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Picosecond time-resolved resonance Raman spectroscopy has been used to 가udy the photochemistry of Cr(CO)6 in 

cyclohexane following photoexcitation at 266 nm. Photodissociative loss of CO is found to occur within our pulse 

width of M5 ps by probing the 533 cm-1 vibrational mode of ground state Cr(CO)6. The subsequent dynamics after 

photodissociation are interpreted in terms of solvation, vibrational and electronic relaxations. The vibrational relaxation 

time of 100 ps and 83 ps are observed by monitoring v=0 and v=l of the 381 cm-1 transient mode, respectively. 

No evidence was found for solvation and electronic relaxation occurring on a time scale of >5 ps.

Introduction

The photochemistry of Cr(CO)6 has beeen extensively in

vestigated1. Recent studies have focused on the time scale 

of the photodissociation and the subsequent dynamics of the 

photogenerat은d Cr(CO)5 fragment in solution.2-9 The dyna

mics of photoproduct Cr(CO)5 are of interest as a probe of 

condensed phase processes such as solvent coordination, sol

vent reorientation, electronic and vibrational relaxation.3,6,8

There are currently several controversies for the time sca

les and mechanisms of the solvent coordinated Cr(CO)5 pho

toproduct formation.2-9 Time-resolved picosecond absorption 

studies by Simon et al?~3 first showed that the photodissocia

tion of Cr(CO)6 results in the formation of solvated Cr(CO)5 

which appears in a time scale of 4Q8 ps in cyclohexane. In 

their model, solvent coordination takes place after dissipation 

of the excess energy by electronic relaxation.

However, in contrast to these results the picosecond tran

sient infrared experiments by Spears et al? suggested a much 

longer solvent coordination time of 200 ps. Femtosecond tran

sient absorption experiments by Nelson et al^ showed two dif

ferent time scales of 300 fs and 70 ps in methanol. The short 

300 fs time scale was interpreted as photodissociation immedia

tely followed by solvation. The long 70 ps time scale was assig

ned to both electronic and vibrational relaxation from the exci

ted state of the CrtCO)5-S(S; solvent) complex. Further tran

sient absorption 아udies by Harris et reported a time 

scale of 4 to 17 ps which has been interpreted as vibrational 

relaxation in the pentacarbonyl photoproduct.

To provide further insight into this photochemistry, we have 

used transient picosecond Raman spectroscopy to directly probe 

the vibrational spectrum of the photoproduct. In the previous 

report9 vibrational relaxation has been suggested to occur on 

a time scale of 100 ps. But, this conclusion was made with 

the assistance of complementary Stokes and anti-Stokes inten

sity changes by recording them。미y at 3 different times with 

a pulse width of 230 ps.

Here we are to determine the identity of the photoge

nerated transients and investigate the time scale of photodisso

ciation, solvation and vibrational relaxation by utilizing the fea

ture of the transient Raman spectroscopy, which monitors dire

ctly the vibrational modes of interest. An elaborate transient 

Raman investigation is carried out by using a ^5 ps pulse 

width at 266 nm, and the dynamics are taken precisely with 

a 5 ps step size while probing the relevant vibrational modes.

Ejq>erimental

The experimental apparatus has been described in detail 

elsewhere10-11. The laser system consists of a high repetition 

rate (2 kHz) chirped pulse regenerative amplifier which provi

des 1 nJ pulses with an 8ps pulse width at 1.064 pm. The 

266 nm frequency quadrupled pulse has a width of <5 ps. 

Laser excitation occurs in a free flowing jet which moves the 

solution at a speed sufficient to ensure that no two succesive 

pulses interrogate the same region of sample. Raman scattering 

is dispersed by an instruments SA U1000 double monochroma

tor. The signal is detected by a photomultiplier tube, and pro

cessed by a gated integrator. The accuracy of the monochroma

tor is specified at ± 1 cm-1 over 5000 cm-1. Cr(CO)6 is photo

dissociated at 266 nm and the transient is probed at the same 

wavelengh with a second laser pulse. The pure transient Ra

man spectrum is obtained by using a two-pulse spectrum diffe

rencing technique. This is accomplished by rapidly chopping 

(mechanically) the pump and the probe beams, and recording 

the total two pulse spectrum as well as the individual one-pulse 

background spectrum. Dynamics are obtained by varying the 

optical delay between the pump and the probe pulses using 

a retroreflector and alm long computer controlled delay stage. 

The timing between two pulses was measured experimentally 

using the dynamics of the anti-Stokes spectrum of the supposed 

Cr(CO)5-S(S : solvent). The time axis in the spectrum corres

ponds to the optical delay with respect to perfect temporal 

overlap at time zero. As a result, the time “minus" data corres

ponds to one of the pulses acting as the probe and the time 

"plus” data to the other pulse acting as the probe.

Cr(CO)6(99% purity) was purchased from Aldrich and used 

without further purification. The concentration was 10 mM in 

every solvent. Cyclohexane was purchased from Aldrich and 

was of spectrograde purity. Tetrahydrofuran (THF), methanol, 

and n-propanol were HPLC purity and were purchased from 

Mallinckrodt.
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Rgure 1. Long range transient difference spectrum of Cr(CO)5- 

S in cyclohexane. Time delay between pulses is 400 ps. The 

filled-in peaks corresponds to the transient bands. Negative going 

peaks are ground state Cr(CO)6 bands. The dotted region of the 

spectrum has a low signal-to-noise due to the subtraction of in

tense cyclohexane solvent bands.
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Figure 2. Dynamics for the intensity change of the negative- 

흥oing peak at 533 cm-1. Positive times correspond to pump follo

wed by delayed probe. Relative energies are approximately 15 

gj for the pump and 3 pj for the probe. Step size of the optical 

delay is 5 ps. The solid line through the data represents a 5 

ps decay time.

Results and Discussion

Figure 1 shows the transient Raman spectrum for Cr(CO)6 

in cyclohexane obtained by using a two-pulse spectrum differ

encing techique. This is achieved mathematically by comput

ing the transient spectrum as: Transient Spectrum=Two-Pulse 

Spectrum—One-Pulse Spectrum x factor. The factor is adjusted 

such that the solvent bands substract to zero in the computed 

transient Raman spectrum. Two-Pulse spectrum contains the 

transient and ground state spectrum because as soon as the 

pump beam generates transients the following probe beam pro

bes the transients as well as the ground state molecules. On 

the other hand, one-pulse spectrum contains o이y ground state 

spectrum because the probe beam probes only the ground state 

molecules in the absence of the pump beam. It is for this 

reason that the two-pulse spectrum differencing technique is 

used. This spectrum is believed to be the pure transient Raman 

spectrum.

There are two kinds of bands in terms of direction in this 

transient Raman spectrum. One is for the negative-going bands 

at 533 cm-1 and 2091 cmf and the other is for the positive

going bands (filled-in) at 381 cm-1 and 1935 cm-1. Compared 

to the normal ground state Raman spectrum12 of gas phase 

Cr(CO)6 which has a v3 CO stretch at 2019 cm-1 and the v2 

Cr-CO stretch vibration at 381 cm1, the transient bands at 

1935 cm-1 and 381 cm-1 are likely to be CO stretching and 

Cr-CO stretching vibrations, respectively. The Raman band of 

Cr(CO)6 at 381 cm-1 does not appear to bleach because of 

the large positive transient band at or near the same frequency.

The negative-going bands are caused by changes in the opti

cal density of the solution due to the transient absorption of 

the photoproducts and the photobleaching of ground state Cr 

(CO)6. But this change in the optical density does not have 

an effect on vibrational frequency or Raman shift of the band 

in ground state. Raman shifts of the negative bands therefore 

aroear in the same places as those of ground state CKCO)& 

The monitoring of negative bands thus provides information 

on the phenomena occurring in ground state Cr(CO)& The dy

namics of the negative bands, for instance, accounts for the 

pop나atjon change with time in ground state Cr(CO)6 resulting 

from photodissociation. This is illustrated in Figure 2 of which 

dynamics is obtained from the negative-going band at 533 cm 1 

in the Stokes side. The Raman signal has a maximum value 

in intensity in the region of negative time and has a minimum 

value in the region of positive time while showing an inflection 

point at time zero. In the region of negative time where the 

probe beam comes earlier than the pump beam to the sample, 

most of Cr(CO)6 molecules are in their ground state. As a 

result the intensity of the Raman signal proportional to the 

number of ground state molecules maintains a maximum value. 

On the contrary,in the region of positive time where the pump 

beam comes earlier than the probe beam, the ground state 

molecules are bleached due to photodissociation. And so, the 

intensity of the Raman signal falls off to a minimum value. 

This dynamics is fitted to take place within our pulse width. 

This fact provides strong evidence that photodissociation occurs 

within 5 ps. The photodissociation of CrfCO)6 leads to the pho

toproduct CitCO)^13 and in turn, solvation finally.

The filled-in positive bands appeared in Figure 1 seems 

more likely to be those of solvated Cr(CO)5 than those of naked 

one for the following three major reasons. First, the lifetime 

of the transient is found to be longer than Ins (not shown) 

and is consistent with the known millisecond lifetime14 

for solvated Cr(CO)s. Moreover, the lifetime of longer than 

200 ps for a naked Cr(CO)5 has not been suggested by any 

group yet. Secondly, the laser power used in this experiment 

is 10 to 25 times weaker than that used in the previous 

transient infrared5 or transient UV-visible absorption2 4,7 stu

dies where only Cr(CO)5-S was identified as a photoproduct. 

Thirdly, the linearity of the transient signal was checked 

over a range of laser powers from 5 times greater to 5 times 

less than those typically used. Only at the highest laser pow

er was a nonlinear sitmal observed. In fact, the transient
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Figure 3. Dynamics for the intensity change of the Stokes band 

at 381 cm-1. The rise time obtained from the single exponential 

curve fitting is 100 ps.
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Figure 4. Dynamics for the intensity change of the anti-Stokes 

band at 381 cm-1. The decay time obtained from the single ex

ponential curve fitting is 83 ps.

signal was found to decrease at high power. The observation 

of a transient signal linear in both pump and probe laser 

power is a good indication that the transient is Cr(CO)5-S 

and not Cr(CO)B, where 丸 44. In this respect, the filled-in 

positive bands are considered to be those of the transient 

Cr(CO)5-S. A naked Cr(CO)5 might be formed within our 

pulse width of 5ps and immediately followed by solvation, 

supporting the transient absorption studies.

The dynamics for the transient has a 100 ps rise time 

as shown in Figure 3 with a single exponential, which sugge

sts that a single step of photochemistry is involved. This 

dynamics were monitored at 381 cm-1 in the Stokes region. 

The anti-Stokes dynamics monitored at 381 cm-1 also show 

a single exponential with 83 ps decay time as shown in Fi

gure 4. The difference in time scale between the growing 

Stokes and the decaying anti-Stokes dynamics is somewhat 

unusual. In principle, the intensity of Stokes scattering is 

mainly responsible for the number of molecules in v=0 (the 

lowest vibrational quantum number) and its dynamics reflect 

the population change of the molecules in v=0 with time; 

the more the molecules, the bigger the intensity. In a simihar 

fashion, the intensity of anti-Stokes scattering is responsible 

for the number of molecules in v=l and its dynamics reflect 

the population change of the m이ecules in v=l. As a conse

quence, if vibrational relaxation occurs only from v=l to 

v=0 of the 381 cm-1 mode, the time scales for both Stokes 

and anti-Stokes dynamics should be exactly same because 

the rate of population of the molecules in v=0 will be the 

same as that of depopulation in v=l. Therefore, it is assu

med that there are some vibrational modes between v=0 

and v=l of the 381 cm-1 vibrational mode through compli

cated couplings. In such a case the energy flow from the 

upper vibrational levels to the v=0 involves more than one 

channel. This seems to be the reason why the i•가e of two 

dynamics are different each other. Although there exists 

some discrepancy in time scale between two scattering pro

cesses, the complementary observation of the growing Stokes 

and the decaying anti-Stokes dynamics is interpreted as the 

vibrational energy relaxation because the complementary dy

namics of the intensity of the Stokes and anti-Stokes spectra 

are only consistent with vibrational energy relaxation.

The possibility of being electronic relaxation is ruled out 

because the Stokes and the anti-Stokes dynamics are differ

ent each other. If electronic relaxation is involved, both the 

Stokes and the anti-Stokes dynamics should have the same 

pattern with a growing intensity because the energy flow 

from the upper electronic energy level will populate at the 

same time the v=0 and v—1 in the lower electronic energy 

level. Instead, we observe the decay of the anti-Stokes scat

tering and the rise of the Stokes scattering. These dynamics 

are assigned to vibrational relaxation. These considerations 

indicate that the lower limit for the electronic relaxation time 

must be the time observed for the growth of the anti-Stokes 

band. The time constant for this process is shown to be 

rise time limited with an error of 5 ps (Figure 4).

It is interesting to compare the time sc지e for the vibra

tional r이axation of this molecule with the smaller as well 

as the bigger ones. The prototype of the small molecule 

which is well studied is the diatomic Z2- The vibrational rela

xation from the v=52 to v=0 of the 212 cm-1 mode in 

the electronic ground state was reported to occur on a time 

scale of lOOps in our previous result15. On the contrary, the 

vibrational relaxation for hemoglobin which is much bigger 

than Cr(CO)6 was reported to occur within 2-5 ps16. Two 

kinds of mechanism for the vibrational energy relaxation are 

to be considered to explain the different time scales for the 

different molecules.

The first mechanism to be considered is an intramolecular 

vibrational energy relaxation. Provided that the vibrational 

relaxation obeys the statistical equilibrium distribution, ex

cess energy is easily redistributed in a bigger molecule be

cause more vibrational modes are coupled so as to dissipate 

excess energy efficiently. Thus the higher density of vibra

tional states caused by couplings of numorous vibrational 

modes leads to a faster relaxation17~18. Therefore, the extent 

of vibrational couplings among the vibrational modes within 

a molecule will have a great effect on the rate of the intra

molecular vibrational energy relaxation. Considering the fact 

that Cr(CO)6 belongs to the intermediate in size among three 

molecules, the long time scale of 80-100 ps for the vibrational 

relaxation may not be easily acceptible. The plausible expla
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nation could be made by understanding the characteristics 

of the molecule by itself. Cr(CO)6 has the heavy metal, chro

mium, at the center of the Qh geometry, and this metal 

seems to be the cause of an unexpected behavior. The heavy 

metal might act as a blocker for the intramolecular energy 

transfer by preventing efficient couplings among the vibra

tional modes. In such a case, the vibrational energy would 

not be relaxed through the statistical equilibrium distribution 

which involves all the coupled vibrational modes. This may 

mainly be responsible for the long time vibrational relaxation 

for Cr(CO)6, a relatively big m이ecule. In the hemoglobin 

molecule, the iron as a heavy metal does not seem to act 

as much as the chromium metal as a blocker because non- 

metal atoms surrounding it are so numerous that the metal 

effect can be easily ignored.

The second mechanism is an intermolecular vibrational 

energy relaxation. For an intermolecular vibrational energy 

relaxation, either of vibrational to vibrational(V-V), vibratio

nal to rotational(V-R), or vibrational to translational(V-T) 

energy transfer from the excited molecules to the surroun

ding solvents plays a major role. Therefore, the rate of vibra

tional energy relaxation mostly depends on the characteris

tics of the surrounding solvents. But, no solvent dependence 

of the vibrational energy relaxation is observed in this exper

iment when THF, methanol, and w-propanol were used to 

reveal the V-V, V-R or V-T energy transfer mechanisms. 

This means that the bond formation between the naked Cr 

(CO)5 and solvents does not affect the dynamics for 381 cm-1 

mode corresponding to the Cr-CO stretching. If the statistical 

equilibrium distribution is involved in the vibrational energy 

relaxation before the intermolecular energy transfer, the dy

namics for the vibrational energy relaxation shoud be contin

gent upon different solvents attached because different vi

brational quantum states are formed due to solvents. This 

is another evidence that excess energy is not relaxed th

rough the statistical equilibrium distribution.

The discrepancy in time scales for the vibrational relaxa

tion obtained from the transient Raman and the transient 

absorption techniques may be resulted from the probing of 

different vibrational modes as well as different vibrational 

quantum states. Making a comparison between high and low 

vibratioal modes, higher vibrational modes are usually sub

ject to faster vibrational enegy relaxation than are lower 

ones. For a given vibrational mode, higher vibrational quan

tum levels dissipate excess enegy faster than lower ones. 

These facts possibly account for the big difference between 

the transient and the Raman results. In this respect, the 

4-17 ps time scale obtained from the transient absorption 

method may b은 due to the high vibrational quantum levels 

of uncertain vibration! modes, whereas the 80-100 ps from 

the transient Raman, the low vibrational mode as well as 

the low vibrational quantum levels at 〃=0 (Stokes) and v=l 

(anti-Stokes).

Conclusion

Picosecond transient Raman spectroscopy has been used 

to elucidate the ultrafast phenomena upon photoexcitation. 

Two-pulse spectrum differencing technique was used to 

measure transient Raman spectrum. Transient Raman spect

rum has two strong bands at 381 cm-1 and 1935 cm1 which 

are regarded as those of solvated Cr(CO)5. The vibrational 

energy relaxation time was measured to be 80-100 ps from 

both Stokes and anti-Stokes scattering of the 381 cm-1 mode. 

Photodissociation leading to the loss of CO was found to 

occur within our pulse width of %5ps from the depletion 

of the 533 cm-1 mode of ground state Cr(CO)6. No direct 

evidence was found for the dynamics of solvent coordination 

and electronic relaxation on a time scale of 25 ps.
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