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Picosecond IR-UV pump-probe spectroscopic study on the intramolecular
vibrational energy redistribution of NH2 and CH stretching vibrations
of jet-cooled aniline
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Intramolecular vibrational energy redistribution �IVR� of the NH2 symmetric and asymmetric
stretching vibrations of jet-cooled aniline has been investigated by picosecond time-resolved IR-UV
pump-probe spectroscopy. A picosecond IR laser pulse excited the NH2 symmetric or asymmetric
stretching vibration of aniline in the electronic ground state and the subsequent time evolutions of
the excited level as well as redistributed levels were observed by a picosecond UV pulse. The IVR
lifetimes for symmetric and asymmetric stretches were obtained to be 18 and 34 ps, respectively. In
addition, we obtained the direct evidence that IVR proceeds via two-step bath states; that is, the NH2

stretch energy first flows into the doorway state and the energy is further dissipated into dense bath
states. The rate constants of the second step were estimated to be comparable to or slower than those
of the first step IVR. The relaxation behavior was compared with that of IVR of the OH stretching
vibration of phenol �Y. Yamada, T. Ebata, M. Kayano, and M. Mikami J. Chem. Phys. 120, 7400
�2004��. We found that the second step IVR process of aniline is much slower than that of phenol,
suggesting a large difference of the “doorway state↔ the dense bath states” anharmonic coupling
strength between the two molecules. We also observed IVR of the CH stretching vibrations, which
showed much faster IVR behavior than that of the NH2 stretches. The fast relaxation is described by
the interference effect, which is caused by the coherent excitation of the quasistationary states.
© 2005 American Institute of Physics. �DOI: 10.1063/1.2039087�
I. INTRODUCTION

The intramolecular vibrational energy redistribution
�IVR� has been thought to be one of the most important
dynamics of the vibrationally excited polyatomic molecules,
because in most cases IVR is the first dynamical step prior to
chemical reactions.1–3 Among many vibrations, IVR of the
CH and the OH stretching vibrations has been extensively
studied for many molecules, such as water,4–7 alcohol,8–12

acetylene derivatives,13–17 halogenated methane,18–23 aro-
matic molecules24–31 in the condensed phase as well as in the
gas phase. Another important molecular vibration is the NH
stretching vibration, which is one of the key vibrations to
analyze the secondary structure of the biomolecules, such as
polypeptide.32 Thus, it is important to study the vibrational
dynamics of the NH stretch in connection with the structure.
Up to now, however, there have been very few studies on the
vibrational relaxation of the NH stretching vibration.33–37

In this paper, we report a study on the IVR dynamics of
the NH2 stretching vibration of aniline in a supersonic beam
by using a picosecond IR-UV pump-probe spectroscopy.
Aniline is one of the most fundamental aromatic molecules
having the NH2 group, and its electronic and vibrational
structures have been extensively studied by many
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groups.38–52 Nakanaga and co-workers performed the de-
tailed studies on the NH2 stretching vibration of aniline and
its hydrogen-bonded clusters in supersonic jets.53–57 Aniline
is nonplanar in ground electronic state, in which the dihedral
angle between the NH2 amino group and aromatic ring is
reported to be 37.5° by Lister et al.49 and Sinclair and Pratt50

or 42° by Quack and Stockburgen,40 while in the first excited
state, a near-planar structure is reported,40,51,52 so the S1↔S0

electronic transition exhibits rich vibronic structures.38,43,47

Aniline has two NH2 stretching modes: symmetric stretching
vibration ��s� with the frequency of 3423 cm−1 and asym-
metric stretch ��a� with 3509 cm−1,45 and we are interested in
the issue whether the NH2 stretch vibrations show any mode
dependence in their IVR rate constants.

The IVR of the NH2 stretching vibrations in aniline can
be compared with that of the OH stretch of phenol in order to
obtain a general view of the IVR process of the XH stretch in
aromatic molecules. Recently, we reported the real-time ob-
servation of IVR of the OH�OD� stretching vibration of iso-
lated phenol and its isotopomers in supersonic jets.58,59 In
those works, we investigated the pathway of the vibrational
energy flow and found the following three results: Firstly,
IVR of the OH stretch is described by two-step tier
model,15–17,20 as shown in Fig. 1. Here the initially excited
vibrational energy first flows into the doorway states,60,61 and

the energy is further redistributed to dense base states. Sec-
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ondly, the rate constant of the second step IVR �k2� is much
faster than the first step �k1�, so that the first IVR process is
the rate-determining step. Finally, it is thought that the door-
way states consist of the CH stretch modes because the deu-
terium substitution of the CH group significantly reduces the
IVR rate constant of the first step. In this work, we examine
whether the similar situation is held in the IVR of the NH2

stretch vibrations of aniline. If it is the case, we can compare
the rate constants of each step of IVR between the OH
stretch of phenol and NH2 stretches of aniline and find a
similarity or a difference between them.

In addition, we also investigate IVR of the aromatic CH
stretching vibration of aniline. The aliphatic CH stretch of
alcohol in the condensed phase is known to exhibit very
rapid T1 relaxation decay, and such a rapid process is ex-
plained by the strong interaction with the overtone of the CH
bending modes.10–12 We will examine whether such a strong
coupling also exists in aniline and will discuss the general
mechanism of the CH vibrational relaxation by comparing
with the similar experiments of phenol reported in the previ-
ous paper.

II. EXPERIMENT

A detailed description of the experimental setup of pico-
second IR-UV pump-probe spectroscopy was given in our
previous papers.58,62 Briefly, a fundamental output
�1.064 �m� of a mode-locked picosecond Nd3+: yttrium alu-
minum garnet �YAG� laser �Ekspra PL2143B� was split into
two parts. The major part was frequency tripled and was
introduced into an optical parametric generator/optical para-
metric amplifier �OPG/OPA� system �Ekspra PG401SH� to
obtain a tunable UV light pulse. Typical bandwidth and out-
put power of the UV light were 7 cm−1 and 50–100 �J,
respectively. The minor part of the 1.064 �m output was
introduced into a pair of LiNbO3 crystals to generate a tun-
able IR light pulse. The two crystals were separated by 1 m
and were placed on rotational stages. They were synchro-

FIG. 1. Two-step tier model of IVR and the scheme of picosecond time-
resolved IR-UV pump-probe spectroscopy. Vanh1 and Vanh2 indicate the an-
harmonic coupling matrix elements in each step and k1 and k2 are the rate
constants.
nously rotated to generate a narrow-band IR pulse, and its
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bandwidth was achieved to 15 cm−1 with a typical output
power of 50–100 �J. CaF2, ZnSe, and Ge plates were used
so that only the signal light at �3 �m was introduced into a
vacuum chamber as the IR pulse. The temporal shapes of the
UV laser pulse were determined by fitting the time profile of
the cross correlation of the ammonia ionization in the mo-
lecular beam, which was well fitted by assuming a Gaussian
shape for the pulses having 12 ps pulse width.63 We assumed
the same time profile for the IR pulse.

Jet-cooled aniline was generated by a supersonic expan-
sion of aniline vapor seeded in He carrier gas �typically
3 atm� into vacuum through a pulsed nozzle �General valve�
having a 0.8 mm aperture. The free jet was skimmed by a
skimmer having a 0.8 mm diameter �Beam dynamics� lo-
cated at 30 mm downstream of the nozzle. Aniline �99.0%�
was purchased from Wako Chemicals Industry Ltd. and was
purified by vacuum distillation before use.

The IR and UV lasers were introduced into a vacuum
chamber in a counterpropagated manner and crossed the su-
personic beam at 50 mm downstream of the skimmer. The
vibrationally excited molecules in the supersonic beam were
ionized by 1+1 resonance enhanced multiphoton ionization
�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 multi-
plier �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 inte-
grator �Par model 4400� connected with a microcomputer.

III. RESULTS

A. IR spectra of aniline

Figure 2 shows the IR spectra of aniline in the
−1

FIG. 2. IR spectra of aniline in a supersonic beam. The upper trace was
obtained by IR-UV double-resonance spectroscopy with the use of the nano-
second laser system. The inset shows the expanded spectrum in the CH
stretch region. The lower trace is the ionization gain IR spectrum obtained
with the picosecond laser system. The UV pulse was introduced at the delay
time of 1.7 ns and its frequency was fixed at 33 370 cm−1, corresponding to
the transition from the redistributed levels. The asterisks indicate the posi-
tions tuned by the picosecond IR laser pulse.
2900–3700-cm region. Two types of spectra, which are
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obtained by different methods, are shown. The upper trace
shows the ionization-detected IR �IDIR� spectrum64–66 ob-
served by the nanosecond laser system with a spectral reso-
lution of 0.1 cm−1. The lower trace is the ion-gain IR spec-
trum observed with the picosecond laser system. The UV
laser pulse was introduced at the delay time of 1.7 ns after
the IR pulse excitation, and the frequency ��UV� was fixed at
33 370 cm−1, which refers to the hot band ���−��� transi-
tions from the levels ���� generated by the IVR of the IR-
pumped vibrational level.

The spectral feature of the picosecond ion-gain IR spec-
tra corresponds very well with the IDIR spectrum �upper�
except for the low spectral resolution. In both spectra, many
bands associated with the aromatic CH stretching vibrations
appear in the 3000–3120 cm−1 region, and the two bands at
3423 and 3509 cm−1 are assigned to be the NH2 symmetric
��s� and asymmetric ��a� stretching vibrations, respectively.
The inset of Fig. 2 shows an enlarged portion of the CH
stretching region. Though five bands are mainly observed in
this region, some of them are split and much weaker bands
are also seen. The band split and the appearance of weak
bands are attributed to the anharmonic interaction with over-
tone or combination bands, as Page et al. stated in the analy-
sis of the complicated spectrum in the CH region of
benzene.67 On the other hand, only three peaks at 3047,
3087, and 3105 cm−1 are identified in the picosecond ion-
gain IR spectrum, which is due to broad bandwidth of the IR
laser. Thus, it is quite possible that several bands are simul-
taneously excited when the IR pump pulse is tuned to one of
these main peaks. On the other hand, two NH2 stretch bands
are clearly separated in the lower spectrum, so that we can
measure the intrinsic IVR process by pumping �s or �a, in-
dividually. In the following, we examine IVR for these vi-
brational modes by time-resolved spectroscopy.

B. IVR of the NH2 symmetric stretching vibration

Figure 3 shows the transient �1+1� REMPI spectra of
aniline observed at several delay times after exciting �s at

−1

FIG. 3. Transient 1+1 REMPI spectra of aniline obtained at several delay
times after pumping the NH2 symmetric stretch ��s� vibration. The broken
curve indicates the UV output power. The asterisks mean the position with
very weak UV power output.
3423 cm . All of the REMPI spectra are shown in the man-
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ner that the REMPI spectrum measured without introducing
the IR laser pulse is subtracted from the original spectra,
representing that we can evaluate the amount of ion intensity
enhanced by the IR pulse excitation. The intensities of the
REMPI spectra below 32 000 cm−1 are multiplied by a factor
of 10. The broken curve shown in the figure is the probe UV
laser power as a function of UV frequency. Then, we see that
the negative-going spikes marked with asterisks in the spec-
tra are due to weak power output at particular UV frequen-
cies in our laser system.

A sharp band shown at 30 607 cm−1 is assigned to �s1
0

band, that is, the transition from the NH2 symmetric stretch
level in S0 to the zero-point level in S1. It rapidly decays with
delay time due to IVR. No other vibronic transition from the
v=1 of �s, such as, �s1

0 60
1 and �s1

0 120
1, was observed, which

may be due to the weak intensity of the UV output in this
region. In contrast to the decay of the �s1

0 band, a broad
continuum starting from 32 000 cm−1 to higher-frequency re-
gion monotonically increases with the delay time. This con-
tinuum is assigned to the overlapped transitions from the
redistributed levels generated by IVR of �s.

37 No sharp peak
due to the transition from the particular vibrational level is
identified in the broad continuum.59

We then measured the time profiles of the �s1
0 band and

the broad continuum at several UV frequencies, which are
0

FIG. 4. Time profiles after pumping the NH2 symmetric stretch ��s� vibra-
tion of aniline: �a� �s1

0 band �30 607 cm−1�, and redistributed levels with the
probe frequencies of �b� 32 714 cm−1, �c� 32 756 cm−1, �d� 33 303 cm−1, and
�e� 33 753 cm−1. The solid curves are convoluted ones with the best-fitted
values in Table I, by using the two-step relaxation model. �e� The inset also
shows the other convoluted curve with a set of parameters of k1=5.6
�1010 s−1, k2=5.0�1010 s−1, and A0 /B0=1.31 �see text�.
shown in Fig. 4. We first fitted the time profiles of the �s1
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band and the broad continuum by using single exponential
decay and rise functions with a time constant of �IVR, respec-
tively,

INH2
�t� = I0 exp�− t/�IVR� �1a�

and

Ibath�t� = I0�1 − exp�− t/�IVR�� , �1b�

where I0 means the initial population. These expressions
mean that we assumed one-bath mode model for the IVR of
the NH2 stretch vibrations, and if this model is correct we
will obtain the same lifetime �IVR for rise and decay curves.
The IVR lifetime obtained by using a least-squares fitting
and convolution with laser pulse width of 12 ps was �IVR

=18 ps for the �s1

0 band, corresponding to the rate constant
kIVR=5.6�1010 s−1. On the other hand, those obtained from
rise curves of the broad continuum gave different values at
various UV frequencies ��UV�; �IVR=8 ps at �UV

=32 714 cm−1, �5 ps at �UV=32 756 cm−1, and 13 ps at
�UV=33 303 cm−1 and �UV=33 753 cm−1. Thus, the lifetimes
obtained from rise profiles are shorter than that from the
decay of the �s1

0 band, and they depend on the monitoring
UV frequencies. It should also be noted that the time profile
monitored at 32 756 cm−1 reaches to maximum at the delay
time of 50 ps and slightly decays to a constant value. All
these results indicate that one-bath mode model cannot be
used to the present system.

Thus, we use two-step tier model shown in Fig. 1 for the
fitting of the observed time profiles. The time evolution of
the populations on the �s�INH2

�t�� level, the doorway state
�Idoorway�t��, and the bath states �Ibath�t�� are expressed as
follows:

INH2
�t� = I0 exp�− k1t� , �2a�

Idoorway�t� = I0
k1

k1 − k2
�exp�− k2t� − exp�− k1t�� , �2b�

TABLE I. Obtained IVR rate constants ��1010 s−1� f
vibrations of aniline by the least-square fitting of the

Frequency
�cm−1�

�s

k1 k2
a

30 607 5.6b
¯

32 437 ¯ ¯

32 714 5.9 5.2
32 756 5.0 4.5
33 303 6.3 0.1
33 753 5.6 0.1

aThere is a large uncertainty in the k2 value. See tex
bThis value was obtained by the fitting of decay time
and
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Ibath�t� = I0�1 +
k2

k1 − k2
exp�− k1t� −

k1

k1 − k2
exp�− k2t�	 .

�2c�

Even in this model, INH2
�t� decays exponentially and k1 has

already been obtained to be 5.6�1010 s−1. The observation
of the decay of the NH2 stretch level plays an important part
in this analysis, since it directly gives the k1 value. For k2, we
can obtain its value if we can distinguish the transitions of
the doorway state from that of the dense bath states by fitting
the time profiles with Eqs. �2b� and �2c�. As mentioned
above, however, we could not observe any sharp bands as-
signable to the transitions from the doorway state and the
rise profiles of the broad continuum depend on different UV
frequencies. This UV frequency dependence of the time pro-
file strongly indicates that the broad continuum consists of
both components of Idoorway�t� and Ibath�t�, whose ratio is dif-
ferent at various transition frequencies. Then, its time profile
can be fitted by the following equation:

Icontinuum�t� = A0Idoorway�t� + B0Ibath�t�

= A0I0
k1

k1 − k2
�exp�− k2t� − exp�− k1t��

+ B0I0�1 +
k2

k1 − k2
exp�− k1t�

−
k1

k1 − k2
exp�− k2t�	 , �3�

where A0 and B0 are the coefficient of each component. We
simulated the rise-time profiles to reproduce the observed
ones by least-square fitting by changing three parameters of
k1, k2 and, A0 /B0 ratio in Eq. �3�.

In Fig. 4, the time profiles of the doorway state and bath
state components convoluted by the two-step tier model are
shown by the thin solid curves and total time profiles are
shown as thick solid curves. The k1, k2, and A0 /B0 ratio
values obtained by least-square fitting for each curves differ-
ent from this procedure for several monitoring UV frequen-
cies are listed in Table I. The rate constants of the first step
obtained from the rise-time profiles of broad continuum are
k1=5.6�±0.6��1010 s−1, which is in good agreement with

0

NH2 symmetric ��s� and asymmetric ��a� stretching
profiles at the different monitoring UV frequencies.

�a

B0 k1 k2
a A0 /B0

¯ ¯ ¯

2.8 2.6 2.04
0 3.2 2.9 1.29
2 ¯ ¯ ¯

3 3.6 2.8 0.96
4 2.8 0.1 1.18

le of the �s1
0 band.
or the
time

A0 /

¯

¯

1.4
1.8
1.0
1.2

t.
profi
that obtained from the decay curve of the �s1 band. For k2, on
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the other hand, its value is scattered in a wide range, as seen
in Table I. For example, the k2 values obtained at the moni-
toring frequencies of 32 714 and 32 756 cm−1 are 5.2 and
4.5�1010 s−1, while those at 33 303 and 33 753 cm−1 are
0.1�1010 s−1, giving a difference by a factor of 50. This
large difference is not a meaningful one but is attributed to
the uncertainty to determine k2 by this fitting procedure. This
is explained as follows: k1 is accurately determined from the
rise curve at the delay time shorter than 40 ps, where the
component of Idoorway�t� mainly composes its profile. On the
other hand, k2 is determined by curve fitting at a longer delay
time, where the ion intensity approaches to a constant value,
and the superposition of the decay profile of Idoorway�t� and
the rise profile of Ibath�t� can easily reproduces the longer
delay time profile by various combinations of A0 /B0 and k2.
A typical example is seen in Fig. 4�e�. The solid curve in Fig.
4�e� was simulated by using k1=5.6�1010 s−1, k2=0.1
�1010 s−1, and A0 /B0=1.24, while the curve in the inset was
obtained with k1=5.6�1010 s−1, k2=5.0�1010 s−1, and
A0 /B0=1.31. As seen in the figures, both the calculated
curves reproduce well the observed time profile, leading to
an uncertainty for k2 value. Though we could not give an
accurate k2, we estimated k2= �0.1–5��1010 s−1, that is, k2 is
comparable to or smaller than k1. This situation largely dif-
fers from the IVR rate constants of the OH stretching vibra-
tion of phenol, which will be discussed later.

C. IVR of the NH2 asymmetric stretching vibration

Similar experiment was performed for the NH2 asym-
metric stretching vibration ��a� at 3509 cm−1. Figure 5 shows
the transient �1+1� REMPI spectra measured at several de-
lay times after the excitation of �a, where the intensities be-
low 31 100 cm−1 are multiplied by a factor of 20. The spec-
tral feature is similar to that of the �s excitation, except for
no appearance of the �a1

0 band, whose expected position
�30 521 cm−1� is indicated with an asterisk. The missing �a1

0

band due to this transition is symmetry forbidden.
The time profiles of the ion intensities at different UV

frequencies are shown in Fig. 6. Similar to the case of �s, the
rise profiles of the broad continuum are different at the dif-
ferent UV frequencies. Thus, the curve-fitting analysis was

FIG. 5. Transient 1+1 REMPI spectra of aniline obtained at several delay
times after pumping the NH2 asymmetric stretch ��a� vibration. The asterisk
indicates the expected position of the �a1

0 band.
carried out by the similar method described in �s. The k1
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value was unambiguously determined to be 2.9 �±0.6�
�1010 s−1, corresponding to the lifetime of about 34 ps,
while k2 was estimated to be �0.1–2��1010 s−1. The solid
curves in Fig. 6 are obtained by the convolution with rate
constants and A0 /B0 ratio listed in Table I.

D. IVR of the CH stretching vibrations

As shown in Fig. 2, five intense peaks are identified in
the IDIR spectrum �upper portion�, which may have the main
character of the CH stretching vibrations. However, some of
them are split or their width are broader compared to other
bands. This clearly indicates that the CH stretch levels are
coupled with overtones or combination bands by anharmonic
resonance. Furthermore, the corresponding IR spectrum in
the picosecond ion-gain spectrum �lower of Fig. 2� exhibits
broader feature. Thus, several bands will be coherently ex-
cited when the picosecond IR pulse is tuned to each peak.

Figure 7 shows the time profiles of the pump-probe ion
intensities versus delay time after the IR excitation of the CH
band at 3047, 3087, and 3105 cm−1, respectively, which are
marked with asterisks in Fig. 2. In these measurements, the
probe frequencies were fixed to 33 754 cm−1, which refers to
the broad continuum due to the transitions from dense bath
states ���−�� transitions�. It should be noted that time pro-
files were independent of the monitoring UV frequencies, so
that we used Eq. �1b� to obtain the IVR lifetimes. The ob-
tained lifetimes were equal to or shorter than 5 ps for the
bands at 3047 and 3087 cm−1 and 10 ps for the band at

−1

FIG. 6. Time profiles of the IVR redistributed levels after exciting the NH2

asymmetric stretching vibration ��a� of aniline with the probe frequencies of
�a� 32 437, �b� 32 714, �c� 33 303, and �d� 33 753 cm−1. The solid curves are
the convoluted ones by using the set of values in Table I.
3105 cm . Thus, all the IVR lifetimes for the CH stretch
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vibrations are much shorter than those of the NH2 stretching
vibrations. We tried to measure the CH stretch levels by ob-
serving the CH1

0 band. However, we could not observe the
CH1

0 band in transient UV spectra, which may be due to the
small Franck-Condon factor.

IV. DISCUSSION

From the obtained results, it is concluded that IVR of the
NH2 stretch vibrations proceeds via two types of states, door-
way and dense bath states, and the rate constants in each step
are summarized as follows:

�1� �s�3423 cm−1�: k1=5.6�1010 s−1, and
k2= �0.1–5��1010 s−1, and

�2� �a�3509 cm−1�: k1=2.9�1010 s−1, and
k2= �0.1–2��1010 s−1.

Two important issues are raised from the obtained re-
sults. First is that the IVR rate constant of the first step of �s

is about two times larger than that of �a in spite of that the
former vibrational energy is 86 cm−1 lower than the latter.
Second is that the first IVR step, “NH2 stretch→doorway
state,” is comparable to or faster than the second one of
“doorway state→bath state” in both vibrations. Hereafter,
we will discuss the IVR mechanism based on the two

FIG. 7. Time profiles of broad continuum appeared after the IR excitation of
the CH stretching vibration at �a� 3047, �b� 3087, and �c� 3105 cm−1, re-
spectively. In all measurements, the UV probe frequency was fixed to
33 754 cm−1. The solid curves are the convoluted ones by using a single
exponential rise function with the time constants of �a� 5, �b� 5, and
�c� 10 ps, respectively. See text.
findings.
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A. Mode dependence of IVR of the NH2 vibration

To describe that k1 of �s is larger than that of �a, we
examined possible candidates of the doorway state�s�. The
vibrational frequencies of aniline have been reported by sev-
eral groups.39–45 By using those data, we listed vibrational
levels lying close to the NH2 stretching vibrations by direct
counting method under the symmetry restriction in which
only the levels belonging to the same symmetric species can
be coupled to each mode. In aniline, �s and �a belong to a�
and a� species, respectively, and the calculated density of
states are 185 and 257 states/cm−1, respectively. Thus, the
higher density of states at �a than that at �s is opposite to the
difference of the observed k1 values.

Figure 8 shows the calculated vibrational levels as a
function of total quantum number �vt� of vibrational combi-
nation levels. In the figure, the vibrational levels up to the
total quantum number of four are shown within the fre-
quency range of ±15 cm−1 for each vibration. These levels
could be the possible doorway states, because the anhar-
monic coupling matrix element decreases remarkably with
the coupling order, so that the levels consisting of the small
total quantum number can be coupled strongly.18,68 When the
total quantum number exceeds four, the density of states be-
comes very large, suggesting that they would be the dense
bath states. In Fig. 8, we see that the ��CN+�CH� combina-
tion level lies close to �s, where �CN and �CH are the CN
bending and the CH stretch modes, respectively. On the other
hand, such a level which can be coupled with the lowest
order is not seen for �a in the examined energy region.
Though it is not clear how accurate the reported frequencies
of these vibrations as well as the combination anharmonicity,
this combination mode may couple strongly to the NH2

stretch mode, since the CN bend is spatially close to the NH2

group. In addition, the possibility that the doorway state in-
volves the CH stretch mode is supported by our previous

FIG. 8. �a� and �b� Calculated vibrational levels within 30 cm−1 of the NH2

symmetric and asymmetric stretch levels, respectively, as a function of total
quantum number �vt� up to vt=4. �CN+�CH means the combination band of
the CN bending and the CH stretching mode.
work on phenol, where we found a drastic decrease of the
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IVR rate constant of the OH stretch vibration upon the D
atom substitution of the CH group. In Sec. IV B, we will
investigate the doorway state in more detail.

B. Comparison of the IVR of the NH2 stretch with
other system and characterization of doorway state

Another interesting issue is the comparison of the IVR
feature of the NH2 stretching vibration with that of other
X–H stretching vibration of aromatic molecules. Up to now,
there is very small number of experiments for IVR of the
X–H stretching vibration under the isolated condition.8,24,25

To the best of our knowledge, only the available one may be
the IVR of OH stretching vibration of phenol.58 In phenol,
the IVR rate constant for the first step was k1=7.1
�1010 s−1 and it was concluded that k2 is much larger than
k1. By the comparison of the present results with those of
phenol, we first see that k1 of the OH stretch of phenol is
slightly larger than that of NH2 stretch of aniline. This sug-
gests that the anharmonic coupling strength between the ini-
tial state and doorway state is not so different between the
two systems. Second, a large difference is seen in the rate
constants of the second step of IVR, that is, k2. In phenol, we
reported that the second IVR step is much faster than the first
IVR step, that is, k2�k1, while in aniline, k2 is estimated to
be comparable to or smaller than k1. This is a very surprising
result since k1 is not so different between aniline and phenol.
The calculated total density of states at the OH stretch vibra-
tion �with the a� symmetry� is 133 cm−1 in phenol. Since this
value is not so different from those of NH2 stretch vibrations
as described above, we consider that this difference is attrib-
uted to much larger “the doorway state↔dense bath state”
anharmonic coupling matrix element in phenol.

At this moment, we again argue the character of the
doorway state. We proposed that the doorway state involves
the CH stretching mode in both systems. If it is the case, the
difference of k2 can be attributed to the difference of the “CH
stretch↔bath state” coupling matrix element since the total
density of states is not so different between them. This dif-
ference can be seen in the IR spectra in the CH stretching
region.29,67 If the CH vibration is not coupled with the bath
states, only five bands, corresponding to the number of the
CH oscillators, will appear in this region for both molecules.
However, in phenol, more than 20 bands appeared in this
region,58 which is much larger than that of aniline, indicating
a stronger “CH stretch↔dense bath state” coupling of phe-
nol than aniline. Thus, the smaller k2 of aniline can be de-
scribed by the weaker CH stretch↔dense bath state coupling
strength. It is very interesting to note such a large difference
of the CH stretch↔bath state coupling strength between
phenol and aniline in spite of the fact that the phenyl ring
structure is common in both molecules. For the further in-
vestigation on the role of the CH stretch vibration as the
doorway state of the IVR of the NH2 stretch of aniline, a
deuterium isotope substitution of the phenyl CH group will

be essential, which will be the future work.
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C. IVR mechanism of the CH stretching vibrations
and the effect of anharmonic resonance

As shown above, the CH stretching vibrations exhibit
much faster IVR than the NH2 stretching vibrations though
the CH stretching frequencies are lower by 300 cm−1 than
those of NH2. This behavior is very similar to that observed
in phenol and the detailed discussion is given in the previous
paper.58 Here, we briefly describe the mechanism by using
the same argument with that of phenol.

As we discussed in the IR spectrum of the CH stretch
bands in Fig. 2, it is strongly suggested that several bands are
overlapped in each peaks, because most of them are split or
show broad features. The picosecond IR pulse will coher-
ently excite them and the time evolution of such the coher-
ently excited quasistationary states exhibits an interference.
The multiplication of this interference and the intrinsic decay
of each level due to IVR, i.e., the population decays of the
individual CH stretch levels into the bath states, results in the
apparent fast IVR time profile. Many studies on the time
evolutions of quasistationary states69–71 suggest that the
number of bands, their intensities, and the energy interval
between individual peaks are the important factors for the
time evolution. For example, a large number of quasistation-
ary states provides a fast decay lifetime, as explained by the
different relaxation case between statistical limit and inter-
mediate case.72 On the other hand, as the modulation fre-
quency, which is proportional to the energy interval, be-
comes higher the rise of modulation component becomes
steeper, resulting in the fast rise of the observed time profile.
In our previous work, we successfully reproduced the very
fast decay time profile of CH1

0 band as well as the rise profile
of broad continuum, whose apparent lifetimes were as short
as 5 ps.58 A similar analysis can be applied to the present
case, though it is not clear how many levels are coherently
excited and how large are their energy intervals.

The description is supported by the different IVR life-
times at different excitation frequencies. The time constant of
the rise curves is less than 5 ps for the IR excitation frequen-
cies at 3047 and 3087 cm−1, while 10 ps at 3105 cm−1. The
difference can be explained by the difference of the number
of the coherently excited bands within the IR bandwidth or
the small energy intervals between them. As seen in the IR
spectrum �upper of Fig. 2�, the band at 3105 cm−1 is rela-
tively isolated compared to other bands and consists of sev-
eral bands with very small interval. Thus, the lifetime short-
ening due to the interference effect is small in this band.

V. CONCLUSIONS

In this article, picosecond time-resolved IR-UV pump-
probe spectroscopy has revealed the IVR mechanism of the
NH2 and CH stretching vibrations of jet-cooled aniline in S0.
It was found that the IVR of the NH2 stretch vibrations pro-
ceeds through the two types of bath states, doorway and
dense bath states. The rate constant for the first step was
determined to be 5.6�1010 and 2.9�1010 s−1 for the sym-
metric and the asymmetric NH2 vibrations, respectively. The
rate constants of the second step were estimated to be com-

parable to or smaller than the first step.
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The faster IVR of the symmetric NH2 than that of asym-
metric was described by the existence of the doorway state
which can be coupled to the symmetric NH2 with the lowest
order of perturbation. Furthermore, by the comparison of the
present results with that of phenol, we found a large differ-
ence of the rate constants of the second step between them.
The difference was explained by that the doorway state con-
sists of the CH stretching vibrational mode in both cases but
the coupling between the CH stretch and the bath states is
quite different between them. The CH stretch vibrations ex-
hibited shorter IVR lifetimes than those of the NH2 stretches
although their vibrational frequencies are 300 cm−1 lower
than those of the NH2 stretches. The fast IVR of the CH
stretches was explained by the interference effect due to the
coherent excitation of several bands by a picosecond IR
pulse and their intrinsic population decay due to IVR.

Finally, we compared the present results with those of
phenol. We found that IVR of the X–H stretch �X=O and N�
proceeds via the two types of bath modes in both molecules.
The rate constant of the first step, that is, from the X–H
stretch to the doorway state, is not so different between them,
while there is a larger difference in the second step, that is,
from the doorway state to the dense bath states. The differ-
ence of the rate constant in the second step was described by
the difference of “the CH stretch↔bath state” coupling
strength.

ACKNOWLEDGMENTS

The authors would like to acknowledge Professor A.
Fujii, Professor H. Ishikawa, and Dr. T. Maeyama for their
helpful discussion. This work is supported by Grant-in-Aids
for Scientific Research �Grant No. 1535002� by J. S. P. S.
One of the authors �Y.Y.� thanks the support from COE
project of Tohoku University. Another author �N.M.� ac-
knowledges the support for Grant-in-Aids for specially Pro-
moted Research �Grant No. 16002006� by MEXT.

1 A. Laubereau and W. Kaiser, Rev. Mod. Phys. 50, 607 �1978�.
2 D. J. Nesbitt and R. W. Field, J. Phys. Chem. 100, 12735 �1996�.
3 G. A. Voth and R. M. Hochstrasser, J. Phys. Chem. 100, 13034 �1996�.
4 A. Pakoulev, Z. Wang, Y. Pang, and D. D. Dlott, Chem. Phys. Lett. 380,
404 �2003�.

5 Z. Wang, A. Pakoulev, Y. Pang, and D. D. Dlott, J. Phys. Chem. A 108,
9054 �2004�.

6 A. J. Lock and H. J. Bakker, J. Chem. Phys. 117, 1708 �2002�.
7 R. Rey and J. T. Hynes, J. Chem. Phys. 104, 2356 �1996�.
8 G. T. Fraser, B. K. Pate, G. A. Bethardy, and D. S. Perry, Chem. Phys.

175, 223 �1993�.
9 E. J. Heilweil, M. P. Casassa, R. R. Cavanagh, and J. C. Stephenson, J.
Chem. Phys. 85, 5004 �1986�.

10 L. K. Iwaki and D. D. Dlott, J. Phys. Chem. A 104, 9101 �2000�; D. D.
Dlott, Chem. Phys. 266, 149 �2001�.

11 R. Laenen, C. Rauscher, and K. Simeonidis, J. Chem. Phys. 110, 5814
�1999�.

12 L. Lubich, O. V. Boyarkin, R. D. F. Settle, D. S. Perry, and T. R. Rizzo,
Faraday Discuss. 102, 167 �1995�.

13 E. Gambogi, K. K. Lehmann, B. H. Pate, and G. Scoles, J. Chem. Phys.
98, 1748 �1993�.

14 G. A. Bethardy and D. S. Perry, J. Chem. Phys. 98, 6651 �1993�.
15 A. Mcllroy and D. Nesbitt, J. Chem. Phys. 92, 2229 �1990�.
16 S. Cupp, C. Y. Lee, D. McWhoter, and B. H. Pate, J. Chem. Phys. 109,

4302 �1998�.
17 H. S. Yoo, M. J. DeWitt, and B. H. Pate, J. Phys. Chem. A 108, 1348
�2004�; 108, 1365 �2004�; 108, 1380 �2004�.

Downloaded 17 Jun 2007 to 133.41.149.126. Redistribution subject to
18 M. M. Heckscher, L. Sheps, D. Bingemann, and F. F. Crim, J. Chem.
Phys. 117, 8917 �2002�.

19 C. G. Elles, D. Bingemann, M. M. Heckscher, and F. F. Crim, J. Chem.
Phys. 118, 5587 �2003�.

20 C. G. Elles, M. J. Cox, and F. F. Crim, J. Chem. Phys. 120, 6973 �2004�.
21 A. Charvat, J. Aßmann, B. Abel, D. Schwarzer, K. Henning, K. Luther,

and J. Troe, Phys. Chem. Chem. Phys. 3, 2230 �2001�.
22 A. Charvat, J. Aßmann, B. Abel, and D. Schwarzer, J. Phys. Chem. A

105, 5071 �2001�.
23 M. van den Broek and H. J. Bakker, Chem. Phys. 253, 157 �2000�.
24 A. Callegari, U. Merker, P. Engels, H. K. Srivastava, K. K. Lehmann, and

G. Scoles, J. Chem. Phys. 113, 10583 �2000�.
25 A. Callegari, R. Pearman, S. Choi, P. Engels, H. K. Srivastava, M. Grue-

bele, K. K. Lehmann, and G. Scoles, Mol. Phys. 101, 551 �2003�.
26 J. Assmann, R. von Benten, A. Charvat, and B. Abel, J. Phys. Chem. A

107, 1904 �2003�.
27 J. Assmann, R. von Benten, A. Charvat, and B. Abel, J. Phys. Chem. A

107, 5291 �2003�.
28 E. L. Sibert III, W. P. Reinhardt, and J. T. Hynes, Chem. Phys. Lett. 92,

455 �1982�.
29 K. V. Reddy, D. F. Heller, and M. J. Berry, J. Chem. Phys. 76, 2814

�1982�.
30 J. A. Nicholson and W. D. Lawrance, Chem. Phys. Lett. 236, 336 �1995�.
31 S.-I. Ishiuchi, H. Shitomi, K. Takazawa, and M. Fujii, Chem. Phys. Lett.

283, 243 �1998�.
32 W. Chin, M. Moons, J.-P. Dognon, F. Piuzzi, B. Tardivel, and I. Dimicoli,

Phys. Chem. Chem. Phys. 6, 2700 �2004�.
33 J. R. Ambroseo and R. M. Hochstrasser, J. Chem. Phys. 89, 5956 �1988�.
34 J. Chen, J. Park, and R. M. Hochstrasser, J. Phys. Chem. A 107, 10660

�2003�.
35 W. Tandy, T. P. Dougherty, and E. J. Heilweil, J. Phys. Chem. 99, 10716

�1995�.
36 V. Wild, A. Seilmeier, N. H. Gottfried, and W. Kaiser, Chem. Phys. Lett.

119, 259 �1985�.
37 G. N. Patwari, T. Ebata, and N. Mikami, Chem. Phys. Lett. 361, 453

�2002�.
38 J. C. D. Brand, D. R. Williams, and T. J. Cook, J. Mol. Spectrosc. 20,

359 �1966�.
39 J. C. Evans, Spectrochim. Acta 16, 428 �1960�.
40 M. Quack and M. Stockburgen, J. Mol. Spectrosc. 43, 87 �1972�.
41 R. Scheps, D. Florida, and S. A. Rice, J. Chem. Phys. 61, 1730 �1974�.
42 R. A. Kydd and P. J. Krueger, Chem. Phys. Lett. 49, 539 �1977�.
43 D. A. Chernoff and S. A. Rice, J. Chem. Phys. 70, 2511 �1979�.
44 W. B. Treng, K. Narayanan, K. C. Shieh, and C. C. Tung, J. Mol. Struct.:

THEOCHEM 423, 231 �1998�.
45 T. Ebata, C. Minejima, and N. Mikami, J. Phys. Chem. A 106, 11070

�2002�.
46 X. Song, M. Yang, E. R. Davidson, and J. P. Reilly, J. Chem. Phys. 99,

3224 �1993�.
47 E. R. Th. Kerstel, M. Becucci, G. Pietraperzia, D. Consalvo, and E.

Castellucci, J. Mol. Spectrosc. 177, 74 �1996�.
48 B. Fehrensen, M. Hippler, and M. Quack, Chem. Phys. Lett. 298, 320

�1998�.
49 D. G. Lister, J. T. Tyler, J. H. Hog, and N. W. Larsen, J. Mol. Struct. 23,

253 �1974�.
50 W. E. Sinclair and D. W. Pratt, J. Chem. Phys. 105, 7942 �1996�.
51 N. Mikami, A. Hiraya, and M. Ito, Chem. Phys. Lett. 74, 531 �1980�.
52 J. M. Hollas, M. R. Howson, T. Ridley, and L. Halonen, Chem. Phys.

Lett. 98, 611 �1983�.
53 T. Nakanaga and F. Ito, J. Phys. Chem. A 103, 5440 �1999�.
54 N. K. Piracha, F. Ito, and T. Nakanaga, Chem. Phys. 297, 133 �2004�.
55 T. Nakanaga, K. Buchhold, and F. Ito, Chem. Phys. 277, 171 �2002�.
56 P. K. Chowdhury, K. Sugawara, T. Nakanaga, and H. Takeo, Chem. Phys.

Lett. 285, 77 �1998�.
57 P. K. Chowdhury, J. Phys. Chem. A 104, 7233 �2000�.
58 Y. Yamada, T. Ebata, M. Kayano, and N. Mikami, J. Chem. Phys. 120,

7400 �2004�.
59 Y. Yamada, N. Mikami, and T. Ebata, J. Chem. Phys. 121, 11530 �2004�.
60 D. F. Heller and S. Mukamel, J. Chem. Phys. 70, 463 �1979�.
61 J. S. Hutchinson, W. P. Reinhardt, and J. T. Hynes, J. Chem. Phys. 79,

4247 �1983�.
62 T. Ebata, M. Kayano, S. Sato, and N. Mikami, J. Phys. Chem. A 105,
8623 �2001�.

 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



124316-9 Energy redistribution in aniline J. Chem. Phys. 123, 124316 �2005�
63 O. David, C. Dedonder-Lardeux, C. Jouvet, H. Kang, S. Martrenchard, T.
Ebata, and A. L. Sobolewski, J. Chem. Phys. 120, 10101 �2004�.

64 S. Tanabe, T. Ebata, M. Fujii, and N. Mikami, Chem. Phys. Lett. 215,
347 �1993�.

65 T. Ebata, T. Watanabe, and N. Mikami, J. Phys. Chem. 99, 5761 �1995�.
66 T. Ebata, A. Fujii, and N. Mikami, Int. Rev. Phys. Chem. 17, 331 �1998�.
67 R. H. Page, Y. R. Shen, and Y. T. Lee, J. Chem. Phys. 88, 5362 �1988�.
Downloaded 17 Jun 2007 to 133.41.149.126. Redistribution subject to
68 V. M. Kenkre, A. Tokmakoff, and M. D. Fayer, J. Chem. Phys. 101,
10618 �1994�.

69 F. Lahmani, A. Tramer, and C. Tric, J. Chem. Phys. 60, 4431
�1974�.

70 P. M. Felker and A. H. Zewail, Phys. Rev. Lett. 53, 501 �1984�.
71 M. Quack and J. Stohner, J. Phys. Chem. 97, 12574 �1993�.
72 M. Bixon and J. Jortner, J. Chem. Phys. 50, 3284 �1969�.
 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


