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Real-time detection of doorway states in the intramolecular vibrational
energy redistribution of the OH /OD stretch vibration of phenol
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A picosecond time-resolved IR-UV pump—probe spectroscopic study was carried out for the
intramolecular vibrational energy redistribution of the OH/OD stretching vibration of isolated
phenol and its isotopomers in supersonic beams. The time evolution due to IVR showed a significant
isotope effect; the OH stretch vibration showed a single exponential decay and its lifetime is greatly
lengthened upon the deuterium substitution of the CH group. The OD stretch vibration exhibited
prominent quantum beats. Especially, in phetip{CzH;0D), the electronic transitions from the
doorway states were clearly observed. They exhibited an out-of-phase quantum beat with respect to
that of the OD stretch level and disappeared due to further IVR to the dense bath states. The
transient spectra as well as the time evolution clearly evidenced the tier-model of the description of
intramolecular vibrational energy redistribution. D04 American Institute of Physics.
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The dynamics of the OH/OD stretching vibration hasisotopomers, we propose the general mechanism controlling
been studied for many decades in condensed phdsthe the IVR of the OH/OD stretch vibration.
corresponding studies for isolated molecules, on the other We used picosecond IR-UV pump—probe spectroscopy
hand, are still very few in spite of the fundamental impor-[Fig. 1(@J;'® an infrared(IR) picosecond pulse pumps the
tance. In general, the energy flow in isolated molecules, s®H/OD stretching vibration of phenol in the supersonic
called intramolecular vibrational energy redistributi®viR), ~ beam and a ultraviolefUV) pulse probes the population at
is described by a tier model; the energy put into the initialthe initial and redistributed levels by ther1 resonance en-
state flows into the sparse st@ewhich is called “doorway hanced multiphoton ionizatiolREMPI) via theS, state. The
statés),” and the energy is further dissipated into the densePicosecond tunable UV pulse was obtained by doubling the
bath state&S A lot of efforts have been paid to evidence the frequency of the mode-locked Rit:YAG laser pumped
doorway state and to characterize it by the use of frequencf?PG/OPA output and that of IR pulse was obtained by an-
domair?~7 or time domain spectroscopy’and those works ~Other OPG/OPA system. The pulse width was obtained to be
were successful in constructing the framework of the tier}2 PS- The generated ions were detected by a channeltron
model. However, we have to say that the satisfactory cha/2ter passing through the time-of-flight tube.

acterization of the doorway state, such as the fulltime moni-  Figuré 1b) shows the time profiles of the Qrband
tor of the time evolution of the population and its spectro-(“pper tracesand the transition from the redistributed levels

scopic assignment, is still very few, especially for the oH(IOWer traces generated by IVR after the picosecond IR ex-
stretch vibration in the electronic ground stag)(. c!tatlon of the OH stretch at .3657 cthof phenold, (S.Ohd

In this work, we report the real-time observation of IVR circles .a“‘?' phenol; (open circles; where the transtn of
of the OH/OD stretching vibration of phenol and its isoto- the redistributed levels appeared as the broad continuum at

pomers in the5, state. Phenol is the simplest aromatic moI-the lower freque.ncy'reglon of th®,0) band.” In the figure,
. . o good correlation is seen between the decay of théi? OH
ecule having the OH group and its electronic, vibrational anq‘s)1

. . and and the rise of the continuum in both molecules. The
the hydrogen-bonding structures have been studied by man . ) .
_16 . . ecay and the rise curves can be fitted by a single exponen-
researchers:~®Very recently, we reported the first real-time . e :
Lo . tial parameter, and the IVR lifetimesr(g) are determined
measurement of the IVR of the OH stretch vibration for iso-

: to be 14 ps for phenaly,, and 80 ps for phendals. It should
lated phenouo (CeHsOH) and phengd;, (C6P5OH) IN'SU-" " he noted that in both molecules the time profiles of the broad
personic beam¥. We found a significant difference of the

o X ~ continuum were independent of the monitoring UV wave-
IVR lifetime between them. For more detailed understandlnqengths

of the IVR mechanism, we extended our investigation to "1, important facts were obtained in the IVR of the OH
IVR of the OD stretch vibration of phenal; (C4H;0D) and stretch of phenoti, and phenoBs. First, they exhibit a
phenolds (C;DsOD). Based on the observed results of the«giagistical limit” like behaviort® since the time profiles can
be fitted by single exponential curves. Second, the lifetime of
dElectronic mail: tebata@hiroshima-u.ac the OH stretch of phenals is 5.7 times longer than that of
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phenold,. A similar heavy atom effect was found in acety- for this vibration. Actually, the estimated density of states
lenic CH stretch by Scoles and co-worké?sThis heavy arep=15 and 43 states/cm for phenold,; and dg, respec-
atom effect is opposite to the density of the bath states, sindiévely. Figure 2 shows the transient UV spectra of pheathol-
the calculated density of statés) at the OH stretch energy observed after the IR pump of the OD stretch vibration. Both
for phenolds (350 states/cm?) is three times larger than the sharp vibronic bands frootyp=1 and broad continuum
that of phenold, (110 states/cm').?! Thus, it is concluded at higher frequency region are seen. In addition, we find
that the “OH stretch-bath state” anharmonic coupling con-
stant in phenot, is much larger than that ofls.

The large difference of the “OH stretehbath states”
anharmonic coupling constant is hard to be explained by - 5
simple Fermi's Golden rule with a uniform reduction of the
coupling constant in phenals than that of phenotl,, be-
cause it is very unlikely that all the levels in the bath states
have a uniform coupling constant. Rather, the result can be
understood by that some specific levai®orway statesin
the bath states are strongly coupled to the OH stretch in
phenold, and they are removed in pherdy-~ Thus, the IVR
of the OH stretch can be described by the two-step tier model
as shown in Fig. (). Here, the decay lifetime of the OH
stretch is determined by the “OH stretetdoorway states”
coupling strength, which differs significantly between
phenold, and ds. As to the doorway states, we could not
obtain their direct evidence, since we did not identify any
transitions due to them, and the time profiles of the broad
continuum were the same at different wavelengths. However,
we think the failure of finding the doorway states can be
explained by that in these molecules the “doorway
state—dense bath states” IVR raté&,, is much faster than
that of “OH stretch—~doorway states” IVRK;. If it is the
case, the population of the doorway states becomes too small
to be detected, and the decay time constant of the OH stretch
and the time constant of the rise of the dense state become
equal as was observed experimentally. The large reduction of
k1(=r,§,§) by the deuterium substitution of the CH group : ——— ,
suggests that the doorway states include the vibrational 34000 34500 35000

. . UV wavenumber (cm-1)
modes involving the CH stretch or bend.

The frequency of the OD stretching vibration is 2701 i, 2. The transient UV spectra observed at several delay times after
cm -, so the density of states will be considerably reducedxciting the OD stretching vibration of phend}-
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several new features. First, the Q)[band does not decay stationary states. The nonstationary states evolve in the os-

monotonously. Second, two sharp vibronic bands, marked bgillatory manner, and dissipate into the dense bath states. The

A and B, are seen at 34 784 and 35 254 ¢nand their time  theory of the time evolution of the coherently excited states

evolutions are different from those of @and the broad Was discussed in detail by several pedpl&, and its

continuum. schemes is shown in Fig(l3. In this model, the OD stretch
The time evolutions of O and band A are shown in level is coupled with the several doorway states, which are

Fig. 3a). Both O and band A show prominent quantum coupled further with dense bath states in “pseudo” statistical

beats. Interestingly, band A exhibits out-of-phase quantuniimit. We found that the quantum beat in FiglaBis com-

beat with respect to OPand reaches to a constant value atposed of the oscillations with three different frequencies,

longer delay time. The time profile of band B, which is not Which means that the OD stretch vibration is coupled with

shown here, was the same with that of band A, so we conWo doorway states. By using the formulation given in Ref.

cluded that the bands A and B are the vibronic bands origi22, the quasistationary states are expressed as

nating from the same level i8,. Their assignment will be )

discussed later. The time evolution of bands A and B is really -~ I

the behavior of the doorway state in the two-step tier model. |n>_a“|OD>+,Z‘1 Ballm)- &

The picosecond IR pulse coherently excites the strongly

coupled states in the OD stretch region, producing the nonHere,|OD) and|l,,) denote the OH stretch and the doorway
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states in the zeroth order, respectively, andand 3'nm are states” are thought to be extremely broadened due to the
the coefficients. The time evolution of the coherently excitedstrong “doorway states-bath states” couplingy,. The OH
quasistationary stattsis expresses as stretch level is coupled with this “broadened doorway
states” via the weaker couplingv,;, resulting in a
> . Lorentzian-like spectral shape with its width corresponding
|‘P(t)>:z‘1 aplmye e, (@ o the decay time constant of the &biand. In phenotd; , on
) ) the other hand, the energy widths of the doorway states are
In Eq. (2), e;=En—(i/2)y,, whereE, is the energy of the  mych narrower and they do not overlap with each other. The
stationary state ang, is its width. The time profiles of OD  yeason of the narrower width is probably due to lower den-
stretch, one of the doorway states, and the dense bath stalgf, of bath states. Thus, the picosecond IR pulse coherently

are given by excites the three states formed by the couplivig) ( causing
3 the quantum beat. By selecting the electronic transitions, i.e.,
|{OD|e(1))|2= 21 |ay| Y@= /Mty 2 ; | o] ?| et 2 oD? or band A, we can probe the time evolution of the initial
n= n=m

or the doorway state. This situation is also the same in
Em phenoldg, except for largery than that of phenott .
xCos{ t>e‘[<7n+7m)/2ﬁ]‘, (33 Another aspect of this work is that one of the doorway
i states can be determined from the spectroscopic assignment

3 for the bands A and B. The assignment was carried out by
[(lle(®)2=2 a2 B2%e™ (/P using the reported vibrational frequenciesSpand 8_1:14'1_5
n=1 For band A, the energy of the level 8 of this transition is
E 1140 cmL. Since the anharmonicity due to the combination
+ 2n§m “namﬂlnlﬁlr% cos(%qt) or overtone is not known, we examined possible combination

levels within the range of 10 cnt. There were five candi-
x e~ [n* ym)/2ilt (3p  dates within the first overtone and the combination levels
with total quantum number of two, and ten within the second
overtone and the combination levels with total quantum
Bath(t)=1- Zl |ag|?e 0P, (30 number of three. We also examined the possible combination
"~ levels inS, havingA’ symmetry and the frequency of 2701
respectively, withy,=(1—|a,|?)y. The coefficients ¢,), cm™ ! within the range of 10 cm'. Finally, we examined the
energy spacing (&), and width (y) were determined by possible pair betwee®, andS,;, which is thought to exhibit
fitting the time profile of Eq(3a) to the observed one of the intense vibronic band, and found that band A can be uniquely
oD? band. In the calculation, we assumed thedre equal assigned as %6aJ12}18b7. As to band B, we proposed that
for the two doorway states and that of OD stretch is negligi-both bands A and B are the transitions originating from the
bly small. The latter assumption is reasonable because treame doorway state i§,. This is supported by that the
coupling between the high frequency OD stretch and thdrequency differencé470 cm 1) of the two transitions, is
dense bath states consisted of large quantum number of loagual to the frequency of modeatn S,. So, the band B is
frequency vibrations is thought to be very weak. The ob-assigned as ?BailZ}lei. Very interestingly, the doorway
tained coefficients and width awe;=0.152,@,=0.663,a3  sate has the Franck—Condon active modes, such asdn®
=0.424, andy=(50 p9 L. The energy spacing angl, are 12, and that is the reason why we could observe those
shown in Fig. ). The coefficients 8'%) were obtained by ~bands:® At this moment, it is not clear why one of the door-
fitting the time profile of Eq. &) to the observed one of Way states is constructed with those vibrational modes and

band A, and they wer<£'l =0.784,,8'21= —0.465, andﬁlsl theoretical support is strongly demanded.

= —0.411. Lower trace of Fig. (@) is the time profile of This work was supported by the Grant-in-aids for Scien-
band A after subtracting the part of dense bath state ovefific ResearchGrant No. 153500pby J. S. P. S.
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