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Abstract: Both Mn(CO);s and Mn,(CO), are observed following gas-phase photolysis of Mn,(CO),;. The Mn(CO)s/Mn,(CO),
ratio can be shifted to favor formation of Mn,(CO)g by increasing the photolysis energy from 351 to 248 to 193 nm. Mn(CO);
is formed with significant amounts of internal excitation. Further, as the photolysis energy increases, additional photoproducts
are produced which are tentatively assigned as predominantly Mn,(CO), species (x < 9). IR absorptions of both Mn(CO);
and Mn,(CO), have been recorded and assigned in the range ~2050 to ~ 1750 cm™!. The rate constant for the reaction of
two Mn(CO); radicals to form Mn,(CO),, has been measured and found to be near gas kinetic. The rate constant for the
reaction of Mn,(CO)y with CO to form Mn,(CO),q has been determined to be (2.4 + 0.8) X 106 L mol™! s~'.

The photochemistry of organometallic complexes is an area of
vigorous current research.! Mn,(CO),, represents a particularly
interesting system for study since the bonding in this molecule
is such that two primary photochemical events leading to the
generation of neutral fragments can be envisioned. One frag-
mentation pathway involves heterolytic cleavage of a manga-
nese—carbon bond, while the other pathway involves cleavage of
the manganese-manganese bond. Reports of dissociation via each
of these pathways appear in the literature.!”!”

One of the photochemical decomposition pathways reported
involves formation of Mn(CO); via

Mn;(CO) o — 2Mn(CO); (1)

It has been fairly well-established that the electronic transition
responsible for generating the 17-electron pentacarbonyl breaks
the metal-metal bond by promoting an electron from the o
bonding orbital to the ¢ antibonding orbital,* i.e., ¢(M-M) —
o*(M-M). By using a combination of *CO enrichment and IR
spectroscopy Church et al.’ showed that the Mn(CO); radical
adopts the predicted'® square pyramidal, C,, geometry. Ina CO
matrix the pentacarbonyl is reported to absorb at 1988 cm™! and
1978 em™.° The higher frequency absorption corresponds to the
E mode, while the lower frequency corresponds to a vibration of
A, symmetry. In solution the decay of an infrared absorption of
Mn(CO); obeys second-order kinetics, compatible with the rad-
ical-radical recombination reaction

2Mn(CO)s —= Mn,(CO)yq @

The value for k, of 1 X 10° L mol™! 5! for reaction 2 in n-heptane
indicates that the kinetic process approaches the diffusion limit.!!

In addition to process 1, a second photochemical pathway has
been observed upon UV photolysis of Mny(CO),,.!” Hepp and
Wrighton report that dissociative CO loss via

Mn,(CO),, = Mn,(CO), + CO 3)

accounts for the fate of ~30% of the alkane matrix isolated
Mn,(CO),, molecules which have absorbed UV radiation. The
matrix trapped products, Mn,(CO), and free CO, have been
detected through their infrared absorptions. Mn,(CO), exhibits
multiple infrared absorptions in a 77 K 3-methylpentane matrix™
including one at 1760 cm™. This 1760-cm™ band signifies that
Mn,(CO), contains a bridging CO moiety. Elegant experiments
in Ar matrices at 12 K involving the use of polarized light have
shown that the CO linkage across the Mn—Mn bond in Mn,(CO),
is semibridging” in nature. This 1760-cm™! bridging band has
also been observed following UV photolysis of solution phase
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Mn,(CO),q by Church et al.!! In addition to the prominent
bridging band, absorptions observed at 2058, 2022, 2008, 1996,
and 1968 cm™! have also been attributed to Mn,(CO), (in C;H ¢
solution). These bands display pseudo-first-ordered kinetics upon
addition of CO, indicating occurrence of the process

k.
Mn,(CO)s + CO —> Mn,(CO),, (4)

k, has been measured as 2.7 X 10® L mol™! s™' (C,H ;4 solvent).!!

Dissociative CO loss upon UV photolysis of Mn,(CO), has
also been reported by several other groups.'>!3!"* Vaida et al.!?
have recorded the visible absorption spectrum of the products of
355-nm photolysis of ethanol solutions of Mn,(CO),, and report
that two transient absorptions (780 and 480 nm) are observed.
Yasufuku et al. detected solution phase Mn(CO)s and Mn,(CO),
through their transient visible absorptions and noted a dependence
of the relative yield upon photolysis wavelength. Defining Y, and
Y, as the quantum yield of Mn(CO); and Mn,(CO)y, respectively,
they report that the ratio Y,/Y, varies from 0.21 for 266-nm
photolysis to 0.74 for 355-nm photolysis.

Relatively few photochemical studies have been performed on
the gas-phase Mn,(CO),,. Freedman and Bersohn'* have studied
the photodissociation (A ~300 nm) dynamics of molecular beams
of M,(CO),q (M = Re or Mn). Through their measurements of
the effect of polarization of incident light upon the angular dis-
tribution of photogenerated Mn(CO) fragments, they have set
an upper limit of several picoseconds on the lifetime of the
Mn,(CO),, excited state. Further, their TOF mass spectra in-
dicate the presence of only Mn(CO);. However, Leopold and
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Gas-Phase Photodissociation of Mny(CO),,

Vaida'’ report the presence of Mn, ion signals in the TOF mass
spectra which utilized 422-nm MP1 detection subsequent to 337
nm photolysis of molecular beams of Mn,(CO),o. A further
interesting result of their studies is that no carbonyl containing
species were detected. This could imply that the Mn metal-metal
bond strengthens as the Mn,(CO), fragment is decarbonylated.
Recently the observation of Freedman and Bersohn'# that nascent
photogenerated Mn(CO); radicals are in high lying vibrational
states has been confirmed by Bray et al.® These researchers have
measured the vibrational relaxation rate of Mn(CO); with various
collision partners.

The results of the studies mentioned above form a very im-
portant base of information which is used in the analysis of our
gas-phase studies of Mn,(CO),, photolysis. In the remainder of
this article, experiments designed to generate and detect Mn(CO);
and Mn,(CO),y will be described and discussed. Following
identification of the primary photofragments through their infrared
absorptions, the kinetics of the reaction of these fragments is
discussed. In addition, preliminary experiments on the wavelength
dependence of the photolytic process are reported.

Experimental Section

The apparatus used to record the time resolved spectra of transient
unsaturated metal carbonyls has been described in detail elsewhere.!®
Briefly, all of the sample gases, except Mn,(CO),o, are passed through
a flow cell at a rate such that the cell volume is completely replenished
during the period between photolysis pulses (1 s). A constant steady-state
pressure of Mn,(CO),, is achieved by placing a small amount of the solid
into the cell. Controlled and variable amounts of CO and/or Ar can be
added to the cell by means of Tylan computer controllable flow con-
trollers. Approximately 2 mtorr of the sublimed Mn,(CO),, is photo-
lyzed by the 6 mJ/cm?, 15 ns pulse provided by a Questek 2000 excimer
laser. In some experiments the pressure of photolyzed Mn,(CO),, was
increased to ~10 mtorr by warming the cell to 50 °C.

The transient species produced by UV photolysis were monitored via
the output of a home-built, liquid nitrogen cooled, line tunable carbon
monoxide laser. The CW infrared beam, after making a double pass
through the flow cell, is dispersed to fill the entire area of an indium
antimonide detector. The output of the detector is amplified (X100 Perry
070/40), fed through a unity gain buffer amplifier (Perry), and ulti-
mately digitized by a Biomation 8100 waveform recorder. Typically, 64
waveforms are averaged via simple addition by a Nicolet 1170 signal
averager. The signals are stored on a Nova/4 microcomputer, which is
in communication with a Harris super-minicomputer. The measured
response time of the detection system is 35 ns.

Time resolved infrared spectra of the transient species are constructed
from transient waveforms acquired at probe frequencies within the car-
bonyl stretch region, by a computer program which joins together the
amplitude of each waveform at a particular time.

Mny(CO),, (95+% pure) was obtained from Alpha Chemical Co. and
used without further purification since it was sublimed in situ. Ar
(99.99+% purity) and CO (99.99+% purity) were obtained from
Matheson and used without further purification.

Results and Discussion

XeF Laser Photolysis. The transient infrared absorption
spectrum obtained 25 us after XeF laser (351-nm) photolysis of
2 mtorr of Mn,(CO),q in the presence of 15 torr of Ar buffer is
shown in Figure 1. The positive features in this figure correspond
to absorptions of photolytically generated species, while the
negative features represent photolytic depletion of Mn,(CO),.
The infrared absorption bands of Mn,(CO), in Figure | can be
identified via comparison with the bands which appear in the
normal infrared spectrum. An FTIR spectrum of gas-phase
Mn,(CO),q is shown in Figure 2. The absorptions of the Dy
Mn,(CO),, molecule at 2053, 2026, and 1993 cm™', appearing
in a relative intensity ratio of 1.7:5.1:1, have been previously
determined to belong to bands of B,, E,, and B, symmetry, re-
spectively.* While the 2053- and 2026-cm™! bands clearly appear
as negative features in the transient spectrum (Figure 1), the
1993-cm™! band appears to be absent. Its apparent absence is
due to an overlap with the intense positive absorption centered
at 2000 cm™.
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Figure 1. Transient infrared absorption spectrum generated via XeF laser
photolysis of Mn,(CO),,. Downward pointing arrows denote the ab-
sorption frequencies of gas-phase Mn,(CO),o, while upward pointing
arrows denote that of matrix-isolated Mn(CO)s. The spectrum was
recorded 25 us following photolysis of 2 mtorr of Mn,(CO),, in the
presence of 15 torr of Argon.
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Figure 2. Fourier transform infrared absorption spectrum of Mn,(CO),,

(g). Mn,(CO),, was at its vapor pressure at 294 & 1 K in a 10-cm cell.
The resolution of the spectrum is 2 em™.

As mentioned earlier, matrix isolated Mn(CO)s adopts the
predicted'é C,, geometry and exhibits infrared absorptions at 1988
cm™ (E) and 1978 em™ (A).° In accord with these data, and
taking into account the expected shift between matrix and gas-
phase absorptions,'® the intense positive absorption at 2000 cm™!
is assigned to an overlap of the E and A, vibrations of gas-phase
square pyramidal Mn(CO);. The emission lines of the CO probe
laser limits the resolution of the spectrum in Figure | to ap-
proximately 4 cm™'. Since gas-phase metal-carbonyls exhibit
rather broad absorption bands, it is not surprising that the E and
A, vibrational bands of Mn(CO)s are not resolved. Further
complicating the situation is the existence in the 2000-cm™' region
of the lower frequency B, vibrational band of Mn,(CO),,. This
overlap of the E and A, absorption bands is similar to what has
been observed in hydrocarbon solutions where an infrared ab-
sorption band observed at 1988 cm™! following UV photolysis of
Mn,(CO),o has been assigned to the unresolved E and A, vi-
brational bands of the C,, pentacarbonyl.!!

Since XeF laser excitation inputs 82 kcal/mol and the Mn—Mn
bond is estimated to be ~36 kcal/mol, it might be expected that
the Mn(CO); fragments generated in these experiments would
possess a high degree of internal excitation. Further, based on
Freedman and Bersohn’s'* measurement of the energy distribution
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Figure 3. Transient time resolved infrared absorption spectrum of the
Mn(CO); species generated via XeF laser photolysis of Mny(CO),o. The
ordinate is an arbitrary linear scale. The 1993-em™! band of Mny(CO)yq
has been subtracted from the spectrum. The spectrum depicts the growth
of the Mn(CO), absorption and contains 10 equally spaced transients
with a spacing of 100 ns between transients.

in the fragments produced by photodissociation of Re,(CO),, in
a molecular beam, it seems to be reasonable to expect that most
of the internal energy would appear as vibrational excitation. They
report that 2/, of the available energy appears as internal energy'®
and that most of that energy is likely in vibrational modes of the
photofragments. As mentioned earlier, Bray et al.® have recently
confirmed that photogenerated Mn(CO); retains a significant
amount of the input energy as vibrational motion. They estimate
an average vibrational excess energy of 13-16 kcal/mol for each
Mn(CO); fragment.

One can easily visualize how the dynamics of this dissociative
event can generate fragments having high levels of vibrational
excitation. A possible scenario whose general picture was sug-
gested by Freedman and Bersohn is as follows: 351-nm radiation
excites the ¢ — o* transition, formally reducing the order of the
Mn—Mn bond to zero. This can be viewed as the switching on
of a repulsive potential between the manganese atoms, causing
them to fly apart with very little torsional (rotational) motion.
Initially, the CO ligands are spectators to this impulsive event.
As the Mn—Mn bond lengthens, the Mn-CO,;,, bond length and
the CO,,;,~Mn—CO,gya0rial bond angle change. This will lead to
vibrational excitation of the Mn—CO stretching and bending
modes. Since intramolecular vibrational transfer is rapid,?® the
above dynamical event will lead to an increase in the “vibrational
temperature” of the molecule.?’ Experimentally, this manifests
itself by broadened vibrational bands which are shifted to lower
energy.'??  Following formation, these vibrationally excited
species would be expected to relax via collisions with other
molecules in the flow cell via the process

Mn(CO)s* + M — Mn(CO); + M

This should result in a pressure dependent narrowing and shifting
to higher frequency of the absorption bands of the Mn(CO);
moiety. This is, indeed, found to occur. The evolution of the
2000-cm™! absorption of Mn(CO); is, however, obscured by the
overlapping, 1993-cm™! band of Mny(CO),o. The 1993-cm™' band
can be subtracted from the spectrum since its intensity relative
to the 2026-cm™! band is known, and both the intensity and
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Figure 4. Temporal behavior of the Mn(CO); absorption at 2004 em™.
The ordinate is an arbitrary linear scale, and the abscissa is in units of
time as indicated. The length of the arrow on the abscissa is 0.2 ms
giving a full time base for the signal of ~ 1.0 ms.

temporal behavior of the 2026-cm™ band are known. The transient
time resolved infrared absorption spectrum of the XeF laser
generated Mn(CO); fragment is shown in Figure 3 with the
interferring parent band subtracted from this spectrum. (Note
that the subtraction is not perfect, and remnants of the interferring
band appear as a “dip” at 1993 cm™'.)

Further evidence that the 2000-cm™ band is that of Mn(CO);
can be obtained by examining the decay kinetics of this absorption.
The gas-phase transient waveform of Mn(CO)s at 2004 cm™!, in
the presence of 15 torr of Ar, is displayed in Figure 4. The decay
clearly follows a second-order rate law and is consistent with the
Mn,(CO),, reformation pathway

2Mn(CO); —= Mn(CO)yq @)

From 1/I, measurements, an assumed infrared extinction coef-
ficient for Mn(CO)s, and the plot of 1/I — 1/I, against time
(Figure 5), the bimolecular rate constant, k|, has been calculated
to be (4.5 £ 1.0) X 10'° L mol~! s7! at 323 K. The error limits
reflect the 95% confidence limits for the slope of the line in Figure
5 and do not include the uncertainties in the choice of ¢. The value
of € used to calculate k; is the peak value for the E; mode of
Mn(CO);Cl (6560 L mol™! em™).23 ¢ should not change sig-
nificantly between Mn(CO);s and Mn(CO);Cl since the presence
of the Cl should not significantly effect the CO vibrational modes
or their intensity."" This value of k, is slightly different than the
value previously reported for k;.2* This is due to more accurate
measurements of f/I, and a choice of ¢ which represents the best
estimate possible in the absence of an actual measurement of e.
Though the dependence of k, on buffer gas pressure has not been
studied in detail, no rare gas pressure dependence has been ob-
served, and an estimate of the lifetime of the Mn,(CO),, complex
formed via radical recombination confirms that third body effects
should be unimportant under our experimental conditions.
Interestingly, the Mny(CO),, transient absorption at 2026 cm™
does not return to the original base line. Rather it approaches
a new base line with second-order kinetic behavior. With an
appropriate choice of the new base line (which effectively de-
termines the percentage of parent regenerated via reaction 2 and
thus the relationship between signal intensity and concentration
for Mn,(CO),,), the rate constant for regeneration of parent can
be determined as (4.4 &+ 1.0) X 10'°L mol™' s7! at 323 K, which
is in very good agreement with the value of k, determined by
monitoring Mn(CO)s. Again the error limits reflect only errors
in the slope of the line in Figure 5. Despite this agreement, since
approximations are involved in the determination of both of these
rate constants it is probably best to say that the rate constant for
recombination of Mn(CO); radicals is close to that expected for
a gas-kinetic radical-radical recombination process, which would

(23) Abel, E. W.; Butler, 1. S. Trans. Faraday Soc. 1967, 63, 45.
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1084.
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Figure 5. Plot of the second-order decay rate of the Mn(CO); absorption
against time (upper line). As described in the text a rate constant of (4.5
+ 1.0) X 10" L mol"! s~! can be deduced from the slope of the straight
line. Also shown (lower line) is a plot of the recovery of Mn,(CO),o. As
explained in the text a rate constant of (4.4 & 1.0) X 10 L mol™ 57! can
be deduced from the slope of this line.

have a rate constant of ~10'' L mol™' s!. This magnitude for
k, is consistent with liquid phase kinetic measurements, where
nearly diffusion controlled rates have been measured for reaction
2.'"" Though these observations further confirm the occurrence
of process 2 they also indicate that not all of the initially photolyzed
Mn,(CO),, is regenerated via reaction 2. This, of course, further
implies that reaction 2 is not the only initial photochemical step.
Moreover, though under our experimental conditions Mn(CO)s
is inert to CO, addition of CO does lead to an increase in both
the rate of regeneration and the amount of Mn,(CO),, regen-
erated. This is compatible with the regeneration of parent via
reaction of CO with a photoproduct of Mn,(CO),, photolysis
which is produced via CO loss. The simplest of these species is
Mn,(CO), and by analogy with solution phase studies it might
be expected to be produced in the gas phase.

There is spectroscopic evidence that Mn,(CO), is, indeed,
generated upon 351-nm photolysis of gas-phase Mn,(CO),o. The
transient time resolved infrared spectrum following XeF laser
photolysis of Mn,(CO),, in the presence of 5 torr of CO and 15
torr of Ar is displayed in Figure 6. The spectrum is depicted
over a 450-us range which has been segmented into 5 equal time
intervals. From this figure it can be seen that while the Mn(CO);
absorption band has been significantly depleted, recovery of the
bands of Mn,(CO),, is incomplete. (Note that because of the
depletion of the Mn(CO); band, without complete regeneration
of Mny(CO),,, the overlapping lower frequency absorption band
of MnyCO),, now appears as a negative feature in Figure 6.)
Also in Figure 6 are weak but persistent absorptions at ~2050,
~2014, and ~1980 cm™'. The position of the terminal CO
stretching bands of Mn,(CO), in an Ar matrix’® are marked by
upward arrows in Figure 6. As the weak, persistent, gas-phase
absorptions appear at the expected frequency relative to the matrix
absorptions of Mn,(CO),, we tentatively assign these absorptions
to gas-phase Mn,(CO),. These are marked by downward arrows.
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Figure 6. Transient time resolved infrared absorption spectrum generated
upon XeF laser photolysis of Mn,(CO)y, in the presence of 5 torr CO
and 15 torr Ar. The spectrum is depicted over a 450-us range following
the photolysis pulse that has been segmented into 5 equal time intervals
with the first three traces being labeled in order. Upward arrows denote
the frequency of absorption bands of Ar matrix isolated Mn,(CO)s,.
Downward arrows denote gas-phase absorptions assigned to Mn,(CO)s,.
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Figure 7. Transient time resolved infrared absorption spectrum generated
upon XeF laser photolysis of Mn,(CO),, in the presence of 85 torr CO
and 15 torr Ar. The spectrum is depicted over a 450-us range following
the photolysis pulse. The range is segmented into 5 equal time intervals
with the first three traces labeled in order.

The existence of a CO dependent reformation pathway is
convincingly demonstrated in Figure 7. The spectrum displayed
in this figure was obtained under conditions identical with those
of Figure 6 except that 85 torr CO was added to the photolysis
cell. Of particular interest is the fact that the weak bands that
have tentatively been assigned to Mn,(CO), are diminished, and
the recovery of the Mn,(CO), absorptions is more complete than
in Figure 6. This strongly indicates the existence of the reaction

k
Mn,(CO), + CO —> Mn,(CO),, (4)

Recall that in condensed phases Mn,(CO), exhibits a 1760-cm™!
absorption which is attributable to the stretching mode of a
bridging CO. If the structure of Mn,(CO), is the same in the
gas phase as it is in condensed phases, the gas-phase species would
typically exhibit a band at a frequency slightly higher than 1760
cm!. A thorough search of the 1800- to 1760-cm™! region of the
spectrum revealed no transient absorption. However, an absorption
at 1745 cm™! was detected (Figure 8). Though weak, this band,
unlike the weak absorptions observed in the higher frequency
region of the spectrum, is not affected by overlap with the intense
absorptions of Mn{CO); or Mn,(CO),o. Thus, the kinetic behavior
of the 1745-cm™! band was examined. Figure 9 displays a plot
of the pseudo-first-order decay rate of the 1745-cm™ band vs.
pressure of added CO. From the slope of the curve, a bimolecular
rate constant, k,, of (2.4 £ 0.8) X 10° L mol™' s™! at 323 K has
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Figure 8. Temporal behavior of the Mn,(CO)y absorption at 1745 cm™,
The ordinate is arbitrary linear scale while the abscissa is in units of time
as indicated. The length of the arrow on the abscissa is 100 us giving
a full timebase of ~500 us for the signal: (a) with no added CO and
(b) with 55.0 torr of added CO.

been deduced. Interestingly, the measured rate constant for
reaction 4 in solution is 2.7 X 10¢ L mol! s~'.'! Again, due to
our experimental conditions, the reported value of k, is rare gas
pressure independent.

As mentioned earlier, the addition of CO causes a more com-
plete return to the original base line of the Mn,(CO),, transient
absorption at 2026 cm™ than without added CO. Unfortunately,
an analysis of the dependence of the 2026-cm™ transient absorption
on CO pressure is complicated by the parallel radical-radical
recombination process (reaction 2) leading to regeneration of
Mn,(CO),,. No detailed attempts were made to deconvolute the
(expected) first-order, CO dependent, kinetics from the change
in the 2026-cm™ transient absorption. However, recall that the
rate of regeneration of Mn,(CO),, does increase with added CO.

In light of the above noted close agreement for k,, with the
measured rate constant for reaction 4 in solution as well as the
observation of weak absorptions in the vicinity of those expected
for terminal CO stretches of Mn,(CO),, it is concluded that
dissociative loss of CO occurs in the gas-phase photolysis of
Mn,(CO),o. The 1745-cm™! absorption is thus assigned to the
bridging CO group of Mn,(CO),. It is, however, interesting that
this band is at Jower frequency in the gas phase than in a matrix
environment. Though not unprecedented, this is opposite the
typical behavior for matrix isolated molecules.!® The structure
and/or potential energy surface for this bridging CO group may
be highly sensitive to the matrix environment. However, definitive
conclusions on the gas phase vs. matrix structure of Mn,(CO),
will have to await more detailed studies in a variety of matrix
media.

It is also interesting to note the large difference in rate of
reaction of Mn,(CO), with CO vs. the rates of reaction of CO
with coordinatively unsaturated Fe and Cr compounds. When
a change in spin is not involved, the rate constants for these
reactions are on the order of 10'° L mol™! 571,222 Even when

(25) Fletcher, T. R.; Rosenfeld, R. N. /. Am. Chem. Soc. 1985, 107, 2203.
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Figure 9. Plot of the pseudo-first-order decay of the 1745-cm™ band of
Mn,(CO)y against pressure of added CO. The rate constant for the
reaction of Mn,(CO), with CO is found to be (2.4 % 0.8) X 10° I. mol™
sl

a change of spin is involved, as in the case of the reaction of
Fe(CO), + CO,? the rate constant is ~3 X 107 L mol™' sI. An
obvious explanation for the large difference in rate constant for
reaction 4 vs. CO association reactions involving Fe(CO), or
Cr(CO), species has to do with the structure of Mn,(CO),. As
mentioned above, Mn,(CO), contains a bridging CO which do-
nates electron density to both Mn metal centers.”™!! This results
in both Mn centers having 18 electrons, thus Mn,(CO), is co-
ordinatively saturated. This being the case, the addition of CO
to Mn,(CO); is effectively a displacement reaction rather than
a simple association reaction. This is in accord with the observation
that the rate of reaction of CO with Mn,(CQ), was rnot accelerated
in perfluoro solvent as opposed to a hydrocarbon solvent.!” This
implies there is no easily accessible site for solvent interaction with
Mn,(CO),. Thus the semibridging CO acts as a 4-electron lig-
and.? Thus the magnitude of the rate constant for reaction 4
is not contrary to the emerging trend that the rate constants for
simple CO addition reactions for coordinatively metal-carbonyls
that conserve spin are near gas kinetic.

KrF and ArF Laser Photolysis. Some preliminary measure-
ments on the wavelength dependence of the photofragmentation
pathways of Mn,(CO),, have also been performed. As noted
previously, it has been found that the branching ratio for the
pathway involving homolytic Mn—Mn bond cleavage to that in-
volving dissociative CO loss can be shifted to favor CO loss by
decreasing the photolysis wavelength.!* The results of solution
phase studies can be interpreted in terms of a wavelength variation
in the relative probability of populating two different electronic
states. It is known that there are at least two transitions (dx —
m*, M — 7*) which become more probable at shorter wave-
lengths.2” A simple picture consistent with solution phase studies

(26) Note that the related 32-electron stable complex Mn,(CO)s-
(Ph,PCH,PPh,), also contains a semibridging CO linkage acting as a 4-
electron ligand. See: Colton, R.; Commons, C. J.; Hoskins, B. E. J. Chem.
Soc., Chem. Commun. 1975, 363. Commons, C. J.; Hoskins, B. F. Aust. J.
Chem. 19758, 28, 1663.
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Figure 10. Transient infrared absorption spectrum for the wavelength
range ~2060 to ~ 1900 cm™ recorded 1 ps following KrF laser photo-
lysis of Mny(CO),, in the presence of 15 torr of argon.

V

€

N

o

o

[

£

[}

o

o

(3]

=

(&]

2080 2030 1980 1930 1880 1830

Wavenumbers

Figure 11, Transient infrared absorption spectrum for the wavelength
range ~2060 to ~1830 cm™ recorded 1 us following ArF laser photo-
lysis of Mn,(CO),, in the presence of 15 torr of argon.

and an examination of the electronic spectrum of Mn,(CQ),, is
that the photochemistry subsequent to exciting the ¢ — o*
transition is that of homolytic cleavage while population of the
w* state leads to CO loss.

Since collisional energy relaxation in the primary photofrag-
ments is much faster in the solution phase than in the gas phase,
gas-phase photofragments have a higher probability for unimo-
lecular dissociation if they are formed in highly excited vibrational
states. Therefore, it might be expected that in addition to Mn-
(CO); and Mn,(COQ),, the infrared absorptions of the dissociation
products of Mn,(CO), and Mn(CQ); will appear in the transient
absorption spectrum following KrF- and/or ArF-laser photolysis.

The transient infrared absorption spectrum 1 us following KrF
laser photolysis of Mn,(CO),q in the presence of 15 torr Ar is
shown in Figure 10. By comparing the relative amplitude of the
Mn(CO); absorption (2000 cm™!) to the amount of parent pho-
tolyzed in Figure 10 to that in Figure 1, it is apparent that rel-
atively less Mn(CO); is generated upon KrF laser photolysis than
is generated upon XeF laser photolysis. Note that since relatively
less Mn(CO); is generated, the lower frequency band of Mn,-
(CO) g at 1993 cm™ appears as a negative feature in Figure 10.
In addition, the absorptions at 1975 and ~2018 cm™! are more
intense, and a new (weak) absorption at ~1945 cm™ is observed.
These results will be discussed after first comparing them to those

(27) Levenson, R. A.; Gray, H. B. J. Am. Chem. Soc. 1975, 97, 6042.
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Figure 12. Transients obtained following KrF laser photolysis of Mn,-
(CO)yo- In each case the time increment for the full trace is 10 us, and
all traces were recorded with 15 torr of added argon. In addition, each
trace was recorded at the wavelength and with the amount of added CO
specified. Trace I—1972-cm™ probe wavelength with 0.5 torr added CO,
trace 2—1972-cm™! probe wavelength with 5.0 torr added CO, trace
3—2018-cm™ probe wavelength with 0.5 torr added CO, trace 4—
2018-cm™! probe wavelength with 5.0 torr added CO, trace 5—1999-cm™!
probe wavelength with 1.0 torr added CO, and trace 6—1999-cm™ probe
wavelength with 7.0 torr added CO.

obtained via ArF laser photolysis.

The transient infrared absorption spectrum 1 us following ArF
laser photolysis of Mn,(CO)q in the presence of 15 torr Ar is
shown in Figure 11. Comparing this spectrum to the KrF laser
generated spectrum it is apparent that with ArF laser photolysis
even less Mn(CO); is generated, the 1975- and 2018-cm™ ab-
sorption bands are more intense, the 1945-cm™ band is more
intense, and new bands appear at ~1900 and ~ 1850 cm™. Also,
upon ArF laser photolysis an intense band at ~2048 cm™ is
observed. This band, which is presumably partially due to “hot”
CO (in the v = 2 spectral region), is also observed upon KrF laser
photolysis.

The observation that there is a decrease in the proportion of
Mn(CO); generated upon shifting the photolysis wavelength from
351 to 248 cm, and ultimately to 193 nm is consistent with the
change in branching ratio (Mn(CO);s/Mny(CO);) reported by
Yasufuku.!* As formation of Mn,(CO), becomes more favorable
the intensity of the transient absorptions at 2018- and 1980-cm"™!
increases. Since gas-phase Mn,(CO), is expected to exhibit ab-
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sorptions close to these frequencies, this further confirms that these
two features are Mn,(CO), absorptions. However, these ab-
sorption bands are, unfortunately, overlapped with those of other
species. The 1980-cm™ band, in particular, is overlapped with
that of at least one other, as yet, unidentified species. The ab-
sorptions at 1945, 1900, and 1850 cm™' in Figure 11 are also
unassigned.

The unidentified absorptions are likely to arise from processes
such as

Mn(CO)s* — Mn(CO), + CO 5)
or an(CO)g* - an(CO)g + CO (6)
or Mny(CO)s* — Mn(CO)5 + Mn(CO), 7

where # signifies internal excitation. Since the infrared spec-
troscopy of species such as Mn(CO), and Mn,(CO), (x <5,y
< 9) have not been studied in a matrix environment, we rely on
kinetic evidence in an attempt to distinguish between processes
5,6,and 7. To distinguish between these alternatives, preliminary
measurements of the temporal behavior of the unidentified ab-
sorptions as well as those of Mn,(CO), at 2018 cm™ and Mn(CO);
at 2000 cm™' have been made upon addition of CO to the pho-
tolysis cell. While the unidentified bands are observed to decay
rapidly upon CO addition (Figure 12, traces | and 2), the temporal
behavior of the Mn(CO); absorption is unaffected (Figure 12,
traces 5 and 6). The behavior of the Mn,(CO)y absorption,
however, does change (Figure 12, traces 3 and 4). From Figure
12, trace 4, it is seen that the rise rate of the absorption has a
relatively slow component in addition to the initial rapid rise
observed in Figure 12, trace 3. The rapid rise is due to the
production of Mn,(CO), in the primary photoprocess. The ap-
pearance of the slowly rising component upon CO addition is
indicative of formation of Mn,(CQ), by reaction of some other
species (presumably Mn,(CO);) with CO. Thus, we attribute most
if not all of the unassigned absorptions in Figures 10 and 11 to
Mn,(CO), species. Clearly more work will be necessary to at-
tribute specific absorptions to specific Mn,(CO), species. It is,
however, interesting that decarbonylation of Mn,(CQO)y seems
preferable to Mn—Mn bond cleavage in Mn,(CO); or to decar-
bonylation of Mn(CO);. This seems to imply that, in agreement
with Vaida’s results,'> the Mn—Mn bond strength may increase
as CO ligands are removed.

Conclusion

Both Mn,(CO), and Mn(CO); are primary photoproducts of
the UV photolysis of gas-phase Mn,(CO), at 351, 248, and 193
nm. The observation that the branching ratio Mn(CO)s/Mn,-
(CO), can be shifted to favor formation of Mn,(CO), by in-
creasing the photolysis frequency is consistent with results of
solution phase studies and is interpreted as a change in the relative
probability of optically populating the different electronic states
from which photochemistry occurs. The infrared absorption
spectrum of the Mn(CO)s and Mn,(CO), transient species has

Seder et al.

Table I. Infrared Absorptions of Mn(CO);s and Mn,(CO),

absorption assign-
compd medium freq (cm™) ment ref
Mn(CO)s; CO matrix 1993,% 19887 E 9
(20K)
1978 A,
CsHy, (1) 1990 E& AL 11
gas phase 2000 E & A’ this work
Mn,(CO); Ar matrix 2058, 2037, T 7b
(12 K) 1993, 1997
1764 B
3-methylpentane 2055, 2017, 1986 T 7a
1760 B
CeHy; 2058, 2020, T 11
2006, 1994,
1966
1760 B
gas phase ~2050, ~2014, T this work
~1980
1745 B

2Matrix split mode. ®Unresolved bands. T = terminal CO. B =
bridging CO.

been measured in the gas phase. An intense absorption, centered
at 2000 cm™!, which exhibits second-order decay kinetics, has been
attributed to two overlapped absorption bands (E and A)) of C,,
Mn(CO);. This assignment is consistent with results reported
for both matrix isolated and solution phase Mn{(CO)s species
(Table I). The gas-phase Mn,(CO), species is found to exhibit
infrared absorptions at ~2045, ~2018, ~1980, and 1745 cm™'.
These results are also consistent with those of solution phase studies
(Table I). However, the CO stretch of the bridging carbonyl
occurs at an unexpectedly low frequency. The rate constant for
the radical-radical recombination reaction has been measured to
be (4.5 % 1.0) X 10'°L mol™' ™!, which indicates that Mn,(CO),o
is reformed by this pathway with a cross section approaching gas
kinetic. The rate constant for the reaction of Mny(CO), with CO
has been measured to be (2.4 £ 0.8) X 106 L mol™! s!. This
Mn,(CO),q reformation reaction was observed to be relatively slow
in solution phase as well (k = 2.7 X 10¢ L mol™! s™! in C;H,y).
As was found for Fe(CO), and Cr(CO), species, the Mn(CO);
species displays significant internal excitation when formed by
UV photolysis.!®2
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