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Ultrafast Dynamics of the Carbonyl Stretching Vibration in Acetic Acid in Aqueous
Solution Studied by Sub-Picosecond Infrared Spectroscopy
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Vibrational energy relaxation of the carbonyl CO stretching modes ofGCHDD and CRCOOD in DO is

studied by frequency-resolved infrared pungwobe spectroscopy. The spectral change caused by the vibrational
excitation includes two dynamical components with the time constants of 450 and 980 fsfoOCB and

390 and 930 fs for CECOOD. The two dynamical components exhibit different spectral properties. There
are two species of acetic acid forming different complexes with solvent water molecules. The time constants
are almost the same for GHOOD and CRCOOD, suggesting that the vibrational energy deposited to the
carbonyl group is first distributed among vibrational modes not related to the methyl group.

1. Introduction vibrational dynamics of the CO stretching modethe OH
uti . hemical ion fields i stretching modé?-28 and the OH bending moéteof the acetic
Aqueous solutions are important chemical reaction fields in acid cyclic dimer have been studied, and the results yielded

nature. When a solute has electron lone pairs, hydrogen bondﬁnformation on the anharmonic coupling between the intramo-
are formed between these groups and solvent water moleculeslecular vibrational mode and the low-frequency modes of the

Sttr?ng m(;e(;actlon by th? hydrogten bondds ;}houlc: |tnfluen|ce tre hydrogen bonds. The anharmonic coupling of the dimer was
static and dynamic environments aroun € Solute molecules, o ot died theoreticalRP:2° On the other hand, the solute

in aqueous solution. Therefore, it is essential to acquire Oleeloersolvent interaction and the vibrational dynamics of acetic acid

information on the hydrogen-bonding dynamics between solute in dilute aqueous solution have not yet been studied in detail.

and. solvent. . . In this study, we investigated the vibrational dynamics of the
Time-resolved infrared (IR) spectroscopy has been applied -~ stretching mode of C}£00D and CRCOOD in dilute

to studies of vibrational dynamics in aqueous solution. The p 5 go|ytion. Observation of the CO stretching vibrational

vibrational populatlo_n (_jynamlcs of anions, such @S’N)C.'\r’ . dynamics is useful in order to elucidate the hydrogen-bonding

SCN', and Fe(CNg*, in aqueous solution have been investi- 12 ics of solute solvent complexes. We also compared the

. i 1 -

gated W'ﬂ? th's. met\r/‘gg In thehse systgmz, ghe V|t_)ratllon_al results for CHCOOD and CRCOOD to study the contributions

ggr?;?gn':?rax‘?élgr:/ii)ratio)ngadsyr?azrar:iigijrfl\lzr?]ethil/I:cgltg?n? dgme of the methyl group to the inter- and intramolecular vibrational
L L= nergy transfer from the exci retching mode.

and peptides have also been studied in aqueous soldtidre energy transfer from the excited CO stretching mode

VER process of the carbonyl CO stretching modes of these i .
compounds proceeds with two different time constants of several 2- Experimental Section
hundreds of femtoseconds and a few picoseconds. The origin

of the t_WO cpmponents Is not _yet understood completgly. structed to observe vibrational dynamics. The schematic diagram
Acetic acid is one of the simplest molecules containing a ¢ the apparatus is shown in Figure la. A portion of a
carbonyl group. The structures of acetic acid |n4aqueouiiglut|on Ti:sapphire laser output (300 mW, 1 kHz) was introduced to a
have been experlmegntally investigated with'fR?Ramary, home-built optical parametric amplifier (OPA), based on ref
and uItrav_loIet (UV¥ 'spectroscopic me'ghods. They have also 30. A mid-IR pulse was generated by difference frequency
been studied theoretically>°These studies have revealed that ixing between the two near-IR outputs from the OPA in a
acetic amq forms hydr_ogen bor)d cc_)mplexes,. such as severalt:gease crystal. The mid-IR pulse was divided into three by a
kinds of dimers and linear-chain oligomers, in concentrated CaFR, wedged window. The 92% of the energy passing through
aqueous solu_tlon. In contrast, it was concluded that _the Carbo_nylthe window was used as a pump pulse, the 4% reflected by the
group of acetic aC|_d fo_rms hydrogen bond?’ predomlr!antl_y with front side of the window was used as a probe pulse, and the
:‘/(\;?:r?;tirgr?l?)?u[:e(sjr(l)n :rglfjk}gnﬁggegg; ﬁggf%} :}cseut:gngcilg ;?13 remaining 4% reflected by the back side was used as a reference
waterl3.19 ydrog P pulse. The pump pulse traversed an optical delay line. The pump
T . . . . . and probe pulses were focused on the sample. After passing
The vibrational dynamics of acetic acid have been studied through the sample, the probe pulse was dispersed by a
extensively by time-resolved IR spectroscopy. In particular, the spectrograph and was detected by a liquid-nitrogen-cooled 32-
. channel MCT array detector. The reference pulse was also
:I\cl:lggtra?:irl)grngwgt(?suéigﬂée Research Center, Kobe Universit dispersed by the spectrograph and was detected by another array
i v detector. The intensity fluctuations of the probe pulses were

* Graduate School of Science and Technology, Kobe University. ] LISt
§ CREST/JST. corrected by the reference pulses. The relative polarization angle

A time-resolved IR pumpprobe spectrometer was con-
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Figure 1. Apparatus for time-resolved IR pumiprobe spectroscopy. (a) Schematic diagram of the time-resolved IR spectrometer. (b) Spectrum
of IR laser light.

TABLE 1: Spectroscopic Properties of the Voigt
0.6 Components of the Carbonyl CO Stretching Vibrational
0.5 Absorption
D .
° peak position/  total width (fwhm)/
o 047 1 —1 ;
8 solute cm cm area ratié
§ 03+ CHsCOOD 17121 30.2 47
‘g 02 1683.2 35.2 53
2 ’ CD3sCOOD 1703.0 39.7 56
0.1 1682.4 37.9 44
004 2 2Ratio of the area intensities obtained by integration of the Voigt
L L I components. The sum of the ratios for the two components is 100.
1600 1650 1700 1750 1800
Wavenumber / cm the sum of two Voigt functions, which are a convolution of
Figure 2. Steady-state IR absorption spectra (solid lines) o§CGBIOD Gaussian and Lorentzian functions. The peak positions and
(top) and CRCOOD (bottom) in RO. The dotted lines are decomposed  phandwidths of the Voigt components are summarized in Table
Voigt components from each absorption band. 1. This result indicates that the absorption bands are broadened

y both homogeneous and inhomogeneous contributions. How-

ver, it is difficult to discuss the homogeneous and inhomoge-

neous widths at a quantitative level, because the obtained

. . bandwidths of the convoluted Gaussian and Lorentzian com-
In this study, the wavenumber of the IR light was set to 1700 ponents contain large uncertainties.

cm™, corresponding to the energy gap betweenithe0 and g two Vioigt components are located at 1712 and 1683 cm

the v = 1 states of the carbonyl CO stretching mode of acetic ¢, CH,COOD and at 1703 and 1682 cinfor CDsCOOD.

acid in D;O. The IR pulse energy was about 3. The  Thejr pandwidths are 30 to 40 cth The peak position and

spectrum of the IR light was measured with a single MCT bandwidth of the acetic acid monomer in aprotic solvents, for

detector while scanning the output wavenumber from the g, »mpie CG) n-hexane, and benzene, are reported to be 4760
spectrograph. The recorded spectrum is displayed in Figure 1b.1 760 cnrt and 12-15 cn, respectively?3 The differences

The spectral width was approximately 160 ¢imThe spectrum e peak wavenumbers and the bandwidths 0 Bom those

covered the entire range of the absorption band of the CO 4t he monomer result from the hydrogen-bonding interactions

stretching vibration, which is discussed in section 3.1. The between the CO group and the solvent water molecules
temporal resolution of the apparatus was approximately 250 fs,  \ye next discuss the origins of the two Voigt components of

which was estimated from the temporal duration of a nonreso- 1o |r absorption band. The IR absorption band shape fitted

nant pump-probe signal from neat .2 with the sum of the two Voigt functions possibly indicates the
D20 solutions of CHCOOD and CRCOOD were prepared  prasence of two complexes of acetic acid. It has been suggested

by dlss_olutlon of (CHCO)ZQ and CQCOO.D into 0, from UV spectroscopic studies that there are three dominant
restctwely. The concentrations of the solutions were 0.3 mol species of molecular complexes at the concentration of 0.3 mol
dm™. The sample was injected into a a@n thick cell with dm3, that is, a complex of neutral acetic acid and two water
two Cak windows. (CHCO),0 and QO were purchased from — q1acyles, a complex of neutral acetic acid and one water
Aldrich, and CRCOOD was purchased from Wako Chemicals. yqjecyle, and a complex of an acetic acid anion and two water

These were used without further purification. molecules® The third complex does not contribute to the IR
absorption spectrum at around 1700 émbecause the IR
absorption band arising from the OCO asymmetric stretching
3.1. Steady-State Infrared Absorption SpectraThe steady- vibration of the anion appears at around 1600 &nThe two
state IR absorption spectra of @EOOD and CRCOOD in Voigt components of the IR absorption band around 1700'cm
D,0O were measured with a Fourier-transform IR spectrometer, probably result from the two complexes of neutral acetic acid
as shown in Figure 2. An absorption band due to the carbonyl and water. However, in the steady-state IR study, the band shape
CO stretching vibration was observed at around 1700dor of the CO stretching mode of acetic acid inwas interpreted
both CHCOOD and CRCOOD. The absorption band, showing in terms of the Fermi resonance between the CO stretching mode
a shoulder on the lower-wavenumber side, could not be fitted and the overtone of the CC stretching mdédt was also
by a single Lorentzian or Gaussian function, or their sum. concluded that the difference in the band shape betweep CH
However, the obtained absorption band could be fitted well by COOD and CRCOOD results from the difference in the CC

b
between the pump and the probe radiations was set to the magic,
angle, 54.7, by a set of Cajpolarizers and a MgFhalf wave
plate.

3. Results
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@ ®) ground region ranging from 1625 to 1760 crhwith a biexponential
A T~ | state function,
=) -1.5ps
DE 0 t t
= i AAw ) = a(w) exp(— —) + b(w) exp(— —) +clw) (1)
2 0.1ps 1y 73
% 0.2 ps
g 0.4 ps where AA(w,t) is the observed absorbance change at the
3 0.6 ps wavenumber, with the delay times, 7, andr, are the decay
2 1ps time constants of the biexponential functiafy) andb(w) are
~ - i 2ps the decay-associated spectra, &fd) is the spectrum of the
" ne 4ps guasi-static component. By applying the global fitting to the
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Figure 3. Time-resolved IR difference spectra of (a) £&+DOD and
(b) CDsCOOD in D,O. The top solid line in each spectrum represents

the steady-state absorption.
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time-resolved difference spectra after the delay time of 300 fs,
we have determined thg andr; values as 45@: 200 fs and
980+ 40 fs for CHHCOOD and as 396 190 fs and 93Gt 40

fs for CDsCOOD, respectively. The spectifw), b(w), andc(w)
obtained by the fitting are shown in Figure 5.

In ultrafast pump-probe spectroscopy, the signal at the
negative time delay originates from the perturbed free induction
decay (PFID)232In addition, the coherent effect, called pump
polarization coupling (PPC), is also observed when the pump
and probe pulses are temporally overlappet.The contribu-
tions from the PFID and PPC are negligible in the time region
when the pump pulse reaches the sample before the probe pulse.
The width of the cross correlation function between the pump
and probe pulses is about 250 fs. Therefore, the signals after
the time delay of 300 fs should not be affected by the coherent
effects. We fitted the signal after a delay time of 300 fs to avoid
contributions from the coherent effects, resulting in large
uncertainties in the; values. However, even when thgvalue
is changed in the range of the uncertainty, the shape of the
spectruma(w) is not changed. The uncertainty in thevalue
does not alter the conclusion of this work.

4. Discussion

4.1. Origins of Decay-Associated Spectra(w) and b(w).
We have decomposed the observed time-resolved spectra into
two dynamical components(w) andb(w), and a quasi-static

Figure 4. Delay time dependences of the absorbance change (graycomponenk:(a)). To elucidate the two componentw) and
I(Iggt?ér;(;rcﬁ)l, g':g%?(%)aéégggogogt) iéggitég"df':gb ?{’:}? dc}|7e)l,1 b(w), we compared the decay-associated spectra with the steady-
and 1708 (bottom) crit. The solid black lines correspond to biexpo- state ab_sorpt'on spectra. As ShOW!’l in Tablell, the ground-sftate
nential functions determined by global fitting. absorption band of the CO stretching mode includes two Voigt
components whose peak positions are 1712 and 1683 fon
CH;COOD and 1703 and 1682 crhfor CD;COOD. The
stretching vibrational frequency, 850 cifor CH;COOD and depletions in the spectra(w) and b(w) exhibit peaks at the
800 cn1! for CDsCOOD. In section 4.1, we discuss a possible wavenumbers of 1711 and 1694 chior CH;COOD and 1708
contribution of the Fermi resonance to the band shape in light and 1680 cm?! for CD;COQD, respectively. As mentioned in
of the time-resolved IR absorption spectra, and conclude thatsection 3.2, the time constantand the spectrura(w) include

the Fermi resonance is not important in the IR spectrum.
3.2. Time-Resolved Infrared Difference Spectra.We
measured the time-resolved difference spectra after vibrationaldepletion in the spectrui(w) for CH;COOD results from these
excitation of the CO stretching mode of @EOOD and CL>-
COOD in D,O. The results are displayed in Figure 3. The the position of the Voigt component at the lower wavenumber
depletion of the ground-state absorption band is observed atcorrespond well with those of the depletion in the specta(u),
1711 cmt for CH;COOD and at 1708 cnt for CD;COOD,
while the transient absorption band due to the transition from component correspond with those of the depletion in the
thev = 1 state to ther = 2 state is observed at 1659 chfor

CH3;COOD and at 1662 cmt for CD;COOD. The recovery of

some fitting uncertainties. The difference of the position by 12
cm ! between the lower-wavenumber Voigt component and the

uncertainties. Therefore, we conclude that the band shape and

while the band shape and the position of the higher wavenumber

spectrunmb(w) for both CHHCOOD and CRCOOD. In addition,
if the shoulder of the ground-state IR absorption band resulted

the depletion and the decay of the transient absorption from the Fermi resonance, the difference of the band shape
correspond to the VER process from the= 1 to thev = 0

state.

between CHCOOD and CRCOOD would indicate that the
contribution from the Fermi resonance is different. A different

The time profiles of the absorbance change at three wave-contribution from the Fermi resonance would lead to differences

numbers, 1711, 1687, and 1659 ¢nfor CH;COOD and 1708,
1680, and 1662 cmi for CD;COOD, are shown in Figure 4.

in the VER time constants. However, the VER time constants,
71 andt,, are nearly the same for GHOOD, 450 and 980 fs,

We fitted the time dependences of the signals in the wavenumberand C3COOD, 390 and 930 fs. These results suggest that the
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Figure 5. Decay-associated spectra obtained by global fitting. (a) Spectra of the 4&@js flotted line] and 980 fafw), solid line] decaying
components for CECOOD. The upper traces show the steady-state absorption band (solid line) and the two Voigt components (dotted lines). The
uncertainties in the amplitudes are indicated in the figure. (b) Spectrum of the quasi-static comp@éfvf CH;COOD. (c) Spectra of the 390

fs [a(w), dotted line] and 930 fsh{w), solid line] decaying components for GCOOD. The upper traces show the steady-state absorption band
(solid line) and the two Voigt components (dotted lines). The uncertainties in the amplitudes are indicated in the figure. (d) Spectrum of the
guasi-static component(w)] for CD;COOD.

shape of the ground-state absorption band showing the shouldehas also been suggested from UV spectroscopic studies that there
is not due to the Fermi resonance but due to the presence ofare two complexes of neutral acetic acid forming hydrogen
two components. We conclude that the decay-associated spectrbonds with one (1:1 complex) or two (1:2 complex) water
a(w) andb(w) result from the excitation of the lower and higher molecules when the concentration is 0.3 moldi? Therefore,
wavenumber Voigt components, respectively. It is also con- we conclude that the lower wavenumber Voigt component is
cluded that the exchange between the components with theattributed to the 1:2 complex, while the higher wavenumber
spectruma(w) and those with the spectruin(w) proceeds slower  Voigt component is attributed to the 1:1 complex. The exchange
than the VER process with the time constant of 1 ps. between the 1:2 and the 1:1 complexes by hydrogen bond
The evolution of the time-resolved spectrum could be breaking or forming proceeds with a time constant of larger
explained by other mechanisms of vibrational dynamics. Spectralthan 1 ps, as discussed in section 4.1. In the two-dimensional
diffusion, observed in the OH stretching dynamics of HOD in (2D) IR spectroscopic study d#methylacetamide in methanol,
D,0,3435 could be considered as the origin of the decay- it was suggested that the hydrogen bond between the carbonyl
associated spectruafw) or b(w). The ground-state absorption  group of N-methylacetamide and methanol breaks and forms
band fitted with the sum of the two Voigt functions indicates with a time constant from 10 to 15 §$The time scale of the
the presence of the inhomogeneous distribution of the transitionhydrogen bond breaking and forming between the carbonyl
frequency which may result in the spectral diffusion. Under our group of acetic acid and J® seems to correspond with that
experimental conditions, the two Voigt components were excited between the carbonyl group bfmethylacetamide and metha-
simultaneously by the IR pump pulse with a spectral width of nol. In future studies, if a spectrally narrower IR pulse is used
160 cnrl, which covers the entire range of the IR absorption as the pump and its peak position is tuned to the wave-
band of the CO stretching mode. Therefore, spectral diffusion number of either of the two components, the purppobe signal
caused by fast exchange between the two components shoulghould provide more information on the vibrational dynamics,
not be observed. The Stokes shift in the vibrational excited statesuch as the spectral diffusion and the exchange between the
is another possible mechanism of spectral diffusion because thetwo species.
two components in the ground-state absorption band include To support our spectral assignments, we performed calcula-
the homogeneous and inhomogeneous contributions as discussegibns of the density functional theory for the 1:1 complexes
in section 3.1. However, the depletion of the ground-state (CH;COOD-D,O and CBCOOD-D,0) and the 1:2 com-
absorption and the transient absorption bands do not exhibitplexes [CHCOOD—-(D,0), and C3COOD—(D,0),] with the
any wavenumber shift during the delay time. Their widths are Gaussian 03 prografi.The calculations were performed by
also not changed. It is concluded that spectral diffusion is not the B3LYP functional with a 6-31:G(d,p) basis set. The
important in the present results. As another interpretation for wavenumbers of the CO stretching vibrations for C®OD,
the spectral time evolution, the slower component could result the 1:1 complex (CBCOOD—D,0) and the 1:2 complex [CH
from an intermediate hot ground state formed by the VER from COOD-(D;0);] were calculated as 1766, 1712, and 1682 tm
the v = 1 state. However, this mechanism is also unlikely respectively, after the frequency correction by the wavenumber-
because of the agreement of the wavenumbers between thdinear scaling methoé The wavenumbers for the 1:1 and 1:2
slower component and the lower frequency Voigt component. complexes of CRCOOD agree well with the peak positions of
The two components of GEOOD and CRCOOD probably the Voigt components in the steady-state absorption spectrum,
correspond to different solvation complexes st When the 1712 and 1683 crt, respectively. For CBCOOD, the calcu-
concentration is changed in the range lower than 1 mol¥im lated wavenumbers for the 1:1 and 1:2 complexes are 1707 and
the shapes of the steady-state IR and Raman spectra do not676 cntl, agreeing with the peak positions of the Voigt
depend on the concentratiéf'® The results indicate that acetic  components, 1703 and 1682 tinrespectively. These results
acid molecules do not form hydrogen bonds with each other. It support our spectral assignments.
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4.2. Mechanism of Vibrational Energy Relaxation of COOD dimer consists of two steps with time constants of 0.31
Acetic Acid in Aqueous Solution.We discuss the VER time  and 1.9 pg! It was suggested that the two components resulted
constantsy; andt,, of the CO stretching mode of acetic acid from different solvation species. Our experimental results for
in D,O. As discussed in section 4.1, the value, 400 fs, acetic acid in dilute BO solution also involves two dynamical
corresponds to the VER time for the 1:2 complex, whilethe = components, which were assigned to the VER process for the
value, 1 ps, corresponds to that for the 1:1 complex. The VER different complexes. These results suggest that the dephasing
process of the CO stretching mode for the 1:2 complex proceedsprocess proceeds faster than the VER process for the complexes
faster than that for the 1:1 complex. It has been observed thatof acetic acid and BD. The differences in the VER time
the stronger intermolecular hydrogen bond accelerates the VERconstants, 0.31 and 1.9 ps for the cyclic dimer and 0.4 and 1.0
process of the OH stretching mode of HOD ia@?**~*! The ps for the complexes of acetic acid and@@ probably result
VER rate is formulated in terms of the Fermi golden rule, in from the different environments of the carbonyl group, including
which the VER rate becomes slower when the coupling strength the hydrogen bond strength and the sohkgelvent interactions.
between the excited vibrational mode and the energy accepting 4.3. Origin of Quasi-Static Componentc(w). The spectrum
mode increases, the vibrational density of states (DOS) increasesg(w) shows a weak bleaching of the steady-state absorption band
and the energy gap between the excited vibrational mode andof the CO stretching vibration, lasting longer than ten picosec-
the energy accepting mode decreases. When a hydrogen bonednds after the vibrational excitation. In the IR pusrobe
is formed, the vibrational DOS at the wavenumber of the CO spectroscopic studies on the acetic acid cyclic dimer in
stretching vibration greatly increases because of a combinationCCls,22726 a depletion of the ground-state absorption band and
of the low-frequency modes from the hydrogen bond and the an absorption increase in the higher wavenumber region after
intramolecular vibrational modes. The DOS of the 1:2 complex the vibrational excitation of the OH stretching mode are
is, therefore, larger than that of the 1:1 complex, leading to the observed. Also, after the excitation of the OH bending mode,
faster VER process for the 1:2 complex. On the other hand, thethe depletion of the ground-state absorption band and the
vibrational frequency of the CO stretching mode of acetic acid absorption increase at the lower wavenumber region are
decreases by the formation of the hydrogen bond. It is also observed* The signals decayed with a time constant of more
possible that the difference of the VER rate between the 1:2 than 15 ps. The long-living component was attributed to hydro-
complex and the 1:1 complex results from a different energy gen bond weakening due to an increase of the local temperature
gap between the excited vibrational mode and the energy after the energy dispersion from the first excited vibrational
accepting mode. Further investigation is needed to clarify which mode?*~2 Under the present experimental conditions, the
is the major factor contributing to the acceleration of the VER carbonyl group also forms hydrogen bonds with the surrounding
process by the formation of an extra hydrogen bond in the 1:2 D20 molecules. The slow decay componefw) is attributed
complex. to local heating by dispersed energy from the CO stretching

We discuss the two time constants andr, for CHsCOOD vibration. The decay of the componet(iv) may correspond

and CRCOOD. The values of, andz, are identical between to the cooling process from the locally heated environment.
CH3COOD and CRCOOD within experimental uncertainties.
The frequencies of the bending, rocking, and twisting modes

of the methyl group are decreased by the deuteratigithough The vibrational population dynamics of the carbonyl CO
the frequency shifts may change the efficiency of the energy stretching mode of acetic acid has been studied by frequency-
transfer from the CO stretching vibration to the vibrations related resolved IR pumpprobe spectroscopy. The time evolution of
to the methyl group, the experimental results indicate that the the difference spectra was interpreted by global fitting analysis
VER time is not different between GEOOD and CRCOOD. with a biexponential function. We obtained two decay-associated
It should be noted that the VER process of the OD stretching spectra and one quasi-static spectrum. The decay-associated
mode of GHsOD in chloroform is accelerated by the increase spectra show bleaching at lower and higher wavenumbers
of the hydrogen bond strength up to a certain limiting faté. decaying with the time constants of 400 fs and 1 ps, respectively.
the VER rate reached this limit, a difference in the VER rate These time constants are nearly the same fog@BOD and
would not be observed between ¢EHOOD and CRCOOD. CDs;COOD. The excess vibrational energy deposited to the CO
However, as we discussed, the VER time for the 1:2 complex, stretching mode is first distributed in the CCOOD moiety. The
71 = 400 fs, is shorter than that for the 1:1 complex= 1 ps. band shape and position of the two components correspond well
The VER rate for the 1:1 complex has, at least, not yet reachedwith those of the two Voigt components in the steady-state
the limiting rate if there is a limiting rate for this system. absorption band. Two complexes of acetic acid ¥®Dthat is,
Therefore, the intramolecular vibrational energy transfer from the 1:1 and 1:2 complexes, are separated dynamically and
the carbonyl group to the methyl group does not contribute to spectrally.

the dissipation of the vibrational energy deposited to the CO

stretching mode. We conclude that the excess energy deposited Acknowledgment. This work was partly supported by a

to the CO stretching mode is distributed among the kinetic Grant-in-Aid (17685001) from the Japan Society for the
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