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The Spectroscopy and Reaction Kinetics of
Coordinated Unsaturated Metal Carbonyls
Eric Weitz
Department of Chemistry
Northwestern University
Evanston, Illinois 60201

Coordinatively unsaturated metals are important chemical species with a
variety of interesting and unique chemical properties. These species have been
shown to be exceedingly reactive. They are important catalysts, reaction
intermediates and can form oligomers and metal clusters containing multiple
metal centers.l Despite their importance and a great deal of interest in this
area, little is known regarding details of the structure or reactivity of coor-
dinatively unsaturated metals. Their extreme reactivity has heretofore been an
impediment to detailed study of these species in the liquid phase and has vir-
tually precluded study in the gas phase. Until recently nothing was known
about the mechanism or kinetics for reactions or cluster formation in these
systems.

In an effort to alter that situation we have developed an apparatus.and a
technique which allows us to stidy coordinatively unsaturated metals in either
phase in real time. The use of transient absorption spectroscopy has allowed
us to detect and monitor coordinatively unsaturated metals. Briefly, the coor-
dinatively unsaturated metals are generated via excimer laser photolysis of
appropriate precursors. Most of our work to date has involved volatile metal
carbonyls which are photolyzed to yleld gas phase coordinatively unsaturated
metal carbonyls or metal atoms. Most of our work has employed an apparatus
that uses a line tunable CO laser, as a probe, to monitor the change in absorp-

tion of the sample following the excimer laser photolysis pulse. However, we
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have now integrated a cw diode laser into the apparatus. This allows us to
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probe transient species in any region of the infrared and thus vastly increase
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the versatility of the apparatus.
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To actually generate a transient spectrum the change in absorption of the
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probe laser is monitored at a variety of different laser frequencies with the

D
. .
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time versus absorbance signal digitized via a transient digitizer which feeds

the data to a signal averager from which it is fed to a computer. The computer PN
takes all the frequency dependent data and assembles it into a transient absorp-

tion spectrum which can be displayed as a function of time following the photo-

lysis pulse. Once features in the transient absorption spectrum are fdeuntified, A
a specific feature can be monitored as a function of time and its kinetic beha-

vior discerned. Our current apparatus has a time response of 30 nsec, a fre—

quency range of 350-2350 and 2900-3300 cm_l, and a typical detection sensiti-

vity corresponding to 109 coordinatively unsaturated metal carbonyl molecules. Ef:f
N

With the above technique, we have been able to obtain the first gas phase ﬁf;iﬁ
SN

infrared spectrum of a coordinatively unsaturated metal.2 We have obtained ﬁiqﬁi

infrared spectra in the CO stretch region for the species Fe(CO0)y (x = 2,3,4) PR
and have measured the rate of reaction of Fe(CO), with CO and the activation (qilﬁ

energies for these reactions.> We have made the first real time observation

of and are measuring the kinetics for clustering of Fe(CO), Speciesoa We are
also investigating the inhibition of clustering on addition of other ligands .ﬂjf-ﬁ
to the system. We have performed similar studies for the Cr(CO)g system,
looking at spectra for Cr(C0)y (x = 2,3,6,5)5 and have measured rates of
reactions of Cr(CO)s with CO, CH,, Ny, Hy and C6H6-6 We have also observed a

heretofore unreported clustering process in the Cr(CO)y system. We find that

all the Cr(CO), fragments react readily with parent. In particular, we have
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investigated in detail the clustering process for the reaction of Cr(CO),; and

Cr(CO)5 with parent. We find that both reactions occur at a rate that 1is

O N AL 3
RO

within a factor of two of gas kinetics. We assign the species initially pro-

duced via these clustering reactions to Crp(CO) g and Cry(CO);;, respectively,

and have recorded the first gas phase spectra for these species in the carbonyl

r
} stretch region.6

ii We have also obtained results on the Mny(CO)qq system.”s8 As with Cr(CO)gq
- and Fe(CO)g, we have recorded the spectra of the photofragments identified

following photolysis at 193, 249 and 351 e~ 1.8 We have identified the ma jor

photoproducts and have measured the rate of reaction of Mny(CO)g with CO and ;ffsf
the rate of reaction of two Mn(CO)s radicals to regenerate Mny(C0);g- Imter-
estingly, the reaction of Mny(CO)s with CO is quite slow and we are exploring
the structural ramifications of this observation. The reaction of 2Mn(CO)s
radicals is very rapid, almost gas kinetic, and represents the first measure-
ment of the actual rate of formation of a metal-metal band in the gas phase.
The above work has allowed us to produce a hypothesis regarding the mecha-
nism of photodissociation in these systems and allows us to have some insight

into how to tailor the dissoclation process to produce desired photoproducts.

It also allows us to intelligently speculate on the timescale fér liquid disso- t“:"b
clation. ~ e
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Gas Phase Infrared Spectroscopy and Recombination Kinetics for

Mn(CO)5 Generated via XeF. Laser Photolysis of Mny(CO0)qq

T. A. Seder, Stephen P. Church' and Eric Weitz*
Department of Chemlstry
Northwestern University

Evanston, Illinois 60201

fPresent address: Max Planck Institut fur Strahlenchemie
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Abstract

Direct spectroscopic evidence is presented for the generation of Mn(CO)g
upon XeF laser (351 nm) photolysis of gas phase Mny(CO)1g. The Mn(CO)g species
is detected via its infrared absorptions in the carbonyl stretch region. By
correlation with results of condensed phase experiments, the gas phase Mn(CO)s
species is postulated to adopt a C4;, geometry. The gas phase species displays
second order recombination kinetics. A rate constant for the recombination
reaction of (2.7 % 0.6) x 1013 cm31 lsec™? 1s reported. The nature of other

photochemically generated fragments is discussed.
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i There is currently intense interest in the photochemistry of metal car-
bonyls, in part due to the important role played by highly reactive coordina-
tively unsaturated species in a variety of reaction mechanisms. There i3 also

i considerable interest in the structure and bonding of these species. Of par-
ticular interest are those species such as Mnp(C0)yg having a metal-metal
bond. Because of this metal-metal bond two distinct types of primary photo-

‘ chemical events can occur; one involving loss of CO without metal-metal bond

cleavage and the other involving homolytic cleavage of the Mn-Mn bond. Both

processes have been reported in the uv photolysis of solution phase an(CO)lo,1
and the relative yield of Mn2(00)9 to Mn(CO)S has been noted to depend upon
excitation wavelength.2 Mnj (CO)g has also been observed in a matrix environ-
ment.3 In addition, the kinetics of the Mn(CO)s5 recombination reaction and the

i reaction of Mnp(CO)g with CO have been measured in solution.3

Gas phase studies are considerably more limited. Freedman and Bersohn
have measured the effect of polarized light on the angular distribution of

i fragments produced via photodissociation of Mny(CO);y setting an upper limit
of several picoseconds on the excited state lifetime.? Leopold and Vaida's
report of the presence of Mny ion signals in the mass spectrum of the photo-

) products generated via pﬁotolysis of gas phase Mny(C0) o suggests that CO loss

is a photochemical pathway in the gas phase.5

In this Communication we report on the first example of direct detection

) via transient infrared spectroscopy of the Mn(CO)g5 radical produced via XeF

(351 nm) laser photolysis of a gas phase sample of Mﬂz<°°)10°. In addition the |

recombination kinetics of the Mn(CO)g radical have been studied, and a rate

constant for recombination has been determined. Finally, we are able to make
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i some comments on the nature of the primary photolytic processes occurring in

- Mny(CO)y g for 351 nm radiationm.

*¢

The time-resolved IR apparatus used for monitoring photochemically gener-

ated metal carbonyl transients in the gas phase has been previously described

. - .
| QUSRI

in detail.b Briefly, an excimer laser operating on XeF is used to photolyze
Mny(C0)1q9. Typically, 3 mj/cm? of laser radiation entered the photolysis cell.
i The output of a line-tunable liquid nitrogen-cooled CO laser is the IR probe.

‘ Changes in intensity of transmitted IR light were detected via a high speed
InSb detector. The output of the detector was fed to appropriate amplifiers

‘ and subsequently signal averaged. Spectral data were obtained from transient
absorption signals for each CO laser 1line of interest by having a computer join

points corresponding to the amplitude of the transient signals at these fre-

i quencles for a given time delay following the photolysis pulse.
Kinetic data for Mn(CO)5 recombination were obtained from transients at a

given probe laser wavelength. In these experiments the source of Mny(CO)iq

i was a small amount of solid placed on the bottom of the flow cell. This pro-
vided a pressure of ~2 mtorr of Mny(CO) g at room temperature. If desired, the
cell could be warmed to 50°C to increase this pressure.

; . Figure 1 shows the IR spectrum obtained 25 usec after photolysis of 2 mtorr
of an(CO)lo in the presence of 15 torr of Ar buffer at 21°C. Depletion

(increase in transmitted intensity) of Mng(CO) o 1s evident at ~2023 cm~l

i illustrating that net photolysis has occurred. The positive absorption
(decrease in transmitted light intensity) at ~2000 em~ ! is assigned to the

Mn(CO)g radical. The assignment is based on correlation with known absorptions

« N

of solution phase Mn(CO)s (1988 cm'l)3 and the matrix isolated species

PO U

(1987.6 cm~! and 1978.4 cm"l).7 The observed difference in frequency between
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the gas phase and condensed phase bands for Mn(CO)5 are compatible with the
characteristic condensed phase red shifting of infrared absorption. 25 usec

is sufficient time for complete vibrational/rotational relaxation of the ini-
tially internally excited Mn(CO)s5 to have taken place. However, no significant
reaction of Mn(CO)g has occurred on this timescale.

From studies involving the 13¢o substituted species, it has been shown that
Mn(CO)g5 adopts the predictedd C4y geometry in the matrix.’ Thus the two bands
observed in the matrix have been assigned to the E and Ay vibratiomns, respec-—
tively. However, the E and A; bands were not resolved in solution3 and, simi-
larly, we have not, at present, been able to resolve these bands in the gas
phase. Resolution of these bands is made more difficult by the convolution of

the Mn(CO)5 absorption with a parent band at 1993 en~l, This parent band,

which is easily seen in the gas phase IR of Mnp(CO)jg, is not observable as a’

negative feature in figure 1 due to an overlap with the intense Mn(CO)5 absorp-
. tions. Our assignment implies that gas phase Mn(CO)g also is likely to have a

,i C4y SeOmetry.

Identification of Mn(CO)5 was confirmed by its kinetic behavior.

Figure 2 shows a plot of the decay of the Mn(CO)s5 signal versus time. The

decay clearly follows a second order rate law consistent with the reaction
L

K
2Mn(C0)s —L—> Mny(CO)qg (1)

Furthermore, as expected Mn(CO)s reacts rapidly with Cljy and is inert to CO on
the timescale of our experiments. Also, Mnj(CO);o is seen to be regenerated as

Mn(CO)5 is depleted. From the data in figure 2 a rate constant of
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0.5) x 10l7
€

(2.7 cm’mole 2sec™!

ec can be determined for the rate of reaction of
Mn(CO)s5, where € is the absorption coefficient at the peak of the 2000 cm~l
band. If the peak absorption coefficient for the 2000 en~! band of Mn(CO)s is
taken to be the same as peak absorption coefficient for the corresponding band
in Mn(CO)sC1, (107cm2mol'1),3 then the rate constant of equation 1 is
(2.7 + 0.5) x 1013 cm3mol'lsec'1. This rate constant is quite close to that
expected for a gas kinetic radical-radical recombination process, which is
calculated to be ~1 x 1014 cm3mol~lsec™l. This result is consistent with
liquid phase kinetic measurements, in which nearly diffusion controlled rates
have been observed for reaction (1).3

Interestingly, all of the initially photolyzed Mny(CO) g is not regenerated
via reaction of Mn(CO)5. Moreover, though Mn(CO)5 is inert to CO, addition
of CO does lead to an increase in both the rate of regeneration and amount of
Mny(CO)jg regenerated. This is compatible with the regeneration of parent via
reaction of CO with a photoproduct of an(CO)lo which was produced via CO loss.
By analogy with solution phase studies, the simplest of these species is
an(CO)g, though other species which have lost one or more COs are also
possible. Thus we are presently working to verify whether Mny(CO)g can be
detected via its characteristic semi~bridging CO absorption in the 1750 em™!
region. We are also investigating the possible production of other photopro-

ducts which have lost one or more COs, such as Mn(CO)y (x < 5) and Mny(CO)y

(y < 9.

Acknowledgment

We thank the Air Force Office of Scientific Research for support of this

work under Contract 83-0372. We also acknowledge support of this work by the

cav .
St B




o « . -, - - 1 3 had ) B g e g awe Siauit 4 v - L Aanb A Saih Sl e k Thadt Siad
LAY R I, P L e Tl A LR L Gl Al Gk N A W R e W e s = M ME@C T T T et T e T et fuy - - A \.__ A

s
AT A

e Myt
~

N donors of the Petroleum Research Fund, administered by the American Chemical
i’ Society. We thank Dr. Martyn Poliakoff and Prof. . J. Turner for some very

- useful and informative discussions and are grateful for support from NATO,

A ' which facilitated these discussions.

Wty e e

Ty

AERAERE |
R

1SS
st

<
- . v e e e NS
- o m . e e . . A - .. . LTI T - L R Tttt T S e e L L W T e e IR
B S T T Tt e e et et et e e v a PO U TSR ST Y DY
f - " s - PV Y T - M -~\i.-.‘h'.‘.'o'b‘-‘.'-.-'.‘.'.'.'
19 = a3 a4 Sar s o (PEPR FE YR VS VS PTWE Vs TR Ve Vo vu s

DL
& A o o




N References ‘ﬁiii
" (AL ¢
~ PRI
(1) Rothberg, L. J., Cooper, N. J., Peters, K. S., and Vaida, V. J. J. Am. Cars
Chem. Soc. 104, 3536 (1982). S
(2) Yasufuku, K., Noda, H., Iwai, J., Hiroyuki, O. and Takayoshi, K., to be :::::'_'.::
published. N
Lalal
- (3) Church, S. P., Hermann, H., Grevels, F., and Schaffner, K. J. Chem. Soc. AN
b Chem. Comm. 785 (1984), and references therein. R
L (4) Freedman, A. and Bersohn, R. J. Am. Chem. Soc. 100, 4116 (1978). E ‘_.-
- R
F (5) Leopold, D. G. and Vaida, V. J. Am. Chem. Soc. 106, 3720 (1984) -
(6) Ouderkirk, A. J., Wermer, P., Schultz, N. L., and Weitz, E. J. Am. Chem.
, Soc. 105, 3354 (1983).
p (7) cChurch, S. P., Poliakoff, M., Timney, J. A., and Turner, J. J. J. Am.
- Chem. Soc. 103, 7515 (1981). -
: (8) Burdett, J. K. J. Chem. Soc. Faraday II 70, 1599 (1974). o




Figure 1.

Figure 2.

Figure Captions

Transient infrared absorption spectrum obtained 25 usec following
XeF laser photolysis of gas phase Mny(CO)jg. The positive feature
at 2000 cm~l is attributed to a Mn(CO)5 absorption. The negative
features arise from photolytic depletion of Mny(CO);g. Infrared
absorptions of gas phase Mng(CO); and CO matrix isolated Mn(CO)sg
are denoted by down arrows and up arrows, respectively. The tic
marks above the ordinate depict the probe frequencies used to

construct the spectrum.

Disappearance of Mn(CO)5 presented as a second order decay. The

data displayed in this figure were obtained from the transient

absorption of Mn(CO)s at 2004.3 cnl, The transient waveform, which

is shown over a 2 msec range (inset), was obtained under the condi-
tions described in the text, except that the cell temperature was
50°C. From the slope of the curve, I/I, measurements, and an
estimated extinction coefficient, the rate constant for the second
order decay of Mn(CO)S is calculated to be (2.7 % 0.6) x

1013 cmmole~lsec™l.
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