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Vibrational energy relaxation of benzene dimer and trimer in the CH

stretching region studied by picosecond time-resolved IR-UV
pump-probe spectroscopy
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Department of Chemistry, Graduate School of Science, Hiroshima University,
Higashi-Hiroshima 739-8526, Japan

(Received 12 October 2011; accepted 20 December 201 1; published online 23 January 2012)

Vibrational energy relaxation (VER) of the Fermi polyads in the CH stretching vibration of the ben-
zene dimer (Bz;) and trimer (Bz3) has been investigated by picosecond (ps) time-resolved IR-UV
pump-probe spectroscopy in a supersonic beam. The vibrational bands in the 3000-3100 cm™! re-
gion were excited by a ps IR pulse and the time evolutions at the pumped and redistributed (bath)
levels were probed by resonance enhanced multiphoton ionization with a ps UV pulse. For Bz,
a site-selective excitation in the T-shaped structure was achieved by using the isotope-substituted
heterodimer id, where h = C¢Hg and d = C¢Dg, and its result was compared with that of 42 homod-
imer. In the hd heterodimer, the two isomers, A(stem)d(top) and A(top)d(stem), show remarkable site-
dependence of the lifetime of intracluster vibrational energy redistribution (IVR); the lifetime of the
Stem site [A(stem)d(top), 140-170 ps] is ~2.5 times shorter than that of the Top site [A(top)d(stem),
370-400 ps]. In the transient UV spectra, a broad electronic transition due to the bath modes
emerges and gradually decays with a nanosecond time scale. The broad transition shows different
time profile depending on UV frequency monitored. These time profiles are described by a three-
step VER model involving IVR and vibrational predissociation: initial — bath1(intramolecular)
— bath2(intermolecular) — fragments. This model also describes well the observed time profile
of the Bz fragment. The 24 homodimer shows the stepwise VER process with time constants similar
to those of the hd dimer, suggesting that the excitation-exchange coupling of the vibrations between
the two sites is very weak. Bz3 also exhibited the stepwise VER process, though each step is faster

than Bz,. © 2012 American Institute of Physics. [d0i:10.1063/1.3676658]

. INTRODUCTION

Benzene clusters have been of special interest as a proto-
typical example of molecular clusters formed by an aromatic-
aromatic force field. The interaction in such m-systems of-
ten plays a crucial role in the self-assembly of biomolecu-
lar systems.'”” Among them, benzene dimer (Bz,) has been
extensively studied experimentally®2° and theoretically.?’->*
Many of these studies have been devoted to the determina-
tion of the most stable structure: particularly T-shaped or
parallel-displaced (PD) structure. Many of the experimen-
tal studies, molecular-beam electric deflection,®® UV-UV
hole-burning spectroscopy,?! and Raman-UV double reso-
nance spectroscopy>? suggest that the two benzene molecules
are not symmetrically equivalent to each other. The rota-
tional constant obtained by the Fourier-transform microwave
spectrum?? indicates the T-shaped structure. In addition to the
experiments, quantum chemical calculations (e.g., Ref. 54)
suggested that a tilted T-shaped structure is the global min-
imum, although many isomers, including the PD isomer, exist
in almost isoenergetic region. From these studies, it is gen-
erally accepted that the global minimum of Bz, is the floppy
T-shaped structure.

) Author to whom corresponding should be addressed. Electronic mail:
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In addition to the structure, vibrational energy relaxation
(VER) is also an important subject for benzene clusters since
the VER dynamics is intimately related to the structure. In the
T-shaped Bz,, two benzene molecules are at different sym-
metrical positions, so that the “intramolecular mode <> bath
mode” anharmonic coupling will be different between the two
sites and the dimer will show the VER dynamics characteris-
tic of each site. Several studies on VER of benzene clusters
in Sy have been reported.>>>’ Lee and co-workers™>’ and
Fischer’® estimated the lifetime () of the CH stretching en-
ergy region to be in the range of 1072 s < 7 < 107!! s, based
on the bandwidth measurement of the IR band. Felker and co-
workers reported that the v, (CH stretching, Wilson’s num-
bering) level of the Stem site relaxes faster than that of the
Top site, from the difference of the widths of Raman bands.?
In both cases, however, the measured bandwidth is the sum of
many rovibrational levels, so that one cannot exclude the con-
tribution of inhomogeneous width. Moreover, it is not clear
how the bandwidth is related to the dynamics of VER, such as
intramolecular (intracluster) vibrational energy redistribution
(IVR) and vibrational predissociation (VP). Thus, the time-
resolved spectroscopic study is essential to fully understand
VER of Bz,.

In our previous study,’® we investigated the first step of
VER of Bz, by picosecond IR-UV pump-probe spectroscopy
in a supersonic beam. In order to achieve site-selective

© 2012 American Institute of Physics
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vibrational excitation of the T-shaped Bz, we used the hd
dimer (h = C¢Hg, d = Cg¢Dg). This dimer has two iso-
mers, A(stem)d(top) and A(top)d(stem), which coexist almost
equally in the supersonic beam. After the IR pulse excita-
tion of one of the Fermi polyads in the CH stretching region
(3077 cm™!), the decay profiles of the initial levels were ob-
served by (1 + 1) resonance enhanced multiphoton ionization
(REMPI) with a UV laser pulse for each isotopomer. We re-
ported that the IVR decay lifetime showed a remarkable site-
dependence; the Stem site [A(stem)d(top), 110 ps] decays 4.5
times faster than the Top site [A(top)d(stem), 500 ps], in spite
of very small energy difference (~1 cm~!) between the two
vibrational levels.” In addition, we reported the appearance
of a broad electronic transition of the redistributed levels (bath
modes).

In the present paper, we report (1) a detailed time-
resolved study of the hd dimer to give whole view of VER,
(2) VER of the hh homodimer to extract information about
the coupling of the vibrations between the two sites in the
hh dimer, and (3) VER of larger size cluster, benzene trimer
(Bz3), to investigate the size effect.

Il. EXPERIMENTAL AND ANALYSIS

The experimental setup of the picosecond time-resolved
IR-UV pump-probe spectroscopy is an upgraded version of
that described in our previous papers.’®3 Briefly, a picosec-
ond IR pulse laser is obtained by difference frequency gen-
eration (DFG) between 1.064 pum and an idler output of
an optical parametric generation/optical parametric amplifier
(OPG/OPA) system (Ekspra PG401/DFG2-10P) pumped by
a mode-locked picosecond Nd: YAG laser (Ekspra PL.2143S).
A picosecond UV pulse laser is obtained by second har-
monic generation of the output of another OPG/OPA (Ekspra
PG401SH) system pumped by the same Nd:YAG laser. The
spectral resolution of the IR and UV lights are 5 cm™', and
the time resolution of the two pulses is 12 ps. The delay time
between the IR and UV pulses is changed by an optical de-
lay line. In the present study, a gaseous mixture of C¢Hg and
CsDg [50:50(v/v)] diluted with helium carrier gas at a total
pressure of 3 bar is expanded into vacuum by a pulsed valve
(General valve, Series 9). The molecular beam is obtained by
skimming the center of the expansion. To reduce the forma-
tion of larger size clusters, a container of the sample is main-
tained at —20°C, and the width and timing of the pulsed valve
is carefully controlled. The IR and UV laser lights cross the
molecular beam with a counter propagating geometry. The
generated ions are mass-analyzed by a time-of-flight mass
spectrometer and detected by a channeltron (Burle 4900). The
ion signals are processed by a boxcar integrator (Par model
4401/4420) connected by a personal computer.

Figure 1 shows an energy level diagram of Bz, and a
pump-probe excitation scheme. A picosecond IR pulse ex-
cites Bz, to one of the Fermi-polyads in the CH stretch region,
and the excited level is monitored by (1 4+ 1) REMPI with a
picosecond UV pulse. The time evolution of the population
is observed by changing the delay time (Af) between IR and
UV pulses. The UV energy and the mass of the ion monitored
are properly chosen for the selective measurements of the
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FIG. 1. Schematic energy level diagram in VER of Bz, and a pump-probe
excitation scheme. In this figure, energy difference between Sp, S, and IP
for (Bz), and Bz as well as the dissociation energy in neutral and ionic states
are embedded with cm™! unit. The values are taken from Ref. 67.

pumped and bath levels of the parent and fragment species.
The obtained time profiles are analyzed by using the VER
model with two bath modes as shown in Fig. 1. The validity
of this model is described in Sec. III D 1.

lll. RESULTS AND DISCUSSION
A. IR spectra of Bz,

Figure 2(a) shows an IR spectrum of benzene monomer
in the CH stretching region measured by a nanosecond laser

sl b b by b b by ben v a by
a)monon:e/;/\‘ lj
(b) hd

b

(c) hh } |

3030 3040 3050 3060 3070 3080 3090 3100 3110
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FIG. 2. (a): IR spectrum of benzene monomer measured by a nanosecond
laser system. (b)-(c): IR spectra obtained by monitoring hd* and hh* mass
channels, respectively, with a picosecond laser system. Arrows show the IR
excitation energy used for the pump-probe experiment.
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system. This spectrum is obtained as a dip spectrum by IR-UV
double resonance spectroscopy and is shown in an inverted
manner. The appearance of three bands (bands a, b, and c¢) is
due to the Fermi resonance between the IR-active CH stretch-
ing level (v;) and the vg+vi9 and v;+ve+v 9 combination
levels, where each component is the in-plane vibration of ben-
zene monomer.** Figures 2(b) and 2(c) display the ion-gain IR
spectra of Bz, by monitoring the Ad* and it mass signals,
respectively. These spectra were observed by the picosecond
laser system at Ar = 300 ps with vyy fixed at the broad tran-
sition in the transient spectrum (37 600 cm™!). The IR spectra
of the hd and hh dimers are quite similar to each other though
the positions of the three bands are 2—4 cm™! redshifted com-
pared to those of the monomer bands.

It should be noted that each polyad in the hd and hh
dimers contains two vibrational levels due to the Stem and
Top components. The energy interval between the two levels
are ~1 cm~!.?° Thus, simultaneous excitation of both levels
by the ps IR pulse laser is unavoidable. This situation pro-
vides different conditions for the Ad and hh dimers. In the hd
dimer, two vibrationally excited isomers, & *(stem)d(top) and
h*(top)d(stem), are simultaneously generated by the excita-
tion, while the two vibrational levels are coherently excited in
the hh homodimer. The comparison between the decay pro-
files of the hd and hh dimers provides important information
on the coupling of the vibrations between the two sites of Bz,,
as discussed later.

B. Transient UV spectra of Bz, after the IR excitation
of Fermi-polyad

Figure 3 shows the transient (1 + 1) REMPI spectra ob-
tained by monitoring (a) hd™ and (b) hh™ mass channels after
the IR excitation of bands a, b, and c. These spectra were

08 region (stem)

e DR e i m e
37800 38000 38200
(c) UV power
75 T [ 2 1 e e A e

36400 36600 36800 37000 37200 37400 37600
UV wavenumber / cm-1

FIG. 3. Transient UV spectra at At = 430 (black), 4100 (red), and 4300 ps
(blue) observed with the IR excitations fixed at each Fermi band (bands a, b,
and c¢). Green ones are UV spectra measured without IR excitation. The UV
spectra (a) and (b) are obtained by monitoring hd* and ki mass channels,
respectively. In panel (c), UV power is plotted. Arrows show the UV energy
used for the observation of time profiles.
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observed at three different delay times: (black) +30 ps, (red)
4100 ps, and (blue) +300 ps. Also shown are the (1 + 1)
REMPI spectra without IR excitation (green). The right panel
shows the (1 + 1) REMPI spectra in the band origin region.
In Fig. 3(c), the UV laser power is plotted. The transient spec-
tra show similar features between the hd and hh dimers: the
sharp bands at ~36 400, ~36 950, and ~37 400 cm~!, and
the structureless broad band in wide energy region. With an
increase of the delay time, the sharp bands disappear while
the broad band emerges. The sharp bands at ~36 400, ~36
950, and ~37 400 cm~! are due to the vibronic transitions
from the pumped levels, which correspond to the transitions
to the 19!, 6'19', and 6219 levels, respectively.® The broad
band is assigned to overlapped transitions of the redistributed
(bath) levels. In the spectra of band a excitation, the sharp
bands are not seen and the broad band is prominent. This is
because of small coefficients of modes vg and v, for the state
of band a.%

As described above, the vibrational energies of the Stem
and Top sites of the T-shaped Bz, differ by only ~1 cm™',
so that two isomers of the id dimer are simultaneously ex-
cited, while the two levels are coherently excited in the hh
dimer by a picosecond IR pulse. Thus, the transient spectra
of Fig. 3 involve the transitions of the Stem and Top sites of
Bz,. In the (1 + 1) REMPI spectrum of Bz, observed by a
nanosecond laser,2-22 the Stem site exhibits a sharp vibronic
band, while the Top site exhibits a progression of ~15 cm™!
interval in the higher-energy region of the sharp band of the
Stem site Bz. Similarly, in Fig. 3, each band at ~36 400,
~36 950 and ~37 400 cm~! contains the Stem and Top tran-
sitions. In each band, the progression of the Top site is not
resolved, and shows a broad feature with the peak at ~50
cm™! higher energy side of the Stem band.”® We observed
decay time profiles by monitoring the band CH’; 19! at vyy
= ~36 400 cm~!. The probed positions are marked by arrows
in Fig. 3.

C. IVR of the IR-pumped levels of Bz,
1. IVR decay of hd and hh dimers

Figure 4 shows the decay time profiles of the hd and hh
dimers after the IR excitation of bands b and c¢. Each panel
shows the decay profiles observed by monitoring the Stem
(upper) and Top (lower) site transitions. The time profiles can
be fitted by the single-exponential decay and its convolution
with Gaussian function pulse of 12 ps FWHM (red curves).
The obtained lifetimes are shown in the figure and listed in
Table I. For the decay profiles of the hd dimer with the band
b excitation [Fig. 4(a)], we reported that the lifetimes of the
Stem and Top sites were 110 ps and 500 ps, respectively, in
our previous paper.”® However, in the present study, we ob-
tained slightly different values: 140 ps for the Stem site and
370 ps for the Top site. The discrepancy is ascribed to the im-
proved alignment of the optical delay line and careful check
of extra signals coming from the fragmentation of larger clus-
ters. Thus, we believe that the time constants of the present
study are more reliable than those of the previous work.
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FIG. 4. Decay time profiles measured by monitoring hd™ and hh* mass
channels after the IR excitation at bands b and ¢. Two decay profiles in
each panel were observed at different probe UV frequencies. Red curves
correspond to the single-exponential decay function convoluted with the IR
and UV Gaussian pulses. The best decay lifetimes are embedded in this
figure.

In the IVR decay profiles in Fig. 4, three characteristics
can be seen for the IVR of the hd and hh dimers. (1) In both
species, IVR of the Stem site occurs 2.5-3 times faster than
that of the Top site. (2) The IVR lifetimes are almost inde-
pendent of the IR bands. (3) There is almost no difference in
the decay profiles between the hd and hh dimers. These find-
ings provide us with following information about the coupling
of the vibrations in Bz,. First, (1) the anharmonic coupling
strength between a Fermi polyad and bath modes is stronger
at the Stem site than at the Top site. Second, (2) the anhar-
monic coupling strength between a Fermi polyad and bath
modes is almost the same among the three Fermi polyads.
Third, (3) the excitation-exchange coupling between the two
stationary states of the Stem and Top site Bz molecules is
very weak even in the i dimer. In our previous paper,’® we
already discussed the reasons of (1) and (2). As to (1), we
proposed that the lower symmetrical environment and the in-
plane vibrational motion of the Stem site Bz facilitate the
effective coupling with bath modes. As to (2), each polyad
state is constructed by essentially the same zeroth-order vibra-
tional modes through the Fermi resonance, leading to similar
property for IVR. In Sec. III C 2, we will discuss the reason
of (3).

Here, we compare the IVR lifetime of Bz, in Sy obtained
in this work with those previously reported. As was described

J. Chem. Phys. 136, 044304 (2012)

in the Introduction, Lee and co-workers>>>7 and Fischer® es-

timated the lifetime of v, to be in the range of 1-10 ps by the
bandwidth in the IR spectra, where they did not specify the
lifetime of the Stem and Top sites. Felker and co-workers>?
reported that the lifetime of v, of the Stem site is 18 ps, and
that of Top site is larger than that of Stem site, which were es-
timated by ionization loss stimulated Raman-UV double res-
onance spectra. These previous studies reported much shorter
lifetime than those of the present work. One of the reasons
why the bandwidth measurement gave the shorter lifetime is
that the widths involve the inhomogeneous broadening due
to many rotational lines because these experiments monitor
many rotational lines of the clusters even under the jet-cooled
condition. However, the lifetime estimated by bandwidth of
the Raman bands is probable because the Raman active v,
band mostly contains Q-branch. If the difference of the IVR
lifetime between v, and v, is true, this result indicates the
mode selectivity of IVR rate constants. In this sense, a time-
resolved picosecond Raman-UV pump-probe experiment will
be necessary to confirm the faster [VR rate constant.

2. Excitation-exchange coupling between Stem
and Top sites of the hh dimer

As described above, the hh [A(stem)h(top)] dimer has two
nearly degenerated vibrational levels with the energy differ-
ence of ~1 cm™! and they are coherently excited by a pi-
cosecond IR pulse. The energy gap of ~1 cm™' will lead to
a quantum beat with roughly 30 ps period in the decay pro-
files of the hh dimer. We previously observed quantum beat of
deuterated phenol having a similar energy gap (0.7 cm™!),°!
by using the same picosecond laser system. Thus, it is possi-
ble to observe the quantum beat of the 44 dimer. However, in
Figs. 4(b) and 4(d), both of Stem and Top sites in the 4/ dimer
show a single-exponential decay and their time constants are
very similar to those of the 4d dimer. The lack of the quantum
beat in spite of the coherent vibrational excitation of hh ho-
modimer indicates a negligible excitation-exchange coupling
between the vibrations of the Stem and Top sites, which is
discussed in supplementary material.> A similar conclusion
was also given for v, CH-stretch excitation of the Ak dimer
by frequency-resolved Raman results.?? This negligibly small
coupling strength between the Stem and Top sites can be sup-
ported by the motions of the CH stretching vibrations of the
T-shaped Bz, calculated by quantum chemical calculation.
The tilted T-shaped geometry (Cs symmetry) was optimized

TABLE I. Time constants (ps) on vibrational energy relaxation of benzene dimer and trimer after the IR excitation of
the Fermi polyads (band a b, and ¢) of the CH stretching vibration.

Band a Band b Band ¢
hd hh hd hh hd hh hdd
71(ps) stem .2 e 140 £ 10 120 £ 10 160 £ 10 140 £ 10 50 + 10°
top 2 L2 370 & 20 360 =+ 20 400 + 20 420 + 30
72(ps) 200-700 300 =+ 100P
Typ(PS) 2000-6000 1000 4 200"

“Decay time profiles cannot be observed.

YDetermined from time profiles observed by monitoring dd™* signal.
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FIG. 5. Vector motions of CH stretching vibration (vyg) of tilted benzene
dimer (Cs) calculated at wB97X-D/6-311++G(3df, 2p) level of theory.

Vibrational relaxation of benzene clusters

and the normal mode analysis was carried out at @B97X-
D/6-3114++4G(3df, 2p) level of theory using GAUSSIAN 09
program package.’® Among the four vector motions of vy
(e1y in benzene monomer), two of them are represented in
Fig. 5. The vibrational motions clearly show that the Stem
and Top sites independently vibrate. Thus, the calculation also
supports the negligible coupling between the vibrations of the
Stem and Top site Bz molecules.

D. Time profile of the bath states and VER mechanism
of Bz,

1. Time evolution of the bath states

Figure 6 shows the time evolutions of the broad bands
(corresponding to the electronic transitions of the bath modes)
of the (a) hd and (b) hh dimers. The time evolutions of the

J. Chem. Phys. 136, 044304 (2012)

broad band are not so different between Ad and hh, so that
they will relax through a similar VER process. In each panel,
the most upper profile was observed by exciting band b at
vuy = 37600 cm™!, while the others were observed by excit-
ing band a at vyy = 37 600, 37 800, and 38 100 cm~!. The
corresponding vyy energies are marked by arrows in the tran-
sient UV spectra of Fig. 3. Since the time profiles between the
band b and a excitations with vyy = 37 600 cm~! are not so
different (the top and the second time profiles in each panel),
we mainly focus on the time profiles of the band a excita-
tion. All the transient signals reach to maximum intensity at
roughly At =300 ps and then gradually decay. The rise of the
intensity is due to population flow from the initial levels into
the bath states, and the decay is due to the VP. The IR excita-
tion energy of ~3000 cm™! is much larger than the estimated
binding energy of Bz,, 500-800 cm~!.11%:20 In fact, we were
able to observe time profile of the Bz fragment as will be dis-
cussed in Sec. III E. Here, we discuss the time evolutions of
the base states based on Fig. 6.

An important point for Fig. 6 is that the profiles are de-
pendent on probe UV frequencies. For example, the ion signal
monitored at vyy = 38 100 cm™~! remains strong even at the
delay time of 1800 ps, while the ion signals monitored at vyy
= 37 600 and 37 800 cm~! decay faster than that monitored
at vyy = 38 100 cm™! in both the id and hh dimers. This
probe UV energy dependence cannot be explained by a VER
model involving a single bath mode,®* %% because the single
bath mode model predicts that the profile of the bath mode is
independent of the probe UV frequency. There are two possi-
bilities to explain the observed UV energy dependence of the
time profiles. First possibility is that the vibrationally excited
isomers, (stem)*(top) and (stem)(top)*, independently relax
with different time constants in the bath states as well as in

band a
UV = 37800 cm-1

band a
UV = 38100 cm-1

band b
UV = 37600 cm-1

band a
uv =‘37600 cm-1

band a
UV = 37800 cm-1

UV = 38100 cm-1

T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
delay (Af)/ ps

T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
delay (Af) / ps

FIG. 6. Time evolutions probed with three different UV energies after the IR excitation of bands a and b. These were observed by monitoring (a) hd™ and (b)
hh™ mass channels. Red curves are fitted by using Eq. (2) with 72 = 400 and 7, = 4000 ps. The used 7| values correspond to 140 ps for band b. For 7 of
band a, 150 and 130 ps are used for the hd and hh dimers, respectively. Blue and green curves represent bath1 and bath2 components, respectively, in each red

curve (see text).
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the pumped states. The broad transient electronic spectra of
the two isomers will appear different from each other. How-
ever, this possibility is unlikely because the IR excitation en-
ergies (~3000 cm™!) are much larger than the barrier heights
(< ~400 cm™") for the isomerization to different structures.>*
The vibrationally hot T-shaped dimer having large excess en-
ergy will immediately change its structure after the IVR from
the initial level. At the bath states, the memory of the Stem
and Top site excitation will disappear, and the two isomers
will show the same time profile of the bath states.

Second possibility is that the VER process occurs
through two bath modes. A schematic diagram of this model
is shown in Fig. 1. In this model, the pumped Bz, relaxes
through the two bath modes (bath1 and bath2) and dissociates
as follows:

initial A bath1 A bath2 kv fragments. (D)

The time profile of the broad band intensity, Ip,n(Vuv, ?) is
expressed by the sum of the intensities of the two bath modes,

Toamn1 (1) and Tpana (1),
Tnahn(vuv, 1) = A(vuv) Tpami1 (1) + B(vuv) Ipam2 (). (2)

Here, A(vyy) and B(vyy) are the absorption cross section of
bathl and bath2, respectively. Ipym (f) and Iy, (f) can be de-
scribed by rate equations of the three-step process, which are
also given in supplementary material.®> On the curve fitting,
we used the decay time constant of the Stem site (150 ps) for
the rise of the broad band, k; (= 1/ 1), and fitted by chang-
ing ky, kyp, and the A/B ratio. Red solid curves in Fig. 6 are
the best fitted curve with k,~! ( = 7,) = 400 ps, and kyp ™!
(= typ) = 4000 ps. The components of bathl and bath2 are
represented by blue and green curves, respectively. The fitted
curves reproduce well the UV energy dependence, supporting
that the two bath modes model can explain the observed VER.

Here, it should be noted that the obtained 7, and 7., val-
ues have large uncertainties as shown in Table I. There are
two reasons for the large uncertainties: (1) we could not ob-
serve the whole time profiles of the broad band until they
completely reach to zero because the optical delay line is not
long enough to cover whole the time profile, and (2) we used
ki of the Stem site and neglected the contribution of k; of the
Top site. In spite of these difficulties, we could reproduce the
UV energy dependence on the time profiles in Fig. 6 using
the three-step VER model and obtain the time constants for
each step. The validity of this model can be further supported
by the time profile of the Bz fragment, as shown in Sec. III E.
The origins of the two bath modes (bathl and bath2) will be
discussed in Sec. III D 2.

2. Origins of bath states 1 and 2

In the above discussion, we postulated three-step VER
model (Eq. (1)) involving bathl and bath?2 states to describe
the observed time profiles. This model was originally pro-
posed for the description of VER of the hydrogen-bonded
clusters of phenol,®”%%6% in which “bath1” mainly consists
of the high frequency intramolecular modes of the IR excited
site and “bath2” consists of the low frequency intermolecular
modes. This assignment is based on the result that the relative

J. Chem. Phys. 136, 044304 (2012)

intensity of bath2/bath1 monitored at higher UV frequency re-
gion is larger than that monitored at lower UV frequency. The
electronic transitions involving low frequency intermolecular
modes are stronger only near the band origin as v'—v" transi-
tions with Av = 0, while the transitions involving high fre-
quency intramolecular modes can spread over lower UV fre-
quency region because of the Franck—Condon activities of Av
= —1, —2, —3. - -. This explanation can also be applied to
the case of Bz,. As can be seen in Fig. 6, bath2/bath1 ratio is
1.0 at vgy = 38100 cm™! near the origin bands, while it is 0.5
and 0.4 at vyy = 37 600 and 37 800 cm™!, respectively. Thus,
similar to the case of the phenol clusters, we can understand
that the input IR energy (~3000 cm~!) in Bz, is firstly redis-
tributed within the excited Bz moiety (intramolecular modes,
bathl) and is further relaxed to whole the dimer (intermolec-
ular modes, bath2). Vibrationally hot dimer finally shows VP.

E. Time evolution of Bz monomer fragment: VP of Bz,

The vibrational energy of ~3000 cm~! is much larger
than the binding energy of Bz,, as described above, so that
the dimer will finally dissociate via VP. So, we observed the
Bz fragment in order to support the proposed model of VER.
Figure 7(a) shows the time evolutions of the At and hd* ions
obtained by exciting the band a and monitoring the ion signals
at vyy = 37800 cm~!. It is obvious that the two profiles are
different at long delay time (1200-1800 ps). The A™ signal is
mainly generated via two routes: (1) the ionization of the &
fragment generated by VP of the hd and hh dimers in the bath
states, and (2) an unavoidable fragmentation of the Akt and
hd™ dimer ions after the ionization of the hd and hh dimers.
Since bare Bz monomer does not show IVR, it does not give
the A signal in the present case. The process (2) provides the

1 ] 1 1 1 1 1 1 1 1
_(a) -
h

° UV = 37800 cm-1
—af =

e UV =37800cm-1 |

o
(b) difference time profile (h - hd) o'l

0 200 400 600 800 1000 1200 1400 1600 1800
delay (Af) / ps

FIG. 7. (a): Time evolutions obtained by monitoring h™ and hd™ mass
channels with the 37 800 cm~! UV pulse after the IR excitation of
band a. (b): A difference time profile subtracting the hdt time profile
from the 4™ one. Red curve is obtained by a fitting with 7, = 140, 1,
=400, and 7, = 4000 ps.
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time evolutions at the bath states of the hd and hh dimers for
the At signal. Thus, the time profile of the 4™ signal consists
of the time profile of Bz, and that of VP. In order to purely
extract the time evolution of the VP process of Bz,, we sub-
tracted the hd* time profile from the 4™ one, both of which
are normalized by the intensity at the delay time of 150 ps.
Figure 7(b) shows the difference time profile (h-hd). The sig-
nal gradually increases with delay time, so that the difference
time profile corresponds to the production time profile of the
h fragments after VP of Bz,. The difference time profile can
be fitted by the population function of I, with 7, = 140, 7,
= 400, and 7, = 4000 ps (red curve),®® supporting the step-
wise VER process of Eq. (1).

F. VER of Bz,

We extended the pump-probe study to benzene trimer
(Bz3) to examine the size effect on VER. Most of the Bz;™
ions dissociate to Bzt and Bz°” so we can observe the
pump-probe signal of Bz; by monitoring the Bz, ion. How-
ever, the vibrational frequencies are very similar between Bz,
and Bz3, which are simultaneously excited by a ps IR laser
pulse. The larger contribution of Bz, than that of Bz; to the
Bz,* ion signal makes it difficult to observe the time profile
of Bz3. Fortunately, among the isotopologes of Bz; (hhh, hhd,
hdd, ddd) and Bz, (hh, hd, dd), only the hdd trimer gives the
dd™" signal after the IR excitation of the CH stretching. There-
fore, by detecting the dd* signal, we can study VER of the
hdd trimer. Figure 8 plots time profiles of the dd* ion signal
after the IR excitation of the CH stretch vibrations. The decay
profile of Fig. 8(a) was obtained by fixing the UV frequency
at 36 300 cm™!, corresponding to the resonance transition of
Bz; from band b. The signal single-exponentially decays with
the lifetime t; = 50 & 10 ps. The time profiles of Figs. 8(b)

band a, UV = 38100 cm-1
2

T T T T T T T T T T
0 200 400 600 800 100012001400 1600 1800
delay / ps

FIG. 8. Time profiles of VER of Bz obtained by monitoring dd* signal.
Red lines are obtained by fitting with 71 = 50, 2 = 300, and 7, = 1000
ps. Blue and green solid lines correspond to bath1 and bath2 time evolutions,
respectively.
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and 8(c) were observed by fixing UV energies at 37 800 and
38 100 cm™!, respectively, corresponding to the time profiles
of the bath modes. These time profiles depend on UV fre-
quency used, indicating stepwise VER process similar to Bz,.
By fitting these time evolutions, the time constants were de-
termined to be 7, = 300 & 100 ps and 7, = 1000 & 200 ps.
The smaller error values than those of Bz, indicate that other
signals do not interfere with the dd* signal. From the analogy
of the hd and hh dimers, we can predict that the hhh and hhd
trimers give similar VER time constants.

The shorter IVR lifetime (t;) of the hdd trimer than
that of Bz, indicates that the anharmonic coupling between
the Fermi-polyad and the intermolecular modes is larger
in Bzz than that in Bz,. The faster VP lifetime (tvyp) of
Bz; than that of Bz, can be described by statistical (Rice—
Ramsperger—Kassel-Marcus) theory because its time scale is
in the nanosecond order. In the theory, the VP rate constant
is proportional to the ratio of the total number of possible in-
ternal states of the fragment, W(E, — Ejyis), at the available
energy to the density of states of the parent molecule, p(E\),
at the vibrational energy. Here E, is the vibrational energy of
the parent cluster and Ey;gs is the dissociation energy. p(Ey) of
Bz, is thought to be higher than that of Bz3, because Schaef-
fer et al.. reported that Bz, has lower frequency intermolec-
ular vibrations than those of Bz3.°® On the other hand, W(E,
— Egiss) of the (Bz, + Bz) fragments of Bz; will be larger
than that of the (Bz + Bz) fragments of Bz, when one as-
sumes that the dissociation energy is not so different between
Bz, and Bz;. The lower p(E,) and larger W(E, — Egiss) of
Bz; will result in faster VP rate constant of Bz; than that
of Bz,.

IV. CONCLUSION

Vibrational energy relaxation of the benzene dimer and
timer after the IR excitations of the Fermi polyads of the
CH stretching vibration was investigated by picosecond time-
resolved IR-UV pump-probe spectroscopy in a supersonic
beam. Experiment was carried out using isotopomers, that is
Bz-hg (h) and Bz-dg (d). Bzo(hd) was used to examine the
site difference of the IVR rate constant, and Bz, (hh) was used
to investigate the excitation-exchange coupling between the
vibrations of the Stem and Top sites in the T-shaped struc-
ture. Both hd and hh dimers gave similar VER dynamics and
time constants. The IVR lifetime of the Stem site vibration
relaxes ~2.5 times faster than that of the Top site, suggest-
ing a larger “intramolecular mode < intermolecular mode”
anharmonic coupling of the Stem site. We also found that the
coupling between the vibrations of the Stem and Top sites
is very small. The whole VER process is described by three-
step energy flow involving two bath modes and the vibrational
predissociation. For Bz, the VER process also occurs via two
bath modes, similar to the case of Bz,, though the rate con-
stant of each step is faster than Bz,.
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