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Abstract

Dissociative excitation of benzonitrile, C6H5CN, for generating excited photofragments, CN(A) and CN(B), was studied with resonantly
enhanced multiphoton excitation at 266 nm. Laser power dependence of CN(A–X) and CN(B–X) intensities demonstrated that the CN(A,B)
formation takes place via the two-photon absorption process, C6H5CN + 2hν → C6H5(X̃) + CN(A,B). Vibrational and rotational energy distri-
butions of the nascent CN(A,B) fragments from photoexcited benzonitrile in the VUV energy region were determined by simulation analysis
of dispersed fluorescence spectra. For both CN(A) and CN(B), the vibrational distributions were found to be of the uninverted type and the
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otational distribution in each vibrational state could be approximated by a Boltzmann distribution. The best-fit vibrational distri
N(A) was determined to beNv′=2:Nv′=3:Nv′=4:Nv′=5:Nv′=6 = 1.0:0.45:0.16:0.06:0.03 and the rotational temperature in each vibrationa
asTr(v′ = 2) = 3500 K,Tr(v′ = 3) = 3200 K,Tr(v′ = 4) = 2200 K,Tr(v′ = 5) = 2000 K, andTr(v′ =6) = 2000 K, respectively. The vibrational d

ribution of CN(B) wasNv′=0:Nv′=1:Nv′=2 = 1.00:0.43:0.18 with respective rotational temperatures ofTr(v′ = 0) = 2000 K,Tr(v′ = 1) = 1300 K,
ndTr(v′ = 2) = 1300 K. The vibrational and rotational distributions of CN(A) were found to be hotter than those predicted by the stati
odel with complete energy randomization within the excited molecule. These results indicate that the dissociation to C6H5(X̃) + CN(A)
roceeds via the mechanism where both vibrational energy deposition in the photoexcitation and available energy redistribution
issociation are limited within the internal modes of skeletal C6–CN structure. The vibrational distribution of CN(B) was significantly hotte

han the statistical distribution and can be attributed to a fast decay of the photoexcited Rydberg state via an intermediate state ont
issociation surface leading to C6H5(X̃) + CN(B).
2004 Elsevier B.V. All rights reserved.
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. Introduction

Photodissociative excitation of simple cyano compounds
CN (R = H, X, CN) has been frequently studied in the Vac-
um Ultraviolet (VUV) region, since strong fragment emis-
ivities of CN(B2�+ −X2�+) and CN(A2�i −X2�+) enable
ne to obtain the important information about dynamics in the
issociative excitation channels and their interactions with
ther decay channels from the VUV photoexcited states. Syn-
hrotron radiation source with good stability and tunability in
he broad VUV region provided fluorescence excitation cross

∗ Corresponding author. Tel.: +81 824 24 7406; fax: +81 824 24 0727.
E-mail address:tabayasi@sci.hiroshima-u.ac.jp (K. Tabayashi).

sections[1,2] of these cyanides against the wavelength o
citing light. Using intense VUV lasers at 157.6 and 121.6
vibrational and rotational (V/R) state distributions of the
sociative excitation products CN(A,B) [3,4] were determine
from the dispersed fluorescence and laser-induced flu
cence measurements. Ultraviolet (UV) multiphoton lase
citation technique[5] has also been applied to obtain the s
distributions of the fluorescent fragments from the VUV
cited states.

Photodissociative excitation studies of moderate s
cyanides[6–9] in the VUV energy region have been rat
limited. Previously, we have performed fluorescence m
surements for acetyl cyanide, CH3COCN [6], using res
onantly enhanced two-photon excitation by UV light

010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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292.0 nm. Internal energy distributions of nascent CN(B)
determined were of the uninverted type, but they were
found to be obviously hotter than those predicted by a sim-
ple statistical theory. The hotter internal energy partition-
ing for the CH3CO(X̃) + CN(B) products is then expected
when random energy transfer near the transition state is
limited within the skeletal CCOCN vibrational modes. A
similar dissociation picture is also proposed for the pho-
tolysis of acyl cyanides[10,11] at 193 nm, where non-
Rice–Ramsperger–Kassel–Marcus (RRKM) rates of CN(X)
production have been observed. Here, we have determined the
product state distributions for both CN(A) and CN(B) from
the photodissociative excitation of benzonitrile by using UV
multiphoton excitation technique and examined the dynamics
in the dissociation based on simple theoretical models, where
the intramolecular vibrational redistribution (IVR) efficiency
within the phenyl group is a matter of our concern.

In the present study, we have performed fluorescence mea-
surements of benzonitrile after resonantly enhanced mul-
tiphoton absorption at 266 nm. Here, we have chosen S1,
1(�,�* ) for the first photoexcitation state and observed
CN(A–X) and CN(B–X) fluorescence in the visible and
UV regions. Laser power dependence of the CN(A–X) and
CN(B–X) intensities showed that two-photon absorption is in-
volved in the CN(A,B) formation processes. The V/R energy
distributions for both CN(A) and CN(B) were determined by
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Special precautions were taken for the experimen-
tal condition of the fluorescence measurements to ob-
tain reliable internal state distributions of the products
CN(A,B) from the fluorescence spectra. Lurie and El-
sayed[9] determined a quenching rate constant for CN(B)
by CH4 of (1.5± 0.5)× 10−10 cm3 molecule−1 s−1, cor-
responding to a relaxation time of (pτ) = 207 Torr ns.
Quenching rates of CN(A) were also reported to
be <1.6× 10−10 cm3 molecule−1 s−1 by Ar [13,14] and
<2.4× 10−10 cm3 molecule−1 s−1 by C2N2 [14], which cor-
respond to >129 and >194 Torr ns, respectively. In order to
eliminate a possible contribution of collision-induced relax-
ation on the fluorescence spectra, the product of the sample
pressure and observation time (pt) less than bimolecular re-
laxation time (pτ) is necessary for the dispersed fluorescence
measurements. Here, the CN(B–X) fluorescence spectrum
was typically recorded at a sample pressure of∼55 mTorr
with a gate width of 200 ns. Since radiative lifetime of
CN(B), 60–80 ns, actually defines the observation time, then
(pt) =∼4 Torr ns	 (pτ) =∼200 Torr ns clearly shows that
collisional relaxation is unimportant for the present CN(B–X)
measurements. The dispersed CN(A–X) fluorescence spectra
used for the internal state distribution analysis were measured
at a pressure of 12 mTorr with a gate width of 1�s, although
CN(A) has a longer radiative lifetime of several microsec-
onds, leading to (pt) = 12 Torr ns for the CN(A–X) measure-
m y
r
a .
W cely
i nts
u t the
c eg-
l from
t

un-
a d
a ms
[

sed
f eze-
p

3

3

ured
i ited
b th a
l J.
F ra by
S uo-
r -
z ia-
imulation analysis of the fluorescence spectra. The v
ional energy distribution of CN(B) was significantly hotte
han that predicted by the statistical model with complete
rgy randomization within the excited molecule, indicatin
rompt dissociation on the highly excited repulsive surf
he V/R distributions of CN(A) were also found to be hott

han those predicted by the statistical model. The forma
f CN(A) can be interpreted as the dissociation where inte
nergy randomization of the system is mostly limited wi

he restricted modes along the planar C6–CN structure.

. Experimental

Experimental apparatus used in the present study has
escribed elsewhere[6,12]. Briefly, multiphoton excitation o
enzonitrile was performed with 1.7–5 mJ pulses of the fo
armonic output (266 nm) of a Nd:YAG laser at a repeti
ate of 10 Hz. The laser beam was mildly focused wi
ocal quartz lens (f= 450 mm) and introduced into a ligh
affled gas cell through an iris. The gas cell was evacu
ith a rotary pump backed by a liquid-nitrogen trap, t

he ultimate pressure of the gas cell was less than 0.4 m
1 Torr = 133.3 Pa). Fluorescence from the interaction zo
he gas cell was imaged with two focal lenses on an entr
lit of a 0.5 m monochromator. Dispersed fluorescence
hen detected with an optical multi-channel analyzer (OM
ounted on the monochromator. The dispersed spectra

ypically recorded by integrating signals over 3000–12
aser shots.
ents. Recently, Guo et al.[3] found that rotational energ
elaxation of CN(A) by HCN was also negligible forN= 7
nd 18 levels at the conditions of (pt) = 16 and 13 Torr ns
e believe that the collision-induced relaxation is scar

nvolved in the present CN(A–X) fluorescence measureme
nder our experimental condition. It should be noted tha
ollisional relaxation of photoexcited benzonitrile is also n
igible since time scales of the dissociation processes
he VUV states are considered to be in the ps range[15].

In order to obtain some of the molecular constants
vailable for C6H5CN(X̃) and C6H5(X̃), we also performe
b initio MO calculations using the GAUSSIAN 98 progra

16].
Benzonitrile with a stated purity of 99.9% was purcha

rom Aldrich Chemical Co. It was degassed by several fre
ump-thaw cycles prior to use.

. Results and discussion

.1. Fluorescence measurements

Fig. 1 shows a typical fluorescence spectrum meas
n the 240–530 nm region when benzonitrile was exc
y 266 nm laser light. This spectrum was recorded wi

ow resolution (HWHM = 6.7 nm) at a laser power of 4.5 m
rom a comparison with dispersed fluorescence spect
akota et al.[17], we assigned a broad and intense fl

escence band around 280 nm to S1–S0 transition of ben
onitrile. Kobayashi et al.[18] demonstrated that a rad
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Fig. 1. Fluorescence spectrum in the 240–530 nm region observed from the laser photodissociation of C6H5CN at 266 nm. The spectrum was taken at a sample
pressure of 30 mTorr with laser pulse energy of 4.5 mJ. Spectral resolution was set at HWHM = 6.7 nm.

tive lifetime of the transition was 42–67 ns in the vibronic
region 266.77–273.88 nm. Since the decay time of the S1
state is longer than the laser pulse duration, resonantly en-
hanced multiphoton excitation is effective via the S1 state.
By masking the intense S1–S0 emission with two long-path
filters (HITACHI UV-35), we could observed fluorescence
bands in the longer wavelengths.�v = 0 sequence of the
CN(B2�+ −X2�+) band system around 390 nm and�v = 2,
3, 4 sequences of the CN(A2�i −X2�+) band system in the
600–850 nm region can be ascertained inFig. 2. No apparent
fluorescence bands other than the above were discernible in
the spectral range 450–850 nm. The present detection sys-

tem (OMA) has a limited response in the near IR region to
cover the full range of the broad CN(A2�i −X2�+) band
system, then a branching ratio for the CN(A) and CN(B) for-
mation could not be determined. We estimated, however, that
the relative CN(A) yield lies at a level at least two orders of
magnitude larger than the CN(B).

In order to examine the dependence of the CN(A,B) for-
mation on laser photon density, time-integrated fluorescence
intensities of the fragments were measured against laser pulse
energy.Fig. 3(a) shows a logarithmic plot of the CN(A–X) in-
tensity and the laser pulse energy at the interaction zone in the
gas cell. Linear fit of the data points provided the second or-

F m the mple
p n was is indi
a

ig. 2. Fluorescence spectrum in the 360–850 nm region observed fro
ressure of 18 mTorr with laser pulse energy of 4 mJ. Spectral resolutio
s a dashed curve.
laser photodissociation of C6H5CN at 266 nm. The spectrum was taken at a sa
set at HWHM = 3.3 nm. Total efficiency of the optical detection systemcated



244 J.-i. Aoyama et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 241–249

Fig. 3. Logarithmic plots of the fluorescence intensity of the fragment (or
photoexcited state) and UV laser power. (a) CN(A–X), (b) CN(B–X), (c)
C6H5CN(Ã–X̃). The gradient (n) of the linear fit to the data points is indicated
in each figure.

der behavior on the laser power with a slopen= 1.99± 0.10
within the power range 1.7–4 mJ. The same second order
behavior of the CN(B–X) intensity on the laser power was
ascertained from the slope (n= 2.22± 0.28) of the logarith-
mic plot (Fig. 3(b)). The first order photon absorption behav-
ior was also checked inFig. 3(c) by measuring S1–S0 flu-
orescence intensity for the present experimental conditions.
A laser power dependence ofn= 0.94± 0.06 is actually in-
dicative of no saturation in the first photon absorption. It
should be also noted that no apparent spectral changes of the
CN(A–X,B–X) band emission were shown under the present
laser conditions. These laser power dependence demonstrate
that both CN(A) and CN(B) formations from benzonitrile take
place via a two-photon absorption process at 266 nm.

A dispersed CN(A–X) fluorescence spectrum recorded
with HWHM = 3.3 nm is corrected using an efficiency curve
of our optical detection system inFig. 4, where the CN(A–X)
band is clearly identified fromv′ = 2 tov′ = 6. In order to ana-
lyze the V/R distributions of CN(A), we prepared a computer
simulation program for the CN(A2�i −X2�+) transition.
Rotational line strengths for the CN(A2�i −X2�+) band, in
which the2�i state lies intermediate between Hund’s cases
(a) and (b), were calculated using the expressions by Earls
[19]. Two spin–orbit components of the CN(A2�1/2,3/2)
were assumed to be the statistical ratio as expressed in the
line strengths. Molecular constants[20] and Franck–Condon
f d
f as
a ed
t vel
c tive
r and
t were

Fig. 4. Comparison of fluorescence spectrum CN(A–X,�v = 2, 3, 4) observed with ulation.
The observed spectrum was taken at a sample pressure of 12 mTorr. Spectr was corrected
using the efficiency curve of the optical detection system.
actors [21] for the CN(A2�i −X2�+) band were quote
rom the literature. Gaussian function was employed

slit function. As a working hypothesis, it was assum
hat the rotational distribution at each vibrational le
an be fitted to the Boltzmann defined by an effec
otational temperature. Relative vibrational populations
he rotational temperature at each vibrational state

two-photon excitation at 266 nm with that produced by a computer sim
al resolution was set at HWHM = 3.3 nm. The fluorescence intensity
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Table 1
Best-fit parameters for CN(A–X, �v = 2, 3, 4) fluorescence in the two-photon excitation of benzonitrile at 266 nm and populations predicted from the statistical
models

Vibrational level Experimental Model 1 Model 3

v′ Nv′ /N2 Tr(v′) (K) Nv′ /N2 Tr(v′) (K) Nv′ /N2 Tr(v′) (K)

0 (6.26) 23.7 1720 8.24 2280
1 (2.56) 5.04 1630 2.96 2450
2 1.00 3500± 300 1.000 1530 1.000 2280
3 0.45± 0.03 3200± 300 0.183 1430 0.314 2100
4 0.16± 0.02 2200± 400 0.0303 1330 0.091 1920
5 0.06± 0.02 2000± 500 0.0045 1230 0.0239 1750
6 0.03± 0.01 2000± 500 5.8× 10−4 1130 0.0056 1580
7 6.5× 10−5 1030 0.0011 1410
fv (0.055) 0.021 0.042

taken as parameters and they were adjusted to give the
best-fit of the simulated spectrum to the observed. After
the optimal matching between the simulated and observed
spectra was achieved, a sensitivity analysis was made by
checking the effect of making small change in one parameter
while holding the rest constant. The error limit of each
parameter was determined to allow the matching of the
simulated spectrum to the observed within the noise level
of the fluorescence intensity. The optimized simulation
results are compared with those observed inFig. 4. The
vibrational distribution of CN(A) was thus determined to be
Nv′=2:Nv′=3:Nv′=4:Nv′=5:Nv′=6 = 1.0:0.45± 0.03:0.16± 0.0
2:0.06± 0.02:0.03± 0.01, where the relative population is
normalized atv′ = 2. The rotational energy distribution in
each vibrational state was generally found to be fitted with
a single Boltzmann distribution, providing the temperatures
of Tr(v′ = 2) = 3500± 300 K, Tr(v′ = 3) = 3200± 300 K,
Tr(v′ = 4) = 2200± 400 K, Tr(v′ = 5) = 2000± 500 K, and
Tr(v′ = 6) = 2000± 500 K, respectively. The computer
modeling results of CN(A) distributions are summarized in
Table 1. The vibrational population results are plotted in
Fig. 5. Since the vibrational populations observed appear
to be of the Boltzmann type, thev′ = 0, 1 values could
be estimated by extrapolation. They are also given with
parenthesis inTable 1.

Fig. 6 shows a fluorescence spectrum of the CN(B–X,
� nm
w ks
o
c rad-
u e

Fig. 5. Semi-logarithmic plots of the CN(A,v) vibrational distribution. Vi-
brational population determined by the simulation analysis is compared with
those predicted by Model 1 and Model 3. Relative population in each vibra-
tional state is normalized atv′ = 2.

V/R energy distributions of CN(B), population analysis
was also carried out using a computer simulation program
by Suzuki and Kuchitsu[22]. Simulation parameters were
set in a similar manner to the computer modeling of the
CN(A–X) band. The optimized simulation results of the
CN(B–X) are also compared with those observed (Fig. 6).
The vibrational distribution of CN(B) was determined to
be Nv′=0:Nv′=1:Nv′=2 = 1.00:0.43± 0.04:0.18± 0.02. The
rotational energy distribution in the each vibrational
level was found to be fitted with the temperature
of Tr(v′ = 0) = 2000± 400 K, Tr(v′ = 1) = 1300± 300 K, and

T
B n excitation of benzonitrile at 266 nm and populations predicted from the statistical
m

V Model 1 Model 2

v Nv′ /N2 Tr(v′) (K) Nv′ /N0 Tr(v′) (K)

0 1.000 670 1.000 2590
1 0.0015 290 0.179 1430
2 0.002 350
f 0.00009 0.068
f 0.079 0.311
v = 0) band observed by two-photon excitation at 266
ith a resolution of HWHM = 0.19 nm. Vibrational pea
f the CN(B–X) can be clearly identified up tov′ = 2. It
an also be seen that the vibrational peak intensity g
ally decreases with increasingv′. In order to obtain th

able 2
est-fit parameters for CN(B–X, �v = 0) fluorescence in the two-photo
odels

ibrational level Experimental

′ Nv′ /N0 Tr(v′)/K

1.00 2000± 400
0.43± 0.04 1300± 300
0.18± 0.02 1300± 300

v 0.214

r 0.221
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Fig. 6. Comparison of the fluorescence spectrum for CN(B–X, �v = 0) observed with that produced by a computer simulation. The observed spectrum was
taken at a sample pressure of 55 mTorr. Spectral resolution was set at HWHM = 0.19 nm.

Tr(v′ =2) = 1300± 300 K, respectively. Best-fit parameters
are listed inTable 2.

3.2. Multiphoton dissociation mechanisms for CN(A,B)
production

In the above power dependence measurements, the CN(B)
formation from benzonitrile was shown to take place in the
two-photon absorption process at 266 nm. Since one-photon
energy at 266 nm (449.7 kJ/mol) is less than the thresh-
old (545 kJ/mol) of dissociation to the ground state pair of
C6H5(X̃) + CN(X), the CN(B) formation proceeds via a disso-
ciative surface in the vicinity of the direct two-photon excited
state,

C6H5CN
2hν−→ C6H5(X̃) + CN(B),

∆H◦
0(1) = 854 kJ/mol (1)

The two-photon laser energy,Eex = 2× 266 nm =
899 kJ/mol (9.32 eV), is close to the ionization threshold
of benzonitrile at 9.71 eV (939 kJ/mol)[23], therefore, the
initial VUV state accessed in the two-photon excitation

step is probably a high-lying Rydberg state. The Rydberg
state is actually considered to be short-lived[15], then the
dissociation (1) takes place in competition with other fast
decay channels.

It is also likely that the photoexcited VUV state decays to
the lower electronic states in a cascading manner via internal
conversions and/or intersystem crossings. Since the forma-
tion threshold of CN(A) is much lower than the two-photon
excitation energy, the following photodissociative excitation
process can be proceed via a lower intermediate electronic
state with the same two-photon behavior,

C6H5CN
2hν−→ C6H5(X̃) + CN(A),

∆H◦
0(2) = 654 kJ/mol (2)

In the present dispersed fluorescence spectra of CN(A–X),
the vibrational transitions fromv′ = 2 tov′ = 6 were detected
(Figs. 2 and 4). If the CN(A) fragments were formed via the
following dissociation process,

C6H5CN
2hν−→ C6H5(Ã) + CN(A),

∆H◦
0(3) = 888 kJ/mol (3)

Table 3
P le at 26

R �H

C 888
C 854
C 779
C 654
C 545

T d inter
on�fH

� sing e
hotodissociation reactions in the two-photon excitation of benzonitri

eaction

6H5CN(X̃) → C6H5(Ã) + CN(A)

6H5CN(X̃) → C6H5(X̃) + CN(B)

6H5CN(X̃) → C6H5(Ã) + CN(X)

6H5CN(X̃) → C6H5(X̃) + CN(A)

6H5CN(X̃) → C6H5(X̃) + CN(X)

otal excitation energy (912 kJ/mol) includes the two-photon energyEex an
a Enthalpy of the reaction, C6H5CN(X̃) → C6H5(X̃) + CN(X), was based

fH
◦
0 (CN) = 435.4 kJ/mol[26]. �fH

◦
0 (R) was calculated from�fH

◦
298(R) u
6 nm
◦
0 (kJ mol−1) Eavail (kJ mol−1)

24
58

133
258

a 367

nal energyEint of the parent molecule.
◦
298(C6H5CN) = 215.7 kJ/mol[24], �fH

◦
298(C6H5) = 328.9 kJ/mol[25], and

nthalpy changes of R and reference elements.
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they could populate the vibrational states up tov′ = 1 on the
basis of the energetics denoted above. This is not the case
for the present CN(A–X) fluorescence. It is thus concluded
that the CN(A) products we observed here are only from
the process (2). The production pair of C6H5(Ã) + CN(X) is
also energetically possible to produce, however, we could not
identify any emission other than CN(A–X,B–X) in our fluo-
rescence measurements.Table 3lists the photodissociation
channels considered in the two-photon excitation at 266 nm.
The energetics are based on several publications of thermo-
chemical and spectroscopic data[24–27].

3.3. Comparison of the V/R distributions of CN(A,B)
with statistical calculations

3.3.1. CN(B) formation
The V/R distributions of the products CN(A,B) can be

examined using a statistical prior model[28]. The prior dis-
tribution is predicted based on the statistical energy parti-
tion between the C6H5(X̃) and CN(A,B) fragments with-
out any angular momentum restriction. In calculating the
prior distribution of the V/R levels of CN(A,B), density
of states of polyatomic molecule was approximated by the
Whitten–Rabinovitch expression[29]. Rotational density of
states was evaluated by that of symmetrical top molecule[30].
H /R
m -
s ical
c

ergy
t frag-
m

E

w
8 the
p r-
e le at
r base
o ula-
t is
5

videdNv′=0:Nv′=1:Nv′=2 = 1.0:0.0015:0.0. To make an eas-
ier comparison with the experimental distribution, the prior
rotational distribution in each vibrational level is then charac-
terized[6] using a temperature of the Boltzmann distribution.
The present prior results (Model 1) of the V/R distributions
of CN(B) are listed together with the experimental distribu-
tions inTable 2. The fractions of average V/R energy contents
to the available energy,fv = 〈Ev〉/Eavail andfr = 〈Er〉/Eavail are
also tabulated for both the experimental and prior distribu-
tions.

As described, the prior dissociation Model 1 is defined
as the dissociation where statistical energy partitioning into
the product degrees of freedom occurs after the complete
randomization of the available energy within the excited
molecules. The average V/R excitation observed for CN(B)
were found to be 12.4 and 12.8 kJ/mol which correspond
to fv = 0.214 andfr = 0.221, respectively, while the statis-
tical Model 1 predicted the fractional V/R excitation of
fv(M1) = 0.00009 andfr(M1) = 0.079, respectively. The com-
parison of these data indicates that the observed distributions
are hotter than those predicted by the prior Model 1. In or-
der to examine an efficiency of energy randomization among
the internal degrees of freedom, a similar calculation to the
prior Model 1 was carried out for the dissociation (Model
2) where all the vibrational modes within the phenyl ring
(R) of benzonitrile are set frozen, i.e., R–CN→ R + CN(B).
T (
o on
o
T e ob-
s y
l ict
a om-
i n be
a ibed
i an
b state
m
m ltra
f lead-
i to
g
c ap-

T
V hotofra

P

C 3, 854
41, 12
065, 3

C
C

ined h .
T

.

ere, the prior distributions were calculated for all the V
odes of C6H5(X̃) + CN(A,B) (Model 1). The molecular con

tants[27,31] of the photofragments used for the statist
alculation are listed inTable 4.

In the photodissociation process (1), the available en
o be partitioned into the degrees of freedom of the photo
ents is given by

avail = Eex − �H◦
0(1) + Eint (4)

here Eex is the two-photon energy,Eex = 2× 266 nm =
99 kJ/mol,�H◦

0(1) = 854 kJ/mol is enthalpy change for
rocess (1) at 0 K, andEint is internal energy of the pa
nt molecule. The internal energy content of benzonitri
oom temperature was calculated to be 13 kJ/mol on the
f molecular constants obtained by ab initio MO calc

ion [31]. The available energyEavail for the process (1)
8 kJ/mol. The prior vibrational distribution of CN(B) pro-

able 4
ibrational frequencies and rotational constants of C6H5(X̃) and CN(A,B) p

roduct Vibrational frequencyc (cm−1)

6H5(X̃)a 386, 411, 578, 595, 646, 693, 78
949, 985, 1019, 1041, 1140, 11
1421, 1433, 1534, 1585, 3059, 3

N(A)b 1787.3
N(B)b 2123.5

a Vibrational frequencies and rotational constants of C6H5(X̃) were obta
he frequencies are scaled using a factor of 0.9613.
b Reference[27].
c Underlined frequency is that of skeletal vibration for C6-ring structure
he calculation led to the vibrational distribution of CNB)
f Nv′=0:Nv′=1:Nv′=2 = 1.0:0.179:0.002 and V/R excitati
f fv(M2) = 0.068 andfr(M2) = 0.311, respectively (Table 2).
he results revealed by the above comparison is that th
erved vibrational excitation of CN(B) shows a significantl
arger population than any “prior” calculation would pred
nd is not singly due to an inefficiency of the energy rand

zation, although the rotational degrees of freedom ca
vailable in the Model 2. Following the argument descr

n Section3.2, the initially photoexcited Rydberg state c
e assumed to decay to the dissociative intermediate
ixed with repulsive Ph–CN natures. The present CN(B) for-
ation probably takes place competitively with other u

ast decay channels onto the repulsive valence surface
ng to C6H5(X̃) + CN(B) and there are exit channel effects
ive significantly high vibrational excitation of CN(B) in the
ourse of dissociation. The significant amount of energy

gments used for the statistical calculations

Rotational constant (cm−1)

, 918, 947, 0.2092
68, 1292, 0.1868
078, 3080, 3089 0.09870

1.7066
1.9615

ere from ab initio MO calculation at the UB3LYP/6-31G(d) level of theory



248 J.-i. Aoyama et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 241–249

pearing in the CN(B) vibration is thus understood as the result
of a prompt dissociation along the strongly repulsive Ph–CN
coordinate. Here, a severe rotational excitation of the CN(B)
product is not expected in the final state interaction unless a
bent type intermediate is involved in the photoexcitation and
decay steps. The fitting of the Boltzmann distribution over
the rotational levels may be indicative of a possible barrier
on to the exit repulsive surface.

3.3.2. CN(A) formation
The CN(A) photofragment is formed via the dissociation

process (2) with available energy ofEavail = 258 kJ/mol upon
two-photon excitation at 266 nm (Table 3). In order to investi-
gate the mechanism of the dissociation to C6H5(X̃) + CN(A),
the prior calculation was also performed based on the
Model 1 in a similar manner to the case of CN(B) forma-
tion. The prior vibrational distribution of CN(A) provided
Nv′=2:Nv′=3:Nv′=4:Nv′=5:Nv′=6:Nv′=7 = 1.0:0.183:0.0303:0
.0045:5.8E−04:6.5E−05. The prior results (Model 1) of
the V/R distributions for CN(A) are listed together with
the experimental distributions inTable 1. The average
vibrational excitation observed for CN(A) could be esti-
mated at 14.2 kJ/mol which corresponds tofv = 0.055, while
Model 1 predicted the fractional vibrational excitation of
fv(M1) = 0.021. A higher rotational temperature than the
predicted by Model 1 is also observed in each vibrational
s rved
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occurs. The Model 3 suggests not all (12) of the vibrational
modes for the C6-ring structure but a limited number of
its vibrational modes may contribute to the random energy
transfer near the transition state.

The present non-statistical behavior of the CN(A) prod-
ucts is probably due to the limited internal energy deposi-
tion during the optical excitation and slow vibrational energy
redistribution in the subsequent internal conversions to the
dissociation surface. The excited state, S1 accessed by the
first photon absorption of benzonitrile has been assigned to
(�–�* ) transition[17,32], and the structure of the S1 was
characterized on the basis of the correlation[33,34]with ex-
cited states of benzene. As described earlier, the two-photon
resonance excitation probably produces a high-lying Ryd-
berg state, which is one of the (�2/�3)−1 Rydberg mem-
bers[35] converging to the first or second ionization limits,
C6H5CN+ (X̃2B1/Ã2A2) at 9.71/10.17 eV. Since the first and
second photoexcited states thus involve the transitions of the
�/�* electrons with delocalized characters in the C6 struc-
ture, some of the geometrical change in the planar C6 and
CN conjugated moiety may take place prior to the dissocia-
tion. In the photoelectron studies[23], for example, the first
ionization band of benzonitrile was reported to have vibra-
tional progressions of∼1128 and∼488 cm−1 corresponding
to the skeletal modes of the phenyl ring. Accordingly, vi-
brational energy is more or less deposited along the C–CN
m oton
e ternal
c isso-
c R
r then
t ates
a tate
t r
d the
e disso-
c istri-
b te
t r the
s icted
v

4

(
a en-
h fluo-
r i-
r vibra-
t
u dis-
t e
u pre-
d nal
e he
tate (Table 1). These comparisons show that the obse
/R distributions are obviously hotter than those by Mo
.

In the previous dissociative excitation studies[6], we
eported that the two-photon excitation of CH3COCN
t 292 nm produced hotter CN(B) photofragments tha

hose predicted by the statistical model with comp
nergy randomization within the excited molecule.
issociation was explained as a consequence that the e
andomization takes place among the limited inte
odes (the skeletal modes of CH3COCN) since the CN(B)

ormation process is competitive with other fast de
rocesses. In the present study, another prior calcu
imilar to the previous model was carried out to ch
he efficiency of internal energy randomization within
arent molecule. Model 3 employed here is the dissoci
here the internal energy transfer is limited within
keletal structure of C6H5CN, i.e., C6–CN→ C6 + CN(A)
C6 denotes simple carbon ring structure). The ca
ation leads to a vibrational distribution of CN(A) of

v′=2:Nv′=3:Nv′=4:Nv′=5:Nv′=6:Nv′=7 = 1.0:0.331:0.102:0
287:00073:0.0016 and fractional vibrational excitatio

v = 0.043 (Table 1). The vibrational distributions predict
y Models 1 and 3 are also plotted inFig. 5to compare with

he observed vibrational distribution. The result by Mo
is located closer to the observed than that by Mod

nd a similar comparison can be made for the rotat
emperatures of the CN(A) states (Table 1). These finding
learly indicate incomplete energy randomization am
he internal degree of freedom before the bond dissoci
6
odes upon Franck–Condon excitations to the two-ph

xcited state and then the system undergoes the fast in
onversion down to the lower electronic state where the d
iative excitation of C6H5(X̃) + CN(A) takes place. The IV
ate is probably slower than that of internal conversion,
he vibrational excitation may be relayed to the lower st
long the same C6–CN coordinates. Since dissociative s

o form C6H5(X̃) + CN(A) is again competitive with othe
ecay channels, complete energy randomization within
ntire phase space cannot be expected before the bond
iation occurs. The uninverted type features of the V/R d
utions observed in the CN(A) formation, however, indica
hat the time on the dissociation surface is long enough fo
ystem to redistribute its excess energy within the restr
ibrational modes along the planar C6–CN moiety.

. Conclusion

Dissociative excitation of benzonitrile to produce CNA)
nd CN(B) fragments has been studied by resonantly
anced multiphoton absorption at 266 nm. Dispersed
escence spectra from CN(A,B) generated via two-photon d
ect absorption process were analyzed to determine the
ional and rotational distributions of nascent CN(A,B) prod-
cts by computer simulation procedures. Internal energy

ributions for both CN(A) and CN(B) are found to be of th
ninverted type, but they are actually hotter than those
icted by a simple statistical theory. Significant vibratio
xcitation observed in the CN(B) products suggests that t
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two-photon excited Rydberg state undergoes ultrafast decay
to intermediate state which subsequently dissociates on the
repulsive C6H5(X̃) + CN(B) surface. We also proposed that
the non-statistical behavior of the CN(A) states produced via
a lower intermediate electronic state is due to the localized
internal energy distribution and slow IVR prior to the disso-
ciation. The observed hotter internal energy partitioning than
the statistical for the C6H5(X̃) + CN(A) dissociation is then
expected when random energy sampling near the transition
state is limited within the restricted C6–CN vibrational modes
due to the competition with fast decay channels.
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