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Rapid Solvent-Induced Recombination and Slow Energy Relaxation in a Simple
Chemical Reaction: Picosecond Studies of Iodine Photodissociation in CC14
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The time scale for solvent "caging" in the classic I2 photodissociation reaction appears to be
«15 ps, on the basis of examination of new picosecond absorption spectra. The previously ob-

served slow recovery ( ) 100 ps) of molecular absorption is shown to be due to both ground-state
vibrational relaxation and excited-state trapping in the recombined molecule. In addition, newly

observed absorptions in the 350—400-nm region provide direct information on solvent-induced

predissociation and excited-state vibrational relaxation.

PACS numbers: 82.20.Rp, 61.20.Lc, 82.40.Js, 82.50.Et

A central problem in liquid-phase chemical dynam-
ics is determination of the time scale of reaction for
species trapped together in a solvent "cage." The
iodine photodissociation reaction has been the primary
model system for studying cage recombination, ' yet
the cage recombination time for this system is still in
controversy. Some experiments have indicated an—100-ps recombination time, in disagreement with
other experiments, and in contrast with theoretical
predictions of 1 —10-ps recombination times. This
Letter reports results which strongly suggest that cage
recombination occurs in ~15 ps. The results also
demonstrate that both solvent-induced vibrational re-
laxation and excited electronic-state relaxation are im-
portant in the understanding of this reaction.

The basic processes in iodine photodissociation
which are needed to explain these results can be out-
lined with reference to the potential-energy diagram
(Fig. 1). The reaction is initiated by a transition from
the ground (X) state to a vibrationally excited level of
the bound B state. The solvent induces both vibra-
tional relaxation within the B state, as well as crossing
to several repulsive states (only one shown). After in-
itial separation, the two atoms may escape through the
solvent to dissociate permanently, or they may recom-
bine on either the A, 3', or Lpotential. Those recom-
bining on the L potential must dissipate their excess
vibrational energy to the solvent before they return to
the initial state. Those recombining on the A or A' po-
tentials must undergo a solvent-induced crossing to
the L potential before they can vibrationally relax to
the initial state.

Chuang, Hoffman, and Eisenthal' first probed the
loss of absorption near the peak of the ground-state
molecular absorption (530 nm) upon photodissocia-
tion. The bleach of the ground-state absorption
showed a recovery time of —140 ps in CC14, which
was associated with atomic recombination. Nesbitt and
Hynes, however, presented a contrasting interpreta-
tion. The Franck-Condon principle predicts that the
maximum absorption for a molecule in a given vibra-

tional state will occur at an energy corresponding to a
vertical transition from the classical turning points.
For the X B transition, this implies that the absorp-
tion from a vibrationally relaxing X-'state population
will initially be in the near ir and will move to shorter
wavelengths as the population relaxes (Fig. 1). Thus,
only recombining L-state molecules in the lowest vi-
brational levels should absorb at 530 nm. Nesbitt and

Hynes, 6 followed by Bado et al. and Brooks, Balk, and
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FIG. 1. Relevant electronic states of I2. Several states
similar to the II„which may participate in predissociation
are not shown. The initial B-state level excited at 590 nm is
marked. Several transitions illustrating the shift in the
Franck-Condon maximum with vibrational relaxation are
also marked.

1985 The American Physical Society



VOLUME 54, NUMBER 9 PHYSICAL REVIEW LETTERS 4 MARCH 1985

Adelman, produced theoretical results which pro-
posed that the ground-state vibrational relaxation was
slow enough to account for the 530-nm bleach
recovery time in solvents such as CC14.

Bado et al. also made experimental measurements
in chlorinated solvents of transient (40—350 ps) ab-
sorptions between 600 and 860 nm, which shifted to
shorter wavelengths with time. On the basis of the
time-dependent shift of the absorption spectrum, they
concluded that the red absorptions and the bleach
recovery are due to vibrationally relaxing ground-state
molecules and that cage recombination is faster than
the absorption recovery at 530 nm. However, Kelley,
Abul-Haj, and Jang have made absorption measure-
ments from 575 to 800 nm which show a slowly decay-
ing ( —2700 ps) absorption with a time-independent
spectrum. Kelley concludes that the long-wavelength
absorption arises from molecules trapped in excited A
and A electronic states, that vibrational relaxation is
rapid, and that the —140-ps bleach recovery is indeed
due to cage dynamics. This Letter reports results
which should help to resolve these conflicting interpre-
tations.

The absorption dynamics for I2 photodissociation in
CC14 from the near uv (350 nm) to the near ir (10QO
nm) have been measured with improved time resolu-
tion and signal-to-noise ratio over previous experi-
ments. 5-millimolar solutions of I2 in CC14 were pho-
todissociated by 590-nm pulses from a 1Q-Hz, ampli-
fied, synchronously pumped dye laser. Probe pulses at
350, 370, 400, 500, 635, 710, 760, 860, and 1000 nm
were selected from a continuum by bandpass filters.
Absorption changes were typically 1'/0 —5/o in the visi-
ble and 20/0-390/0 in the ultraviolet. The experimental
time resolution was 1 —2 ps. Experiments in other sim-
ple solvents show similar results and will be discussed
in detail in a forthcoming publication. s

The induced absorptions from 635-1QOO nm have a
slowly decaying component with a 2700-ps time con-
stant, independent of wavelength. This is consistent
with Kelley's observations and his assignment as an
absorption from molecules trapped in (A,A') states. '
However, an additional short-time component has a
clearly wavelength-dependent decay rate. This is the
first resolution of two decay components in the red ab-
sorption. Figure 2 shows the decay of the short-time
component to the level of the (A,A')-state absorption,
which appears as a long-time offset on each curve in
the figure. The short-time component rises and de-
cays quickly at 1000 nm, and becomes progressively
slower at shorter wavelengths, as shown by the arrows
marking the peak absorption at each wavelength in
Fig. 2. This behavior is predicted for vibrationally re-
laxing molecules in the Lstate. The short-time com-
ponent is thus assigned to absorption from slowly re-
laxing, vibrationally excited L-state molecules. The
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FIG. 2. Induced absorptions at long wavelengths follow-
ing I2 photodissociation (maximum absorptions set equal).
Arrows mark the estimated peak of the vibrational com-
ponent of absorption.

analysis of the two components in the red absorption
thus indicates that upon initial recombination mole-
cules are formed both in the (A,A') states and in the
upper vibrational levels of the Xstate, and that slower
energy relaxation follows.

Although most of the wavelength-dependent ab-
sorption can be attributed to vibrationally excited
molecules, it appears that there is an additional tran-
sient absorption for 10—15 ps following excitation.
This initial transient is weak at 635 nm, appears as an
initial shoulder at 710 nm and 760 nm, and is large
enough at 860 nm to cause the absorption to be nearly
double peaked. It seems likely that this initial peak is
due to absorption from an as yet unassigned state
which decays in 10—15 ps, possibly the initially popu-
lated 8 state. 9 At each wavelength in Fig. 2, the arrow
marks the position which appears to be the peak of the
vibrational component of the absorption, as distinct
from this initial transient. At 1000 nm, the absorption
kinetics appear relatively smooth because the vibra-
tional absorption is too fast to be completely resolved
from the initial absorption transient. There is, howev-
er, a slight but reproducible shoulder (arrow in Fig. 2)
which may result from the vibrational absorption com-
ponent. Thus care must be exercised in measuring a
precise time for the vibrational relaxation from the
1QOQ-nm absorption curve.

On the basis of the Franck-Condon arguments pre-
viously given, and knowledge of the molecular poten-
tial surfaces, the 1000-nm absorption is primarily from
molecules with v —32 (about halfway down the X-'

state potential well) and the 635-nm absorption from
molecules near v —4. It appears that relaxation
proceeds rapidly through the upper part of the poten-
tial, but slows significantly near the bottom of the well.
Langevin treatments of vibrational relaxation do not
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FIG. 3. Induced absorptions in the uv following I2 photo-
dissociation (maximum absorptions set equal). Arrows
mark the point where the initial transient has decayed to e
(37%) of the peak.

account for this slowing of the relaxation.
Molecular-dynamics calculations of I2 in Xe have
predicted that a vibration-to-translation transfer
mechanism alone would take —350 ps for complete
vibrational relaxation of Iz. Two analytical theories
have predicted even longer ( &500 ps) vibration-to-
translation transfer times. By inclusion of strong,
resonant, vibration-to-vibration transfer to the sol-
vent, however, the observed time scale can be ac-
counted for. 6 Experiments in vibrationless rare gases'
should clarify the relative contributions of vibration-
to-vibration and vibration-to-translation transfer in Iz
vibrational relaxation.

Newly observed absorptions in the 350—400-nm re-
gion (Fig. 3) provide further insight into the dis-
sociation-recombination dynamics. Prominent from
350 to 370 nm is an absorption with the same decay
time as the slow component of the red absorption.
This is also assigned to absorption from the (A,A')
states. However, the most interesting absorption
feature in the 350-400-nm region is a fast decay seen
from 350 to 400 nm. Figure 3 shows the decay of this
transient to the level of the (A,A') absorption, which
again appears as a long-time offset on each curve. The
absorption at 400 nm rises within the expected experi-
mental time resolution. On this basis, the fast absorp-
tion is assigned to absorption from the initially popu-
lated 8 state. 9 The upper molecular states for the ab-
sorption transition which are at the correct energy and
have the corrrect symmetry are the very similar E and
P states (Fig. 1).

The 8-state absorption (Fig. 3) rises and falls more
slowly at 350 nm than at 400 nm, indicating a blue
shift in the absorption spectrum with time. The simple
Franck-Condon arguments used above predict a blue
shift in absorption as the 8 state vibrationally relaxes.
Therefore, the wavelength-dependent kinetics are

probably due to vibrational relaxation within the 8
state. Based on the decay of the B-state absorption,
the predissociation time constant can be put in the
range 1Q—15 ps, with some uncertainty due to the blue
shift of the absorption with time.

An upper bound on the time scale of cage recom-
bination can be inferred from these data. If the cage
recombination time were longer than the predissocia-
tion time, there would be a dip in the uv absorption
after the predissociation but before trapping to the
(A,A') states was complete. Since the 8-state absorp-
tion decays smoothly into the (A,A') absorption, cage
recombination must occur in «15 ps. Although it ap-
pears that the majority of geminate recombination oc-
curs on a rapid time scale, it is possible that a small
fraction of the atoms, after separating to a significant
distance, undergo geminate recombination through a
longer, difffusional process.

Finally, the bleach dynamics, first measured ten
years ago, can be reanalyzed. Figure 4 shows the
bleach at 500 nm, which has four temporal com-
ponents: (i) an initial transmission jump' at t =Q; (ii)
a slower ( —15-ps time constant) rise to a maximum;
(iii) an initial recovery which is nearly complete in—200 ps; and (iv) a slower 27QO-ps time constant
recovery. Chuang, Hoffman, and Eisenthalz first noted
that the bleach maximum is delayed, and hypothesized
that the 8 state continues to absorb until it has predis-
sociated. Figure 4 confirms this, showing for the first
time a separation of the initial transmission change on
excitation to the 8 state (i) from the further increase
in transmission as the B state predissociates and vibra-
tionally relaxes (ii). Component (iv) is assigned to re-
laxation out of the (A,A') states, on the basis of the
match with the red absorption decay time, and in
agreement with a previous assignment. ' Component
(iii) represents the time scale which has previously
been attributed to cage recombination' or to vibra-
tional relaxation. The results discussed above
demonstrate that recombination occurs in ~15 ps,
while the time scale of vibrational relaxation is more
appropriate: The red absorption from u —4 is decay-
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FIG. 4. Increased transmission at 500 nm following I2
photodissociation.
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ing at 100—150 ps. Thus, component (iii) is due to vi-
brational relaxation of those molecules which initially
recombined on the L state potential.

In conclusion, after excitation of iodine in CCl4,
solvent-induced predissociation occurs with a 10—15-ps
time constant. The initial partitioning to either
separated atoms, recombined (A,A') electronic-state
molecules, or vibrationally excited L-state molecules
appears to occur with a time constant of ~ 15 ps.
These results support previous theoretical predic-
tions4 6 7 that fast recombination is followed by slow
energy relaxation. They demonstrate that both slow
electronic relaxation (A,A' + and slow vibrational
relaxation on the Lstate potential are important, clari-
fying previous experimental interpretations. 3 4
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~'~Author to whom correspondence should be addressed.
~Cage recombination is meant to be the recombination of

atoms to form a molecular species as a result of solvent
dynamics. It is not meant to include subsequent internal re-
laxation of the molecule.
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