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ABSTRACT

Progress in understanding the phase-dependent reactivity of
chlorine dioxide (OCIO) is outlined. Resonance Raman intensity
analysis studies of gaseous and solution-phase OCIO are presented
which demonstrate that the optically prepared excited state
undergoes significant modification in solution. In addition, time-
resolved resonance Raman studies are presented which demon-
strate that geminate recombination of the primary photoproducts,
resulting in the re-formation of ground-state OCIO, dominates the
photochemical reaction dynamics in solution. The current picture
of aqueous OCIO photochemistry derived from these studies is
discussed, and future directions of investigation are outlined.

Introduction

The chemistry of halooxides has been of interest for the
past two centuries.! However, it was the observation of
seasonal stratospheric ozone loss over Antarctica that
generated a renaissance in interest regarding the reactivity
of these compounds.? Specifically, the suggestion that
anthropogenic sources of chlorine were responsible for
the transport and subsequent production of atomic
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chlorine in the stratosphere provided the impetus for
studies designed to understand the halogen-based chem-
istry that results in ozone loss.>* The culmination of this
work has led to the identification of species that partici-
pate in stratospheric ozone depletion. Numerous chemical
and/or photochemical processes have been identified as
being important in the uptake and release of atomic
chlorine (Cl), the dominant species responsible for ozone
depletion for chlorine-mediated chemistry. A simplified
schematic of these processes is presented in Figure 1.5 The
figure demonstrates that in addition to Cl, also of impor-
tance are reservoir species that do not directly participate
in catalytic ozone depletion but can release reactive
species through some chemical or photochemical trans-
formation. For example, the photoexcitation of chlorine
nitrate (CIONQO,) or hypochloric acid (HOCI) results in the
production of Cl, which is highly reactive toward ozone.
Removal of atomic chlorine is achieved predominately
through hydrogen abstraction from hydrocarbons (domi-
nated by methane as indicated in the figure). The abun-
dance of ozone relative to hydrocarbons in the strato-
sphere is such that each chlorine atom can remove as
many as 10° ozone molecules before removal.®
Modeling stratospheric ozone loss requires accurate
knowledge of the rates and product formation efficiencies
of reactions involving halogen-containing compounds. In
addition, it has been recognized that the rates and
efficiencies for these processes vary as a function of
phase.®57 The presence of condensed environments such
as aerosols or polar stratospheric clouds (PSCs) of type |
(nitric acid trihydrates) and type Il (water/ice) can serve
to promote chemistry which differs significantly from that
in the gas phase. A current challenge in atmospheric
chemistry is not only to determine the extent to which a
given reaction changes as a function of environment, but
also to understand the fundamental details behind this
behavior. Such knowledge will significantly increase our
prognosticative abilities regarding stratospheric chemistry.
Our laboratory is interested in understanding the
phase-dependent photochemical reactivity of halooxides.
The chemistry of these compounds demonstrates remark-
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FIGURE 1. Simplified schematic of the reactive chlorine cycle.
Adapted from The Chemistry of Atmospheres?

able environmental dependence, with chlorine dioxide
(OCIO) serving as an excellent example of this reaction
class.®® Two photochemical pathways are available to
OCIO following photoexcitation (Figure 1): dissociation
to form CIO and O, or Cl and O,. What is remarkable about
this photochemistry is that the quantum yield for ClI pro-
duction (@) is extremely phase dependent. For example,
d is only ~0.04 in the gas phase but increases to near
unity in low-temperature matrixes.'°=13 The chemistry in
solution is intermediate between these two limits, with
®¢; = 0.1 in water.' The environmental impact of OCIO
is dependent on its ability to produce Cl, which apparently
increases significantly in condensed environments. Studies
of OCIO on model PSCs suggest that equilibrium concen-
trations on such surfaces will be modest, thereby limiting
the contribution of OCIO to stratospheric ozone deple-
tion.’>16 However, this compound does serve as an excel-
lent case in which to investigate solvent-dependent pho-
tochemical reactivity in an environmental context. In our
work, we employ a multidimensional experimental ap-
proach that utilizes three distinct spectroscopic tech-
niques: resonance Raman intensity analysis (RRIA), time-
resolved resonance Raman (TRRR), and femtosecond
pump—probe (FPP). The synergistic application of these
techniques allows for the study of photochemical reactivity
from the initial excited-state evolution to the appearance
and relaxation of the ground-state products. In this
Account, we summarize the major findings from our
recent studies and outline how these results have con-
tributed to our current understanding of OCIO photo-
chemistry. Although our focus here is on OCIQO, it should
be kept in mind that the questions addressed here are
common to many reactions of environmental importance.
As such, this work represents not only an attempt to
understand OCIO photochemistry but also an attempt to
develop an experimental methodology that is applicable
to a wide range of environmental processes.

The Excited-State Reaction Dynamics of OCIO

Background. Numerous spectroscopic studies of gaseous
OCIO have been performed, largely motivated by the fact
that this compound is a relatively stable open-shell
system. Early work focused on the electronic absorption
spectrum of OCIO, and most notably the band centered
at ~360 nm assigned as the 2B; (ground) to 2A, (excited)
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transition.® This transition exhibits significant vibronic
structure consistent with the predissociative nature of the
2A, surface. The first detailed study of this transition was
performed by Coon, who noted the anomalous intensity
for overtone transitions involving asymmetric stretch,
demonstrating that the ground and excited potential
energy surfaces differ substantially along this coordinate.”
It was proposed that the origin of this intensity was the
presence of a double-minimum potential along the asym-
metric-stretch coordinate in the excited state. Support for
this hypothesis was later provided by an elegant gas-phase
absorption study of rotationally cold OCIO performed by
Richard and Vaida.'®*° In this study, the relative intensities
of transitions involving the asymmetric stretch were
accurately reproduced using the double-minimum model.
However, alternatives to this model have been proposed.
In particular, Brand and co-workers suggested that an-
harmonic coupling between the symmetric- and asym-
metric-stretch coordinates could provide for the anoma-
lous intensity.?° Ab initio results reported by Peterson and
Werner were consistent with a single minimum along the
asymmetric-stretch coordinate in support of the anhar-
monic-coupling model.??2 Consensus as to the nature of
the 2A, surface along the asymmetric-stretch coordinate
has not been achieved; however, both models predict that
substantial evolution along the asymmetric-stretch coor-
dinate occurs following photoexcitation. This prediction
raises the question, does evolution along the asymmetric-
stretch coordinate indeed occur upon photoexcitation? If
so, is this evolution phase dependent?

We have used absolute resonance Raman intensity
analysis (RRIA) to study the excited-state relaxation dy-
namics of OCIO in the gas and condensed phases.
Numerous reviews are available which discuss the details
of this technique; therefore, only a brief description is
presented here.?2* In RRIA, the variation in the absolute
Raman scattering cross sections as a function of the
excitation wavelength is measured, and this information
is used in conjunction with the electronic absorption
spectrum to develop a model of the optically prepared
excited state. This model then defines the structural
evolution that occurs following photoexcitation. The con-
nection between excited-state structural evolution and
resonance Raman/absorption intensities was illustrated
by the time-dependent formalism of Heller and co-
workers.?>? In this formalism, the equations that link the
Raman (ogr) and absorption (o) cross sections to excited-
state structural evolution are as follows:

oR(E) 01 f; 1i(t) Dexpli(E, + EJV/AID(Y) dt?

oa(E) O [~ it 0expli(E, + EJV/AID(Y) dt

In the above expressions, E, is the energy of the incident
field, E; is the energy of the vibration of interest, and D(t)
is a function included to reflect vibronic dephasing. The
most important components of the above expressions are
the time correlators |i(t)Cand [i(t)[] Resonance Raman
intensities are dependent on [|i(t)Jwhich represents the
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FIGURE 2. Resonance Raman spectra of gaseous chorine dioxide
(OCl0) and OCIO dissolved in cyclohexane. The bottom spectrum is
that of gaseous OCIO. Transitions corresponding to the symmetric
stretch (v1), bend (v,), and asymmetric stretch (v3) are indicated.
The middle spectrum is that of OCIO dissolved in cyclohexane. Peaks
marked with an asterisk are due to the solvent. An expanded view
of the overtone region is provided by the top spectrum. Note the
reduction in asymmetric-stretch overtone intensity in cyclohexane
relative to that in the gas phase.

overlap of the final state in the scattering process with
the initial state propagating under the influence of the
excited-state Hamiltonian. In analogous fashion, the
absorption intensity is related to []i(t)[) corresponding to
the time-dependent overlap of the initial ground state with
the propagating state. One can envision these terms as
being time-dependent Franck—Condon (FC) factors that
become finite due to differences in geometry between the
ground and excited states. Therefore, the observation of
resonance Raman intensity is evidence that excited-state
structural evolution occurs along the corresponding vi-
brational coordinate. Since the resonance Raman and
absorption cross sections both depend on |i(t)[] these
spectroscopies can be used in tandem to develop a self-
consistent, mode-specific description of the excited-state
potential energy surface. Furthermore, this analysis can
be performed in a variety of environments, providing the
opportunity to examine the dependence of excited-state
structural evolution on environment.

RRIA of OCIO in the Gas and Condensed Phases.
Figure 2 presents the resonance Raman spectrum of
gaseous OCIO obtained with 368.9-nm excitation.?” The
spectrum is dominated by transitions involving the sym-
metric stretch (v;) and bend (v;). Most interesting is the
substantial intensity at 2190 cm™?! corresponding to the
asymmetric-stretch overtone transition. The asymmetric-
stretch coordinate is non-totally symmetric within the C,,

point group of ground-state OCIO. For non-totally sym-
metric coordinates, fundamental resonance Raman in-
tensity is not expected by symmetry, and this expectation
is borne out by the very modest intensity at 1100 cm™2.
However, even-overtone transitions involving non-totally
symmetric coordinates can demonstrate intensity if the
curvature of the excited-state potential energy surface is
different from that of the ground state.?® The observation
of asymmetric-stretch overtone intensity immediately
demonstrates that the curvature of excited and ground
states along this coordinate are significantly different.
Recall that the observation of resonance Raman intensity
indicates that evolution along the corresponding normal
coordinate occurs following photoexcitation. Therefore,
the pattern of intensities observed in Figure 2 demon-
strates that, following photoexcitation of gaseous OCIO,
structural evolution occurs along all three normal coor-
dinates, consistent with the conclusions reached through
earlier analyses of the absorption spectrum as discussed
above.

In contrast to the gas phase, the resonance Raman
spectrum of OCIO in solution demonstrates only modest
intensity for transitions involving the asymmetric stretch.
Figure 2 presents the resonance Raman spectrum of OCIO
dissolved in cyclohexane.?®%® Significant intensity is ob-
served for transitions involving the symmetric-stretch and
bend coordinates, demonstrating that excited-state struc-
tural evolution occurs along these coordinates, similar to
the evolution that occurs in the gas phase. However, the
asymmetric-stretch overtone intensity is extremely mod-
est. In studies of OCIO dissolved in water or chloroform,
essentially no intensity was observed for the asymmetric-
stretch overtone transition.3132 The predicted intensity for
this transition employing both the double-well and ab
initio models was determined and shown to be substan-
tially greater than that observed. This result demonstrates
that neither gas-phase surface provides an accurate
description of the excited-state potential energy surface
along this coordinate in solution. Instead, the limited
asymmetric-stretch overtone intensity was found to be
consistent with a modest reduction in frequency from
1100 cm™tin the ground state to ~850 cm™! in the excited
state. In other words, the substantial evolution that occurs
along this coordinate in the gas phase is significantly
reduced in solution. Furthermore, the absence of signifi-
cant asymmetric-stretch overtone intensity in all solvents
studied to date indicates that limited excited-state struc-
tural evolution along the asymmetric-stretch coordinate
may be a common feature of OCIO photochemistry in
solution.

The Role of Symmetry in OCIO Photochemistry.
Through analysis of the gas- and solution-phase absorp-
tion and resonance Raman data, a detailed description
of excited-state structural evolution that occurs following
OCIO photoexcitation has been developed.?”?°~32 A sche-
matic depiction of this evolution is presented in Figure 3.
In both the gas phase and solution, significant excited-
state structural evolution occurs along the symmetric-
stretch and bend coordinates. The evolution along the
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Gas Phase

Solution

FIGURE 3. Depictions of the optically prepared 2A, surface along
the symmetric- (Q1) and asymmetric-stretch coordinates (@s) in
dimensionless units. The gas-phase potential energy surface is that
determined by Richard and Vaida.!® The solution-phase surface is
that determined by resonance Raman intensity analysis.2>3! Notice
the absence of evolution along the asymmetric-stretch coordinate
in solution, resulting in the preservation of ground-state C,, symmetry
in the excited state.

symmetric stretch is depicted as motion along Q; in the
figure, and motion along the bend has been suppressed
for clarity. Inspection of the figure demonstrates that the
major difference in structural evolution between the gas
and solution phases involves the asymmetric stretch (Q3).
Specifically, the substantial evolution along this coordinate
that occurs in the gas phase does not occur in solution.
In the gas phase, evolution along the asymmetric stretch
results in the reduction of molecular symmetry from Cy,
to C,. However, this limited evolution along the asym-
metric stretch in solution results in the preservation of
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C,, symmetry in the excited state. It should be noted that
Figure 3 depicts the double-well model for the ?A; surface
along the asymmetric stretch; however, a similar dynami-
cal picture can be generated using the ab initio potential
energy surfaces.®

We have proposed that the preservation of C,, sym-
metry on the 2A, surface is partially responsible for the
increase in ®¢, in solution relative to the value in the gas
phase.?® Previous gas-phase experimental and theoretical
studies provide support for this hypothesis. Ab initio
calculations have indicated that the reduction of symmetry
from C,, to C; serves to reduce the energy barrier for CIO
and O formation such that CIO bond dissociation becomes
essentially barrierless.?? As such, only for geometries at
or near Cy, is the production of Cl and O, predicted to be
appreciable. Experimentally, studies of product formation
following the photolysis of gas-phase OCIO has shown that
the excitation of transitions involving the asymmetric
stretch results in roughly a 10-fold reduction in @ relative
to excitation of transitions involving the symmetric stretch
only.’® That is, evolution along the asymmetric stretch
serves to promote CIO bond dissociation in favor of CI
production. Our results suggest that a similar mechanism
is responsible for enhanced Cl production in solution. The
weak intensity for the asymmetric-stretch overtone transi-
tion in solution demonstrates that limited excited-state
evolution occurs along this coordinate, resulting in the
preservation of C,, symmetry in the excited state, thereby
enhancing ®g,.

Our focus has been on the dynamics that occur on the
2A, surface; however, it is recognized that the lower energy
2A; and 2B, excited states also participate in photoproduct
production. The sequence of events in OCIO photochem-
istry is believed to be as follows.® Internal conversion from
the optically prepared 2A;, surface results in production
of the ?A; state, with subsequent production of the lower-
energy 2B, state occurring through 2A; state internal
conversion. Studies of O, emission following photoexci-
tation of OCIO in polar and nonpolar solvents have
demonstrated that in polar solvents, the production of Cl
is accompanied by the production of O, (3%,7).3 However,
in nonpolar solvents, O, (*Ay) is predominantly formed.
Under C,, symmetry, only the 2B, state correlates with the
Cl + O; (*Aq) channel. Therefore, the O, emission studies
suggest that in nonpolar and polar solvents, Cl is derived
from the 2B, and 2A; surfaces, respectively. Given the
similarity of the ?A;, surfaces in water and cyclohexane,
the RRIA results taken in combination with the O, emis-
sion results demonstrate that partitioning between the Cl
-+ O, channels occurs after decay of the ?A, surface. The
above discussion assumes that C,, symmetry is preserved
along the reaction coordinate; however, a reduction in
molecular symmetry on either the ?A; or 2B, surface would
substantially alter this picture. For example, symmetry
reduction could result in the production of the peroxy
isomer, CIOO, which is expected to undergo facile decay
into Cl and O,. Therefore, information regarding the rates
and quantum yields for photoproduct formation is neces-
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sary to further refine our description of OCIO photochem-
isty in solution.

OCIO Photoproduct Formation Dynamics

To understand the environmental impact of halooxides,
it is necessary to know which photochemical pathways
are available, and how partitioning between these path-
ways is dependent on environment. Compared to the gas
phase, ®¢, is substantially larger in condensed environ-
ments, as was first demonstrated by Simon and co-
workers.* Using transient absorption studies with 100-
ps resolution, it was established that 355-nm photoexcita-
tion of aqueous OCIO results in the production of atomic
chlorine with ®¢ = 0.1. The evolution in optical density
observed in these studies was interpreted in terms of CIOO
production and subsequent ground-state decomposition
to Cl and O,. Later transient absorption studies of aqueous
OCIO performed with femtosecond time resolution con-
firmed the value of ®¢;; however, the mechanism of ClI
production and the dynamics responsible for the evolution
in optical density were questioned.?~% In particular, it
was suggested that since ®¢; = 0.1, the production of CIO
and O remained the dominant photochemical channel in
solution. Consistent with this observation, the evolution
in optical density was interpreted in terms of the produc-
tion of CIO and O and the subsequent recombination of
these photofragments to produce vibrationally excited
OCIO in the electronic ground state. Differentiation
between these models awaited studies that could un-
equivocally determine the identity of those species formed
following photoexcitation.

Geminate Recombination and OCIO. We performed
time-resolved resonance Raman studies of aqueous OCIO
to differentiate between the OCIO photochemical models
outlined above.**4! In this work, the evolution in the
resonance Raman spectrum following excitation at 400 nm
was monitored as a function of time utilizing a probe
wavelength also at 400 nm. The evolution in Stokes
scattering observed in this study is presented in Figure
4A. At 0-ps delay, when the pump and probe are over-
lapped in time, significant depletion in OCIO scattering
is observed. This observation is consistent with a reduction
in the amount of ground-state OCIO accompanying pho-
toexcitation. As the temporal delay between the pump and
probe increases, the OCIO depletion intensity decreases
up to 20 ps, after which time further evolution is not
observed. The decay of OCIO depletion intensity evident
in Figure 4A provided direct confirmation of the geminate
recombination model. In addition, the production of CIOO
should be evidenced by scattering at 1442 cm™1; however,
essentially no intensity is observed in this frequency
region. This result is consistent with the absence of CIOO,
or with limited resonant enhancement of this species at
this probe wavelength.

The kinetics associated with ground-state OCIO pro-
duction via geminate recombination were determined by
plotting the depletion intensity for the symmetric-stretch
fundamental transition (945 cm™1) as a function of time
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FIGURE 4. Time-resolved resonance Raman spectra of aqueous
OCIO. (A) Spectra obtained with degenerate pump and probe
wavelengths of 400 nm. The spectrum on the bottom is that of the
probe in the absence of photolysis, provided for comparison. The
pump—probe delay for the various difference spectra is indicated.
Note the depletion in OCIO scattering intensity which recovers as
the probe is delayed. This recovery demonstrates that the geminate
recombination of the primary photofragments results in the re-
formation of OCIO. (B) Spectra obtained with pump and probe
wavelengths of 390 and 260 nm, respectively. In addition to the
depletion and recovery in OCIO scattering, intensity corresponding
to ClOO is observed.

(Figure 5A). Inspection of these data reveals that the
depletion recovery is biphasic, with roughly 30% of the
recovery occurring by 1 ps. Consistent with this observa-
tion, the evolution in intensity was best modeled by a sum
of two exponentials having time constants of 0.15 ps (i.e.,
significantly shorter than the instrument response) and
~9 ps. A third, long-time component (10 000 ps, fixed)
was also included in the model to reproduce the persistent
depletion in scattering intensity at long delays. These time
constants were interpreted as follows. Subpicosecond
geminate recombination of the primary photofragments
results in the production of vibrationally excited OCIO,
which undergoes intermolecular vibrational relaxation
with a time constant of ~9 ps. To further explore these
assignments, time-resolved anti-Stokes experiments were
performed.* The decay in anti-Stokes intensity was found
to occur with a time constant of 9 ps, conclusively
demonstrating that the slower time dynamics arise from
vibrational relaxation. Finally, comparison of the early
time depletion to that which persists at long delays
established that 10% of photoexcited OCIO goes on to
form CI, and to a minor extent solvent-separated CIO and
O. The presence of geminate recombination was further
confirmed by performing time-resolved resonance Raman
studies in acetonitrile.*! In this solvent, the absence of
intermolecular hydrogen bonding provides for geminate
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FIGURE 5. (A) OCIO symmetric-stretch depletion intensity as a
function of pump—probe delay. Intensities correspond to those
measured at 400 nm. Best fit to the data by a sum of exponentials
convolved with the instrument response (solid line) was obtained
with time constants of 0.15 £ 0.1 ps, 33.0 & 8.1 ps, and a long time
component necessary to reproduce the long time offset in intensity.
The instrument response is shown as the dashed line. (B) Intensity
of the CIOO transition at 1442 cm= as a function of pump—probe
delay. The data were best fit by a sum of two exponentials convolved
with the instrument response (solid line), resulting in appearance
and decay time constants of 27.9 + 4.5 and 398 + 50 ps, respectively.

recombination quantum yields that are typically reduced
relative to those in water.*? Consistent with this expecta-
tion, geminate recombination of CIO and O was found to
be reduced by a factor of 5 in acetonitrile relative to that
in water, conclusively demonstrating the importance of
geminate recombination in describing the condensed-
phase photochemistry of OCIO.

Cl Production following OCIO Photoexcitation. As
described above, ®¢ = 0.1 for aqueous OCIO; however,
the question remains as to the mechanism of Cl formation.
The production of Cl is accompanied by the formation of
molecular oxygen in either the electronic ground (3%;7)
or excited (*A,) state. As outlined above, partitioning
between these states is dependent on solvent polarity,
suggesting that there are two pathways for Cl production.3
To investigate the pathway involving CIOO formation and
subsequent decomposition to form Cl and O, (3Z;7), we
performed time-resolved resonance Raman studies in
which the events initiated by 390-nm photoexcitation were
monitored using a 260-nm probe (Figure 4B).*® This probe
wavelength was chosen since the absorption cross section
of CIOO in ice is known to be substantial at this wave-
length.** At 0 ps, depletion in OCIO scattering is observed,
with the extent of depletion decreasing as the pump—
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FIGURE 6. Current picture of agueous OCIO photochemistry. The
quantum yields for various photochemical pathways are indicated.

probe delay is increased. This result is entirely consistent
with the results obtained at 400 nm. However, positive
intensity is now evident at 1442 cm™, consistent with the
formation of CIOO. The appearance of CIOO intensity is
substantially delayed relative to zero delay, and decay of
this intensity occurs out to the longest delays studied (500
ps), demonstrating that CIOO decomposes on the sub-
nanosecond time scale.

The CIOO production and decay kinetics were deter-
mined by plotting the intensity of the 1442 cm™* transition
as a function of delay as presented in Figure 5B. These
data were best modeled by a sum of two exponentials,
resulting in appearance and decay time constants of ~28
and ~400 ps, respectively. Reproduction of the data
necessitated an additional ~13-ps delay relative to zero
time to mimic the absence of intensity at early delays. The
ClOO appearance time constant most likely represents a
convolution of production and vibrational relaxation, and
the long time decay component is assigned to thermal
decomposition of ground-state CIOO, resulting in the
production of Cl and O, (3Z;7). This assignment was
recently verified by time-resolved absorption studies in
which Cl production was observed on a corresponding
time scale.*> Most striking is that the production of CIOO
occurs on a much longer time scale relative to the sub-
picosecond re-formation of OCIO. This difference suggests
that CIOO is not produced by geminate recombination
of the primary photofragments but is produced via OCIO
photoisomerization. Symmetry correlation diagrams dem-
onstrate that the lowest-energy excited state of OCIO
correlates with the ?A’ excited state of CIOO and not the
2A" ground state.® Internal conversion from the 2A’ surface
on the picosecond time scale would explain the delayed
appearance of ground-state CIOO relative to the rapid
production of OCIO via geminate recombination. An alter-
native mechanism supported by ab initio studies involves
the initial production of excited-state CIOO followed by
rapid dissociation, resulting in the production of Cl and
0,.22 Recombination of these fragments could provide for
the appearance of CIOO on the picosecond time scale.

The combined time-resolved resonance Raman and
transient absorption studies of aqueous OCIO have pro-
vided information regarding the rates and quantum yields
for photoproduct formation, with current quantum yield
values for photoexcitation at 400 nm presented in Figure
6. As discussed above, the quantum yield for dissociation
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into CIO and O is 0.90, such that the dominant pathway
following OCIO photoexcitation is the production and
subsequent geminate recombination of the CIO and O
photofragments. The remainder of photoexcited OCIO
goes on to form Cl. The modest resonance Raman
intensity observed for CIOO (Figure 4B) suggests that
formation and decomposition of this species represents
a minor Cl production channel. Consistent with this
expectation, transient absorption studies have shown that
the quantum yield for CIOO production is only 0.02.%° This
value, when taken in combination with the 0.10 quantum
yield for overall Cl production, demonstrates that a second
photochemical pathway leading to Cl formation is present.
Indeed, transient absorption studies have shown that in
addition to CIOO decomposition, Cl production occurs via
decay of an intermediate that decomposes to form Cl with
a time constant of ~6 ps.%63" The identity of this inter-
mediate is not known at present, but it has been proposed
that it is a highly distorted form of OCIO.

Summary and Questions Unanswered

The resonance Raman studies presented here provide a
detailed picture of OCIO photochemistry in solution. In
particular, the RRIA studies have shown that the photo-
initiated excited-state structural relaxation is substantially
different in solution relative to that in the gas phase. TRRR
studies have shown that the presence of solvent leads to
efficient recombination of the primary CIO and O photof-
ragments, resulting in the production of ground-state
OCIO. These studies also demonstrated that CIOO is
formed to a minor extent, with the thermal decomposition
of this species providing for Cl production on the sub-
nanosecond time scale.

Although a rather detailed description of OCIO pho-
toreactivity has been developed, there are many issues yet
to be resolved. For example, the processes resulting in the
early time production of Cl remain unclear, and a com-
plete description of this process awaits the identification
of the Cl precursor. Another unresolved issue involves the
influence of actinic wavelength on CI production. Gas-
phase studies have shown that ®¢ is extremely dependent
on actinic wavelength.'® However, photochemical action
spectra of OCIO embedded in water clusters suggest that
a similar dependence is lost in the presence of solvent.*®
Although femtosecond transient absorption studies have
shown that the efficiency of geminate recombination is
dependent on actinic wavelength,*” a corresponding de-
pendence regarding photoproduct quantum yields has not
been demonstrated. Finally, it is unclear to what extent
OCIO reflects halooxide photoreactivity as a whole. This
issue can be addressed only by performing studies of other
halooxides.*® It is hoped that through such comparative
studies, the fundamental details underlying the phase-
dependent photochemical reactivity of halooxides will be
understood.
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