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observation of hysteresis are so long, however, that on a time scale
of many days, the system is effectively bistable.
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Abstract: Transient infrared spectroscopy is used to study coordinatively unsaturated Ru(CO), products formed by excimer
laser photolysis of gas-phase Ru(CO)s. Both Ru(CO), and Ru(CO), are photoproducts of 248- and 351-nm irradiation of
Ru(CO)s. This is the first report of direct observation of unsaturated Ru(CO), species. Unlike the well-known Fe(CO),
fragment, the high reactivity of the Ru(CO), species has precluded their observation in cryogenic studies. The rate constants
for reaction of Ru(CO), and Ru(CO), with CO are (2.8 £ 0.8) X 107! and (7.6 % 0.3) X 107! cm? molec™ 57!, respectively.
These rate constants are ~ 103 greater than that for the reaction of Fe(CO), with CO and can be rationalized in terms of
the spin states of the reactants and products. Formation of a dinuclear complex, Ru,(CO)s, is also observed. Comparison
of the distribution of M(CO), fragments at different UV photolysis wavelengths has implications for the relative bond dissociation
energies for carbonyl ligands on a ruthenium versus an iron center.

I. Introduction

Metal carbonyls are an important class of inorganic compounds.
They can be used to thermally and/or photolytically produce
reactive species that can induce homogeneous stoichiometric and
catalytic transformations of organic substrates. They are also used
as precursors to supported metal aggregates, thin films, and other
solid-state materials. The dominant photochemical process for
metal carbonyls is ligand dissociation, which provides open, highly
reactive, coordination sites at the metal center. Details of the
nature of these unsaturated species were first probed with matrix
isolation techniques.! More recently, transient infrared spec-
troscopic studies of gas-phase unsaturated metal carbonyl pho-
tofragments have provided detailed information about the structure
and reaction kinetics of these highly reactive species.?

One of the most well-studied of the metal carbonyls is Fe(CO)s;
its photofragments exhibit unique properties compared to those
of other metal carbonyl compounds.»* While Fe(CO); has a
singlet ground state, the unsaturated species Fe(CO),, Fe(CO),,
and Fe(CO), have been characterized as possessing triplet elec-
tronic ground states.> As a result, recombination of Fe(CO),
and CO to regenerate the singlet parent Fe(CO)s is comparatively
slow. The gas-phase lifetime of Fe(CO), in the presence of 100
Torr of CO is a relatively long 0.1 ms. This is in sharp contrast
to the group 5 and 6 carbonyls, V(CO)4, Cr(CO)¢, and W(CO)q,
whose ligand addition reactions take place on a potential energy
surface of the same spin multiplicity. In these systems, photo-
fragments have lifetimes on the order of microseconds with only
1 Torr of CO present.58

Another difference between Fe(CO)s and the group 6 carbonyls
is that, upon 351-nm photolysis, Fe(CO)s loses two CO ligands
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while Cr(CO)4 and W(CO)q give primarily M(CO)s photofrag-
ments. As a result of other studies it has been suggested that the
Fe(CO),-CO bond is anomalously weak.® These results are
compatible with this suggestion.

Since the electronic properties and product distribution of
Fe(CO)s photofragments are unusual, it is of interest to speculate
whether these are peculiar to iron itself or whether they prevail
in the group 8 triad. The M(CO)s homologous series is known;
however, the chemistry of Ru(CO)s and Os(CO); has received
far less attention than that of Fe(CO)s. A major factor is the
instability of the pentacarbonyls of osmium and ruthenium with
respect to formation of the well-known M;(CO),, species. In
general, the stability of metal cluster species increases as one
descends group 8 owing to an increase in M—M bond strength.
Calculations have suggested that, unlike Fe(CO),, the Ru(CO),
fragment has a singlet electronic ground state.! We have chosen
to study the gas-phase photochemistry of Ru(CO)s, to compare
and contrast the nature and reactivity of its photofragments with
those of Fe(CO)s.

Time-resolved infrared spectroscopy is used to determine the
identities of unsaturated fragments following XeF and KrF ex-
cimer laser photolysis of Ru(CO)s and to determine microscopic
rate constants for the reaction of these species with CO. Reactions
of coordinatively unsaturated ruthenium species with Ru(CO)j;
have been observed and are discussed. Based on product dis-
tributions as a function of photolysis wavelength, comparisons of
relative M—CO bond dissociation energies for iron and ruthenium
can be made.

II. Experimental Section

The apparatus used in this study has been previously described.’!"!
Since it is both expensive and inconvenient to prepare and handle the
amount of Ru(CO);s that would be needed for a flow cell, a change in

(9) Engelking, P. C.; Lineberger, W. C. J. Am. Chem. Soc. 1979, 101,
5570.

(10) Ziegler, T. Inorg. Chem. 1986, 25, 2721.

(11) Ouderkirk, A. J.; Weitz, E. J. Chem. Phys. 1983, 79, 1089.

(12) Ouderkirk, A. J.; Wermer, P.; Schultz, N. L.; Weitz, E. J. Am. Chem.
Soc. 1983, 105, 3354,

(13) Ouderkirk, A. J.; Seder, T. A.; Weitz, E. SPIE Symp. Appl. Lasers
Ind. Chem. 1984, 458, 148.

(14) Seder, T. A.; Church, S. P.; Weitz, E. J. Am. Chem. Soc. 1985, 107,
1432.

© 1989 American Chemical Society



3164 J. Am. Chem. Soc., Vol. 111, No. 9, 1989

l T T T T T T T —r
0.9

ABSORBANCE
[=]
@

L

2060 ’ 20‘40 ' 2020 ' 2000
WAVENUMBERS
Figure 1, Gas-phase FTIR spectrum of Ru(CO);, taken at 20 £ | °C.

procedure versus previous studies is the use of static cell fills for the
experimental measurements rather than a flow cell. Sample gases are
introduced into a 16-cm gas cell with 2.4-cm diameter CaF, windows
through a Teflon stopcock. Ruthenium pentacarbonyl is kept at =196
°C between cell fills. In the absence of CO, ruthenium pentacarbonyl
is very unstable with respect to the formation of polynuclear ruthenium
compounds. The workable lifetime of each cell fill is increased by ad-
dition of | Torr of CO. For consistency, each fill is always subjected to
the same number of UV laser pulses. After each set of measurements,
the cell is evacuated and then recharged. However, it is still necessary
to periodically remove Ru,(CO),, deposits from the cell windows.

The output of a UV excimer laser (Questek) operating at both 248
nm (KrF) and 351 nm (XeF) is used to photolyze Ru(CQ);. Formation
of unsaturated ruthenium carbony! photoproducts is detected by their
attenuation of infrared radiation from a home-built, line-tunable, lig-
uid-nitrogen-cooled CO laser. Infrared beam intensity is monitored with
a fast (7 rise = 35 ns) InSb detector. The detector output (transient
waveform) is amplified (Perry X100), digitized, signal averaged (Lecroy
9400), and sent to computers for storage and manipulation. Time-re-
solved infrared spectra of the transients are constructed from the wave-
forms acquired at probe frequencies within the carbonyl stretch region
by joining together the amplitude of various waveforms at particular
common delay times.

Typical pressures of Ru(CO)s in the cell were on the order of 10-30
mTorr for KrF laser photolysis and 100-200 mTorr for XeF photolysis.
Pressures of at least 10 Torr of Ar were used to assure that recombination
reactions were in the high-pressure limit for the third body.!'"'* The
infrared signals from each cell fill were normalized by comparing the
attenuation of the excimer laser beam as measured by a photodiode; a
ratio of the magnitude of the photodiode signal acquired during photolysis
to that acquired after the cell is evacuated is proportional to the amount
of Ru(CO);s present. A simple measurement of pressure is insufficient
to determine Ru(CO); concentration in the cell since Ru(CO)s decom-
poses on the walls of the cell. Excimer laser energies at the cell were
approximately 2-3 mJ/cm? for KrF and | mJ/cm? for XeF.

Kinetic information is obtained by probing the relevant regions of the
time-resolved infrared spectrum while varying the concentration of added
CO. Resulting waveforms are analyzed as single or multiple exponentials
by a Provencher routine.!s

Ruthenium pentacarbonyl was synthesized by photolysis of an iso-
pentane solution of Ruy(CO),; (concentration <1 mg/mL)!® under | atm
of CO."” The photolysis was most conveniently carried out with Py-
rex-filtered sunlight, but 420-nm lamps were used on cloudy days. Re-
action is judged complete on bleaching of the isopentane solution from
yellow (Ru3(CO),,) to clear (Ru(CO)s). Upon completion of the reac-
tion, the reaction mixture is separated by trap-to-trap distillation on a
vacuum system. Because of the extreme instability of Ru(CO)s in the
absence of CO, the distillation is carried out in the dark and done as
rapidly as is possible without compromising the quality of the separation.
The Ru(CO); is condensed in a trap held at —84 °C (ethyl acetate/liquid
N,), while the solvent is collected at =196 °C.!¥ The neat Ru(CO)s is
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Figure 2. Transient time-resolved infrared spectra generated upon KrF
laser photolysis of Ru(CO);. The top spectrum illustrates the evolution
of the spectrum over the first 0.8-us range, and the bottom spectrum
shows the next 0.8-us time period. See the text for assignments. Spectral
traces are separated by 0.1-us intervals and arrows indicate the direction
of the peaks. The lower frequency peak in the top spectrum rises for the
first three traces and then begins to decay.

Scheme 1
Ru(CO)s = Ru(CO) + CO
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stored in the dark at dry ice temperatures under an atmosphere of CO.
Even with these handling precautions, the effective yield of Ru(CO)s used
in the experiments is only about 1% (based on Ru3(CO);,) as a result of
adventitious decomposition. The isopentane solvent (Aldrich Gold Label)
was dried over sodium and distilled before use. The gases used for the
synthesis and experiments (CO and Ar) were obtained from Matheson
and had stated purities of 99.995%.

ITI. Results and Discussion

By comparison with Fe(CO)s, the structure of Ru(CO)s has
been assigned, on the basis of its solution infrared spectrum, as
trigonal bipyramidal.!® Full force field calculations have been
performed on data for isotopically labeled Ru(CO); obtained in
both solution and in liquid rare gases,'® and have resulted in a
complete assignment of the infrared spectrum. However, the
gas-phase infrared spectrum has not been previously reported and
is shown in Figure 1. The band at 2015 cm™, assigned as the
e mode, involves stretches of the equatorial CO’s; the higher
frequency a, mode, at 2045 cm™™, is associated with the axial CO
stretches. The positions of these bands in hexane solution are 2002
and 2037 cm™, respectively.? In the absence of added CO,
decomposition of the gas-phase Ru(CO)s is rapid. In a normal
IR cell, the intensity of the infrared bands decreases by a factor
of ~2 after 10 min.
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IR Study of Unsaturated Ruthenium Carbonyls

Scheme 1L
RUCO)s = RUCO); + (5-x)CO (N
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Because of the propensity of Ru(CO);s to react with coordi-
natively unsaturated ruthenium carbonyls to form Ru;(CO),,, it
is necessary to record the time-resolved infrared spectrum of
gas-phase Ru(CO); in the presence of added CO gas. As shown
in Scheme I, Ru(CO); has greater stability under these conditions.
Reasonable signal-to-noise ratios are obtained for an average of
10 transients. The time-resolved spectrum obtained after KrF
photolysis (248 nm) of Ru(CO); is shown in Figure 2. The signals
are recorded as differences in infrared radiation intensity relative
to the CO laser intensity before UV laser photolysis. Changes
in absorbance in the positive direction indicate an increase in the
concentration of an absorbing species and changes in the negative
direction correspond to depletion of an absorbing species.

Band Assignments. The spectrum in Figure 2 contains ab-
sorptions due to (at least) three different species. The highest
frequency absorption, labeled a, is assigned to Ru(CO);. There
is an initial depletion of Ru(CO)s on photolysis (Scheme II, eq
i). Some Ru(CO);s is subsequently regenerated by reactions of
its photoproducts with CO (Scheme II, eq ii). Reactions of
Ru(CO); with other species to form polynuclear products prevent
total regeneration (Scheme II, eq iii). In Figure 2, peaks b and
¢ are assigned to the unsaturated fragments Ru(CO), and Ru-
(CO)3, respectively. These assignments are based on several
observations. First, in the Fe(CO)s system, owing to the change
in degree of back-bonding on loss of CO, the positions of CO
absorptions for the photoproducts shift to lower energy with an
increase in coordinative unsaturation.* This trend is also expected
for Ru(CO), fragments. The second aid in assigning absorption
bands concerns the relative degrees of internal excitation possessed
by the Ru(CO); and Ru(CO), fragments. A KrF photon delivers
more than enough energy to break two M—CO bonds; therefore,
the photofragments that have lost only one CO on photolysis will
be more internally excited than those that have lost two CO
ligands.? As internally excited molecules are deactivated by
collisions, their absorption bands narrow and shift to higher en-
ergy.2 More internal excitation and a more dramatic shift to
higher energy with time are observed for the band labeled b in
Figure 2 relative to c. Band b is then compatible with an Ru(CO),
absorption. Finally, after the excited photoproducts have relaxed,
an isosbestic point relates absorption b to a, which is assigned to
Ru(CO)s. An identification of the kinetic process involved in
producing the isosbestic point as Ru(CO), + CO — Ru(CO);
is consistent with the other observations. Thus band b is assigned
to Ru(CO),.

Since individual transients at 2000 cm™ and higher energies
show contributions from both Ru(CO), and Ru(CO);s absorptions,
it is unlikely that the true absorption maximum of Ru(CO), is
actually located at the peak of b (1998 cm™). It almost certainly
lies to higher energy where it overlaps significantly with Ru(CO);
absorptions. This overlap has the effect of “pulling down” the
Ru(CO), absorption and making it appear to have an absorption
maximum at lower frequency.

Because ¢ is shifted to lower energy and shows less vibrational
excitation than b by having a faster rise rate and smaller shift
to higher frequency, c is assigned to Ru(CO);. This species is
also present on XeF photolysis where ~80 kcal/mol is supplied
by the incident photon. It would be very surprising if, in light
of the expected bond dissociation energies of the Ru(CO), species,
which are discussed below, enough energy were available to
produce significant quantities of Ru(CO),. This is especially true
since, as will be discussed below, more energy appears to be
required to produce Ru(CO), than Fe(CO),, and no Fe(CO), is
observed on XeF photolysis of Fe(CO)s. At even lower energy,
the spectrum exhibits small positive absorptions out to 1909 cm™.
These may be due to a tail of the Ru(CO), absorption band or
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could also be due to small quantities of a species such as Ru(CO),.
The absorptions in this region are insignificant compared to the
rest of the spectrum. Thus, they have not been assigned.

Neither Ru(CO);4 nor Ru(CO), has previously been identified
in solution or matrix/rare gas studies, though the Ru(CO), in-
termediate is inferred from solution-phase kinetic studies of
thermal ligand substitution in Ru(C0O)s.2> A species that has
been observed in matrix/liquid rare gas photolyses is Ru,(CO)q.!3
This relatively unstable compound had been previously synthes-
ized?* and decomposes to Ru;(CO);, in a manner similar to
Ru(CO)s. In our study, there are absorptions in the regions
2050-2028, 2014-2006, and 1998 ¢cm™! that grow in a few mi-
croseconds after KrF photolysis of Ru(CO)s. Since these ab-
sorptions are convoluted with those of other species, it is not
possible to determine the actual number of IR bands that they
represent. These transient signals remain above the difference
spectral baseline after the disappearance of Ru(CO), and Ru-
(CO);. The peaks reported for Ru,(CO), are at 2077, 2018, and
1814 cm™ in low-temperature heptane solution.?* From studies
in liquid xenon, it has been speculated that there are other ab-
sorptions for Ru,(CO)y that lie under those of the parent Ru(CO)s
at 2002 cm™.!® The absorption band around 2050-2028 cm™ in
the gas phase could correspond to the 2018-cm™! solution band.
The expected gas-phase positions of the 2077- and 1814-cm™!
solution bands have not been probed in our experiment. As would
be expected, the magnitude of infrared absorptions suggested here
as due to Ru,y(CO), becomes smaller with decreased Ru(CO);
concentration. Further, the rate of appearance of the absorptions
is not dependent on CO pressure, and is equal to the rate of
disappearance of Ru(CO),. Therefore, the gas-phase absorptions
at 2050-2028 cm™ are likely due to Ru,(CO),.

Bond Energies. Data from this and previous studies have im-
plications for the relative bond dissociation energies from iron and
ruthenium pentacarbonyls. Average M-CO bond dissociation
energies are expected to be in the range of 25-43 kecal/mol.?!
Estimates based on thermodynamic data for the bond dissociation
energies of one CO ligand from M(CO)s are 58 kcal/mol for Fe
and 44 keal/mol for Ru.?? The substitution reactivity of Fe(CO)s
versus Ru(CO); in solution is consistent with a higher first CO
dissociation energy from iron.?> With XeF (351 nm) irradiation,
the primary iron product is Fe(CO),, while in the case of Ru(CO)s,
both Ru(CO); and Ru(CO), are observed. Solution studies in-
dicate that the Fe(CO)4,~CO bond is stronger than the Ru(C-
0),~CO bond, and assuming that, as expected, subsequent dis-
sociation takes place on the ground electronic state potential energy
surface,? it follows that the bond dissociation energy for loss of
CO from Ru(CO), is larger than that for CO loss from Fe(CO),.
Thus, the bond dissociation energies for the first two CO’s from
Ru(CO);s appear to be similar and near to the average for metal
carbonyls. This is unlike Fe(CO)s, in which the Fe(CQO);-CO
bond is suggested as very weak.® With 248 nm photolysis, the
predominance of Ru(CO); and Ru(CO), products from Ru(CO);
is in contrast with Fe(CO)s, whose primary photoproduct is Fe-
(CO),. For Fe(CO)s, the energy required to dissociate three CO
ligands is estimated as approximately 95 kcal/mol.® Since little
or no Ru(CO), is observed with KrF photolysis, which delivers
an energy of about 120 kcal/mol, and Fe(CO), is observed with
KrF photolysis of Fe(CO)s, the average bond dissociation energy
for loss of three CO ligands from ruthenium is likely greater than
that for iron. These arguments are all based on the assumption
of disposition of similar amounts of energy in the internal and
translational degrees of freedom of the photofragments. Dispo-
sition of similar amounts of energy in internal degrees of freedom
of the metal carbonyl and CO photofragment are consistent with
experimental observations in the Fe* and Ru systems. Further,
it is very unlikely that sufficiently large quantities of energy would
be disposed in translational degrees of freedom of the photo-
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Figure 3. Plot of the pseudo-first-order rate constant for the reaction of
Ru(CO), with CO. The rate of disappearance of Ru(CO); at 1975 cm™
is plotted against the pressure of added CO. The slope of the line gives
a bimolecular rate constant of (7.6 = 0.3) X 107! ¢cm?® molec™ s for the
Ru(CO); + CO — Ru(CO), reaction.

fragments to affect our analysis.

Kinetics. The evolution of the time-resolved spectrum of Ru-
(CO)s with added CO can be described as an A — B — C system
where A, B, and C are as follows:

Co Co
Ru(CO); — Ru(CO); — Ru(CO); (1)
A k B ka C

Since the CO concentration is in large excess compared to Ru-
(CO),, pseudo-first-order kinetics are expected and observed. The
transient signals at a particular absorption wavelength are recorded
at various CO pressures. The reaction rates are obtained by
analyzing the signals as exponentials. The bimolecular rate
constants k; and k, are then determined from the slope of the line
resulting from the plots of reaction rate versus CO pressure.
Extrapolation of the line for reaction rate versus CO pressure to
p(CO) = 0 gives the rate for reaction of the Ru(CO); or Ru(CO),
fragment with Ru(CO)s.

The rates of reaction of Ru(CO), with CO were determined
by varying CO pressures and observing transients at 1957, 1975,
and 1988 cm™! after KrF photolysis. Transient signals were fit
to an exponential rise and exponential fall where the fall is k,[CO].
The data for 1975 cm™ are shown in Figure 3. The slope of the
least-squares line gives k; = (7.6 £ 0.3) X 107" cm® molec™ 571,
The data for transients at 1988 and 1957 cm™ yield similar results.
The intercepts, which give the rate of reaction of Ru(CO), with
Ru(CO)js, are within experimental error of zero and indicate that
the reaction of Ru(CO); with parent does not compete effectively
with CO addition at these pressures of CO and Ru(CO)s. The
bimolecular rate constant for reaction of Fe(CO), with CO is (2.2
+ 0.3) X 107! ¢m?® molec™ s7!;* hence, both Fe(CO), and Ru-
(CO); recombine with CO with a rate constant that is within
approximately an order of magnitude of the gas kinetic collision
frequency of ~5.0 X 10719 cm® molec™! s71.%

The determination of rates for the B — C process, eq 3, proved
experimentally more difficult. Though the transient signals for
Ru(CO), following KrF irradiation of Ru(CO)s at 1998 and 2005
cm™! have an exponential fail due to reaction with CO (eq 3), they

Ru(CO); + CO — Ru(CO), )
Ru(CO), + CO = Ru(CO); 3)
Ru(CO), + Ru(CO)s —= Ru,(CO)s (4)

do not exhibit a single exponential rise. The rise of the Ru(CO),
transient is determined by relaxation of nascent internally excited

(25) This value is the calculated collision frequency for one molecule of
Ru(CO)s with 1 Torr of CO in the IR cell at 20 °C.
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Ru(CO), along with the appearance of Ru(CO), from reaction
of Ru(CO); with CO (eq 2) and, in addition, is convoluted with
the detector response time and possibly the appearance of Ru,-
(CO)y. In principle, the rate of reaction of Ru(CO), can be
measured by monitoring the reappearance of the Ru(CO); ab-
sorption (eq 3). However, because of the overlap of an Ru,(CO),
band with the 2019-cm™ Ru(CO); absorption, it is still difficult
to obtain a good fit of the data at 2019 cm™ to a single exponential
rise and fall. Unfortunately, there are no other available Ru(CO);
absorbances that are free from overlap with those of some other
species.

In an attempt to determine k, more accurately, XeF (351 nm)
photolysis was employed. It was anticipated that Ru(CO)4 would
comprise more of the nascent photoproducts following XeF
photolysis and would be formed with less internal energy than
following KrF photolysis. However, because of the small UV
absorption coefficient of Ru(CO);s at 351 nm, it was necessary
to use up to 10 times the amount of Ru(CO); parent per cell fill
versus that used for KrF photolysis. Reaction 4 is then competitive
with (3) under the typical CO pressures used (0.5 to 2 Torr).
Competition from (4) could not be overcome by increasing the
CO pressure, because the rate of (3) is sufficiently fast that a
further increase in CO pressure greatly reduces the number of
data points available for an exponential fit of the falling part of
the signal. As a result there is still significant error in the de-
termination of k, from monitoring Ru(CO), following XeF
photolysis.

Because of these difficulties, the bimolecular rate constant &,
is known with less certainty than k;. Values were determined using
data for Ru(CO), absorption at 2005 and 1998 cm™! following
KrF photolysis. The reaction rates for Ru(CO), with CO were
determined by fitting only the part of the transient corresponding
to the decay of the Ru(CO), absorption. We report the average
value of the rate constant determined from these sets of data as
(2.8 £ 0.8) X 107" cm® molec™ s™!. This bimolecular rate constant
is of the same order as those for Ru(CO); + CO and Fe(CO),
+ CO, (7.6 £0.3) X 107 and (2.2 £ 0.3) X 107! ¢cm?® molec™!
s7!, respectively. These rate constants are all approximately three
orders of magnitude greater than the rate constant for reaction
of Fe(CO), + CO, (5.8 £1.5) X 1074 cm? molec™! s71.* Since
Fe(CO), is known to have a triplet electronic ground state and
Fe(CO);s has a singlet ground-state configuration, the reaction
to regenerate Fe(CO)s by reaction of Fe(CO), with CO is spin-
forbidden. The mononuclear iron photofragments Fe(CO), (x
=2, 3, 4) are all believed to have triplet ground states,* so the
final recombination to generate singlet Fe(CO)s is slower than
the preceding CO recombination steps. In contrast, both Ru(CO);
and Ru(CO), recombine quickly with CO. There is no evidence
to indicate that the ground state of Ru(CO)js is other than the
expected singlet configuration and, on the basis of Hartree-
Fock-Slater calculations, the Ru(CO), fragment has also been
predicted to have a singlet electronic state.'® The experimental
results support the idea of a singlet ground state for the Ru(CO),
fragments. Furthermore, singlet states are expected to be lower
in energy for second- and third-row metal compounds owing to
lower spin-pairing energies.!9 However, heavy metal atoms can
significantly increase rates of singlet-triplet interconversion.?®
Thus, the large rate constants for &, and k, are not conclusive
proof that Ru(CO); and Ru(CO), have gound-state singlet
configurations. Nevertheless, they are certainly suggestive of this
conclusion.

Following XeF photolysis of Ru(CO)s, the intercept for the plot
of rate for reaction of Ru(CO), versus CO pressure is significantly
positive. This is due to reaction 4, which is CO pressure inde-
pendent. The rate constant for (4) is approximately 107 cm?
molec™ s7!. The rate constant is consistent with rates obtained
by analysis of the rise of the Ru,(CO), absorption from transients
in the 2028-2050-cm™! range. We report this rate constant as
an order of magnitude number because of the difficulty of exactly
determining the concentration of Ru(CO)s in our reaction cell

(26) Steinfeld, J. 1. Molecules and Radiation; Harper and Row: (1974).
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due to its continuous decomposition. It should, of course, be
realized that the exact concentration of Ru(CO)s is unimportant
for determination of rate constants of CO addition reactions since
these are run under pseudo-first-order conditions. As a com-
parison, the rate constant for formation of Fe,(CO);g in the gas
phase is of similar magnitude, ~107 ¢m? molec™ 5. Rate
constants for formation of dinuclear metal carbonyl species tend
to be larger than those for the reaction of the monometallic
photofragments with CO.

Ru(CO), Geometry. The lowest energy geometry for Ru(CO),
is predicted as D,,, with C, as the next most favorable.!® The
overlap of infrared bands makes determination of photofragment
geometry a difficult problem. As both symmetries have two IR
active modes, isotopic labeling would be necessary to determine
the structure unambiguously. These experiments are beyond the
scope of this report.

IV. Conclusions

Photolysis of gas-phase Ru(CO)s with UV (248 and 351 nm)
radiation produces Ru(CO); and Ru(CO),. These fragments
recombine with CO with rate constants (7.6 & 0.3) X 107! and
(2.8 £ 0.8) X 107! ¢cm? molec™ 57!, respectively, which are both
within approximately an order of magnitude of the gas kinetic

(27) Ryther, R.; Weitz, E., to be published.

rate constant. In addition, Ru(CO), reacts with parent to form
Ru,(CO),. The reactivity of Ru(CO), is markedly different from
Fe(CO),. Recombination of Fe(CO), with CO occurs at a rate
~ 107 slower than the ruthenium analogue because the reaction
of Fe(CO), with CO is spin-forbidden. The photoproducts of
Ru(CO)s at 248 nm are almost exclusively Ru(CO); and Ru(C-
0),. More Ru(CO), is formed with 351-nm irradiation, but
significant amounts of Ru(CO); are also observed. Since the
predominant products in Fe(CO)s photolysis are Fe(CO), at 248
nm and Fe(CO), at 351 nm, the average bond dissociation energies
for the loss of three CO ligands from ruthenium are expected to
be greater than that for the corresponding Fe~CO bonds. The
first and second bond dissociation energies for sequential CO loss
from Ru(CO); appear to be similar and close to average, whereas
the first and second CO bond dissociation energies for Fe(CO);
are considered to be significantly higher and lower respectively
than the average for M—CO bonds. The relative instability of
Ru(CO)s versus Fe(CO)s toward decomposition to the [M(CO),];
species can be rationalized on this basis.
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Abstract: The cross sections for collision-induced dissociation (CID) of Nb,* (rn = 2-6) with Xe are presented. Experiments
are conducted on a recently constructed guided ion beam mass spectrometer, which produces intense beams of thermalized,
mass-selected, niobium cluster ions. Nb,* are observed to fission to all possible ionic fragments and the largest possible neutral
fragments at collision energies <10 eV. Evidence is presented for loss of multiple Nb atoms from the cluster at energies higher
than 10 eV. This fragmentation pattern differs markedly from that previously observed for small iron cluster ions. CID thresholds
are used to derive D°(Nb,_,*-Nb) for n = 2-6, along with D°(Nb,,) and ionization potentials (IPs) of Nb,, for m = 2 and
3. By using known IPs, D°(Nb,) for n = 4, 5, and 6 are also obtained. Nb,* is found to be the most strongly bound cluster
ion, D°(Nb*-Nb) = 6.15 £ 0.15, and Nb;* is the most weakly bound cluster ion, D°(Nb,*-Nb) = 4.60 £ 0.15 eV.

I. Introduction

Metal clusters constitute a new and exciting regime of matter,
affording the opportunity to study changes in metal chemistry
as a function of the number of metal atoms. Studies of transi-
tion-metal clusters are potentially applicable to an understanding
of catalysis and oxidation processes that occur on surfaces or
surface imperfections. Such studies in the gas phase can be used
to probe the reactivity of the bare cluster, in the absence of
complicating solvent effects. More complex processes can then
be simulated by ligating the cluster and carrying out analogous
reactions. Within the last 10 years, technological developments
have made gas-phase studies possible.! Now, the information
needed to quantitatively characterize cluster chemistry is beginning
to accumulate.
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Bond dissociation energies (BDEs) of clusters are important
pieces of information that have gone largely uncharacterized.
These are quantities that are essential to an understanding of
reaction thermochemistry, since many reactions involve metal-
metal bond cleavage and formation of new bonds with the reactant
molecule. Although quantitative BDE measurements have been
made on all first-row and many second-row transition-metal di-
mers,? such experimental work on larger gas-phase main-group
metal®* and transition-metal®¢ clusters is scarce. All previously
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