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Dynamics of energy transfer during and after pho-
todissociation have been subjects of great interest during the
last few decades,'® because it is critical in understanding
various photochemical and photophysical processes. Upon
photodissociation, excess energy over bond-dissociation en-
ergy partitions into translational, rotational, vibrational, and
electronic modes of photofragments, in differcnt extents de-
pending on the nature of the potential energy surfaces in-
volved.'* Following photodissociation, energies deposited in
different modes of photofragments relax back into equil-
ibrium with the overall translational temperature of the gas
medium via intermolecular collision, on different time
scales depending on the nature of the energy levels excited.>
Therefore, relaxation dynamics of photofragments reflects
various energy transfer processes of photofragments as well
as dynamics of the photodissociation process.

In this communication, we report a time-resolved photo-
thermal technique that can be used to resolve intermolecular
energy transfer processes of photofragments in real time.
Provided high sensitivity and time resolution of the tech-
nique developed, we were able to resolve V-T energy transf-
er of the phenyl radical produced from photodissociation of
iodobenzene at 266 nm, from T, R-T and E-T energy transf-
er. To-our knowledge, this constitutes the first example of
direct monitoring of V-T energy transfer of a photofragment
by a photothermal technique.

We have chosen UV photodissociation of iodobenzene as

a model system, because its mechanism, leading to a simple
C-I bond rupture, is well characterized and the phenyl rad-
ical is produced with a large amount of internal (i.e., ro-vi-
brational) energy. The recent photofragment translational
spectroscopy (PTS) experiments™* reveal that two types of
photodissociation take place in iodobenzene: a fast, direct
dissociation due to excitation of the repulsive n,6* state in
the C-I bond and a slower, indirect dissociation due to ex-
citation of the m,m* state in the phenyl ring which is predis-
sociated by the n,6* state. While the former produces an
jodine atom in both the ground I(*P;;,) state and the spin-or-
bit excited I*(2P,,,) state, the latter dissociates only into the
I(2P,;) state. Due to a strong coupling between the n,6* and
m,n* states, the phenyl radical is produced with a large
amount of vibrational energy especially in the slower chan-
nel. For example, average values of transiational, internal
(ro-vibrational), and electronic energy of photofragments at
266 nm are Er:Eyg:Ep=24.7 keal/mol:17.2 kcal/mol: 4.6
kcal/mol, respectively.*!® Due to this large contribution to
overall relaxation dynamics, one could readily observe V-T
energy transfer of the phenyl radical. In addition, as ob-
served in the recent fs real time experiment,"! UV photo-
dissociation of iodobenzene takes place quite rapidly (on

the time scale of ps and sub-ps depending on the dis-
sociation channels), and thus the dynamics of photo-
dissociation is well separated in time from the collisional en-
ergy transfer processes of photofragments.

Experimental apparatus used for monitering the photo-
thermal transient is depicted in Figure 1. A gaseous sample
of iodobenzene (0.80 Torr) in Ar (500 Tormr) is photo-
dissociated by a pulsed excitation laser at 266 nm, and the
resulting thermal lensing signal due to intermolecular ener-
gy transfer of photofragments is monitored by detecting
time-dependent variation of the power of a CW probe laser,
which intersects the line-focused excitation laser at a right
angie along the long axis of the excitation laser profile. De-
tails of principles for the generation of the thermal lensing
signal is described elsewhere.** Briefly, collisional energy
transfer of photofragments results in translational heating of
the gas and this temperature rise causes change in the re-
fractive index. The spatial profile of the refractive index is
determined by the spatial profile of the excitation laser
where the probe laser intersects, as well as the extents of en-
ergy transfer and diffusion processes. Thus, a near Gaussian
profile of the refractive index builds up in the early time
due to fast energy transfer processes, and it decays in time
due to thermal and mass diffusion.

Figure 2 shows a thermal lensing signal obtained for the
photodissociation of iodobenzene at 266 nm at a laser pulse
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Figure 1. Experimental setup used in the time-resolved photo-
thermal technique. A gaseous sample is excited by a line-focused
pulsed laser (the fourth harmonic of a Q-switched Nd: YAG laser,
Spectra Physics GCR150), and the resulting time-dependent ther-
mal lensing signal is monitored by intersecting the excitation las-
er with a CW He-Ne laser at a right angle along the long axis of
the excitation laser beam profile (84 pmx 30 mm at the inter-
section).
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energy of 270 pl/pulse, corresponding to laser fluence of 1.8
MW/cm?. As shown in Figure 3, the photothermal signal
around this fluence condition increases linearly as the laser
pulse energy, giving a unit slope in the log-log plot. This
suggests that the photothermal signal results predominantly
from one-photon absorption.

As shown in Figure 2, two rise components are observed
well separated in time with comparable intensities, and it is
followed by a diffusional decay on a longer time scale. The
experimental data are fitted to the following equation deriv-
ed based on the theory of Sontag and Tam:*

$=8, [1-r exp(-t/1))-r, exp(-t/t,)] (w*+8D¢)~
with ri+r=1 1

where r, and r, are amplitude factors for two rise com-
ponents with time constants T, and T, respectively. D de-
notes the thermal diffusivity and w is the 1/¢? radius of the
Gaussian excitation beam. The best fit to this equation is
depicted in Figure 2, and the fitting conditions and results
are summarized in Table 1.

The fast rise component rises instantly within the
response time of the apparatus (ca. 250 ns as estimated
from the detector response time and the acoustic transit
time), suggesting that the related energy transfer process
takes place on the molecular collision time scale. Therefore,
this component can be attributed to T-T and R-T energy
transfer of photofragments. The slow rise component shows
a rather longer time constant of ca. 17 ps. This rise com-
ponent can be attributed to V-T energy transfer of the
phenyl radical. The slow component could contain some
contribution from E-T energy transfer of the I1*(?P,,) atom.
However, collisional relaxation of I*(2P,,) by almost all of
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Figure 2, Thermal lensing signal observed for the photo-
dissociation of iodobenzene (0.80 Torr) in Ar (500 Tom) at 266
nm. Theoretical best-fit (solid line} of experimental data (dots)
represents that the photothermal transient comsists of two rise
components with rise times of ca. 0.25 and 17 ps. Calculated sig-
nals for the two rise components are depicted as dashed lines.
The fast rise component is due to relaxation of translational and
rotational energies of the photofragments and the slow com-
ponent is attributed to vibrational relaxation of the phenyl radical.
Details of the fitting results and experimental conditions are sum-
marized in Table 1.
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the molecules studied to date is known to be very slow (1>
about 100 ps at the present condition).>* Therefore, unless
iodobenzene or phenyl radical has unusually large I*(3P,,)
quenching efficiency, the slow rise component must result
purely from V-T energy transfer. Unfortunately, no data are
available for the I*(*P,;) quenching efficiency of iodo-
benzene and phenyl radical.

As summarized in Table 1, contributions of the fast and
slow components to the total heat rclease are r,:r,=0.45:
0.55, respectively. Thus, based on our interpretation des-
cribed above, V-T energy transfer of the phenyl radical ac-
counts for a large fraction (55%) of the total energy releas-
ed. This feature is consistent with the results of the PTS ex-
periments,”° confirming presence of a strong coupling
between the #,6* and ®,x* states leading to high internal ex-
citation of the phenyl radical.

However, in details, our result is in slight disagreement
with the PTS results of Freitas et al®1° From their results,
we obtain Er: Eyg=24.7 kecal/mol : 17.2 kcal/mol=0.59: 0.41.
Since rotational energy of the photofragment must relax as
quickly as translational energy, the contribution of the slow
component would be slightly smaller than 0.41, in contrast
to the value of 0.55 observed in the present work. Possible
causes of this discrepancy are as follows. E-T energy trans-
fer of the I*(2P,,) fragment might be as fast as V-T transfer
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Figure 3. Dependence of the thermal lensing signal on the
pulse encrgy of the excitation laser. The signal at each laser
pulse energy is determined at the peak value of the photothermal
transient. The slope of the best-fit is 1.1+0.1, implying that the
photothermal signal results predominantly from ome-photon ab-
sorption.

Table 1. Summary of the fitting results and apparatus constants
for the thermal lensing signal shown in Figure 2

Physical Quantity Value
Fitting Parameters r 0.451+0.04
r=1-r 0.551+0.04
T US 17+2
D, 10°° m’ss 85+0.7
Apparatus Constants* T, Hs 0.25
w, Jm 84+5

*These values are used as constant parameters in the fitting.
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of the phenyl radical, thus giving rise to an additional con-
tribution to the slow component. If this is the case, we
would observe ry:ry=Fr:Eyg+£:=0.53:0.47, which is in
slightly better agreement with the present result. However,
as discussed before, this is highly improbable considering
available data for the 1*(*P,,) quenching efficiency of other
molecules. Recombination processes between the photo-
fragments could also be considered as a possible candidate
for an additional heat source. However, this is not likely the
case because as observed in alkyl iodies? the recombination
processes are known to occur in a much longer time scale
(say, ms time domain), which is even longer than the time
scale of the E-T energy transfer of I*(*P,,). Another pos-
sibility is that there might exist additional photochemical or
photophysical channels in the fate of the photoexcited iodo-
benzene, which are not observed in the previous photo-
dissociation experiments.”"’ Some molecule might survive
from dissociation for longer time (say longer than ns) than
that can be observed in the PTS experiments™* and the fs
real-time experiment." If this happens (likely due to per-
turbation by Ar atoms in the gas). it must result in more ex-
citation of vibrational energy levels either in iodobenzene or
phenyl radical, resulting in a larger contribution to the slow
tise component.

In conclusion, we have demonstrated that by use of a
time-resolved photothermal technique, one can directly
resolve the V-T energy transfer process of photofragments
from other energy transfer processes. This enables us not
only to study vibrational relaxation of radicals but also to in-
vestigate the detailed nature of the photodissociation, ie.,
energy partitioning during the photodissociation. More com-
plete accounts for this work, including mechanism of V-T
energy transfer of the phenyl radical, will be published in
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the future.

Acknowledgment. This work was supported by Non-
directed Research Fund, Korea Research Foundation, 1994.
The authors also acknowledge partial support from Kyung
Hee University.

References

1. Wodtke, A. M.; Lee, Y. T. In Molecular
Photodissociation Dynamics, Ashfold, M. N. R;
Baggott, J. E., Eds.; Royal Soc. Chem.: London, 1987;
p 31

. Leone, S. R. Adv. Chem. Phys. 1982, 50, 255.

. Grimley, A. J.; Houston, P. L. J. Chem. Phys. 1978, 68,
3366.

4. Sontag, H.; Tam, A. C.; Hess, P. J. Chem. Phys. 1987,
86, 3650.

. Shi, J.; Barker, J. R. J. Chem. Phys. 1988, 88, 6219.

. Toselli, B. M.; Walunas, T. L..; Barker, J. R. J. Chem.
Phys. 1990, 92, 4793,

7. Hwang, H. J; El-Sayed, M. A. J. Chem. Phys. 1992, 96,
856. :

8. Hwang, H. J.; El-Sayed, M. A. J. Photochem. Photobiol.
A. 1996, in press.

9. Freitas, J. E.; Hwang, H. J.; El-Sayed, M. A. J. Phys.
Chem. 1993, 97, 12481.

10. Freitas, ). E. Ph.D. Thesis, University of California, Los
Angeles, CA, 1993,

11. Cheng, P. Y; Zhong, D.; Zewail, A. H. Chem. Phys.
Len. 1995, 237, 399.

12. Hunter, T. F,; Lunt, S. J. Chem. Soc. Faraday Trans. 2,
1983, 79, 303.

o N

[« )]



