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The overtone of the v2 vibrational mode in Cr(CO)6 are observed for the first time in cyclohexane and methanol 

at both the 266 and 213 nm excitations. The appearance of the overtones due to the displacement of the electronic 

excited state with respect to the ground state along the v2 vibrational mode is interpreted in terms of wavepacket 

concept and molecular orbital (MO) theory. Our Raman results suggest a new interpretation for the excited state 

potential.

Introduction

The group VI transition metal carbonyl complexes have 

been the prototype molecules for understanding organometal

lic bonding and electronic structure. Cr(CO)6 is one of the 

well-studied transition metal complexes.1~3 Recent develop

ments in laser techiu)logy now makes it possible to study 

ultrafast dynamics following photoexcitation.4-"8

Upon photodissociation of Cr(CO)& Cr(CO)5 is produced 

within 1 ps in the condensed phase and then the naked 

Cr(CO)5 undergoes solvent coordination giving rise to the 

solvated Cr(CO)5 as a final product.4 UV-visible transient ab

sorption,4'6,7 transient IR5 and transient Raman8 spectroscopic 

techniques have been employed to investigate ultrafast phe

nomena occuring in the solution phase.

In order to predict the photochemical pathway from Cr 

(CO)6 to the naked Cr(CO)5, Raman spectroscopy of the 

ground state has been utilized since the Raman overtone 

of any vibrational mode in Cr(CO)6 is a projection of the 

electronic excited state2,6 onto the ground state. Any observ

ed overtone progression implys a displacement of the elec

tronic excited state along that vibrational mode. The appear

ance of the overtones of the 巧 mode in Cr(CO)6 is of interest 

in that it provides information on the shape of the potential 

energy surface of the electronic excited state; thus the possi

bility of that mode being the reaction coordinate on which 

the bond breakage between the chromium and carbonyl 

group occurs. We observed for the first time the overtone옹 

of the V2 mode in Cr(CO)6 at the 266 and 213 nm excitations 

using Raman spectroscopy.

Experimental

The experimental apparatus has been previously described 

in detail.9 The laser system consists of a high repetition rate 

(2 kHz) chirped pulse regenerative amplifier which provides 

1 mJ pulses at 1.06 gm. A mode locked cw Nd : YAG laser 

in combination with a single mode optical fiber is used to 

produce the seed pulse to the regenerative amplifier. Follow

ing grating compression the output pulse of this laser has
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an 8 ps temporal duration. In this experiment the time reso

lution of the apparatus is irrelevant since only normal Raman 

scattering is detected. Laser excitation occurs in a free flow

ing jet which moves the solution at a speed sufficient to 

ensure that no two successive pulses interrogate the same 

region of sample. Raman scattering is dispersed by an ISA 

U1000 double monochromator. The signal is detected by a 

photomultiplier tube, and processed by a gated integrator.

Cr(CO)6 was purchased from Aldrich and used without 

further purification. The concentration was 10 mM in cyclo

hexane and methanol. Cyclohexane was purchased from Aid- 

rich and was of spectrograde purity. Methanol was HPLC 

grade and purchased from Mallinckrodt.

Results and Discussion

Cr(CO)6 has 33 normal vibrational inodes. The representa

tion of 33 vibrational modes is reduced to 13 fundamentals10 

by F=2A]g+2EgT~7L+47L + 27%+27'2w. Among the Raman 

active modes, the Vi and v2 modes belong to the totally sym

metric Ajg representation, and the rest belong to the non- 

tot지ly symmetric vibrational modes. Two different Raman 

excitation wavelengths of 266 and 213 nm were used in our 

experiment. The 266 nm wavelength is off resonance and 

the 213 nm wavelength is in resonance with the second 

charge transfer (C-T) transition.2 In view of symmetry con

siderations it is expected that two different types of vibratio

nal modes will be enhanced depending on the excitation. 

The experimental data shown in Figure 1 indicate that the 

non-totally symmetric vibrational modes, Vi0 (M-C-0 bending) 

and v3 (C-0 stretching), are enhanced by the 266 nm excita

tion. On the other hand, the totally symmetric vibrational 

modes, v2 (M-C stretching) and Vi (C-0 stretching, shown 

in Figure 2), are enhanced by the 213 nm excitation.

One overtone of the v2 mode, 0-2 is observed at 760 cm-1 

in both spectra; it is unlikely that the overtones of the v2 

vibrational mode appear at the 266 nm excitation considering 

that the totally symmetric vibrational modes are resonantly 

enhanced only at the dipole-allowed transitions. In fact, it 

is not easy to assign overtones because the vibrational an- 

harmonicities are not known at this time. Nonetheless, these 

bands are assigned to overtones with confidence by com-
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Hgure 1. Raman spectra of Cr(CO)6 in cyclohexane were taken 

at the 266 and 213 nm excitations. The overtones of the v2 mode 

appear in both the 266 and 213 nm excited sepctra. The over

tones appear to be enhanced at the 213 nm excitation as expect

ed from the vibronic theory. These overtones are confirmed by 

matching each other at two different excitations. 2v2 stands for 

the 0-2 overtone of the V2 mode. Likewise, 3/ stands for 0-3, 

and 4v2, 0-4 overtone, respectively. The cyclohexane solvent ba

nds are represented by S.

paring the relative intensities between two spectra. The 

enhancement of the fundamental of the v2 mode is much 

larger in the 213 nm excited spectrum than in the 266 nm 

one. This is also true for the overtones, 0-2, 0-3, and 0-4 

(0-3 and 0-4 overtones are not so apparent as 0-2 overtone, 

but this fact does not affect our conclusion). These overtones 

are not apparent in Figure 1 because of the interference 

of the cyclohexane solvent bands. However, they are clear 

in the spectrum taken in the methanol solution as shown 

in Figure 2.

This result is in contrast to that of Gerrity et al.2 in that 

their spectra did not show these overtones at the 253, 266, 

and 281 nm excitations in the same solution. However, in 

our spectrum by matching the overtones in the 266 nm ex

cited spectrum with those in the 213 nm excited spectrum, 

it is confirmed that the overtones in the 266 nm excited 

spectrum are not due to any artifacts. According to the 

theory the overtones of the v2 mode are not supposed to 

appear in the 266 nm spectrum became the 266 nm excita

tion corresponding to the dipole-forbidden d-d transition 

does not enhance the totally symmetric v2 mode. The over

tones of a particular mode, however, can appear even in 

a dipole-forbidden transition o미y if the excited state is dis

placed with respect to the ground state along that vibrational 

mode. This can be better understood by considering the 

wavepacket description.12~13 If we promote the wavepacket 

from the electronic ground state to the excited state at time 

zero (/—0) using the sudden approximation, the initial exci

ted state is the same as the ground state wavefunction. As 

it evolves with time, the wavefunction overlaps with higher 

vibrational states. For a given vibrational progression, the
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Hgure 2. Raman spectra of Cr(CO)6 were obtained in two dif

ferent solvents under the same conditions. The overtones of the 

v2 mode appear in both solvents. The ambiguity of the overtones 

in cyclohexane is clarified by comparing them with those in 

methanol. Especially, the 2v2 mode in methanol is apparent with

out being interfered by any solvent bands. The Vi mode also 

appears to be enhanced at the 213 nm excitation compared to 

the 266 nm excitation implying that C-0 is also displaced as 

expected from the vibronic theory.

overlap will develop continuously from the lowest vibrational 

level to the higher level, depending on the extent of displa

cement of the vibrational coordinate in the excited state.

The appearance of the overtones of the v2 mode at the 

266 nm excitaion is an indication that the excited state is 

displaced relative to the ground state along this normal 

mode. This reasoning does make sense in considering an 

electronic transition in terms of molecular orbital (MO) 

theory. The transition corresponding to the

266 nm excitation accompanies one electron transition from 

the non-bonding rf(n) orbital in t如 electronic state to the 

anti*bonding rf(o*) orbital in eg electronic state. The transition 

from the non-bonding to the anti-bonding orbital results in 

two effects which decrease the bonding properties. The n 

backbonding decreases when one electron is removed from 

a lone pair d(n) orbital in the 奴 electronic state. The bondin용 

is also reduced by population of the g* antibonding orbital. 

These two cooperative effects cause the weakening the bond 

between metal and carbonyl group. The displacement of the 

metal and carbonyl group in the excited state accounts for 

the appearance of the overtones for the totally symmetric 

mode in this transition.

In the 213 nm exaited Raman spectrum the totally sym

metric mode, V2, is enhanced by a factor of 3-4 compared 

to that in the 266 nm excited spectrum. The 213 nm transi

tion corresponding to the transition is different

from the 266 nm one in that the former is strongly dipole- 

allowed whereas the latter is forbidden d-d transition. The 

depopulation of the non-bonding J(n) orbital and the popula

tion of the n* CO in t* electonic state are the sources for 

the displacement of the M-CO as well as the C-0 bonding.
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Figure 3. Raman spectrum of Cr(CO)6 in methan아 was taken 

at the 213 nm excitation. The bands for the 0-2 and the 0-4 

overtone of the v7 mode are blackened at the center of approxi

mately 1330 and 2625 cm~\ respectively. There are also several 

overtones of the v2 appeared with its combinations. The methanol 

solvent bands are represented by S.

As in the case of the 266 nm excitation, the depopulation 

of the non-bonding d(n) decreases the strength of n back- 

bonding, thus reduces the M-CO bond. On the other hand, 

population of the anti-bonding orbital of the n*CO decreases 

the strength of the C-0 bonding. In such a case, the displa

cement of the C-0 bond will take place. As a result, at the 

213 nm excitation 나le displacement of both M-CO and C- 

0 bond can be observed. In order for a reaction to occur 

a bond has to be displaced largely along a particular vibratio

nal mode just before a breakage. Conversely, if a large dis

placement of bond occurs along a particular vibrational mode, 

that mode can be a reaction coordinate. The evidence for 

a reaction coordinate is the appearance of the overtones in 

the resonance Raman spectrum.

It is interesting to compare the v2 vibrational mode with 

the V? vibrational mode of which 0-2 overtone is also report

ed by Polson et al^ They observed the 0-2 overtone of the 

v； mode around 1332 cm-1 and referred to it as the reaction 

coordinate; the fundamental of the v7 at 665 cm'1 is reported 

elsewere.14 The difference between two vibrational modes 

is that the v2 mode belongs to the totally symmetric mode, 

whereas the v7 mode belongs to the non-totally symmetric 

mode. Therefore, all of six carbonyl groups are equally elon

gated by the same amount during the totally symmetric 

vibrational motion, but not all of them are equally elongated 

during the non-totally symmetric vibrational motion. In view 

of the fact that all six carbonyl groups are unlikely to be 

largely displaced by the same amount during the reaction, 

N이son et al.e prefered the v7 mode to the V2 mode as the 

reaction coordinate. The appearance of the higher overtones 

such as the 0-4, 0-6 of the v7 mode, however, would confirm 

it being the reaction coordinate with confidence. As a matter 

of fact, this argument is well supported by our finding of 

the higher overtones. As can be seen in Figure 2 and Figure 

3, two v7 overtones corresponding to 0-2 and 0-4 appear to 

exist around 1330 and 2625 cm~\ respectively. According 

to our knowledge the 0-4 overtone is observed for the first 

time in this experiment.

Admitting the v7 mode to be the reaction coordinate, the 

role of the v2 mode is now in question. The v2 mode seems 

to be coupled with the v7 mode, so that the initial excitation 

involves the low frequency mode, the v2, in the excited state 

and then this electronic state undergoes nonradiative relaxa

tion to the dissociative state generated by the vibration of 

the v7 mode, from which the reaction occurs. The significance 

of this result lies in that the existence of the v2 overtones 

is probabally the evidence for the initial excitation of the 

iow frequency mode which finally undergoes nonradiative 

relaxation to the high frequency mode, the v7t by coupling.

Conclusion

We observed for the first time the overtones of the 巧 

vibrational mode at both the 266 and 213 nm excitations 

using Raman spectroscopy. The appearance of the overtones 

is interpreted in view of the wavepacket concept and the 

MO theory, and is concluded that the displacement of the 

electronic excited state with respect to the ground state 

along the 巧 is involved at both the 266 and 213 nm excita

tions. Resonance Raman spectroscopy is proven to be a use

ful technique to obtain information on the intermediate spe

cies with the help of the overtones of certain vibrational 

inodes.
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