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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 td determined from the spatial 
anisotropy by using a rotational depolarization model, the three dissociation channels are assigned as follows. Two fast dissociation channels, 
which result in formation ofI * ( 2pj/2) (ta = 0.4 ps, quantum yield 4~ = 0.005 _+ 0.002) and high velocity I (ZP3/2) ( t~ = 0.3 ps, q~ = 0.70 -I- 0.04), 
are due to a parallel transition to the repulsive 3Qo (n,o-*) state in the C-I bond, followed by dissociation along the same state or curve crossing 
to the ~Q1 state respectively. A slow dissociation channel (t~ = 0.5 - 1.4 ps, q~= 0.30 + 0.04) which produces low velocity I(2P3/2) is due to 
a parallel transition to the triplet ~-,'n'* 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. Introduct ion 

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 muitiphoton 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 
i n either the ground I ( 2 P  3 / 2 ) or the spin-orbit excited I* ( 2pj ! 
2) 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. 

As reported 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 ~r, Tr* electronic 
system in the phenyl ring in addition to the n,o'* electronic 
system in the C-I  bond. It is well known for alkyl iodides 
[24-29] that three excited states arising from the n,o-* tran- 
sition, 3QI, 3Qo, andlQl 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,o'* 
states, the 7r, Tr* 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 ~-,Tr* 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 rr,-rr* state(s) followed by 
predissociation via the repulsive n,o-* state(s). Thus, if any 
benzene-type state is excited in iodobenzene at 304 nm 
(below the excitation energy of the first singlet 7r,~-* 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 
alkyl 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,o-* transition. An additional dissociation process, 
that can be attributed to a slow dissociation due to excitation 

of the lowest triplet 7r,~-* 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 et al. [ 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 results 
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 × 10 6 Torr) via approximately 1 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/xJ pulse- l, 
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 cr = 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 p,s, an acceleration electric 
field of ca. 1010 V cm -1 is pulsed for 1.0/xs 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 2 w e r e  

found in the mass spectrum, but no mass signals from diio- 
dobenzene were observed and the Iz 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 2 that was purposely added for calibration 
of apparatus constants as described previously [ 17,18 ]. Pho- 
todissociation of I2 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  analys i s  

3. l. Recoil velocity distribution 

TOF distributions h~(TOF) of iodine ions measured at 
two laser polarization angles a- -  0 ° and 90 ° with respect to 
the detection axis were used to determine the recoil velocity 
distribution f(v,O) of the state-selected iodine fragment, 
where v and 0 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 forf(v,O) is taken 
to be 

1 
f(v,0) = ~ [  1 +/3(0) P2(cos 0) l g(v) ( 1 ) 

w h e r e  P z ( c o s  0 ) = ( 3  C O S 2 0 - - 1 ) / 2  is the second-order 
Legendre polynomial, g(v) and fl(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 pbotodissociation 
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/3 must lie in the 
range - 1 </3 < 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/xJ pulse- t) at a = 0 ° and 90 °. Shown in 
Fig. 2(a) are the recoil speed distribution g(v) and the ani- 
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Fig. 1. TOF distributions h~(TOF) of resonantly ionized I atoms produced 
from photodissociation ofiodobenzene 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 fl(v) shown 
in Fig. 2(a). The small peaks observed at TOF values of about 21.3 and 
26.2/zs at a = 90 ° are due to photodissociation of 12 which was purposely 
introduced for calibration of instrumental parameters. 

sotropy parameter fl(v) of I at 304.67 nm. These are obtained 
from the TOF distributions shown in Fig. 1. It is clear in Fig. 
2(a) that the ! 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 ofgh(v) and the recoil speed dependence of/3h(V), are 
analogous to those of the I* formation channel of CzFsI 
(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/3(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= 11 l0 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/3(v) 
of I* atoms produced from photodissociation of C2F5I at 304.02 nm. 
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Fig. 4. The same as Fig. 2(b) but as a function of translational energy release 
Et. The representative values of the energetics and the anisotropy parameter 
for the two distributions are summarized in Table 1. 

resulting from a pure parallel transition. This assumption is 
based on the observed similarities between these two photo- 
dissociation processes, i.e. 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/3(v) shown in Fig. 2(b) are transformed 
into the energy domain G(E,) and/3(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(Et) are summarized in Table 1. 

Fig. 5 shows TOF distributions and corresponding G(E,) 
and/3(E,) for state-selectively ionized I* atoms produced at 
304.02 nm (25/xJ pulse- t). 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/3 is similar to that of the high translational 
energy distribution of the I channel shown in Fig. 4 and also 

that of the I* formation channel of C2F5I shown in Fig. 3, 
suggesting that the center-of-mass value of/3 is independent 
of v for this channel. The value of 13 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 CzFsI (see Fig. 3), the decrease in/3 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/3 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,o-* 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 1r, Tr* 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~vl and Ea*vl for the I and I* 
channels respectively are related to the translational energy 
release E< and the internal energy Emt of the phenyl radical as 
follows: 

Eat, l = hi) - D O -}- EPnt = E, + Ein t (2) 

E*,z= E,,q- E,o -= E* + E *, (3) 

where D ° is the dissociation energy of the ground state iodob- 
enzene into the ground state phenyl radical and iodine atom 
at 0 K, E~in, is the internal energy of the parent molecule (2.8 
kcal mol -  ~ on the average at room temperature), and Eso is 
the spin-orbit excitation energy of the iodine atom (21.7 kcal 
tool-  ~). D,~ can be estimated from the value of the dissocia- 
tion energy at room temperature D~98 (65.4 + 2 kcal mol - 1 
[32]) by making a thermal correction of 1.5 kcal mol - l  
(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 6 H s I  ---) C 6 H  5 + I. At room temperature, C6H5I ,  C 6 H  5, and I 
have molar enthalpies (relative to those at 0 K) of4RT, 4RT, 
and 5/2RT respectively due to translation, rotation, and the 

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

Iodine state A (nm) Quantum yield (Earl) (E,) FWHM of G(Et) (E,.t) (E,) I(Eav~) /3 t (ps) 

I* 304.02 0.005_+0.002 11.2 9.2+_0.2 5.7+_0.2 2.0 0.82 1.5+0.1 0.42 
l 304.67 0.70 +_ 0.04 32.7 24.8 +_ 0.2 8.3 + 0.2 7.9 0.76 1.60 + 0.05 0.34 

304.67 0.30+0.04 32.7 10.2_+0.4 15.0_+0.6 22.5 0.31 1 .4 -0 .2  0 . 5 -  1.3 

a Energies are in kilocalories per mole. Uncertainties shown are one standard deviation of 3 or 4 measurements. The dissociation times to are determined from 
the measured values of  the anisotropy parameter/3 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  C6H5I and C6H 5 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°298, of 
the reaction is expected to be greater than that D°o at 0 K, 
approximately by 5 / 2 R T =  1.5 kcal tool-1. See Ref. [33] ). 
Values for the energy partitioning calculated by using this 
value of  D ° (63.9 + 2 kcal m o l -  1 ) are listed in Table 1. 

We have determined the quantum yield of  @(I*) of I* 
from the relative ion signal sz*/sz 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: 

~ ( i . )  = n/*/nt 
n [ / n z +  1 (4) 

and 

s,* =n,*f,* (5) 
S I rll]el 

As shown in Eq. (5) ,  the number ratio nz*/nz of the iodine 
atoms produced in the two states can be determined from the 
relative ion signal st*/st at the same photon flux, if the relative 
ionization efficiency f [ / f z  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  
I2 at the same wavelengths and also at the same laser pulse 
energy to avoid a possible photon flux dependence. At these 
wavelengths, 12 is known [19] to dissociate into I + I*, i.e. 
n[ /n l ,  is equal to 1 and thus f [ / f z  = sz*/sz for I2. The value 
o f f / * / f / i s  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 .30+0.04  and 0 .70+0.04  
respectively. 

3.3. Time dependence o f  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/3 to the dissociation time to, 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/3(t)  observed at time t is 
related to the initial value/30 at time zero [9 ] : 

/3(0 =/3o(D2.o(t) ) (6) 

where (DZo.o(t)) is the rotational correlation function and the 
brackets denote the average over the rotational ensemble. The 

](a)- ~ I*(2Pl~)/C6H5I 
304.02 nm 

o ~  ; ' ~  . . . . .  J L~=o .L 
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Fig. 5. (a) TOF distributions h"(TOF) of resonantly ionized I* atoms 
produced from photodissociation of iodobenzene at 304.02 nm(O, experi- 
mental results; ---, results obtained by back transforming G(EO and/3(Et) 
shown in (b)) and (b) corresponding G(E,) and/3(Et). 

rotational correlation function depends on the temperature T 
and the asymmetry parameter b = ( I - I ~ ) / I  z, where Iz is the 
moment of inertia around the figure axis and I 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 ~'o- 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- 

1.0 

0.8- 

I~Z-i O. 6 - 
A " 
~ 0.4- 

~ 0 . 2 .  .---------- 

0.0 1 2 3 4 
t* 

Fig. 6. The rotational correlation function relevant to the photodissociation 
of iodobenzene, t* is the reduced dissociation time defined as t* = t (I/ 
kT) -1/2, where I 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, (I/kT) 1/2 is equal to 1.70 ps. 
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ferent dissociation time result in different values of /3. 
Therefore, the value of/3 observed at each value of v (or E~) 
must be related to each dissociation time td rather than the 
dissociation lifetime ~'d 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,/30 in Eq. (6) is 
given by [7-9] 

/30 = 2P2(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: 

flo= 2KP2(co s X) with K< 1 (8) 

where the parameter K takes into account the effect of the 
vibrational motion and also the decrease in /3 due to the 
thermal distribution of the parent molecule velocity. In gen- 
eral, the parameter K depends on the dissociation time and 
the recoil speed. The fact that the values of 13 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 K can be 
estimated as follows. The value of/3 observed for the I* 
channel of C2Ffl (about 1.75) shown in Fig. 3 is the highest 
value for the parallel transition (i.e. X = 0  °) among various 
iodide molecules studied with our method. According to Eqs. 
(6) and (8), this value should be equal to /30 

2 (Do,o(t)) = 2K(D2o,o(t)) <_ 2K. Thus, we find the lower limit 
of K 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 X = 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 K= 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/3 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 
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Fig. 7. Dissociation time dependence of translational energy release Et deter- 
mined for the low recoil velocity distribution of the I channel. This depend- 
ence was obtained by comparing the Et dependence of/3 shown in Fig. 4 
and the time-anisotropy correlation shown in Fig. 6. The observed time 
dependence of Et is approximately linear with a slope of - 23 kcal mo l -  
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due to a slow dissociation with a broad range of dissociation 
time. Through the correlation between the dissociation time 
and/3 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. X = 0 ° 
and/30 = 2K) and the value of K 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 
dEt/dt= - 2 3  kcal mo1-1 ps -1. 

4. Discuss ion 

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 13. By assigning 
the three dissociation channels to transitions polarized par- 
allel to the C-I  bond, we obtain the dissociation times for the 
I*, 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/3, a broad range of dissociation times is 
obtained for the low velocity I channel from the observed 
range of/3 which is dependent on Et. 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/3. The 
low velocity I channel dissociates slowly with a broad range 
of dissociation times, giving rise to a range of values of/3. 
As discussed by us previously [ 21 ], the Et dependence of/3 
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 Et (dEt/ 
dt-~ - 2 3  kcal mo1-1 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 o f  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 <Et>/(Eavl) and FWHM of G(Et) (see 
Table 1 ) are between the values observed for CF3I [22] and 
CzFsI [ 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/3 
(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 300 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 n,o-* states ofiodobenzene 
seem to be well localized in the C-I  bond despite the presence 
of the 7r, Tr* states in the phenyl ring. There are, however, 
some evidences for interactions between the n,cr* and 7r,-n-* 
electronic systems. First, the curve-crossing probability from 
the 300 to the ~Q1 state is strongly enhanced (99%) compared 
with alkyl iodides. This large enhancement is a result of a 
strong coupling between the 3Q o and 1Ql states induced by 
interaction with the more polarizable phenyl ring. Second, 
the values of/3 for the I* ( 1.5) and the high velocity I (1.6) 
are slightly reduced compared with those observed for the I* 
channels of CF3I and CzFsI ( about 1.75 at the peak velocity). 
This indicates that the n,o-* 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 ~,Tr* states of the phenyl 
ring, the n,o-* states in iodobenzene become less repulsive 
and thus result in slower dissociation compared with alkyl 
iodides. 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 7r,~-* excited state(s) which is predissociated by 
non-radiative mixing with the nearby n,~r* states dissociating 
into I. This mixed benzene-type excited state(s) must result 
in a longer dissociation time than those of the pure n,cr* 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 7r, Tr* 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 7r, 7r* state (s).  In benzene, the 
excitation energy of the first triplet 7r, Tr* state is lower than 
the photon energy but that of the second triplet is ca. 3600 
cm-1 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, Tr* states as possible candidates. The lowest triplet 
state of iodobenzene is the 3L a state which is of 3A1 symmetry. 
The second triplet state is the 3Lb state of 3B2 symmetry. 
Absorption (or emission) of the 3A1 and 3B 2 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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perturbat ion t reatment  the polar izat ion characterist ic of  

absorpt ion is de te rmined  by the symmetry  of  the perturbing 

state f rom which  the zeroth-order  state borrows absorption 

strength [ 37 ]. This  suggests  that the perturbing state must  be 

the strongly radiat ive 1A 1 s ta te(s)  that is polar ized in the 

benzene  plane a long the C - I  bond. It is interesting to note 

that the transition f rom the ground covalen t  state to the 

strongly radia t ive  charge- t ransfer- type ionic state (a  IA 1 

state) in iodobenzene  is a good  radiat ive source for the triplet 

states o f  iodobenzene  [38] .  This  could  make the vibronical ly  

induced spec t rum dominant ly  parallel  to the C - I  bond. 

5. Conclusion 

By the use o f  a pho tof ragment  translational spectroscopy 

technique,  we were  able to different iate  different  photodis-  

sociat ion channels  o f  iodobenzene  at 304 nm. Not  only can 

the energy part i t ioning be tween  the internal and translational 

modes  be de te rmined  direct ly but also the t ime scale of  the 

photodissocia t ion  can be obtained f rom the observed  values 

of /3 .  This  makes  it possible  to identify unambiguous ly  the 

complex  photodissoc ia t ion  mechan i sm of  iodobenzene  

which involves  two different  types o f  the exci ted states, i,e. 

the alkyl iodide type repuls ive  n,~r* states and the benzene-  

type predissocia t ive  triplet 7r, Tr* states. It is noteworthy that 

the dissociat ion t imes  de termined  by the rotational depolari-  

zat ion mode l  in the present  work  are in excel lent  agreements  

with the f emtosecond  real - t ime pump-probe  measurements  

o f  Cheng  et al. [ 31 ]. This  demonstra tes  that photof ragment  

translational spect roscopy is a powerfu l  technique to deter- 

mine  the dissociat ion t ime scale which  is comparab le  with or 

shorter than the molecu la r  rotation period. 
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