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Abstract

State-selective photofragment translational spectroscopy is used to probe the detailed nature of the photodissociation dynamics of iodob-
enzene at 304 nm. Simultaneous determination of the recoil speed, the spatial anisotropy, and the final state of the iodine fragment reveals
that three dissociation channels with different dynamical characteristics compete in the photodissociation of iodobenzene at 304 nm. Based
on the observed energy partitioning between the internal and translational modes and the dissociation time #, determined from the spatial
anisotropy by using a rotational depolarization model, the three dissociation channels are assigned as follows. Two fast dissociation channels,
which resultin formation of 1 * (2P, ;,) (£,=0.4 ps, quantum yield @=0.005 + 0.002) and high velocity [(*P5,,) (t;=0.3ps, ®=0.7040.04),
are due to a parallel transition to the repulsive *Qy(n,0*) state in the C-I bond, followed by dissociation along the same state or curve crossing
to the 'Q, state respectively. A slow dissociation channel (z,=0.5~— 1.4 ps, ®=0.30+0.04) which produces low velocity I(*P5,,) is due to
a parallel transition to the triplet 7, 7* state(s) in the phenyl ring that is predissociated by the repulsive n,o* state(s). The dissociation times
determined in the present work are in excellent agreement with those of the recent femtosecond real-time measurements by Cheng et al. at

278 nm (P.Y. Cheng, D. Zhong and A .H. Zewail, Chem. Phys. Lett., 237 (1995) 399).
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1. Introduction

Since Wilson and coworkers [ 1] introduced the time-of-
flight (TOF) photofragment translational spectroscopy
method, much attention has been paid to the translational
properties of photofragments, which in turn provide detailed
knowledge for the photodissociation dynamics of isolated
molecules (for reviews see, for example, Ref. [2]). Meas-
urements of photofragment recoil speed distributions allow
one to determine internal energy distributions of photofrag-
ments [2] (and often vibrational [3-5] or rotational [6]
state distributions with sufficiently high resolution) via
energy conservation. This is of much value especially for
polyatomic fragments that cannot be probed directly by state-
specific optical methods such as laser-induced fluorescence
and resonance-enhanced multiphoton ionization (REMPI).
Another important measurable quantity is the angular distri-
bution of the photofragment with respect to the electric vector
of the photolysis light. Knowledge of this property allows the
symmetry of the excited state as well as the time scale of
photodissociation to be inferred [2,7-10].

Several variations of the TOF method have been developed
recently by employing a simple TOF mass spectrometer and
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a state-selective detection scheme using REMPI [11-15]. In
these “state-selective TOF photofragment translational spec-
troscopy” techniques, photofragments are ionized immedi-
ately after photodissociation by REMPI and allowed to drift
in a field-free condition (or in the presence of a weak electric
field) before being accelerated toward the detector to bring
about velocity resolution in the arrival time. While the low
resolution of this type of method makes it difficult to deter-
mine accurately the translational properties of photofrag-
ments, their state selectivity to probe individual quantum
states gives advantages in measuring various correlations
between different photofragment properties such as the recoil
speed, the recoil direction, the quantum state, and the rotation
vector of a photofragment. Several groups [15,16] have
recently examined such correlations and have been able to
extract more detailed information on the nature of the pho-
todissociation dynamics.

Recently, we have employed one form of state-selective
photofragment translational spectroscopy which utilizes a
time-delayed pulsed-acceleration TOF mass spectrome-
ter[17]. We have improved the velocity resolution of the
technique by employing a small discrimination aperture in
front of the detector to reduce the detection solid angle. This
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modification also makes it possible to determine photofrag-
ment recoil speed and angular distributions through direct
deconvolution of TOF distributions [18]. This method has
been used to study photodissociation of various iodide mol-
ecules [17-23].

In this work, we investigate the photodissociation dynam-
ics of iodobenzene at 304 nm through simultaneous deter-
mination of the recoil speed distribution, the spatial
anisotropy, and the quantum state of the iodine atom fragment
in either the ground I(*P;,,) or the spin-orbit excited [* (2P,
,) state (hereafter denoted by I and I* respectively). This
correlated measurement of three properties allows us to dif-
ferentiate unambiguously multiple dynamical channels in the
complex photodissociation reaction of iodobenzene. While
the recoil speed distribution is used to monitor the energy
partitioning between the translational and internal modes of
the photofragments, the spatial anisotropy is used to deter-
mine the dissociation time by means of a rotational depolar-
ization model.

Asreported in our previous communication [21], UV pho-
todissociation of iodobenzene can take place via two different
types of dissociation processes with different dynamical char-
acteristics. This is due to the presence of the 7r,7* electronic
system in the phenyl ring in addition to the n,0* electronic
system in the C-I bond. It is well known for alkyl iodides
[24-29] that three excited states arising from the n,0™* tran-
sition, 0, *Q,, and'Q, in order of increasing energy, are
repulsive, resulting in prompt dissociation along the C-I
bond. This type of dissociation must lead to formation of
photofragments with high translational energy and high spa-
tial anisotropy as in alkyl iodides. In contrast to the n,0™*
states, the r,77* states of aromatic iodides are bound with
respect to the dissociation coordinate at the zeroth-order level
of description. Bersohn and coworkers [10,30] have
observed that photodissociation of aryl halides at the photon
energies within the singlet 7,7 states results in high internal
excitation of the aromatic fragment with reduced spatial ani-
sotropy. These observations were interpreted as due to exci-
tation of the singlet m,7* state(s) followed by
predissociation via the repulsive n,a™ state(s). Thus, if any
benzene-type state is excited in iodobenzene at 304 nm
{below the excitation energy of the first singlet 7,7* state),
this will lead to a slower dissociation that results in reduction
in the spatial anisotropy and increase in the internal excitation
of the phenyl ring compared with the photodissociation of
alky! iodides.

Consistent with the simple expectation described above,
the two different types of dissociation processes are found to
compete in the photodissociation of iodobenzene at 304 nm.
In both I and I* formation channels, dissociation processes
similar to those of the alkyl iodide have been observed that
represent high recoil speeds with narrow distributions and
high parallel-type anisotropy. These two channels can be
attributed to the alkyl iodide type fast dissociation resulting
from the n,0-* transition. An additional dissociation process,
that can be attributed to a slow dissociation due to excitation

of the lowest triplet 77,77 state(s), has been observed in the
I formation channel which represents a broad slow recoil
speed distribution with a broad range of parallel-type
anisotropy.

Details of the evidence and discussions are presented for
the mechanism and dynamics of the dissociation channels
summarized above. In addition an interesting issue is
addressed for the dissociation times of the different channels.
Recently, Cheng etal. [31] performed femtosecond real-time
experiments at 278 nm and directly determined the dissoci-
ation times of the two recoil velocity components of the I
fragment. Comparison of their results with the resulis
obtained in this work from the rotational depolarization anal-
ysis gives excellent agreement.

2. Experimental details

Details of the experimental apparatus and methodology
have been described previously [17,18]. Briefly, a single-
stage pulsed-acceleration TOF mass spectrometer was used
in combination with a linearly polarized nanosecond-pulsed
laser to measure the recoil velocity distribution of state-
selected iodine atom photofragments produced from photo-
dissociation of iodobenzene at 304 nm. Neat vapor of
iodobenzene at room temperature (about 0.2 Torr) was intro-
duced effusively into the ionization region of the TOF mass
spectrometer (about 1 X 10~ Torr) via approximately | mm
diameter Teflon tubing. A linearly polarized, focused laser
pulse with ca. 6 ns pulse width was used to dissociate iodob-
enzene molecules and also to ionize state selectively the
resulting iodine atom photofragments within the same laser
pulse via 2+ 1 REMPI. Experiments were performed at two
wavelengths, 304.67 nm and 304.02 nm (ca. 30 uJ pulse ™',
the doubled output of a pulsed dye laser pumped by the 532
nm second harmonic of a Q-switched Nd:YAG laser), to
ionize selectively the ground and spin—orbit excited iodine
atoms respectively. The angular and the recoil speed distri-
butions of the photodissociated iodine atoms in each selected
state were determined by measuring the TOF distributions of
the iodine ions at two laser polarization angles a=0° and
90°, with respect to the detection axis.

Following photodissociation and photoionization, the ions
produced are allowed to recoil under a field-free condition
according to their recoil velocities imparted from photodis-
sociation. After a delay time of 1.5 us, an acceleration electric
field of ca. 1010 V cm ™' is pulsed for 1.0 us and the TOF
distribution of the iodine ions are measured after travel
through a 78 cm field-free drift. Because of this time-delayed
pulsed acceleration, the TOF measured in the present method
depends on the component of the photofragment recoil veloc-
ity along the detection axis [17,18]. In addition, a discrimi-
nation aperture with a 6.0 mm diameter is mounted in front
of the MCP detector to reduce the detection solid angle and
thus to detect only those ions whose recoil directions are
aligned close to the detection axis. This greatly enhances the
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velocity resolution of the method and facilitates the decon-
volution procedure to determine separately the recoil speed
and spatial distributions from the measured TOF distributions
[17,18].

Iodobenzene was purchased from Aldrich and used after
distillation at about 8 Torr and about 58 °C. In order to check
impurities, electron impact ionization mass spectra were
taken in a magnetic sector mass spectrometer. Before distil-
lation, very small amounts of diiodobenzene and I, were
found in the mass spectrum, but no mass signals from diio-
dobenzene were observed and the I, mass peak was greatly
reduced after distillation. TOF spectra were examined in our
apparatus for both distilled and undistilled samples but no
difference was found, suggesting that our results are free from
contamination. TOF spectra presented in this paper display
small peaks due to I, that was purposely added for calibration
of apparatus constants as described previously [ 17,18]. Pho-
todissociation of I, at the wavelengths used is well charac-
terized [19] and does not produce iodine atoms which
overlap with those from iodobenzene in their velocities.

3. Results and analysis
3.1. Recoil velocity distribution

TOF distributions A%(TOF) of iodine ions measured at
two laser polarization angles o= 0° and 90° with respect to
the detection axis were used to determine the recoil velocity
distribution f(v,6) of the state-selected iodine fragment,
where v and 6 denote the recoil speed and the recoil angle
with respect to the electric vector of the photolysis light
respectively. Details of this transformation method are
described elsewhere [ 18]. The expression for f(v,6) is taken
to be

1
f(v,9)=Er[1+B(v) Py(cos )] g(v) (h

where P,(cos 6)=(3 cos’6—1)/2 is the second-order
Legendre polynomial. g(v) and B(v) are the recoil speed
distribution and the anisotropy parameter respectively. Note
that we express the anisotropy parameter as a function of v.
This form is more general (compared with taking it as a
constant parameter that is valid only for prompt photodisso-
ciation) in representing various types of photodissociation
processes such as the case involving more than one transition
with different polarizations or a wide range of dissociation
times as in the present case. The value of 8 must lie in the
range —1 < B<2. The two limiting values — 1 and 2 corre-
spond to the case of prompt photodissociation with the tran-
sition dipole moment lying perpendicular and parallel to the
dissociation bond axis respectively.

Fig. 1 shows TOF distributions of resonantly ionized I
atoms produced from the photodissociation of iodobenzene
at 304.67 nm (25 wJ pulse ') at @=0° and 90°. Shown in
Fig. 2(a) are the recoil speed distribution g(v) and the ani-

[(2P3/2)/C6H51
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Fig. 1. TOF distributions #*( TOF) of resonantly ionized 1 atoms produced
from photodissociation of iodobenzene at 304.67 nm at two laser polarization
angles a=0° and 90° with respect to the detection axis: -, experimental

results; , results obtained by back transforming g(v) and 8(v) shown
in Fig. 2(a). The small peaks observed at TOF values of about 21.3 and
26.2 ps at a=90° are due to photodissociation of I, which was purposely
introduced for calibration of instrurnental parameters.

sotropy parameter S(v) of I at 304.67 nm. These are obtained
from the TOF distributions shown in Fig. 1. Itis clear in Fig.
2(a) that the I atoms are produced with two different recoil
velocity distributions, a sharp distribution at the high recoil
speed with a very high parallel anisotropy and a broad distri-
bution at the lower recoil speed with a lower parallel anisot-
ropy. In order to examine the two distributions separately,
we have decomposed the recoil velocity distribution of the I
atom into two components as shown in Fig. 2(b). In this
decomposition procedure, we have extracted the high recoil
velocity distribution by assuming that its characteristics, the
shape of g, (v) and the recoil speed dependence of B;,(v), are
analogous to those of the I* formation channel of C,Fsl
(Fig. 3), a representative case [ 17] of a direct dissociation
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Fig. 2. The recoil speed distribution g (v) and the anisotropy parameter S(v)
of I atoms produced from photodissociation of (a) iodobenzene at 304.67
nm and (b) its two recoil velocity components. These are obtained from the
TOF distributions shown in Fig. 1 by using the transformation method
described in Ref. [18]. The small peak observed at v=1110 ms ™' is due to
photodissociation of I, that was introduced for calibration purpose.
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Fig. 3. The recoil speed distribution g(v) and the anisotropy parameter 8(v)
of I* atoms produced from photodissociation of C,Fs] at 304.02 nm.
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Fig. 4. The same as Fig. 2(b) but as a function of translational energy release
E,. The representative values of the energetics and the anisotropy parameter
for the two distributions are summarized in Table 1.
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resulting from a pure parallel transition. This assumption is
based on the observed similarities between these two photo-
dissociation processes, i.€. both cases exhibit very sharp, high
recoil speed distributions with high parallel anisotropy values
that are independent of the recoil speed. In order to examine
the photofragment distribution as a function of translational
energy release E, (i.e. translational energy of both photofrag-
ments), g(v) and B(v) shown in Fig. 2(b) are transformed
into the energy domain G(E,) and 8(E,) according to the
momentum conservation rule. The results are shown in Fig. 4.
The average translational release (E,) and full width at half-
maximum (FWHM) of G(E,) are summarized in Table 1.
Fig. 5 shows TOF distributions and corresponding G(E,)
and B(E,) for state-selectively ionized I* atoms produced at
304.02 nm (25 wJ pulse ~'). In contrast to the I channel, the
translational energy release distribution G (E,) of the I* chan-
nel represents a single relatively sharp distribution. The
observed trend of B is similar to that of the high transiational
energy distribution of the I channel shown in Fig. 4 and also

Table 1
Summary of photodissociation dynamics of iodobenzene at 304 nm *

that of the I* formation channel of C,Fsl shown in Fig. 3,
suggesting that the center-of-mass value of 8 is independent
of v for this channel. The value of 8 is observed to be high
and independent of v on the high energy side while it is
decreasing on the low energy side as E, does. Similar to the
I* channel of C,F,l (see Fig. 3), the decrease in 8 on the low
energy side can be understood in terms of the broadening
effect due to the parent molecule velocity.

As will be discussed in detail in Section 4.2, the observed
differences in recoil speed distributions and the recoil speed
dependence of 8 can best be attributed to the different dynam-
ics involved in the three dissociation channels. While the I*
and the high velocity I channel can be attributed to very fast
dissociation resulting from a parallel transition to the repul-
sive n,0* state in the C-I bond, the low velocity I channel
can be attributed to slow dissociation due to a parallel tran-
sition to the bound 7,77 state in the phenyl ring which is
predissociated by the repulsive n,o™* state.

3.2. Energy partitioning and quantum yields

During the photodissociation, total energy is conserved and
thus excess energy over the dissociation energy is partitioned
into the translational and internal modes of two fragments
[4]. The available energies E,,, and EX, for the I and I*
channels respectively are related to the translational energy
release E, and the internal energy E;, of the phenyl radical as
follows:

EaLll=hU—D8+E€nr:Er+Einr (2)
E* Eau[—E:o=Er*+E;fn (3)

avl =

where Dj is the dissociation energy of the ground state iodob-
enzene into the ground state pheny! radical and iodine atom
at 0 K, EY, is the internal energy of the parent molecule (2.8
kcal mol ! on the average at room temperature), and E,, is
the spin-orbit excitation energy of the iodine atom (21.7 kcal
mol ~'). D can be estimated from the value of the dissocia-
tion energy at room temperature D3gq (65.4 +2 kcal mol ™!
[32]) by making a thermal correction of 1.5 kcal mol ™'
(The thermal correction for the dissociation energy can be
estimated by considering changes in molar enthalpies of the
chemical species involved in the photodissociation reaction
C¢Hsl = C¢Hs + 1. At room temperature, C¢Hgl, C¢Hs, and 1
have molar enthalpies (relative to those at 0 K) of 4RT, 4RT,
and 5/2RT respectively due to translation, rotation, and the

Iodine state A (nm) Quantum yield {E) {E) FWHM of G(E,) (Ew (EYI{E ) B8 t (ps)

I* 304.02 0.005 +0.002 11.2 92402 5.7+02 20 0.82 1.5+0.1 042

I 304.67 0.70+0.04 327 248402 83102 7.9 0.76 1.60 +0.05 0.34
304.67 0.30+0.04 327 102404 15.0+0.6 225 0.31 14-02 05-13

# Energies are in kilocalories per mole. Uncertainties shown are one standard deviation of 3 or 4 measurements. The dissociation times #, are determined from
the measured values of the anisotropy parameter 8 using the time-anisotropy correlation shown in Fig. 6. See text for details.
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pressure-volume term PV, if all the species are considered to
be ideal gases. Vibrational energies of CqHsI and C¢Hs at
roomtemperature would be similar considering the similar
numbers of the vibrational modes, and thus their difference
could be ignored. Therefore, the enthalpy change D°,4g, of
the reaction is expected to be greater than that D°, at 0 K,
approximately by 5/2RT=1.5 kcal mol "', See Ref. [33]).
Values for the energy partitioning calculated by using this
value of D2 (63.9 +2 kcal mol ™ ") are listed in Table 1.

We have determined the quantum yield of @(I*) of I*
from the relative ion signal 5;*/s, observed for the I* and I
atoms produced at 304.02 nm and 304.67 nm respectively.
Assuming that absorption strengths at these two wavelengths
are the same, one can write the following equations:

n,*/n,
¥y =— 4
(") nin,+1 4)
and
s[* _nl*‘f}*
L= (5)
5 nf;

As shown in Eq. (5), the number ratio n,*/n, of the iodine
atoms produced in the two states can be determined from the
relative ion signal s,” /5, at the same photon flux, if the relative
ionization efficiency f;"/f; is known. The relative ion signal
is determined to be 0.007 +0.001. The relative ionization
efficiency is determined by studying the photodissociation of
I, at the same wavelengths and also at the same laser pulse
energy to avoid a possible photon flux dependence. At these
wavelengths, I, is known [19] to dissociate into I + 1%, i.e.
n,"/ny, is equal to 1 and thus f;*/f,=s," /s, for I,. The value
of f;*/f, is measured to be 1.3+0.2. Using this value, we
obtain the quantum yield of I* at about 304 nm to be
0.005 +£0.002. This value agrees well with the upper limit
value estimated by Pence et al, [34] at 308 nm (0.004). The
quantum yields of the low and high velocity components of
I are thus determined to be 0.3010.04 and 0.70+0.04
respectively.

3.3. Time dependence of anisotropy parameter

The anisotropy parameter 3 can be related to the dissoci-
ation time via rotational depolarization. Many researchers
[7-10] have treated this time-anisotropy correlation
assuming a purely rotational depolarization. We use the
results of Yang and Bersohn [9] for the symmetric top mol-
ecule to relate the observed S to the dissociation time ¢4, since
the moments of inertia around the axes perpendicular to the
figure axis are almost equal in iodobenzene [10]. In this
model, the anisotropy parameter 8(¢) observed at time 7 is
related to the initial value 8, at time zero [9]:

B() = BAD; (1)) (6)

where (D2 ,(¢)) is the rotational correlation function and the
brackets denote the average over the rotational ensemble. The

v, |
304.02 nm
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—
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TOF, us
2
1(b) b T*(2P,)/CeHs!
rv BE) 304.02 nm
104 11
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21 G(E
S5 wl (E)
S Jn
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D 10 20 30 40 50
E,, kcal/mol

Fig. 5. (2) TOF distributions A*(TOF) of resonantly ionized I* atoms
produced from photodissociation of iodobenzene at 304.02 nm(®, experi-
mental results; —-, results obtained by back transforming G(E,) and B(E,)
shown in (b)) and (b) corresponding G(E,) and B(E,).

rotational correlation function depends on the temperature 7
and the asymmetry parameter b= (I —1,)/I,, where I, is the
moment of inertia around the figure axis and 7 is that around
an axis perpendicular to the figure axis. The time dependence
of the rotational correlation function calculated for room tem-
perature iodobenzene (b=7.05) is shown in Fig. 6.

In the original treatment of Yang and Bersohn [9], the
rotational correlation function was averaged, in addition to
the rotational averaging, over a range of dissociation times
assuming that the dissociation probability follows a first-
order kinetics with a dissociation lifetime 7,. However, we
exclude this averaging. Our results show that the value of 3
in the low velocity I channel is dependent on the recoil veloc-
ity, implying that the dissociation events taking place at dif-

=°ﬁ(f *)c/ﬁo

2
<Do,0(t*)>

e

%

e
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T T T T T
1 2 3 4
*

(=]

Fig. 6. The rotational correlation function relevant to the photodissociation
of iodobenzene. r* is the reduced dissociation time defined as t* =1 (I/
kT)~'"?, where [ is the moment of inertia around an axis perpendicular to
the figure axis of the symmetric top molecule, k is the Boltzmann constant,
and T is the temperature of the parent molecule. For room temperature
iodobenzene, (1/kT)'/? is equal to 1.70 ps.
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ferent dissociation time result in different values of B.
Therefore, the value of 8 observed at each value of v (or E,)
must be related to each dissociation time ¢, rather than the
dissociation lifetime 7, which represents an averaged disso-
ciation time within the assumed kinetics and is related to an
average value of 3 as in the treatment of Yang and Bersohn
[9].

If the vibrational motion can be ignored, 3, in Eq. (6) is
given by [7-9]

Bo=2P;(cos x) (7

where x is the angle between the transition dipole moment of
the parent molecule and the dissociation bond axis. To include
the effect of vibrational motion, one can take an average over
a vibrational ensemble in Eq. (7) because the vibrational and
rotational motions are well separated in time. Alternatively,
we rewrite Eq. (7) as follows:

B,=2kP,(cos x) with k<1 (8)

where the parameter « takes into account the effect of the
vibrational motion and also the decrease in 8 due to the
thermal distribution of the parent molecule velocity. In gen-
eral, the parameter x depends on the dissociation time and
the recoil speed. The fact that the values of 8 observed for
the I* channel and the high velocity I channel (about 1.5 and
about 1.6 near the peak respectively; see Figs. 4 and 5) are
very close suggests that the recoil speed dependence of k due
to the parent molecule velocity is rather weak. Therefore, we
expect that Eq. (8) with a constant value of k will be valid
for a given molecule when the dissociation time is longer
than the vibration period, thus allowing effective averaging
over the vibrational motion. The lower limit of x can be
estimated as follows. The value of B observed for the I*
channel of C,FsI (about 1.75) shown in Fig. 3 is the highest
value for the parallel transition (i.e. y=0°) among various
iodide molecules studied with our method. According to Egs.
(6) and (8), this value should be equal to S,
(D% (1)) =2x(D2,(1)) <2k. Thus, we find the lower limit
of « to be about 0.88.

From the time dependence of the rotational correlation
function shown in Fig. 6, the dissociation times for the three
observed dissociation processes can be determined. The high
parallel anisotropy parameters observed for the I* channel
(about 1.5) and the high velocity I channel (about 1.6)
suggest that the transition dipole moments are aligned parallel
to the C-I bond for these channels. Taking y = 0° and k= 0.9,
we obtain the dissociation time of 0.4 ps for the I* channel
and 0.3 ps for the high velocity I channel. Uncertainties
involved in determining the dissociation time are expected to
be rather small (within 0.1 ps). For example, taking x=1
(i.e. ignoring the effects of the vibrational motion and the
parent molecule velocity), one obtains dissociation times that
are only 0.1 ps longer than those when k=0.9.

The value of B observed in the low velocity I channel (see
Fig. 4) exhibits a strong translational energy dependence. As
discussed in detail in Section 4, this must be interpreted as

25
1(2P3,)/CeH1
20 304.67 nm
B Low E, channel
Es
<
131
= 10 .
&)
5
0o+——— 1
0.0 0.5 1.0 1.5
t, ps

Fig. 7. Dissociation time dependence of transiational energy release E, deter-
mined for the low recoil velocity distribution of the I channel. This depend-
ence was obtained by comparing the E, dependence of 8 shown in Fig. 4
and the time-anisotropy correlation shown in Fig. 6. The observed time
dependence of E, is approximately linear with a slope of —23 kcal mol ™’

ps—".

due to a slow dissociation with a broad range of dissociation
time. Through the correlation between the dissociation time
and 8 shown in Fig. 6, the time dependence of E, is obtained
and shown in Fig. 7. In this analysis, we assumed that the
corresponding transition is a purely parallel type (i.e. y=0°
and B,=2x) and the value of x is equal to 0.9 to include the
effects of the vibrational motion and the parent molecule
velocity. As shown in Fig. 7, the dissociation time is relatively
long and has a broad range (0.5 — 1.4 ps) compared with the
rotation period of the parent molecule (1.70 ps). The
observed dependence is approximately linear with a slope
dE,/dt=~ —23 kcal mol " ! ps~!.

4. Discussion
4.1. Dissociation time and rotational depolarization

As presented in Section 3.3, the rotational depolarization
model of Yang and Bersohn [9] was used to determine the
dissociation times of the three dissociation channels of iodob-
enzene at 304 nm from the observed values of 8. By assigning
the three dissociation channels to transitions polarized par-
allel to the C—I bond, we obtain the dissociation times for the
T*, high velocity I, and low velocity I channels to be 0.4 ps,
0.3 ps, and 0.5 — 1.4 ps respectively. While single values are
obtained for the I* and high velocity I channels from the
constant values of B, a broad range of dissociation times is
obtained for the low velocity I channel from the observed
range of B which is dependent on E,. These results are in
excellent agreement with the recent results of the femtosec-
ond real-time pump—probe experiments at 278 nm by Cheng
et al. [31], supporting our rotational depolarization picture.
They observed that the high velocity I transient rises as fast
as their instrumental response (i.e. with zero rise time) but
with a time delay of 400 fs. This observation is in excellent
agreement with our result for this channel. In the low velocity
I channel, they observed a slow build-up with a single-expo-
nential rise time of 550 fs. By taking the time range for the
550 fs rise time build up from 5% to 95% of the total intensity
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and adding the time delay of 400 fs observed for the high
velocity I channel, the range of dissociation time for this
channel is estimated to be from 0.4 to 2.0 ps. This is also in
excellent agreement with our result.

As discussed above, the agreements between the two
experiments are surprisingly good, suggesting that our rota-
tional depolarization picture with the assignments of the three
channels to parallel transitions is valid. The I* and high veloc-
ity I channels dissociate promptly with single values of the
dissociation time, thus resulting in constant values of 8. The
low velocity I channel dissociates slowly with a broad range
of dissociation times, giving rise to a range of values of .
As discussed by us previously [21], the E, dependence of 8
in this channel implies that the intramolecular vibrational
energy transfer toward the phenyl ring modes takes place in
time, thus resulting in more energy partitioning toward the
phenyl ring vibration modes (i.e. less to the translation mode)
at the longer dissociation time as observed. This suggests that
the slope of the near-linear time dependence of E, (dE,/
dt= —23 kcal mol ' ps™!; see Fig. 7) can be attributed to
the rate of IVR as proposed previously [21].

It is interesting to point out that there is a subtle difference
in the two methods in probing the dissociation time. While
our method probes a time lapse of the dissociation event from
the Frank—Condon region to an internuclear distance where
the rotational depolarization is ineffective, the real-time
pump-probe method measures a time lapse needed to reach
an internuclear separation where the photofragments are
spectroscopically free from each other. The excellent agree-
ments observed for the two experiments suggest that the two
methods in fact probe a similar final internuclear distance in
the potential energy surface.

4.2. Properties of electronic states at 304 nm excitation

As summarized in Table 1, two types of dissociation, lead-
ing to three reaction channels, are found to compete in the
photodissociation of iodobenzene at 304 nm. The I* channel
and the high velocity I channel can be attributed to alkyl
iodide type direct dissociation resulting from excitation to
the repulsive n,o* state in the C~I bond. The highly repulsive
nature of the excited states involved in these two channels is
manifested by the high degree of energy partitioning toward
translation as well as the high degree of anisotropy. The
observed values of (E.)/(E,,;) and FWHM of G(E,) (see
Table 1) are between the values observed for CF,;I [22] and
C,FsI [17] at the same photolysis wavelength, indicating that
the excited states involved are the repulsive n,o™ states as in
alkyl iodides [24-29]. The highly anisotropic values of 8
(and thus the short dissociation times) observed in these two
channels also support this conclusion. Based on the photo-
dissociation mechanism of alkyl iodides [24-29], the I*
channel and the high velocity I channel can be attributed to
the parallel transition to the *Q,, state followed by dissociation
along the same state to produce I* or curve crossing to the
'Q, state to produce I.

In gross view of our results, the a,0-* states of iodobenzene
seem to be well localized in the C—I bond despite the presence
of the m,7* states in the phenyl ring. There are, however,
some evidences for interactions between the n,0* and 7, 7*
electronic systems. First, the curve-crossing probability from
the *Qy to the '@, state is strongly enhanced (99%) compared
with alkyl iodides. This large enhancement is a result of a
strong coupling between the *Q, and 'Q; states induced by
interaction with the more polarizable phenyl ring. Second,
the values of B for the I* (1.5) and the high velocity I (1.6)
are slightly reduced compared with those observed for the I*
channels of CF;I and C,F;l (about 1.75 at the peak velocity).
This indicates that the n,0* states of iodobenzene dissociate
in a slightly longer time scale than those of alkyl iodides
within the picture of the rotational depolarization model.
Because of interaction with the #,7* states of the phenyl
ring, the n,o™ states in iodobenzene become less repulsive
and thus result in slower dissociation compared with alkyl
1odides. The femtosecond real-time measurement of Cheng
et al. [31] is also consistent with this conclusion. In their
experiment, the high velocity I channel at 278 nm is observed
with a dissociation time of 400 fs, which is ca. 200 fs longer
than that of ICN [35] at the similar recoil velocity.

The presence of an additional low velocity I channel in
iodobenzene must then be attributed to excitation of the ben-
zene-type ,7* excited state(s) which is predissociated by
non-radiative mixing with the nearby n,o* states dissociating
into I. This mixed benzene-type excited state(s) must result
in a longer dissociation time than those of the pure n,o* states
as observed. This, as well as the larger number of internal
degrees of freedom in the phenyl ring, allows for efficient
energy redistribution, resulting in a broader translational
energy distribution with a lower average translational energy
than that produced from dissociation from the repulsive n,o-*
state (see Table 1).

Since the first excited r,7* state of iodobenzene is located
way above the photon energy used [36] and the observed
low parallel-type anisotropy (0.72 on the average with a
broad range from 0.2 to 1.4) can be explained by the rota-
tional depolarization of a pure parallel transition as discussed
in Section 4.1, the low velocity I channel must result from a
parallel transition to the triplet 7,7 state(s). In benzene, the
excitation energy of the first triplet 7,7 state is lower than
the photon energy but that of the second triplet is ca. 3600
cm ™! higher. The excitation energies of these triplet states
will certainly be lowered in iodobenzene by mixing with the
charge-transfer-type states of iodobenzene, but no calcula-
tions are available. Therefore, we consider the two lowest
triplet 7r,7r* states as possible candidates. The lowest triplet
state of iodobenzene is the L, state which is of >A, symmetry.
The second (riplet state is the *L, state of’B, symmetry.
Absorption (or emission) of the *A; and *B, states of iodob-
enzene polarized in the benzene plane can be predicted by
use of spin—orbit vibronic coupling perturbations, as was
done to explain the phosphorescence polarization properties
of haloaromatic molecules [37]. Note that in this type of
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perturbation treatment the polarization characteristic of
absorption is determined by the symmetry of the perturbing
state from which the zeroth-order state borrows absorption
strength [ 37]. This suggests that the perturbing state must be
the strongly radiative 'A, state(s) that is polarized in the
benzene plane along the C—I bond. It is interesting to note
that the transition from the ground covalent state to the
strongly radiative charge-transfer-type ionic state (a ‘A,
state) in iodobenzene is a good radiative source for the triplet
states of iodobenzene [38]. This could make the vibronically
induced spectrum dominantly parallel to the C—I bond.

5. Conclusion

By the use of a photofragment translational spectroscopy
technique, we were able to differentiate different photodis-
sociation channels of iodobenzene at 304 nm. Not only can
the energy partitioning between the internal and translational
modes be determined directly but also the time scale of the
photodissociation can be obtained from the observed values
of B. This makes it possible to identify unambiguously the
complex photodissociation mechanism of iodobenzene
which involves two different types of the excited states, i.e.
the alkyl iodide type repulsive n,c* states and the benzene-
type predissociative triplet 7,77 states. It is noteworthy that
the dissociation times determined by the rotational depolari-
zation model in the present work are in excellent agreements
with the femtosecond real-time pump-probe measurements
of Cheng et al. [31]. This demonstrates that photofragment
translational spectroscopy is a powerful technique to deter-
mine the dissociation time scale which is comparable with or
shorter than the molecular rotation period.
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