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Picosecond IR-UV pump—probe spectroscopic study of the dynamics
of the vibrational relaxation of jet-cooled phenol. II. Intracluster
vibrational energy redistribution of the OH stretching vibration

of hydrogen-bonded clusters
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A picosecond time-resolved IR-UV pump—probe spectroscopic study has been carried out for
investigating the intracluster vibrational energy redistributiR) and subsequent dissociation of
hydrogen-bonded clusters of phenolkHzOH) and partially deuterated phenol[@sOH, phenol-

ds) with various solvent molecules. The H-bonded OH stretching vibration was pumped by a
picosecond IR pulse, and the transi&t-S, UV spectra from the pumped level as well as the
redistributed levels were observed with a picosecond UV laser. Two types of hydrogen-bonded
clusters were investigated with respect to the effect of the H-bonding strength on the energy flow
process: the first is of a strongs*type H-bond” such as phenol-(dimethyl ether) and phenol

dimer, and the second is phenol-(ethylgng)having a weak “r-type H-bond.” It was found that

the population of the IR-pumped OH level exhibits a single-exponential decay, whose rate increases
with the H-bond strength. On the other hand, the transient UV spectrum due to the redistributed
levels showed a different time evolutions at different monitoring UV frequency. From an analysis of
the time profiles of the transient UV spectra, the following three-step scheme has been proposed for
describing the energy flow starting from the IVR of the initially excited H-bonded OH stretching
level to the dissociation of the H bon(d.) The intramolecular vibrational energy redistribution takes
place within the phenolic site, preparing a hot phe®|.The energy flows from the hot phenol to

the intermolecular vibrational modes of the clust&). Finally, the hydrogen bond dissociates.
Among the three steps, the rate constant of the first step was strongly dependent on the H-bond
strength, while the rate constants of the other two steps were almost independent of the H-bond
strength. For the dissociation of the hydrogen bond, the observed rate constants were compared with
those calculated by the Rice, Ramsperger, Kassel, and Marcus model. The result suggests that
dissociation of the hydrogen bond takes place much faster than complete energy randomization
within the clusters. ©2004 American Institute of Physic§DOI: 10.1063/1.1668641

I. INTRODUCTION size-and-structure-selected H-bonded clusf&r¥ It has
been found that the IR spectra of the OH stretching vibration
The vibrational relaxation of the OH stretching vibration of such H-bonded clusters with solvent molecules exhibit a
has long been investigated by many researchers becausefry similar feature with that observed in the corresponding
the importance of the OH group in nature and it is the fun-condensed phase. In spectroscopic studies of jets, the cluster
damental process in the liquid phase. Up to now many exstructures can be determined from an analysis of the ob-
periments have been carried out, mostly time-resolved spegerved spectra with the aid ab initio molecular orbital or
troscopic studie$;’ to elucidate the dynamics of the OH density functional calculations. Thus we are in the stage
stretching vibration. In the liquid phase, it has been knownyhere we can study in detail the dynamics of the H-bonded
that vibrational excitation leads to a rapid dissociation of theOH stretching vibration for the well-characterized H-bonded
H-bond, followed by a rather slow recombination. However,system.
as to the energy flow mechanism from the OH stretch to the  |n this work, the second paper of the series, we report a
H-bond dissociation, the issue is still open whether the enpicosecond IR-UV pump—probe study of the intracluster vi-
ergy of the OH stretch directly flows into the intermolecular prational energy redistributiodVR) and subsequent disso-
H-bonding coordinate® or flows sequentially via intramo- ciation of H-bonded clusters of phenol and partially deuter-
lecular vibrational mode¥:*#~4 ated phenol(phenolds), after IR excitation of the OH
The recent development of double-resonant vibrationatretching vibration. Very recently, we reported our first work
spectroscopy combined with supersonic jets has enabled ¥ the picosecond dynamics of the OH stretching vibration
to measure the spectra of the OH stretching vibrations 0bf phenol and its H-bonded clusteéfsWe could show that
the IVR lifetime of the donor OH stretch is substantially

dAuthors to whom correspondence should be addressed. shortened upon _H-bonding, while that of the acceptor _OH
YElectronic mail: ebata@qclhp.chem.tohoku.ac.jp stretch was similar to bare phenol. However, a detailed
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Figure 2 shows the excitation scheme of picosecond

IR—-UV pump—probe spectroscopy. Two relaxation schemes

(c) Phenol-(CH3)20 are shown, which will be discussed later. Essentially, the OH
stretching vibration of the phenol or phenol-
(solvent molecule)-; H-bonded cluster is pumped by a pi-

D5 cosecond IR laser pulse, and at several delay times a pico-
111‘?57 second UV laser pulse is introduced to measure the {L
é7526 resonance-enhanced multiphoton ionization spectra through

the S; state, which correspond to the transient UV spectra.
The time evolution of the IR-laser-pumped OH level is ob-
served with the O% band, while those of the levels()
FIG. 1. Ab initio calculated structures of phenol, phenokHg, and  generated by IVR are observed by the—v” transition. The
phenol—(CH),0 at the MP2/6-31G level. The numbers &eO-Hbond  gpectrum of the latter transition exhibits a broad feature due
gr:_?le(degree, OH bond lengti{A), and distancéA) between the phenolic to the overlap of many transitions of vibrational level')
oxygen atom and the center o&=6C bond of GH, or an oxygen atom
of (CHs),0. generated by the IVR: hereafter, we call those levels “IVR
levels.”

A detailed description of the experimental setup of pico-
second IR-UV pump—probe spectroscopy was given in pa-
per | of this series. A picosecond tunable UV pulse was ob-

mechanism of the energy flow and the effect of thetained by frequency doubling the mode-locked picosecond
H-bonding strength are still unknown. Nd®": YAG laser(Ekspra PL2143Bpumped OPG/OPA out-
The aim of the present work is to reveal the energy flowput (Ekspra PG401SH A tunable picosecond IR pulse was
pathway starting from the OH stretch vibration to the dissogenerated by a homemade OPG/OPA system pumped by the
ciation of the H-bond. We have picked up two types ofsame mode-locked Nd:YAG laser. The spectral resolution
H-bonded clusters whose binding energies are quite differas estimated to be 10 and 15 chfor the UV and IR laser
ent. First is therr-type H-bonded cluster, which is phenol- lights, respectively. The pulse widths of the pump and probe
(ethylene)_,, and the second is the-type H-bonded clus- laser pulses were determined to be 14 ps, by fitting the time
ter, which is phenoldimethyl ether (DME],,—. Their cal-  profile of the IR-UV pump—probe signal of the CH stretch-
culated structures are shown in Fig. 1. Phenol-(ethylene) ing vibration of benzene.
has a weakr-type H-bond between phenolic OH and the Jet-cooled phenol and its clusters were generated by a
electron of ethylene. Though the binding energy of thesupersonic expansion of phenol vapor seeded in ethylene
“OH-7" bond has not been experimentally obtained, high-(2%)/He or dimethyl ethef0.5%9/He mixed carrier gas at a
level ab initio calculations predict the energy to be 900—-1100total pressure of 3 atm into vacuum through a pulsed nozzle
cm 13739 0On the other hand, phenol-(DME), has a (General valvg having a 0.8-mm aperture. Phenol was
strongo-type H bond between phenolic OH and Oxygen ofheated up to 40 °C. Phenol and its H-bonded clusters in the
DME. The H-bond energy of phenol-(DME); is estimated jet were skimmed by a skimmé®.8 mm-diam beam dynam-
to be 2000-2100 cit from an analogy with the other ics) located at 30 mm downstream of the nozzle. The IR and
H-bonded clusters of phen$flWe will see how the H-bond UV lasers were introduced into a vacuum chamber in a coun-
strength affects the energy flow mechanism and its rate corterpropagated manner and crossed the supersonic beam at 50
stant. The entire investigation is based on the observation ahm downstream of the skimmer. The molecules in the su-
time-resolved transient UV spectra and time profiles of thepersonic beam were ionized by {11) resonance-enhanced
pump—probe signals. multiphonon ionizatiofREMPI) via S;, and the ions were
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repelled to a direction perpendicular to the plane of the mo-  (a) phenol

lecular beam and laser beams. The ions were then mass ana- 1.0 You
lyzed by a 50-cm time-of-flight tube and were detected by an -g
electron multiplier(Murata Ceratron The transient profiles 8
of the pump—probe ion signals were observed by changing a ﬁ 05 VeH
delay time between UV and IR pulses by a computer- L
controlled optical delay line. The ion signals were integrated 0.0 e
by a boxcar integratofPar model 4420/44Q0Gnd were pro- 2800 3000 3200 3400 3600
cessed by a microcomputer. IR wavenumber / cm-t
We should comment on the effect of the larger-size  (b) phenol-CoHa VoH
clusters—that is, phenol-(solvent molecyle)—in the 1.0
present work. First of all, we have chosen the solvent mol- 2
ecules, ethylene and dimethyl ether, which form exclusively 8
1:1 H-bonded clusters. This is because once the 1:1 = v11(C2Hy)
]

H-bonded cluster is formed, as can be expected from Fig. 1,

the next solvent molecule will be bound via a much weaker 0'02566""‘5'066' 3200 3400 3600
van der Waals force. Actually, the signal intensities of larger- IR wavenumber / cm-1

size clusters were negligibly small in the time-of-flight spec- v

tra. So perturbation of the larger-size clusters, such as the (@ Phenok-(CHz)20 1.0 o

formation of smaller-size cluster ions after the ionization, is 2

thought to be very small. In addition, the larger-size clusters S 05

may have OH stretching frequencies different from the 1:1 ﬁ

cluster. Another point is the effect of the dissociation of the 2 Bif

1:1 clusters after the ionization. The binding energies of the ~ 3300 3500

1:1 clusters studied in the present work are not precisely IR wavenumber / cm1

known and it is quite possible that the cluster will dissociater,; 5 |onization-detected IR spectra(@f phenol,(b) phenol-GH,, and
after the one-color ¥ 1 ionization. Actually we observed the (c) phenol—(CH),0 ether in the OH and CH stretching regions. The delay
phenol fragment ion in the IR-pump—UV-probe experimenttime between the IR and UV pulses was set to 40 ps, and the UV frequencies
at the higher monitoring UV frequencies. Then we Observeqyere fixed to the electronic transition from the vibrational levels generated
the pump—probe time profile by monitoring both the parent

cluster ion and the phenol fragment ion. As a result, we ob-

tained the same time profile between them. So we concluded _,

that observation of the 1:1 cluster ion is good enough for the™m ~are the CH stretching ylbr_atlons of theld, site. The
present study. appearance of those bands indicates that the IVR also occurs

Phenol (99.0% was purchased from Wako Chemical in those vibrations in this time scale. The dynamics of those
Ind. Ltd. and Was purified by vacuum sublimation beforebandS will be discussed in a_sepgrate paper. The H-bonded
use. Phenotl;(CsDsOH) was synthesized by adding a few OHilstretch of phenoI—DM!E in Fig. (8) appears at 3410
drops of water to phenals(CyDsOD, 98 at.% D) pur- cm L. A lower-frequency shift as large as 250 chis much
chased from Sigma-Aldrich Fine Chemicals,HG was pur- larger than that of phenol—ethylene. The IR spectra for

chased from Nippon Sanso, and DME was purchased frorﬁﬂeno:df’ HQH4dangMEME werte vlery S|Crint|:]ar tgtthosg fOf
Wako Chemical Ind. Ltd. enol-GH, an respectively, and the obtained fre-

guencies of the OH stretching vibration were the same within

our experimental uncertainty. In the following, we examine
Ill. RESULTS the dynamics for these vibrations by measuring the time-
A. IR spectra resolved UV spectra.

Figure 3 shows the IR spectra ¢&) phenol and its
H-bonded clusters withb) C,H, and (c) dimethyl ether
(DME) in the 2800—3700 cim' region. All spectra are ob-
tained as the ion-gain IR spectra. The UV laser pulse was Figure 4 shows the transient UV {11 REMP)) spectra
introduced at a delay time of 40 ps after IR pulse excitationpf phenol-GH, measured at several delay times after IR
and the IR frequency was scanned while monitoring theexcitation of the H-bonded OH stretch vibration at 3580
broad transition due to the IVR levels. In bare phefg. cm L. Each spectrum is shown in the manner that thell
3(a)], the band at 3657 cht is the OH stretching vibration REMPI spectrum measured without the IR laser irradiation is
and many bands in 3000—3100 chare due to CH stretch- subtracted. In the figure, the @Hband (32500 cm?) and
ing vibrations. In the IR spectrum of phenol;#€;, the sharp vibronic bands are seen at short delay times, such as at
H-bonded OH stretching vibration appears at 3580 tm At=3 and 26 ps. In addition, a broad continuum transition
The relatively small redshift77 cm %) of the OH stretch appearing from 34 000 cht to the higher-frequency side is
with respect to the bare phenol represents a typical feature @flso seen, which is attributed to the transition from the IVR
the 7-type H-bond® Two intense bands at 2987 and 3104 levels. The broad continuum transition disappears at long

B. Vibrational relaxation of the H-bonded OH stretch
of phenol-C ,H,
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FIG. 4. Transient + 1 REMPI spectra of phenol-E&, measured at several
delay times after IR pulse excitation of the H-bonded OH stretching vibra-
tion. Each spectrum is shown in the manner that thel IREMPI spectrum
measured without IR light irradiation is subtracted.

FIG. 5. Time profiles of the IR-UV pump—probe signals of phengHLC
measured at several UV frequencies. The thick solid curves are the fitted
curves by using Eqg1a—(1c). The dotted curves are the calculated time
profiles of bath states A and B, respectively. The calculation has been per-
formed by assuming Gaussian curves for the pump and probe pulses with
pulse widths of 14 ps. See text.

delay times, such a&t=396 ps, because of the H-bond dis-
sociation of the cluster. Very interestingly, we found that the

relative intensity of the different regions of the continuum —30 ps and diminishes at a delay time of a few hundreds

spectra changes with time. For example, when we Compar&coseconds. The result evidently indicates that we are ob-

the intensity pattern of the broad transient UV spectra be'serving different portions of the IVR levels when we monitor

tweenAt=26 and 8.6 ps, we see that thFl|nten3|ty ratlp of thedif'ferent parts of the UV spectrum, and they exhibit different
low-frequency region #,y<35500cm ) to the high- time evolutions from each other
. Ty s )

frequency region #y,>35500 cm *) is much smaller at
At=86 ps than that aAt=26 ps. The result represents that
the lower-frequency part of the transient continuum spectru
decays faster than that of the high-frequency part. rre: Phenol-DME

In order to have clear evidence, we measured the time The upper part of Fig. 6 shows the transient UV spectra
profiles of the pump—probe signals at different UV frequen-observed at several delay times after exciting the OH stretch-
cies, which are marked by arrows in Fig. 4. The results aréng vibration at 3410 cm®, and the lower part of Fig. 6
shown in the trace@)—(e) in Fig. 5. First, the decay curve of shows the pump—probe time profiles observed at three dif-
the OH band [Fig. 5a)] could be fitted by a single- ferent UV frequencies. First, the QHband at 32500 cit
exponential decay with a lifetime of,,z=10 ps, corre- decays very rapidly and its lifetime was obtained to be equal
sponding to an IVR rate constant of K0! s~ 1. Since the to or less than 5 ps, which is the shortest lifetime obtained
lifetime of the OH stretch of bare phenol has already beerwith the present laser system. The corresponding IVR rate
obtained to be 7410 s, we see ther-type H-bonding  constant ofk,z=2.0<10's ! is more than two times
slightly accelerates the IVR rate of the OH stretch. larger than that of phenol-€,. On the other hand, the

In accordance with the complicated features of the trantemporal behavior of the broad transient UV spectrum and
sient UV spectra as mensioned above, the time evolution ahe time profiles of the pump—probe signals show a very
the IVR levels shows different profiles at different monitor- similar feature with those of phenol-RB,: that is, as seen in
ing UV frequencies. That is, the time evolution observed athe transient UV spectra in Fig. 6, the low-frequency part
lower UV frequencies shows both faster rises and faster deg-v,<35000cm?) of the broad transition diminishes
cays than those monitored at higher UV frequencies. Fofaster than the high-frequency part§,>35000 cml).
example, the pump-probe signal observed af,  Accordingly, in the lower part of Fig. 6, the time profile
=34110 cm! [Fig. 5b)] reaches a maximum intensity at monitored atv,,=34 100 cm ! of the broad transition ex-
At=20 ps and disappears Att=90 ps. As shown in Fig. hibits a faster rise as well as a rapid decay in comparison
5(e), on the other hand, the signal monitored &,  with that observed at,=35500 cni?, indicating a simi-
=35820cm? reaches the maximum intensity akt lar energy flow mechanism with that of phenob+G .
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FIG. 7. (Uppep Transient %1 REMPI spectra of phenas—C,H, mea-

FIG. 6. (Upped Transient &1 REMPI spectra of phenol—(GH,O mea- sured at several delay times after IR pulse excitation of the H-bonded OH
sured at several delay times after IR pulse excitation of the H-bonded OF${retching vibration. Each spectrum is shown in the manner that i 1
stretching vibration. Each spectrum is shown in the manner that the 1 REMPI spectrum measured without IR light irradiation is subtracted.
REMPI spectrum measured without IR light irradiation is subtracted. (LOWen Time profiles of the IR-UV pump—probe signals measured at sev-
(Lowen Time profiles of the IR—UV pump—probe signals measured at sev-eral UV frequencies. Thg solids curves are the best-fitted curves by using
eral UV frequencies. The solids curves are the best-itted curves by usinfds:(1@—(1¢) and assuming Gaussian curves for the pump and probe pulses

Egs.(1a—(1c) and assuming Gaussian curves for the pump and probe pulse&ith pulse widths of 14 ps.
with pulse widths of 14 ps.

from the OH stretch level to the dissociation of the H bond
D. Phenol- d5—C,H, and —~DME cannot be explained by a simple two-step process with a
single bath mode—that is, scheitig in Fig. 2(a). According

Similar experiments have been carried out for they, this scheme, the IVR levébath modgwould exhibit the
H-bonded clusters of phendk. Figures 7 and 8 show tran-

sient 1+ 1 REMPI spectra and the pump—probe profiles after
picosecond IR pulse excitation of the H-bonded OH stretch Delaytime

vibration of phenolds—C,H, and —DME, respectively. In 1108 p: 20 @ OHO,

paper | of this series, we reported the IVR rate constant of 77 T T T cess IS

the OH stretching vibration of bare pherth-to be 1.3 1146 ps 1 =250 om

x10°s 1. The IVR rate constant has changed t0 6.7 jmeemrreer et © 34706 icm

x10s™ 1 and 1.4<10"s ' upon the H-bonding with | eses 2 o000 o

C,H, and DME, respectively. On the other hand, the tran- § L. < g9

sient UV spectra and time profiles of the pump—probe signalg (? g @ 22480 cm {

showed very similar features with those of the corresponding i i 35710 em

H-bonded clusters of phenol. Thus it is concluded that the (3)5 b ]

same relaxation mechanism is held in all H-bonded clusters |, " "xso., =~ @ 35840 o

exammEd I"'I'_"“"I""I""I""I""I -""I""I""l' CLEEERT]
33000 34000 35000 -50 0 50 100 150 200

UV wavenumber / cm-! Delay time / ps
IV. DISCUSSION FIG. 8. (Left) Transient 1 REMPI spectra of phenals—(CH;),0 mea-

sured at several delay times after IR pulse excitation of the H-bonded OH
stretching vibration. Each spectrum is shown in the manner that the 1
REMPI spectrum measured without IR light irradiation is subtracted.

As was shown above. we found that the different por_(Right) Time profiles of the IR-UV pump—probe signals measured at sev-
’ eral UV frequencies. The solids curves are the best-fitted curves by using

tions (_)f the IVR Ievel;(bz_ith modg¢ exhibit different time ~ Egs.(1@—(1c) and assuming Gaussian curves for the pump and probe pulses
evolutions. The result indicates that the energy flow startingvith pulse widths of 14 ps.

A. Analysis of the time evolution and a mechanism
of energy redistribution in the clusters
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TABLE I. IR frequencies of the OH stretching vibratiof,, , redshift by the H bonding), the H-bond dissociation energiBg, the observed rate constants
kq, ko, andks, and the calculated dissociation rate const&gatsg), using the RRKM model.

vou (cm™) A(cm™h Do (cm™Y) ky (X10°s™Y) kp (X10°s™1) ks (X100s7Y) Krrm (X10°s71)

Phenol 3657 - - 7.1 - - -
Phenol-GH, 3580 77 1100 10 5.0 1.1 18
Phenol dimer 3530 127 2100 =20° ¢ 1.F 0.10
Phenol-DME 3410 247 2180 =20 5.0 1.1 0.045
Phenolds 3657 - - 1.3 - - -
Phenolds—C,H, 3580 77 - 6.7 4.0 1.2 -
Phenolds— DME 3410 247 - 14 4.0 0.91 -

#Donor OH stretching vibration.

PEstimated binding energies for obtainiRggky . See text.

“Though the detailed analysis based on @9 has not been preformell; was obtained from the decay of the @bhnd, andk; was obtained from the time
profile of the broad band measured at the UV frequency close to the band origin.

same time profile independent of the monitoring portion. In-short delay times extends more than 2000 trbelow the
stead, we constructed the “sequential two-bath-modéand origins. Such large redshifted hot bands cannot be the
model”’—that is, schemé&2) of Fig. 2(b). In this model, the hot band transitions of the intermolecular modes, because the
population of the OH stretching level is first redistributed tovibrational frequencies of intermolecular modes are less than
“bath mode (A)” with a rate constank, (=1/7g1), fol- 200 cm ! (Refs. 41 and 4pso that the Franck—Condon fac-
lowed by a further redistribution into “bath mod8)” with tors involving large vibrational quanta of those modes for
a rate constark, (=1/myr,). Finally, the clusters in “bath  such largely redshifted transitiof®000 cm?) should be
mode(B)” dissociate with a rate constakg (= 1/74s9. The  negligibly small. Thus the broad continuum observed at short
time profiles of the OH stretch vibratiohgy(t), bath mode delay times is attributed to the hot band transitions of in-
(A), Iphara)(t), and bath modéB), | paug)(t), are expressed tramolecular modes of the phenolic site, whose frequencies
as are much higher than those of the intermolecular modes. The
result means that bath mo@&) corresponds to the intramo-

—C okt
lon(t)=Coe ™, (13 |ecular modes of the phenolic site, and we conclude that the
I patta)(t) = Cpa( — ¥ +e7kal), (1b)  OH stretching vibrational energy is initially redistributed

_ _ mostly into the phenolic mode, but not into the intermolecu-
| batrie) = Cof (ka—kg)e™ 1"+ (kg —k;)e "' lar modes.

+ (kg —kp)ekat}, (10 With an increase of the delay time, the low-frequency

) region of the broad continuum diminishes rapidly, while the

The rate constarit, has been alreaday obtained from the pjgh_frequency region still remains. At long delay times, the
decay curve of the Ofband. On the other hand, the rate \;prational energy in the phenolic site is thought to be redis-
constants, andkz cannot be obtained from a decay curve atyipyted into the intermolecular modes, which corresponds to

a single UV frequency, because the electronic transitions ofath modgB). Since the vibrational frequencies of the inter-

both bath modesA) and (B) would overlap in the broad mgjecular modes are low, their vibronic transitions would
transient UV spectra. In this sequential model, the pOpU|at'0%ppear closely to the band origin. This is the reason why the

of bath A is transferred to bath modB), so thatl paiia)(t)  higher-frequency part of the broad electronic transition re-
will reach the maximum earlier, and decays faster than thosg,ained at longer delay times. Finally, the clusters in bath

Of Iparg)(t), respectively. On the other hand, the pump—pqge(B) dissociate with the rate constaky.

probe S|gnals observed at the Iow-frequency region of the  From the above discussion, we propose a model of the
broad continuum showed a faster rise and decay than thgfhole relaxation process starting from the phenolic OH
observed at the high-frequency region. Consequently, batfyretching vibration; the energy of the OH stretch is first
mode (A) is thought to contribute mostly to the low- regjstributed mostly to the intramolecular bath maéeé of
frequency region of the transient UV spectra, while bathihe phenolic site with rate constakg, and the energy of
mode (B) to the high-frequency region. Actually, the tWo path mode(A) further relaxes to intermolecular bath mode
components are not separated in the spectra as mentiongs) with rate constarnk,. Finally, the clusters in bath mode

above, and the observed curves are expressed by the sum @) gissociate with rate constaki. A schematic description
the two componentl, sy andl pae) - We carried out least- ¢ this model is drawn in Fig. 9.

squares fitting to the observed curves by changing the param-
etersks,, ks, and the ratidCy,/Cpg, WhereCpya/Cpg differs
at different UV frequencies. The best-fitted curves are als
shown as solid curves in Figs. 5—-8, and the rate constan
obtained by the best fitting are listed in Table I. In Table I, we first notice that the IVR rate constadnt
Before discussing the obtained rate constants in Table Gorrelates very well with the H-bond strength. The lifetime
we have to mention a clear picture of bath mod@as and  reduction of the OH stretching vibration upon H-bond for-
(B). In Figs. 3 and 5-8, the broad continuum observed ammation is well known in the condensed phase and the present

B Effect of H-bond strength on the IVR
%nd dissociation rate constants
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TABLE II. Vibrational frequencies(cm™) of intermolecular mode of
hydrogen-bonded clusters of phenol used in the RRKM calculation. These
frequencies are obtained by initio calculations with the MP2/6-31G level.

Mode No. Phenol-ethylene Phenol dimer Phenol-DME

1 15.0 9.9 17.3
2 21.3 27.3 21.9
3 33.1 34.3 42.9
4 78.2 71.6 73.3
5 91.4 82.9 86.0
6 119.0 136.1 147.9

tion of ethanol liquid and found a very fast IVR into the
symmetric stretching mode of the Gigroup? Though the
present system is different from them, the observed result
essentially agrees with their observation.

Another candidate for the effective bath state for the IVR
of the OH stretch is the levi@) involving the overtone of the

| OH bending mode. The coupling between the H-bonded OH
\ / stretch and the first overtone of the OH bending mode is well
“ i known in water and alcohols as Fermi resonance and there
are many theoretical treatmeits*® In the present case,
however, the frequency of the OH bending mode in phenol-
do and phenoHs is ~1170 cm* (Ref. 49 so that there is
large energy gap between the OH stretch and first overtone
of the OH bend. Even if it is so, we cannot neglect this
candidate because pherty); having no CH oscillator, also
exhibited substantial enhancement of the IVR rate of the OH
stretch upon H bonding.

A further noticeable point in Table | is that the H-bond
FIG. 9. Schemqtic djagram of the engrgy flow from the IR excitation to thediSsociation rate constants are very similar among the clus-
OH stretching vibration to the dissociation of the H bond. ters in spite of the large differences in the binding energies.

Since H-bond dissociation takes place after the IVR, it is
quite interesting whether the dissociation takes place after
result essentially agrees well with the condensed phase olkomplete energy randomization within the clusters. So we
servation. There have been many experimental results arghiculated the dissociation rate constants by using RRKM
theoretical treatments of the enhancement of the vibrationaheory. In this theory, the dissociation rate constant is given
relaxation of the OH stretch upon H bonding, and the preseriy
results provide us with a new insight into its mechani3ime
H bonding is mostly effective in accelerating the redistribu- k(E)=G"(E~Do)/hp(E). 2
tion of the OH stretch energy into intramolecular vibrational Here p(E) is the density of states of the cluster at the total
modes energy ofE andG” (E—D,) is the number of possible states

Several candidates can be listed as the effective batbf fragments at an available energy®f D, whereD,, is
state for acceleration of the IVR of the OH stretch. First isthe H-bonding energy. The density of states was obtained by
the statés) involving the CH stretching vibrations. In paper the direct counting method without taking account of anhar-
I, we showed that in bare phenol the OH stretch is stronglymonicity. For phenol, ¢gH,, and DME, most of their vibra-
coupled to the levels involving the CH stretch vibration, tional frequencies were taken from the literature. The vibra-
leading to a rapid IVR of the OH stretch vibration. This tional frequencies which were not available in the literature
coupling strength will be enhanced upon H-bond formationwere obtained byb initio calculations with the MP2/6-31G
because of the following reasond) The energy mismatch level. The frequencies of intermolecular modes of the clus-
between the OH stretch level and the levels involving CHters were also obtained at the same level of the calculation,
will decrease by H-bonding, resulting in a stronger anharwhich are listed in Table Il. For the H-bonding enerdyj,
monic coupling because of the propensity fdiénat the an- we assumed those of theand 7 type to be 2100 cmt and
harmonic coupling between states with smaller quantunil00 cm?, respectively, by comparison of the experimental
number change should be large) In the H-bonded cluster, and theoretical values of other H-bonded clustéré®*°The
the combination between the CH and H-bonding intermo-calculated dissociation rate constakigyy are also listed in
lecular modes will be an additional effective bath state forTable I. We also calculated the H-bond dissociation rate con-
the IVR of the OH stretch. Very recently, Wamg al. inves-  stant of phenol dimer, which is also compared with the ex-
tigated the vibrational relaxation of the OH stretching vibra-perimentally obtained one. As seen in Table |, the agreement

Dissociation of H-bond l -
ks
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