co or Rh, spanning 6 eV.

Broadening of the metal-based band of levels, on progressing
Co — Rh — Ir, suggests stronger interactions between the dif-
ferent metal centers. A similar trend has been observed? in the

0 20 40 80 80 100

DOS
Figure 3. Plot of the partial density of states in Rhy(CO),5: —, Rhy; «,
(CO)pa.

UPS spectra of trinuclear Fe, Ru, and Os clusters. Indeed,
thermodynamic bond energy data® and force constant calculations
from vibrational data?” show a strengthening of the M—M bond
as one descends a column in the periodic table. Optical studies
of metal-metal bonded dimeric and trimeric systems also show
an increase in M-M interactions on descending a homologous
series.? The calculations exhibit a marked increase in d-band
splitting, and presumably increased metal-metal bonding, on
progressing from Rh to Ir. This agrees with the great stability
of Ir,(CO);, as compared to Co,(CO);, or Rhy(CO),, but must
be qualified by including the structural change that occurs (Figure
1). Broadening of the low-energy valence ionizations also results
from orbitals with metal-metal antibonding character, which
become partly occupied for carbonyl clusters of the late transition
metals.!$?5

Comparison of the calculated DOS and the ultraviolet photo-
electron spectrum (UPS)? of Ir,(CO),, shows a great similarity.
The experimental spectrum consists of a ~5 ¢V wide Ir d-based
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Table III. Volume Integrated Charge of Fragments for M,(CO);,
Clusters

M
fragment Co? Rh Ir
M, +3.11 +5.39 +5.40
Terminal carbonyl, per CO
apical -0.18 -0.38 —0.45
basal -0.27 -0.39
bridging carbonyl, per CO -0.34 -0.64

4Reference 11.

band of ionizations, with three resolvable peaks at 7.25, 8.8 and
10.4 eV. If one assumes that all orbitals relax to the same extent
on ionization (~2 eV for Co, clusters!!), then the ground-state
DOS should mimic an experimental valence photoelectron spec-
trum. Spin-restricted nonrelativistic ground-state calculations for
Ir,(CO),, with a 0.4-eV broadening factor for the DOS plot exhibit
features in the d band similar to those observed experimentally,
i.e., a broad (~5-6 V) group of ionizations with four resolvable
peaks at 4.8, 6.0, 8.1 and 9.3 eV. The calculated trend in d-band
splitting is confirmed by the UPS spectra, where in Co,(CO),,
a single band is observed® with a width of ~2-3 eV. While
relativistic effects become important as one progresses from 3d
to 5d metals,*! it appears that the one-electron theory used in these
calculations accounts adequately for the disposition of energy levels
in Ir,(CO);;. To check these conclusions, we performed a
ground-state relativistic calculation for Ir,(CO),,. Since only
minor shifts in the orbital scheme were observed, such refinements
were not considered further.

In Co,(CO),,, all orbitals in the d band are of 70-80% Co
character (Table I), but in Rh,(CO),, and Ir,(CO),, there is a
higher energy group of levels of 50-60% metal character and a
lower energy group of 70-90% metal character. Results for
Ir,(CO),, appear to exaggerate effects seen in the Rh cluster and
resemble results obtained from extended Hiickel theory (EHT).
In that work, Hoffmann and co-workers found the metal-based
orbitals split into a weakly interacting, lower energy group of
tog-like levels containing 24 electrons and a higher group of strongly
interacting e,-like levels containing 12 electrons. Results from
the Xa—DYV calculations also show a division of valence electrons
in Ir4,(CO),, into a stable set of 24 and a less stable set of 12. This
division correlates with the strength of metal-metal interactions,
as judged from the less distinct separation of the d band in
Rh,(CO),, and its continuous appearance in Co,(CO),,. For the
three clusters considered here, the (#n + 1)s,p (n = 3-5) contri-
bution is enhanced in the frontier orbitals. Mixing of s and p
character into the predominantly metal d orbitals allows for better
metal-metal overlap, as we and others have noted in previous
work.!b1332 For the clusters M,(CO),,, the highest energy oc-
cupied orbitals are of largely metal nd character, with significant
admixtures of (#n + 1)s,p. These orbitals interact strongly and
become destabilized with respect to a larger group of levels that
contain greater amounts of ad character (but no (n + 1)s,p).

Volume-integrated charges proved useful in the analysis of
ligand substitution effects on a common Co, core.!! A comparison
of atomic and cluster fragment charges (Table III) provides insight
into the comparative electronic structure of the units M,(CO),,,
where a (CO),, cage is maintained about a metal core that varies
from Co to Rh to Ir. The striking feature in comparing these
values is the markedly more positive cluster core charge calculated
for Rh and Ir. The volume integrated charge amounts to +5.39
and +5.40 for Rh, and Ir, cores, as compared to +3.11 for Co,.
Carbony] groups are correspondingly more negative in the Rh and

(30) Green, J. C.; Mingos, D. M. P.; Seddon, E. A. Inorg. Chem. 1981,
20, 2595-2602.

(31) Rosen, A.; Ellis, D. E. J. Chem. Phys. 1975, 62, 3039-3048. Ellis,
D. E. In Actinides in Perspective, Edelstein, N. M., Ed.; Pergamon: Ltd: New
York, 1982; pp 123-143. Pitzer, K. S. 4cc. Chem. Res. 1979, 12, 271-276.
Pyykko, P.; Desclaux, J.-P. Acc. Chem. Res. 1979, 12, 276-281.

(32) Hoffmann, R.; Schilling, B. E. R.; Bau, R.; Kaesz, H. D.; Mingos,
D. M. P. J. Am. Chem. Soc. 1978, 100, 6088-6093. Miessner, V. H. Z.
Anorg. Allg. Chem. 1983, 505, 187-194,
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Figure 4. Electronic absorption spectra of Co,(CO),, in 2-methylpentane
solvent. The solid line shows the spectrum at room temperature and the
dashed line at 77 K. The ¢ for the 77 K spectrum was not corrected for
solvent contraction.
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Figure 5. Electronic absorption spectra of Rhy(CO), in 2-methylpentane
solvent. The solid line shows the spectrum at room temperature and the

dashed line at 77 K. The ¢ for the 77 K spectrum was not corrected for
solvent contraction.

Ir clusters, with the bridging CO’s in Rh,(CO),, undergoing the
greatest change in comparison to cobalt. We attribute this to
greater M — CO #* back-bonding. Greater d~= overlap in the
second and third transition series makes w-back-bonding more
efficient in Rh and Ir. As found previously!! for substituted Co,
clusters, charge localization in the carbonyl groups occurs at
carbon and not oxygen as expected from the polarization of the
CO =* orbitals toward carbon. In the tetracobalt clusters, sub-
stitution of CO with poor w-accepting ligands results in greater
negative charge on the metal core and, through M — CO =*-
back-bonding, to the remaining carbonyls.!!

Although one expects stronger M—CO bonding for Rh and Ir
than Co, the magnitude of the difference implied by the volume
integrated charges is noteworthy. Reactions between metal
carbonyls and Lewis acids occur preferentially at bridging carbonyl
groups,** which suggests they are more basic than terminal CO
groups. As far as we are aware, there has not been a systematic
investigation of Lewis acid affinities as a function of metal for
a family of related cluster carbonyls. We predict that examination

(33) Kiristoff, J. S.; Shriver, D. F. Inorg. Chem. 1974, 13, 499-506.
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Figure 6. Electronic absorption spectrum of Ir,(CO);, in CH,Cl, at room
temperature.

of the Co—Rh-Ir system under consideration here should show
the bridging carbonyls of Rh,(CO);, to be substantially more basic
than bridging carbonyl groups in Co,(CO),, or terminal carbonyl
groups in Ir,(CO),,.

Electronic Absorption Spectra. The electronic absorption
spectra of Ir,(CO);5, Rhy(CO)y,, and Co,(CO),, are shown in
Figures 4-6, respectively. To understand these spectra, we first
analyze the highest symmetry molecule, Ir,(CO),,, and then treat
the G, clusters Rhy(CO),, and Co,(CO),, as perturbed analogues.
Given the similarities among these spectra (Figures 4—6) and those
of tripod-substituted clusters (Table IV), we conclude that the
effects of (1) varying the metal, (2) the presence of bridging
carbonyl groups, and (3) coordination of the capping tripod ligand
do not greatly perturb the optical spectra of M,(CO),,-based
clusters. Differences observed in these spectra may be attributed
to variations in the strength of M—-M and M-CO interactions.

The electronic absorption spectra in Figures 4—6 may be divided
into regions of high-energy UV (A < 300 nm), low-energy UV
(300 nm < A < 370 nm), and visible energies (A > 370 nm). Each
cluster displays an intense (¢ > 30000 M~ ¢cm™) absorption
around 245 nm, a low-energy UV absorption at ~300-375 nm
with ¢ ~ 10000 M~! em™) and a long absorption tail into visible
wavelengths. For the dodecacarbonyl clusters the low-energy UV
maximum sharpens and blue shifts slightly on cooling, similar to
the ¢ — ¢* transitions in M,(CO),, and M3(CO),, systems.?®? We
propose the absorption in these tetranuclear clusters also involves
a transition between metal~metal bonding and antibonding or-
bitals.

Previous spectroscopic studies of mono-,** di-,?® and trinu-
clear!??® metal carbonyls show that an intense metal — CO
(MLCT) transition occurs between 260 and 230 nm regardless
of cluster size or the metal involved. On this basis, the absorptions
at 250 nm in Ir,(CO),, and 232 nm in Co,(CO),, are assigned
to MLCT transitions. This is supported by the assignment of the
spectrum of Co,(CO)g, which places an MLCT absorption at 243
nm,* as well as by the assignment of the spectrum of Co(CO),",
which places an MLCT absorption at 250 nm.>® Transitions below
285 nm are obscured by an intense absorption for Rhy(CO),,.

Optical transitions in these clusters can be understood in the
context of the molecular orbitals near the Fermi energy (Table
IT and Figure 2). The highest occupied group of orbitals consists
predominantly (50-70%) of metal character for all clusters studied
here. The high metal content (50-60%) of the LUMO in com-

(34) Beach, N. A.; Gray, H. B. J. Am. Chem. Soc. 1963, 85, 2922-2927.
(35) Frazier, C. C., III Ph.D. Thesis, California Institute of Technology,
1976.
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parison to the other unoccupied orbitals suggests it is the unoc-
cupied orbital involved in the metal-metal localized transitions
observed between 375 and 300 nm.

For Ir,(CO),,, the allowed transition 8¢ — 9t; (2 eV, 620 nm)
and the forbidden transition 8a; — 9t; (2.3 eV, 540 nm) are
calculated to lie lowest in energy. No well-resolved absorptions
are observed at the calculated energies. We suggest that these
two low-energy transitions, together with other low-lying tran-
sitions, e.g., 8¢, 8a; — 9e, 16t,, contribute to the long visible tail
from the peak at 321 nm. From the metal content of the LUMO
and energetic considerations, the metal-metal localized transition
at 321 nm is assigned as 15t, — 9t,. The energy calculated for
this transition, 3.5 eV (350 nm), lies within 10% of the experi-
mental value (3.89 ¢V). Because EHT calculations? found t,
orbital combinations to be antibonding with e and t, bonding, the
transition 15t, — 9t, should exhibit ¢ — ¢* character.

Analogous spectral assignments are proposed for Co,(CO),,
and Rh,(CO),,, whose 7a, + 27¢ LUMO’s correlate with 9t in
Ir,(CO),,. Visible absorptions are attributed to transitions from
the top of the occupied metal-based band into the LUMO and
nearby more CO-localized orbitals. Assignment of the metal-
metal based transition in each case is less straightforward than
for Ir,(CO),,. If we assume this transition populates the cluster
LUMO (in each case of e symmetry), and recalling that / =~ (¢,
le?] brina), we find that in C;, symmetry, a; — ¢ and a; — ¢
transitions are allowed only with (x,y) polarization, while e —
¢ transitions are allowed in all polarizations. With an eye toward
maximizing excited- and ground-state orbital overlap, we find that
(restricting our discussion to metal, M, d orbitals only):

4 = Map(dzz) + Mba[(dxz,yz) + (dxy,xz—yz) + dzZ]
a, = M®%[(d,,,,) + (d,2,2)](no apical contribution)

e =
M#[(dyzpr) + (dygoiy)] + M2 () + (dyy2) + doa]

Given that an e orbital is populated in this intense transition,
maximum orbital overlap, and hence maximum transition intensity,
would arise from an allowed e — e excitation from an occupied
orbital of similar atomic composition to the LUMO.

In Co,(CO),, the atomic composition of the orbital 22e closely
resembles that of the LUMO, 27e. Both orbitals contain large
amounts of d,,, dy, character at both apical and basal cobalts,
leading to bonding localized along the tetrahedral faces. The
importance of bonding in the tetrahedral faces, as opposed to edges
and vertices, has been discussed by Hoffmann and co-workers.*2
An optical transition, 22e — 27e calculated at 3.15 eV (393 nm),
compares favorably with one observed at 3.3 eV (375 nm).
Consistent with the degenerate component proposed for this
transition, a strong 4 term was observed in the MCD spectrum
of Co,(CO),, at 370 nm. Other occupied orbitals at energies near
22e do not resemble the LUMO in orbital composition and seem
unlikely candidates for the metal-metal excitation.

We tentatively propose a 21e — 27¢ assignment for the met-
al-localized absorption in Rh,(CO),,. The observed energy of 4.09
€V (303 nm) compares well with the calculated value of 4.52 ¢V,
The next best assignment would be the 26e — 27¢ excitation,
calculated at 2.05 eV. From energetic considerations, this choice
appears less likely than 21e — 27¢, in spite of the good overlap
expected between ground- and excited-state wave functions. As
a final comment, if one examines orbitals such as 20a;, 19a;, 24e,
and 22e, where the metal contribution is localized in the basal
plane, it appears that a model of a triangular Rh; fragment
perturbed by the apical Rh might be more appropriate.

Other trends observed for metal carbonyl dimers and trimers
are also seen in the tetranuclear series. As one descends a family
in the periodic table, the overlap between two metal atoms should
increase because the orbitals become larger. In the di- and tri-
nuclear carbonyls the energy of the ¢ — ¢* transition increases
in the same order.?® This was attributed to the increasing overlap
that causes a greater separation of the bonding and antibonding
orbitals. The ordering for the tetranuclear clusters is Co < Ir <
Rh, a reversed order of Ir and Rh from that expected. We
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Table IV. Electronic Absorption Spectral Data for Band Maxima in
M4(CO);, and My(CO)y(tripod) Clusters
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Table V. Cyclic Voltammetric Data for M,(CO),, and
M,(CO)q(tripod) on Cathodic Scans

cluster A, nm (e) cm™! eV cluster E (1), V n E,(2),V n
Coy(CO)y, 660 (1300) 15200 1.85 Co,(CO),(tripod)? -0.780¢ 1 -1.49 1
540 (3000) 19200 2.29 Rh,(CO),(tripod)® -1.138 1 <-1 1
460 (5500) 22000 2.69 Ir,(CO)q(tripod)? -1.82 ~1
375 (19000) ¢ — o* 26 700 3.31 Ir,(CO)q(tripod)* -1.70 ~1 -2.10 ~1
340 (13 000) 29000 3.65 Co,(CO)° -0.12
Rh,(CO),, 303 (16 600) ¢ — o* 33000 4.09 Rh,(CO),,* -0.80 -1.26
Ir(CO)i2 321 (7500) ¢ — o* 31200 3.87 ¢Scan rate = 200 mV /s with IR compensation; potentials reported
Sod 250 (31 300) 40 200 4.96 vs. AgRE; n values from coulometry experiments. ©0.2 M TBABF,/
Coy(CO)s(tripod) 760 (1100) 13 800 l-ﬁé CH,Cl, solution, data for cobalt from ref 11. <0.2 M TBABF,/THF
igg (ﬁﬁ&oz)oo) ;g 288 3-22 solution. 40.2 M TBABF,/THF solution with 1 atm of CO. ¢Value
S f H is E°’.
380 (11800) o — o* 26300 322 given 13
Rh(CO)4(tripod) ggg igo(gggg)) 3(7) (7)88 ;gé cluster core charge-reduction potential correlation does not hold
4 oL HIP 380 (13000) ¢ — o* 26300 3:26 in comparing the tetrametallic clusters examined here (Tables
290 sh 34500 4.27 III and V); thf: rhodiurr} and iridium clusters u.ndergo reduction
Ir4(CO),(tripod) 342 (4400) ¢ — o* 29200 3.62 at more negative potentials than would be predicted by the trend
292 (13000) 34200 4.24 in cluster core charges. We suggest that the changing metal-metal

attribute this to structural differences between Rh,(CO),, and
Ir,(CO),,. First, lowering the symmetry from 7 in Ir,(CO),,
to C;, in Rhy(CO);, should split the metal-metal transition 15t,
— 9t, into a, + ¢ — a, + ¢ combinations. Second, a previous
study? of Co,(CO)g showed that the ¢ — o* transition of the
bridged isomer occurred at much higher energy than the corre-
sponding transition in the unbridged isomer, and Ir,(CO),, con-
tains no bridging carbonyl groups, unlike Co,(CO);, and Rh,-
(CO);,. Thus, compared to the latter molecules, the “c — ¢*”
transition in Iry,(CO),, should be displaced to lower energy, which
accounts for the anomalous ordering.

Phosphine substitution effects on the energy of the ¢ — o*
transition are unpredictable in the di- and trinuclear carbonyl
compounds.?® With monodentate phosphines we find a similar
behavior for the tetranuclear carbonyls. Triphenylphosphine
substitution in Rh,(CO},, to give Rh,(CO),o(PPh;), lowers the
energy of the “o — ¢*” transition from 303 to 370 nm. However,
the ¢ — o* transition shifts from 320 nm in Ir,(CO),, to 310 nm
in Ir,(CO)o(PPh;);. Again, an MCD A term is observed for the
transition assigned to ¢ — ¢*. These opposite shifts emphasize
that several factors may control the energy of the ¢ — o* exci-
tation. In contrast to the monodentate phosphines, coordination
of the tripod phosphine (PPh,);CH to all the M,(CO),, clusters
decreases the energy of the “¢ — o*” excitation (Table IV).

For M = Co, the red-shift of this “¢ — ¢*” transition on tripod
substitution is only 350 cm™!, but for M = Rh and Ir, the shift
is greater at ~6000 and 1800 cm™!, respectively. Coordination
of the donor ligand tripod increases the electron density of the
M, core. The stronger M—-M interactions in the Rh, and Ir,
clusters are more perturbed by this electron donation than the
weakly interacting Co, centers. Tripod substitution destabilizes
occupied bonding levels and stabilizes the corresponding unoc-
cupied, “antibonding”, levels and red shifts the transitions between
these orbitals. The difference observed for coordination of tripod
and monodentate phosphines may be attributed to the presence
of bridging carbonyls in the Ir,(CO),,_,L, clusters. The cluster
Ir4(CO)y(tripod) does not contain bridging carbonyls.!®

Electrochemistry. Cyclic voltammetrie (CV) studies of the
family of M4(CO)y(tripod) clusters show different electrochemical
behavior when M = Co is compared to M = Rh and Ir. While
the cobalt cluster undergoes reversible one-electron reduction
(-0.78 vs. AgRE) and oxidation (+0.94 vs. AgRE), coupled
chemical reactions complicate the electron transfer process for
the rhodium and iridium analogues (as also observed in Rh,-
(CO);3). Redox data are summarized in Table V.

Good correlation was obtained between electrochemical re-
duction potentials and cluster core charges derived from calcu-
lations for a series of tetracobalt clusters.!! We note that the

interactions spoil the correlation. Cluster core charges, while
effective in describing changing metal-ligand interactions at a
common metal core, are by their nature insensitive to changes
in covalent metal-metal bonding.

Conclusions. Some generalizations can be made about the
electronic structures of Co,, Rhy, and Ir, clusters. (1) The
magnitude of metal-metal interactions increases as one descends
the group, Co to Rh to Ir. This is predicted based on DOS
analyses derived from SCF-Xa~DV calculations and is confirmed
directly in valence photoelectron spectroscopic studies. These
stronger interactions are also manifested in a blue shift of the “o
— ¢*” electronic absorption band, as the more bonding metal
orbitals are stabilized and more antibonding orbitals destabilized.
(2) Volume integrated charges from SCF-Xa-DV calculations
suggest that the strength of metal-CO back-bonding should also
increase as the group is descended since the Rh, and Ir, cores are
considerably more positive than the Co, cores. (3) The value of
the first reduction potential, E°(1), becomes more negative as one
descends the group from Co to Ir. This is in qualitative agreement
with results of Fenske®® and Bursten,*? where redox potentials for
mononuclear complexes were seen to correlate well with frontier
orbital energies. In contrast to previous work on related Co,
clusters, good correlation was not observed between the first
reduction and cluster core charges obtained from a volume in-
tegrated charge analysis. Using electrochemical redox potentials
as an estimate for cluster core charge does not seem effective when
comparing different metal cores. The effect of changing M—M
and M-CO bonding on redox potentials requires a description
beyond the simple core charge-redox potential correlation.
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