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Intramolecular and intracluster vibrational energy redistribution(IVR) from OH stretching vibrations of phenol
and phenol dimer have been investigated for the first time by picosecond time-resolved IR-UV pump-
probe spectroscopy. The OH stretching level was pumped by a picosecond IR laser pulse and the decay of
the pumped level as well as appearance of the energy redistributed vibrational levels was observed using
resonance enhanced multiphoton ionization scheme with a picosecond UV laser. For bare phenol, IVR of the
OH stretching level was found to occur with a lifetime of 14 ps. For the dimer, a remarkable site-dependence
was observed for the IVR lifetime of the OH stretching level; IVR of the proton-donating site occurs less
than 5 ps, while that of the proton accepting site occurs with 14 ps, comparable to that of bare phenol. In the
case of a cluster, IVR was followed by vibrational predissociation, which occurs with lifetimes of several
tens of picoseconds.

Introduction

Recently, several double resonance spectroscopic techniques
have been successfully applied to measure the OH stretching
vibration of size-selected hydrogen-bonded (H-bonded) clusters
of aromatic molecules, which has helped us substantially in the
determination of their structures.1-24 In these spectra, H-bonded
OH stretching vibration exhibits characteristic lower-frequency
shift depending on the H-bonding strength and the structure.
The cluster structures are then determined by the analysis of
the observed spectra with an aid of ab initio molecular orbital
calculations.

Besides the characteristic shifts, OH stretching vibration often
exhibits a large broadening in the H-bonded clusters.3,5,9,12,13,24

The broadening of OH stretching vibration is well-known in
the condensed phase, which is essentially explained by a
heterogeneous broadening due to an overlap of the transitions
of the OH groups in different environment as well as hot bands,
and a homogeneous broadening due to dynamics of OH
stretching vibration involving dephasing and population decay.
The H-bonded cluster formed in supersonic jets may be an ideal
system to investigate such the dynamics. In the jet, each cluster
forms a specific structure and they are populated mostly in the
zero-point vibrational level. So, by removing the inhomogeneous
contribution, we can examine purely the coupling between OH
stretching vibration and the intermolecular mode for the well-
characterized H-bonded system.

Two spectroscopic methods can be used to investigate the
vibrational dynamics of molecules and clusters. One is the
frequency domain approach, such as high-resolution vibrational
spectroscopy.25-34 The high-resolution vibrational spectroscopy
has been extensively applied to the clusters of diatomic
molecules or small polyatomic molecules, such as (HF)n,
(HCN)n, (H2O)n, etc.30-34 In these clusters, a remarkable mode
dependence was observed in vibrational predissociation (VP)
lifetime. For example, in (HF)2, the VP lifetime of the H-bonded

HF stretch vibration (τVP ) 0.48 ns) is 40 times shorter than
that of free HF (τVP ) 20 ns),32 which clearly shows the non-
RRKM behavior. These studies have provided detailed informa-
tion on the coupling between the high-frequency mode and the
dissociation continuum of the H-bonded clusters of small
molecules, where intramolecular mode is not important. On the
other hand, in case of the clusters of large polyatomic molecules,
there are many intramolecular modes which are effective bath
modes for the energy redistribution. These intramolecular modes
will be more important in the dynamics of the clusters of
aromatic molecules, since the intramolecular vibrational redis-
tribution (IVR) is known to be very efficient even at small
internal energy. For the clusters of aromatic molecules, the
investigation of their dynamics by high-resolution vibrational
spectroscopy is very complicated because of small rotational
constants and low symmetry, resulting in the difficulty of
extracting dynamics from the spectra.

The alternative approach is the real time observation of the
dynamics by using the picosecond pump-probe method. One
can directly obtain the time scale of IVR and VP, and can
elucidate the pathway of the energy flow among the vibrational
modes. This methodology has been extensively used to inves-
tigate IVR dynamics of molecules and clusters in the electroni-
cally excited state (S1).35-44 However, corresponding measure-
ments for the electronically ground state (S0) molecules or
clusters are very few because of the experimental difficulty.
Especially for the OH stretching vibration, to the best of our
knowledge, time domain measurement has not been carried out
yet either in the ground or in the electronically excited state.

In the present work, we present the first picosecond time-
resolved measurement for the intramolecular or intracluster
vibrational energy redistribution (IVR) of OH stretching of
phenol and its dimer in the S0 state. The structures of phenol
and its clusters have been investigated in detail.1-3,45-51 In
addition, the dynamics of their electronically excited states were
also studied by many groups.52-61 On the other hand, corre-
sponding studies on the dynamics in the S0 state are very few.
62-64 Very recently, we carried out IR-UV pump-probe* Authors to whom correspondence should be addressed.
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spectroscopy with nanosecond lasers,65 and reported that IVR
of OH stretching level of bare phenol occurred with a few
nanoseconds and its decay profile was interpreted by an
intermediate coupling scheme, while the clusters exhibited a
statistical coupling limit behavior. However, the obtained
lifetimes were very close to or shorter than the pulse duration
of the lasers used. In addition, the lifetimes were much longer
than those expected from the bandwidth measurement reported
by the group of Felker.52 So, a question occurred whether the
observed time profile with nanosecond laser pulses shows a true
dynamics of the OH stretching vibration.

To answer the above question, we have carried out a
picosecond time-resolved IR-UV pump-probe spectroscopy
study. In this work, the OH stretching level was prepared by a
picosecond IR pulse and the decay of the pumped level as well
as the appearance of the energy redistributed levels was
monitored using resonance-enhanced multiphoton ionization
with a picosecond UV pulse. We first measure IVR for OH
stretching level of bare phenol, and then extend our investigation
to phenol dimer. In the case of the dimer, there are two different
OH groups; the H-bonded OH (so-called donor OH stretch) and
the OH free from the H-bond (acceptor OH stretch). We can
examine the difference of the coupling strength between OH
stretching level and intermolecular modes for the two different
sites of OH stretching level by measuring their IVR rates. In
addition, energies of both OH vibrations are large enough to
break the H-bond, which enables us to investigate the time scale
of the vibrational predissociation (VP) after the energy ran-
domization. This paper reports the first experimental result of
the picosecond time-resolved IR-UV pump-probe spectros-
copy for the H-bonded clusters in the electronic ground state.

Experimental Section

Figure 1 shows the experimental setup of picosecond
IR-UV pump-probe spectroscopy. The setup consists of three
parts: a mode-locked picosecond Nd3+:YAG laser, an optical
parametric generation (OPG)/optical parametric amplification
(OPA) system with second harmonic generation, and an OPG/
OPA system for tunable IR pulse generation. A fundamental
output (1.064µm) of the mode-locked picosecond Nd3+:YAG
laser (Ekspra PL2143B) is split into two. The major part is
frequency tripled, and is introduced into an OPG/OPA system

(Ekspra PG401SH) for the generation of a tunable UV light. A
partially reflected 1.064µm output is used to generate tunable
IR output with a homemade OPG/OPA system, which consists
of two LiNbO3 crystals which are separated by 1 m. The 1.064
µm light is introduced into the first crystal placed on a rotational
stage for the generation of broad band tunable IR light by OPG.
The generated IR and 1.064µm light beams are coaxially
introduced into the second LiNbO3 crystal placed on another
rotational stage whose tuning angle is synchronized with that
of the first crystal. The second crystal is used for amplification
(OPA) as well as for narrowing of the IR bandwidth. After
passing through the second crystal, both the signal(1.6µm) and
the idler (3µm) lights are generated. CaF2, ZnSe, and Ge plates
are used to separate the signal and the 1.064µm lights from
the idler light. The finally obtained tunable IR light at 3µm
has a bandwidth of 10-15 cm-1 and an output power of
50-100 µJ, both of which are dependent on the wavelength.

Jet-cooled phenol was generated by a supersonic expansion
of phenol vapor seeded in He carrier gas into vacuum through
a pulsed nozzle (General valve) having a 0.8 mm aperture.
Phenol was heated to 40°C to obtain a sufficient vapor pressure.
The jet-cooled phenol and clusters were skimmed by a skimmer
(0.8 mm diameter Beam dynamics) located at 30 mm down
stream of the nozzle. The IR and UV lasers were introduced
into a vacuum chamber coaxially in a counterpropagating
manner, and crossed the supersonic beam at 50 mm down stream
of the skimmer. The molecules in the supersonic beam were
ionized by 1+1 resonance enhanced MPI(REMPI) via S1, and
the ions were repelled to the direction perpendicular to the plane
of the molecular beam and the laser beams. The ions were then
mass-analyzed by a 50 cm time-of-flight tube and were detected
by an electron multiplier (Murata Ceratron). The transient
profiles of the pump-probe ion signals were observed by
changing a delay time between UV and IR pulses by a computer-
controlled optical delay line. The ion signals were integrated
by a boxcar integrator (Par model 4420/4400) and processed
by a microcomputer. Phenol was purchased form Wako chemi-
cal and was purified by vacuum sublimation before use.

Results and Discussion

We first examined the temporal widths of the picosecond IR
and UV light pulses by deconvolution of the IR-UV pump-
probe signal of the CH stretching vibration (νCH) of benzene.54

The excitation scheme is shown as an inset of Figure 2, and
Figure 2a shows the ionization-detected IR gain spectrum of
benzene for the CH stretching vibration (ν20). In this measure-
ment, the UV pulse was introduced at a delay time of 30 ps
after the IR pulse. The vibrational spectrum was obtained by
scanning the IR frequency while monitoring the benzene ion,
where the UV laser frequency was fixed to the 60

1201
1 transition

(38650 cm-1).65 The peak at 3050 cm-1 (ν20) is appeared by
1+1 REMPI with the UV light. Then we fixed the IR and UV
frequencies to theν20 vibration and to the 60

1201
1 electronic

transition, respectively, and measured the appearance of the
60

1201
1 REMPI signal by changing the delay time between UV

and IR pulses. Figure 2b shows a plot of the 60
1201

1 REMPI
signal versus the delay time. As seen in Figure 2b, the 60

1201
1

REMPI signal increases up to 20 ps and approaches to a constant
value. The simulated curve well reproduced the observed rise
when we assumed both the IR and UV pulses have a Gaussian
shape with fwhm of 14 ps, as is shown by the solid curve in
Figure 2b. The pulse shapes for the IR and the UV lights were
used for the analyses of the transient profiles of phenol and its
dimer.

Figure 1. Experimental set up of picosecond IR- UV pump-probe
spectroscopy. A: aperture. L: lens. M: mirror. D: detector. N: nozzle.
S: skimmer. M+: ion.
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1. Bare Phenol.Frequencies of the OH stretching vibration
of bare phenol and phenol dimer are reported in our previous
work2,3 and the vibrational frequencies are listed in Table 1.
The excitation and the monitoring scheme is shown in an inset
of Figure 3. Phenol is excited to the OH stretching level by the
IR pulse and the decay of the pumped level due to IVR and the
appearance of the energy redistributed vibrational levels are
monitored by 1+1 REMPI through the S1 state with the UV
pulse at different delay times. The S1-S0 spectrum from the
OH stretching level exhibits sharp bands, while that of the
energy redistributed levels (v") exhibits broad band because of
the heavy congestion of many v′-v" transitions.

Figure 3a shows the 1+1 REMPI spectra of phenol measured
at delay times of 10 and 200 ps after the IR excitation to OH
stretching level. At the delay time of 10 ps, the spectrum consists
of several sharp peaks and weak structure-less broad background
in the higher frequency region. Among the several sharp bands,
those at 32690, 33470, and 33630 cm-1 are assigned toνOH1

0,
νOH1

010
1 and νOH1

0120
1 transitions, respectively. At the 200 ps

delay time, all the sharp bands diminish and the intensity of
the broad background in the higher frequency region becomes
prominent. The broad background is assigned to the transitions
from the energy redistributed levels, and the disappearance of
all the sharp peaks at 200 ps indicates that IVR is completed at
this delay time. We then measured the transient behavior for
each band.

Figure 3b shows the plots of the intensities of theνOH1
0 and

νOH1
0120

1 bands, and the broad background monitored at 33700
cm-1 as a function of the delay time between the IR and the

UV pulses. The figure shows that theνOH1
0 and theνOH1

0120
1

bands decays until 50 ps, though the latter band does not return
to zero. In contrast, the ion signal monitored at 33700 cm-1

shows a distinct rise until 50 ps and approaches to a fixed value.
By deconvolution, theνOH1

0 band decay curve was well
reproduced with a single-exponential decay curve havingτ decay

) 14 ps, as shown by a solid curve. The transient profiles of
theνOH1

0120
1 band and the ion signal monitored at 33700 cm-1,

on the other hand, were reproduced by the combination of a
decay and a rise as follows:

Here, we used the same lifetime for the rise and the decay
components, that is,τ rise ) τ decay) 14 ps. The decay curve of
the νOH1

0120
1 band was well fitted by adjustingA/B ) 4.0, and

the rise curve of the 33700 cm-1 signal was fitted withA/B )
0.14. The reason they are expressed by the two components is
that two electronic transitions, resonant transition of the OH
stretching level and the broad background transition, are
overlapped in those bands. As seen in Figure 3a, theνOH1

0120
1

band is overlapped with weak broad background. Even though
the signal at 33700 cm-1 mainly involves the broad background
transitions, the position overlaps with theνOH1

0180
1 transition.66

The coincidence of the decay of the pumped level with the rise
of the broad background transition strongly suggests that the
broad background is the transitions from the redistributed levels

Figure 2. (a)IR spectrum of benzene in the CH stretching vibration
(mode 20) obtained by scanning IR frequency while monitoring the 2
01

160
1 (1+1) REMPI signal. (b)Time profile of the 60

1201
1 band obtained

by changing the delay time between IR and UV lasers. Here, the IR
and UV frequencies are fixed to mode 20 and the 60

1201
1 transition,

respectively. The solid curve is the convoluted curve obtained by setting
the pump (hνIR) and probe(hνUV) pulses to be 14 ps (fwhm) Gaussian
pulses.

TABLE 1: Vibrational Frequencies (νOH), IVR Rate
Constants (kIVR ), VP Rate Constants (kdiss), and Band
Widths (∆) of the OH Stretching Vibration of Bare Phenol
and Phenol Dimer

νOH(cm-1) kIVR(× 1011s-1) kdiss(× 1010s-1) ∆(cm-1)a ∆(cm-1)b

phenol
3657 0.71 0.38 0.7
phenol dimer
3654(A) 0.71 1.8 0.38 1.2
3530(D) g2 1.1 1.1 2.4

a Width obtained by using an equation∆ ) (2πc)-1kIVR. b Hartland
et al. (ref 63).

Figure 3. (a) 1+1 REMPI spectrum of phenol obtained at delay times
of 10 and 200 ps after the IR excitation to the OH stretching vibration
of phenol. (b) Transient profiles of theνOH1

0 and νOH1
0 120

1 (1+1)
REMPI signals, and the ion signal monitored at 33700 cm-1. Solid
curves are the convoluted ones. See text.

I(t) ) A exp(-t/τ decay) + B{ 1 - exp(- t/τ rise)}
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from initially prepared OH stretching level, and IVR of OH
stretching level for bare phenol occurs withτIVR ) 14 ps,
correspondingkIVR ) 1/τIVR ) 7.1 × 1010 s-1.

2. Phenol Dimer. Figure 4a shows the ionization-detected
IR spectrum of phenol dimer obtained by nanosecond IR-UV
double resonance spectroscopy.2 The spectrum was recorded
by scanning the IR laser frequency, while monitoring the dimer
S1-S0 REMPI signal by the UV laser. Here the IR pulse was
introduced 50 ns prior to the UV pulse. As seen in the figure,
the spectrum of the phenol dimer exhibits a H-bonded (or a
donor) OH stretching vibration at 3530 cm-1, and a free (or an
acceptor) OH stretching vibration at 3654 cm-1.2 It is seen that
the bandwidth of the donor OH stretching vibration is broader
than that of the acceptor OH stretching vibration. Earlier,
Felker’s group measured the Raman spectra of the OH stretch
vibrations of phenol dimer and reported that the width of the
donor OH stretch was 2.4 cm-1, while that of the acceptor OH
was 1.2 cm-1, suggesting a shorter lifetime of the former
vibration.63 As was mentioned previously, it should be also noted
that the energies of both OH stretching vibrations are large
enough to break the H-bond, since the H-bonding energy of
the dimer is estimated to be 2100-2500 cm-1.67 Thus, both
IVR and vibrational predissociation (VP) can contribute the
relaxation process of the prepared level, though it is not clear
which process is mainly responsible for the broadening of the
bandwidths. So, we measured the time evolution of the OH
stretching level as well as the energy redistributed vibrational
levels by IR-UV pump-probe spectroscopy.

Figure 4b shows the 1+1 REMPI spectra of phenol dimer
observed at delay times of 10 and 200 ps after the IR pumping
of the donor OH stretching level at 3530 cm-1. The spectrum
measured at the delay time of 10 ps consists of a sharp band at
32520 cm-1, which is assigned to the donorνOH1

0 electronic
transition of the dimer, hereafter we useνOH(D)1

0, and intense
broad background in the higher frequency region, indicating
that IVR occurs very rapidly for the donor OH excitation. In
the spectrum observed at 200 ps delay time, not only the sharp
νOH(D)1

0 band completely disappears, but also the intensity of
the broad background becomes very weak. The decrease of the
broad background intensity was not observed for phenol mono-
mer, and it can be explained by VP of IVR redistributed levels.

Figure 5, parts a and b, shows the time evolution of theνOH

(D)1
0 band at 32520 cm-1, and the background signal intensity

monitored at 35780 cm-1 , respectively, for the delay time until
150 ps. TheνOH(D)1

0 band exhibits very fast decay, and the
convoluted decay curve by settingτdecay ) 5 ps is shown in
Figure 5a. Since similar decay curves were obtained by
assuming a shorter lifetime than 5 ps,τ IVR () τdecay) is roughly

Figure 4. (a) Ionization-detected IR spectrum of the phenol dimer.
The spectrum was obtained by monitoring the (0,0) band REMPI signal
of the dimer while scanning the IR frequency. (b) 1+1 REMPI spectra
obtained at delay times of 10 and 200 ps after the IR excitation to the
donor OH stretching vibration of the phenol dimer. The sharp bands at
36040 cm-1 are the 1+1 REMPI spectrum of the phenol dimer in the
0,0 band region, observed by a nanosecond laser. Figure 5. Transient profiles of (a) donorνOH1

0 band (b) ion signal
monitored at 35780 cm-1 , after the IR pumping to the donor OH
stretching vibration of phenol dimer. (c) Transient profile of the ion
signal monitored at 35780 cm-1 after the IR pumping to the acceptor
OH stretching vibration. (d), (e) Transient profile of the ion signal
monitored at 35780 cm-1 in the longer time scale (0-500 ps) after the
IR pumping to the donor OH stretching and the acceptor OH stretching
vibrations, respectively. Solid curves were convoluted ones by setting
(a) τdecay) 5 ps, (b), (d)τrise ) 5ps andτdecay) 89 ps, and (c),(e)τrise

) 14 ps andτdecay ) 55 ps, respectively.
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estimated to be equal to or shorter than 5 ps, that iskIVR g 2 ×
1011 s-1. Thus, IVR for the donor OH stretching level of the
dimer occurs much faster than that of bare phenol. The transient
profile of the background signal intensity monitored at 35780
cm-1 was reproduced by a convolution withτrise ) 5 ps and a
decay lifetime ofτdecay) 89 ps. Since the decay of the pumped
level coincides with the rise of the energy redistributed levels,
it is concluded IVR occurs within 5 ps in the case of the donor
OH stretching level excitation. The subsequent decay (τdecay)
89 ps) of the broad background signal is due to VP of the
redistributed levels. Thus, VP occurs after IVR with the lifetime
more than 17 times slower than that of IVR.

Figure 5d shows the decay of the background signal
monitored at 35780 cm-1 in a longer time scale. As seen in the
figure, the signal does not return to zero, but evolves to a
constant value even at the 500 ps delay time. This indicates
that there must be a very slow process in addition to the VP
decay, which may be due to an incomplete energy randomization
of IVR or due to the existence of redistributed levels which are
not coupled to the VP process.

A similar experiment was carried out for the acceptor OH
stretching level (3654 cm-1) of the dimer. In the case of the
acceptor OH excitation, we could not observe the resonant
transitions from the pumped OH stretching level, which is
probably due to the weakness of the electronic transition of the
accepting site and to the overlap with the transition of the donor
site. However, a broad structureless background was easily
observed similar to the case of the donor OH excitation. Figure
5c shows the time profile of the broad background signal after
the acceptor OH excitation. As seen in the figure, the rise of
the background signal intensity is slower than that of the donor
OH excitation, while the decay is faster. The transient profile
was well fitted by the convolution using a rise time ofτrise )
14 ps and a decay time ofτdecay) 55 ps, as shown by a solid
curve. Thus, the acceptor OH stretching level exhibits slower
IVR decay (14 ps) than that of the donor OH stretching level
(5 ps). The faster IVR of the donor site OH stretching level is
due to the fact that is strongly coupled with the intermolecular
modes and the vibrational energy randomization occurs very
fast in the whole cluster. On the other hand, the fact that the
IVR lifetime of OH stretching level of the acceptor site is very
similar to that of bare phenol OH stretching level suggests that
the coupling between the acceptor OH stretching level and the
intermolecular vibrational modes is very weak in the dimer, and
the initial energy randomization occurs only within phenol in
the acceptor site. Figure 5e shows the decay of the signal at
longer time scale. Similar to the case of the donor OH stretch
excitation, the signal does not come back to zero, representing
the presence of slower decay process similar to the case of donor
OH stretching vibration.

For VP, the lifetime from the acceptor OH stretching level
(τVP ) 55 ps) was shorter than that from the donor OH stretching
level (τVP ) 89 ps). It should be noted that this behavior is
opposite to that observed in HF dimer, where the VP lifetime
of the H-bonded HF stretching vibration is 40 times shorter than
that of the free HF stretching vibration. The difference between
the two systems might be explained by the difference of the
coupling scheme, that is, VP in HF dimer occurs via the direct
coupling between the HF stretch and the dissociation continuum,
while VP in the phenol dimer occurs sequentially after IVR.
The IVR f VP sequential process was also observed in several
clusters in the S1 state, such as phenol-benzene,31 anthracene-
Arn,33 aniline-CH4,

38 etc., though their rates depend on the
vibrational energies and on the types of the clusters.

At this point, we should comment on the comparison of the
present results with those of our pervious work,54 where we
applied similar IR-UV pump spectroscopy with nanosecond
laser pulses. We reported that IVR occurs in a few nanoseconds
for bare phenol, and its decay profile can be described by an
intermediate coupling scheme. On the other hand, the present
picosecond experiment has presented much faster IVR time
profile with a single-exponential decay. Thus, it looks as if the
two experiments are providing contradicting results.

The difference of the two results can be explained by the
following. In the nanosecond laser experiment, the laser
bandwidth of was∼0.1 cm-1, which was not large enough to
excite all the levels having the OH stretching level character so
that the time evolution might occur only within the limited
levels. Table 1 lists the bandwidths of the OH stretching level
obtained by the group of Felker the stimulated Raman spec-
troscopy52, and those obtained from the present work. As seen
in the table, both the Raman bandwidth and the present
measurements give the width of the OH stretching level as being
much broader than the width of the nanosecond laser. Therefore
the slow decay observed in the nanosecond experiment is due
to the incomplete excitation of the levels having the OH stretch
vibrational character. In the table, the bandwidths estimated in
the present work are smaller than those reported by Raman
spectroscopic measurement. At this moment, we do not have a
clear answer for this discrepancy.

In summary, picosecond time-resolved IR-UV pump-probe
spectroscopy has been applied to the investigation of mode-
specific IVR of the OH stretching vibration of phenol and its
clusters in the S0 state. It was found that IVR of the OH stretch
vibration of bare phenol occurs with a lifetime of 14 ps. In the
phenol dimer, a remarkable acceleration of IVR rate was
observed for the donor site OH stretch, while the IVR rate of
the acceptor site OH was almost equal to that of bare phenol.
In addition, it was found that vibrational predissociation occurs
sequentially after IVR. For the future work, an extension to
larger size clusters will be very interesting to examine a cage
effect of the dissociation process.
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(51) Bürgi, T.; Schütz, M.; Leutwyler, S.J. Chem. Phys.1995, 103,

6350.
(52) Sur, A.; Johnson, P. M.J. Chem. Phys.1986, 84, 1206.
(53) Lipert, R.; Bermudez, G.; Colson, S. D.J. Phys. Chem.1988, 92,

3801.
(54) Lipert, R.; Colson, S. D.J. Phys. Chem.1989, 93, 135.
(55) Lipert, R.; Colson, S. D.J. Phys. Chem.1990, 94, 2358.
(56) Syage, J. A.; Steadman, J.J. Chem. Phys.1991, 95, 2497.
(57) Steadman, J.; Syage, J. A.J. Am. Chem. Soc.1991, 113, 6786.
(58) Steadman, J.; Syage, J. A.J. Phys. Chem.1991, 95, 10326.
(59) Pino, G. A.; Dedonder-Lardeux, C.; Jouvet, C.; Martrenchard, S.;

Solgadi, D.J. Chem. Phys.1999, 111, 10747.
(60) Pino, G.; Gregoire, G.; Dedonder-Lardeux, C.; Jouvet, C.; Mar-

trenchard, S.; Solgadi, D.Phys. Chem. Chem. Phys.2000, 2, 893.
(61) Ishiuchi, H.; Saeki, M.; Sakai, M.; Fujii, M.Chem. Phys. Lett.2000,

322, 27.
(62) Ebata, T.; Furukawa, M.; Suzuki, T.; Ito, M.J. Opt. Soc. Am. B

1990, 7, 1890.
(63) Hartland, G. V.; Henson, B. F.; Venturo, V. A.; Felker, P. M.J.

Phys. Chem.1992, 96, 1164.
(64) Ishiuchi, S.; Shitomi, H.; Takazawa, K.; Fujii, M.Chem. Phys. Lett.

1998, 283, 243.
(65) Ebata, T.; Iwasaki, A.; Mikami, N.J. Phys. Chem. A2000, 104,

7974.
(66) Abe, H.; Mikami, N.; Ito, M.J. Phys. Chem.1982, 86, 1768.
(67) Couty, A.; Mons, M.; Dimicoli, I.; Piuzzi, F.; Brenner, V.; Millie,

P. J. Phys. Chem.A 1998, 102, 4890.

8628 J. Phys. Chem. A, Vol. 105, No. 38, 2001 Ebata et al.


