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Investigating the Phase-Dependent Reactivity of Chlorine Dioxide Using Resonance Raman
Spectroscopy

Introduction

The suggestion that anthropogenic compounds contribute to.
the transport and subsequent production of atomic chlorine in
the stratosphere has motivated numerous studies of the halogen;,
based chemistry that results in stratospheric ozonéid§hese
studies have demonstrated that numerous chemical and photo-
chemical processes participate in the uptake and release o
atomic chlorine (CI), a central species responsible for ozone
depletion>6 The construction of stratospheric chemical models
requires accurate knowledge of the rates and product-formation
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Recent progress in understanding the phase-dependent reactivity of chlorine dioxide (OCIO) is outlined.
Specifically, resonance Raman intensity analysis (RRIA) and time-resolved resonance Raman (TRRR) studies
of OCIO photochemistry in solution are presented. The RRIA studies demonstrate that the optically prepared
excited-state undergoes significant modification in solution relative to the gas phase. Specifically, the substantial
evolution that occurs along the asymmetric-stretch coordinate in the gas phase is restricted in solution. The
absence of substantial evolution along the asymmetric-stretch coordinate results in the preservation of ground-
state symmetry in the excited state. The role of symmetry in defining the reaction coordinate and the-solvent
solute interactions responsible for modification of the excited-state potential energy surface are discussed.
TRRR studies performed with pump and probe wavelengths at 390 nm are presented which demonstrate that
geminate recombination of the primary photoproducts resulting in the reformation of ground-state OCIO is
a central feature of OCIO photochemistry in solution. Time-resolved anti-Stokes experiments are also presented
which demonstrate that the OCIO vibrationatlaxation dynamics are solvent dependent. Finally, TRRR
studies performed with pump and probe wavelengths of 390 and 260 nm, respectively, are presented. In these
studies, CIOO production and subsequent decay resulting in Cl production on the subnanosecond time scale
is observed. The current picture of OCIO photochemistry derived from these studies is discussed, and future
directions for study are outlined.

guantum yields for these processes, and it is currently recognized
that these reaction parameters may depend on the environment
in which the reaction occurs’8 For example, aerosols or polar
stratospheric clouds can promote chemistry that is significantly
different from that which occurs in the gas phase. Therefore,
the current challenge in this area is to not only determine the
]gxtent to which a given reaction changes as a function of
environment but to also understand the fundamental reasons for
this behavior.

Our interest involves the photochemistry of halooxides, and
chlorine dioxide (OCIO) in particulat 13 This compound is of
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stratospheric chlorine activatidfh!® The following reaction
channels are available to OCIO following photoexcitation A
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OCIO (X%B,) - CIO(T) + OFP,) 1)

OCIO (X%B,) ™~ CICP) + 0, (A, %5;)  (2)

OCIO (X%B,) - CIOO - CI?P,) + 0, (%, 'A)  (3)

Of relevance to halogen-mediated ozone depletion is the ability ‘ J
of OCIO to photochemically produce Cl via reactions ii and iii.
The quantum yield for Cl productiond()) is dependent on
phase, with®¢; < 0.04 in the gas phase and increasing to unity
in low-temperature matrixe’$:16-36 Aqueous OCIO demon- Energy (cm-')

strates intermediate behavior widbcy = 0.137-43 In addition,

Cl production is a bifurcated process in solution, with reactions Figure 1. (A) Electronic absorption spectrum of chlorine dioxide vapor.
i and iii contributing 80% and 20% tdc,, respectivel)/‘.4'45 Spectra were obtained at a temperature of 298X .Expanded view

_p - ] of the absorption spectrum. Transitions are labeledhasy, ns) where
The substantial increase @ in condensed environments lead n is the number of quanta in the excited state along the symmetric

to the suggestion that this compound may make a significant gyretch (1), bend (2), and asymmetric stretch (3) coordinates.
contribution to stratospheric ozone depletfdd. However,

studies of model PSCs suggest that equilibrium concentrations

of OCIO on such surfaces are modest thereby offsetting any addition, substantial intensity is observed for even-overtone
increase in®c¢. As such, the impact of OCIO photochemistry transitions involving the asymmetric-stretch coordinate (Figure
on stratospheric Cl concentrations is expected to be méti&st.  1B). The ground-state symmetry of OCIO @&, such that
However, the phase dependencelnfi makes this compound  fundamental intensity involving the asymmetric stretch is not
an excellent case in which to investigate solvent-dependentpredicted by symmetry. However, differences in the curvature
photochemical reactivity in an environmental context. of the excited-state potential energy surface relative to the

In our attempts to understand the fundamental aspects behindyround state can give rise to overtone intensity along this
the phase-dependent reactivity of OCIO, we have employed acoordinate’! therefore, the presence of transitions containing
multidimensional experimental approach that utilizes three asymmetric-stretch overtone intensity demonstrates that the
spectroscopic techniques: resonance Raman intensity analysiground and excited potential energy surfaces are substantially
(RRIA), time-resolved resonance Raman (TRRR), and femto- different along this coordinate. The origin of this intensity was
second pumpprobe (FPP) spectroscopy. The synergistic ap- first assigned to the presence of a double-minimum potential
plication of these techniques allows for the study of photo- in the excited staté*°Support for this hypothesis was provided
chemical reactivity from the initial excited-state evolution to by an elegant gas-phase absorption study of OCIO seeded into
the appearance and relaxation of the ground-state products. Ira supersonic jé53In this study, the intensity ratio of transitions
this manuscript, we summarize the major findings from our involving the symmetric stretch to transitions involving the
studies and discuss how these results have refined our undersymmetric and asymmetric stretch (e.g., (8,0,0) versus (8,0,2)
standing of the phase-dependent reactivity of OCIO. Our work in Figure 1B) was reproduced using a double-minimum
can be partitioned into studies that explore the excited-statepotential. However, alternatives to this model have been
dynamics of OCIO and studies in which the production and presented. Brand and co-workers proposed that anharmonic
relaxation of the ground-state photoproducts are investigated.coupling between the symmetric- and asymmetric-stretch co-
Therefore, this paper is partitioned accordingly. Although the ordinates was responsible for intensity of transitions involving
focus of this manuscript is on the photochemistry of OCIO, the the asymmetric stretct. Recent computational studies have
questions addressed here are common to many reactions oprovided substantial support for this mod&i>® Consensus as
environmental importance. As such, this work represents not to the nature of théA, surface along the asymmetric stretch
only an attempt to understand OCIO photochemistry but also has yet to be reached; however, both models predict that for
the development of an experimental methodology applicable gaseous OCIO substantial evolution occurs along the asym-
to a wide range of environmental processes. metric-stretch coordinate following photoexcitation.

We have used absolute RRIA to study the structural-relaxation
dynamics of OCIO that occur following photoexcitatiefi53
Numerous reviews are available which discuss the details of

Background. Early spectroscopic studies of OCIO focused this technique; therefore, only a brief description is presented
on its electronic absorption spectrum and, in particular, the here$466 In our studies, absolute Raman scattering cross
transition centered at360 nm (Figure 1AY84° This feature sections are measured as a function of excitation wavelength,
was assigned as thi#8; (ground) to?A, (excited) transition and this information is used in conjunction with the electronic
corresponding to the advancement of an electron from an orbitalabsorption spectrum to develop a model of the optically prepared
of a symmetry to one of psymmetry?® This change in excited state. Once determined, this model defines the structural
electronic structure weakens the-@ bond and decreases the relaxation that occurs upon photoexcitation. The connection
antibonding character between the terminal oxygen atoms.between excited-state structural evolution and resonance Raman/
Consequently, the transition exhibits significant vibronic struc- absorption cross sections was illustrated by Heller and co-
ture involving the symmetric-stretch and bend coordinates. In workers using their time-dependent formalism, where the
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equations that link the Ramang) and absorptionda) cross
sections to excited-state structural evolution are as folf5wWs:
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In the above expressiondleq is the transition length ané;
andE; are the incident and scattered frequencies, respectively.
Also, n is the refractive index of the solveri; is the initial
vibrational energy, andky is the energy difference between
the ground and excited electronic statéf{Eqo) represents - ’ ) -
inhomogeneous broadening corresponding to the distribution of 500 1000 1500 2000
Eoo energies created by differing solvent environments that are Energy (cm-1)

static on the time scale of Raman scattering. In our work, this _ ) )
distribution was modeled as having a Gaussian functional form. F19ure 2. Resonance Raman spectra of OCIO dissolved in cyclohexane
and water. The bottom spectrum is that of OCIO dissolved in

D(1) is the homogeneous _damplng function corre_spondlng to cyclohexane. Transitions corresponding to the symmetric stretgh (
both excited-state population decay and solvent-induced pureangd pend;) are indicated. The middle spectrum is an expanded view
dephasing? We have found that a Gaussian model B(t) of the overtone region, demonstrating the weak intensity of the
best reproduces the absorption and resonance Raman crosasymmetric-stretch overtone transition)( The upper spectrum is the
sections of OCIO, a result that will be discussed below. The same region for OCIO dissolved in water. Scattering corresponding to
most important components of the above expressions are thdhe asymmetric stretch is not observed. Peaks marked with an asterisk
time correlators)i(t)Cand(ii(t)[J Resonance Raman intensities are due to the solvent.
are dependent offi(t)0O0which represents the overlap of the
final state in the scattering process with the initial state observed for the asymmetric-stretch overtone transition consis-
propagating under the influence of the excited-state Hamiltonian. tent with the absence of structural evolution along this coordi-
One can envision this term as a time-dependent Fra@ckidon nate. The differences in excited-state relaxation between the gas
(FC) factor that becomes finite because of differences in and solution phase were quantitatively explored by comparing
geometry between the ground and excited state. Therefore, thehe measured cross sections for asymmetric-stretch overtone
observation of Raman intensity on resonance is evidence thattransition to those predicted by either the double-well or ab initio
excited-state structural evolution occurs along the correspondingmodel described above. We found that both gas-phase surfaces
normal coordinate. In analogous fashion, absorption intensity predict substantially greater intensity than what is observed;
is related to[ii(t)dand corresponds to the time-dependent therefore, neither gas-phase surface provides an accurate
overlap of the initial ground state with the propagating state. description of the?A, state in solution. Instead, the limited
Because the resonance Raman and absorption cross sections botisymmetric-stretch overtone intensity was found to be consistent
depend oni(t)[] these spectroscopies can be used in tandem towith a modest reduction in frequency from 1100 ¢nin the
develop a self-consistent, mode-specific description of the ground state to~850 cnv?! in the excited state demonstrating
excited-state potential energy surface. Furthermore, this analysighat the substantial evolution that occurs along this coordinate
can be performed in a variety of environments providing the in the gas phase is significantly reduced in solution.
opportunity to examine the dependence of excited-state curvature Role of Symmetry in OCIO Photochemistry. Through
on environment. analysis of the gas- and solution-phase absorption and resonance
RRIA of OCIO in the Gas and Condensed PhaseThe Raman cross sections, a detailed description of the excited-state
resonance Raman spectrum of OCIO dissolved in cyclohexanestructural evolution that occurs following OCIO photoexcitation
is presented in Figure 2:50 Significant intensity is observed  has been developed. Figure 3 presents contour plots 8Athe
for transitions involving the symmetric stretch;) and bend surface derived from the computational studies of Peterson and
(v2) demonstrating that excited-state structural evolution occurs Werner (Figure 3A¥%57and from the RRIA of aqueous OCIO
along these coordinates upon photoexcitation. The evolution (Figure 3B)®! In both environments, significant excited-state
along these coordinates is quantitatively similar to that which structural evolution occurs along the symmetric-stretch and bend
occurs in the gas phase. The most interesting feature of thiscoordinates. Evolution along the symmetric stretch is depicted
spectrum is modest intensity at 2190 chtorresponding to as motion along @ and motion along the bend has been
the asymmetric-stretch overtone transition (Figure 2, middle). suppressed for clarity. Inspection of the figure demonstrates that
This same transition demonstrates substantial intensity in thethe major difference in structural evolution involves the asym-
resonance Raman spectrum of gaseous OCIO; therefore, thisnetric-stretch coordinate ¢Q The ab initio surface predicts
difference in intensities suggests that the evolution along the that this coordinate undergoes a significant reduction in
asymmetric stretch is significantly restricted in solutfRRIA frequency from 1100 crt in the ground state to 419 crhin
studies were also performed on OCIO dissolved in water and the excited state. Furthermore, this coordinate is anharmonically
chloroform6.63 Figure 2 presents the overtone region for coupled to the symmetric-stretch coordinate. These effects
aqueous OCIO and demonstrates that essentially no intensity isconspire to provide for significant structural relaxation away
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studies suggest that in nonpolar and polar solvents Cl is derived
from the?B, and?A; surfaces, respectively. Given the similarity
of the2A, surfaces in water and cyclohexane, the RRIA results
taken in combination with the £emission results demonstrate
that partitioning between the Ct 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?he
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 Q. Therefore, information regarding the rates and
guantum yields for photoproduct formation is needed to further
refine our description of OCIO photochemisty (see below).
Solvent Response to OCIO PhotoexcitatiotJsing absolute
resonance Raman intensities, it is possible to partition spectral
broadening into its homogeneous and inhomogeneous contribu-
tions®466n our studies, we have found that the homogeneous
line width (') is essentially the same in all solvents studied,
having an average value 6f90 cnT?! corresponding to a total
dephasing time of60 fs. The homogeneous line width contains
contributions from both excited-state population decay and
Figure 3. Contour plots of the optically preparéd; surface along  Solvent-induced pure dephasiffy:

the symmetric () and asymmetric-stretch coordinates)@ dimen-

sionless units corresponding to tf®) ab initio surfacé>” and (B = 1 = 1 + 1

the solution-phase surface determined by resonance Raman intensity T, 2T, T,

analysis®® Contour lines are shown every 500 tiThe gray circle

represents the first 500 C‘rhcon_tour for the ground state corresponding  |n the above expressiof, is the total dephasing timd; is

to the optically accessed region of tf;, surface. the excited-state lifetime, ari is the time scale for solvent-
induced pure dephasing. Recent fluorescence cross section

from Qs = 0 resulting in a reduction in molecular symmetry measurements and femtosecond puipmbe studies of OCIO

from C,, to Cs. Similar behavior is predicted using the double- have established that 1 ~200 fs®372Comparison of this time

well model. The surface defined by RRIA (Figure 3B) is to the total dephasing time-g0 fs) demonstrates that solvent-

substantially steeper alongs@uch that evolution away from  induced pure dephasing makes the dominant contribution to the

Qs = O is less probable. This restricted evolution results in the homogeneous line width. Therefore, the solvent invariance of

preservation ofc;, symmetry in the excited state. I" suggests that the solvent dynamics responsible for dephasing
We have proposed that the preservatiorCgf symmetry in occur on the same time scale in all solvents studied to date.
the excited state is one reason for the increasegrin solution. We have proposed that the solvent invariancd” a€flects

Ab initio calculations have indicated that the reduction of the dominance of nonpolar or mechanical solvation in response
symmetry fromC,, to Cs serves to reduce the energy barrier to OCIO photoexcitation. The motivation behind this hypothesis
for CIO and O formation such that this pathway becomes most is as follows. Ab initio studies predict that the dipole moment
favorable®® As such, only for geometries at or ne@y, is the (u) of OCIO changes by only0.1 D upon photoexcitation and
production of Cl and @ predicted to be appreciable. Experi- that the direction of the dipole moment remains relatively
mentally, studies of product formation following gaseous OCIO unchanged? This small change in solute electronic distribution
photolysis have shown that the excitation of transitions involving is expected to result in a modest solvent dielectric response. In
the asymmetric stretch results in roughly a 10-fold reduction in contrast, the significant displacement along the symmetric-
D relative to excitation of transitions involving the symmetric-  stretch and bend coordinates results in a substantial geometry
stretch exclusively? That is, evolution along the asymmetric change upon photoexcitation. Specifically, the excited-state
stretch serves to promote CIO bond dissociation in favor of Cl equilibrium geometry corresponds to an increase in@bond
production. Our results suggest that similar dynamics contribute length of~0.2 A and a G-CI—0 bond angle decrease 6©°
to the modification of®¢; in solution. relative to the ground stafé.Therefore, we would expect
Our focus has been on the dynamics that occur ortAhe repulsive solventsolute interactions to be dramatically affected
surface; however, it is important to keep in mind that the lower by this geometry change such that mechanical solvation
energy?A; and?B; excited states also participate in photoprod- dynamics make the dominante contribution to the solvent
uct production. The sequence of events in OCIO photochemistry response. In support of this hypothesis, we have shown that
is believed to be as follow&. Internal conversion from the  the viscoelastic continuum (VC) model of nonpolar solvation
optically preparedA, surface results in production of tRé; outlined by Berg is capable of reproducing the homogeneous
state, with subsequent production of the lower-enéRystate line width determined in our RRIA studié%.”# In this approach,
occurring throughA;-state internal conversion. Studies of O  the solvent is treated as a viscoelastic continuum, with the time
emission following photoexcitation of OCIO in polar and scale for the solvent response determined by the compressive
nonpolar solvents have demonstrated that in polar solvents, theand shear moduli that characterize the solvent. A comparison
production of Cl is accompanied by the production of O between the experimentally determirig¢t) for OCIO dissolved
(3Z47).7% However, in nonpolar solvents,@*Ag) is predomi- in cyclohexane and that predicted using the VC model is
nantly formed. Unde€,, symmetry, only théB, state correlates  presented in Figure 48 The figure demonstrates that VC
with the Cl+ O, (*Ag) channel. Therefore, the ;Gemission theory is capable of reproducing both the time scale and the
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dipole moment results in an equilibrium solvent configuration
for the ground that is the same for the excited state. As such,
any change in dipole moment must overcome the stabilization
provided by the solvent. Because the largest change in dipole
moment occurs with displacement along the asymmetric stretch,
it is perhaps not surprising that this coordinate is most affected
by the presence of solvent.

OCIO Photoproduct Formation Dynamics

L Background. As mentioned in the Introduction, two photo-

- B chemical processes are available to OCIO upon photoexcitation,
Y the production of ClIO and O or Cl and,@Much of the interest
| in OCIO photochemistry has surrounded the mechanism of Cl
= | production, and in determining the quantum yield for this
process ©¢j). The acquisition of this information for OCIO in
solution has proven to be quite challenging. Through transient

RN . absorption studies with~100-ps resolution, Simon and co-
ok IREREEE workers were the first to demonstrate tdag = 0.1 in aqueous
1 L solution37:38.7"The optical-density evolution observed in these
0 100 200 studies was interpreted in terms of ground-state CIOO produc-
Time (fs) tion and subsequent decomposition to Cl ang’®OLater

] ) ) ) transient absorption studies performed with femtosecond time
Figure 4. (A) Comparison between the Gaussian functional form for

. - ' ) ‘ - resolution confirmed®c¢;; however, the mechanism of Cl
the dephasing(t)) and the dephasing predicted using viscoelastic - . 2279 ;
continuum theory (VCT). The Gaussian form(t) with I' = 90 cnt?! production was questionéd.*27®Because the dominant pho-

is given by the solid line and corresponds to the results obtained for tochemical process in solution remains the production of CIO
OCIO dissolved in cyclohexane. The short-dashed line corresponds toand O, it was suggested that the optical-density evolution was
D(t) predicted using VCT as described in detail in the literaf3(@&) due to the recombination of CIO and O resulting in the
The solvent response function predicted using VCT. Parameters usedproduction of vibrationally excited ground-state OCIO. Dif-
to generate the response function are identical to those used for théferentiation between these models was dependent on studies that
corresponding)(t) calculations. could unequivocally determine the identity of those species
formed following photoexcitation. With this motivation, we
functional form of D(t). The corresponding solvent response employed time-resolved resonance Raman (TRRR) spectroscopy
function, R(t) (Figure 4B), demonstrates that nonpolar solvation to study the photoproduct-formation dynamics of solution-phase
occurs in<100 fs, sufficient to cause dephasing on th@0 fs OCIO. This technique provides both kinetic information through
time scale. Similar agreement was observed for water andthe temporal evolution in scattered intensities and structural
chloroform using representative compressive and sheer moduliinformation characteristic of a vibrational spectroscopy.
for these solvents. Therefore, the agreement between the Geminate Recombination and Vibrational Relaxation
experimental and VC predicted line widths suggests that Dynamics. Our first studies involved the photochemistry of
nonpolar solvation dynamics are responsible for solvent-induced aqueous OCIG?81In this work, the temporal evolution in the
pure dephasing. Molecular dynamics studies have shown thatresonance Raman spectrum following excitation at 390 nm was
the repulsive interactions that lead to nonpolar solvation are monitored using a probe wavelength at this same wavelength.
dominated by a few molecules located in the first solvent The results of this study are summarized in Figure 5A. The
shell’>76 Clearly, the continuum perspective of the VC model spectra presented in the figure are constructed by taking the
is not capable of describing nonpolar solvation at this level of difference between the probe spectrum in the presence and
detail. In collaboration with Oleg Prezhdo (University of absence of photolysis. At 0 ps delay, when the pump and probe
Washington), we are performing molecular dynamics studies are overlapped in time, significant depletion in OCIO scattering
of OCIO dissolved in polar and nonpolar solvents. It is hoped is observed consistent with a reduction in ground-state OCIO
that such studies will provide a microscopic picture of the concentration because of photolysis. As the temporal delay
solvation dynamics operative in solution-phase OCIO photo- between the pump and probe increases, the OCIO depletion
chemistry. intensity decreases up to 20 ps after which time further evolution
One final question concerns the solvesblute interactions ~ was not observed out to the longest delays investigated (500
responsible for the restricted evolution along the asymmetric- psS). This evolution in depletion intensity demonstrates that
stretch coordinate. A possible answer to this question is providedground-state OCIO is reformed and directly confirms the
by the increase in the inhomogeneous line width with an increasegeminate recombination model discussed above. Comparison
in solvent polarity. Specifically, the standard deviation that of the depletion at zero delay to the persistent depletion at later
characterizes the Gaussian solvent-site distribution increaseglelays established that the geminate recombination quantum
from 140 cnt! in cyclohexane to 280 cm in water. This yield in water is 10.8+ 0.1.
evolution in inhomogeneous broadening suggests that dielectric  The kinetics of ground-state OCIO reformation by geminate
solvent-solute interactions are operative on longer time scales recombination was determined by plotting the intensity of the
(>200 fs) relative to the dynamics responsible for homogeneous symmetric-stretch fundamental transition (945 @énas a
broadening. The contribution of dielectric interactions to slower- function of time (Figure 6A). The evolution in intensity was
time solvent dynamics can also be understood by consideringbest modeled by a sum of two exponentials having time
the essential invariance of the molecular dipole moment constants of 0.15 0.1 ps (i.e., instrument-response limited)
following photoexcitation. This modest change in molecular and 9.2+ 3.5 ps. A third, long-time component (10 000 ps,
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Figure 5. (A) Time-resolved Stokes spectra for aqueous OCIO. Spectra were obtained with degenerate pump and probe wavelengths of 390 nm.
The 0 ps Stokes spectrum demonstrates depletion in OCIO scattering because of photolysis. As the probe is delayed relative to the pump, the
depletion amplitude decreases because of OCIO reformation via geminate recombination of the CIO and O photoproducts. The peak marked with
an asterisk at 1049 crhis due to NQ™ added as an internal scattering standard. (B) Time-resolved anti-Stokes spectra for aqueous OCIO. Spectra
were obtained with degenerate pump and probe wavelengths of 390 nm. Intensity is observed for the fundamental and overtone transitions of OCIO
consistent with excess vibrational energy being deposited along this coordinate following geminate recombination.

fixed) was also included in the model to reproduce the persistenta function of time. The evolution observed here is similar to
depletion in scattering intensity at long delays. These time that in water with the extent of depletion decreasing at longer
constants were interpreted as follows. Subpicosecond geminatalelays. However, the extent of depletion at later times is much
recombination of the primary CIO and O photofragments results greater in acetonitrile compared to water. This observation
in the production of vibrationally excited OCIO which undergoes suggests that the geminate recombination is substantially reduced
intermolecular vibrational relaxation on thed ps time scale. in this acetonitrile. Consistent with this suggestion, comparison
Assignment of the early-time depletion recovery to geminate of the initial depletion to that which persists at later delays
recombination is consistent with the subpicosecond recombina-established that the geminate-recombination quantum yield is
tion times observed in a variety of other systeéftio determine reduced to 0.55t 0.05 in acetonitrile. Also similar to water,
if the 9 ps recovery time constant was indeed due to vibrational the depletion in OCIO scattered intensity undergoes biphasic
relaxation, time-resolved anti-Stokes experiments were per-decay with time-constants of 0.15 0.1 ps (i.e., instrument-
formed, with representative results presented in Figure 5B. Theresponse limited) and 334 8.1 ps (Figure 6C). Figure 6D
figure demonstrates that intensity corresponding to the sym- presents the anti-Stokes intensity of the symmetric-stretch
metric-stretch fundamental and overtone transitions is observed.fundamental transition as a function of time for OCIO dissolved
The temporal evolution in symmetric-stretch fundamental anti- in acetonitrile3 The figure demonstrates that the appearance
Stokes intensity is presented in Figure 6B. Best fit to these dataand decay of anti-Stokes occurs over a much longer time scale
by a sum of two exponentials resulted in the appearance andin acetonitrile relative to water demonstrating that the vibrational-
decay times of 5.2 1.5 and 9.2+ 1.7 ps, respectively. The relaxation dynamics are solvent dependent. Best fit to the
agreement between thed ps Stokes appearance and anti-Stokes temporal evolution of anti-Stokes intensity in acetonitrile by a
decay time constants establishes that the intensity evolution thatsum of two exponentials convolved with the instrument response
occurs on this time scale is due to vibrational relaxation. results in an appearance and decay time-constants of433.7
The role of geminate recombination in OCIO photochemistry 4.4 and 36.7+ 4.6 ps, respectively. The excellent agreement
was further explored by performing time-resolved resonance between the later-time Stokes depletion recovery and anti-Stokes
Raman studies in acetonitrité Studies of 4~ dissociation have decay time constants demonstrates that vibrational relaxation
shown that geminate-recombination quantum yields are signifi- occurs with a time constant ef35 ps in acetonitrile.
cantly reduced in acetonitrile relative to water, presumably = Comparison of the TRRR results for OCIO dissolved in water
because of the absence of intermolecular hydrogen bonding inand acetonitrile firmly established that the primary CIO and O
this polar, aprotic solveri Figure 6C presents the temporal photofragments undergo geminate recombination to reform
evolution in the OCIO symmetric-stretch overtone intensity as ground-state OCIO. Specifically, the recovery of depletion
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that the geminate-recombination rate in TFE was not instrument-
response limited, a result that was attributed to interaction of
the photofragments with the solvent as evidenced by spectral
evolution in the TRRR spectra.

The TRRR results in water and acetonitrile also demonstrate
that the vibrational-relaxation dynamics of OCIO are solvent
dependent. Specifically, the agreement between the slower time
recovery in Stokes intensity and the decay time of the anti-
Stokes intensity demonstrates that intermolecular vibrational
relaxation occurs with time constants-e® and~35 ps in water
and acetonitrile, respectively. The solvent dependence of the
intermolecular vibrational relaxation rate has been assigned to
two effects: solventsolute vibrational mode overlap and/or
intermolecular hydrogen bonding. In terms of mode overlap,
low-frequency solute modes typically dominate intermolecular
relaxation because the density of solvent accepting modes is
greatest at lower frequency. In OCIO, the lowest frequency
coordinate is the bend having a frequency of 450 §mvell
! . . matched to the librational band of water. However, the sym-
0 20 40 0 60 120 metric- (938 cmt) and asymmetric-stretch (1100 chhoverlap

Time (ps) well with the symmetric-stretch (918 cf) and methyl-rock
(1124 cnl) modes of acetonitrile. Because the vibrational

riggfe 6't (IAS)tIEtentSity F;_f the aqfueo?s OfCt'Q Syé“”lﬁ?{if‘?getght relaxation rate is greater in water, the above comparisons suggest
uhdamental Stoxes transition as a function ol ime. Best it to fhe dala yp ot the  energy-dissipation rate is governed by dynamics

by a sum of exponentials convolved with the instrument response (solid . . . 3 .
line) was obtained with time constants (with normalized amplitude in INVolving the bend. The key test of this model is to monitor the
parentheses) of 0.1% 0.1 (0.65), 9.2+ 3.5 (0.27), and 10000 ps  Vibrational relaxation dynamics of the bend, and such experi-
representing the long-time offset in intensity (0.08). (B) Intensity of ments are currently underway. Numerous studies have shown
the aqueous OCI_O symmetr_ic stretch anti-Stokes fundamental trangitionthat solvent-solute hydrogen bonding can dramatically affect
as a function of time. Best fit to the data by a sum of two exponentials \jiprational-relaxation rate® The frequency of the OCIO

convolved with the instrument response (solid line) was obtained with . PN " . .
an appearance time constant (with normalized amplitude in parentheses ymmetric-stretch fundamental transition is sensitive to inter

of 5.24 1.5 ps (0.5) and a decay time-constant of .2.7 ps (0.5). molecular hydrogen-bonding strength, changing from 945'cm
(C) Temporal evolution for symmetric-stretch fundamental Stokes in water to 938 cm! in acetonitrile. In our TRRR studies of
transition of OCIO dissolved in acetonitrile. Best fit to the data by a OCIO dissolved in ethanol and TFE, this transition is observed
sum of exponentials convolved with the instrument response (solid line) at 940 cnt?! in both solvents, suggesting that the hydrogen
was obtained with time constants (with normalized amplitude in bonding environment is simil&f. Therefore, we might expect

parentheses) of 0.1% 0.1 (0.8), 33.0+ 8.1 (0.08), and 10 000 ps - . _ . - .
representing the long-time offset in intensity (0.12). (D) Intensity of the vibrational-relaxation rate to be similar as well; however,

the symmetric stretch anti-Stokes fundamental transition of oclo the relaxation time increases frorB0 ps in ethanol to-80 ps
dissolved in acetonitrile as a function of time. Best fit to the data by a in TFE suggesting that hydrogen-bonding is not the dominant
sum of two exponentials convolved with the instrument response (solid mechanism for vibrational energy deposition into the solvent.
line) was obtained with an appearance time constant (with normalized Furthermore, the similarity in vibrational-relaxation time con-
amplitude in parentheses) of 33 4.4 ps (0.5) and a decay time-  stants for ethanol and acetonitrile clearly calls into question
constant of 36.7 4.6 ps (0.5). simple correlation between hydrogen bonding and the vibrational-
relaxation rate. A detailed, microscopic-level description of
intensity confirms that the reformation of ground-state Oclo OCIO intermolecular vibrational relaxation awaits the applica-
is a dominant feature of solution-phase OCIO photochemistry. tion of theory. Toward this end, Benjamin and co-workers have
Subpicosecond OCIO reformation is observed in both solvents, Performed molecular dynamics simulations of OCIO in a variety
suggesting that geminate-recombination rate is insensitive to©f Solvents, and excellent agreement between the computational
the nature of the solvent. However, the efficiency of recombina- and experimental relaxation rates is observed suggesting that
tion is clearly solvent-dependent as evidenced by the decreasésuch a description is close at haftid.
in the recombination quantum yield from 0.8 in water to 0.55  Cl Production following OCIO Photoexcitation. The TRRR
in acetonitrile. This behavior has been correlated with the extent results presented above did not provide evidence for CIOO
of solvent self-association, where greater self-association pro-formation following OCIO photoexcitation. However, this
vides for a stronger solvent cage and subsequently a greateintermediate is formed in low-temperature matrixes, suggesting
geminate-recombination quantum yield. This hypothesis was that CIOO production should also be appreciable in solution.
tested in our TRRR studies of OCIO dissolved in ethanol and To further explore the role of CIOO in OCIO photochemistry,
2,2, 2-trifluoroethanol (TFEJ* In this work, halogen substitution ~ we performed TRRR studies using a probe wavelength of 260
alters the solvent hydrogen-bonding strength and correspondsnm?59°The absorption cross section of CIOO is substantial at
to the strength of the solvent cage. In this study, we found that this wavelengti¥$-°1.%?therefore, these experiments provided the
the geminate-recombination quantum yield was significantly best opportunity to observe the formation and decay dynamics
reduced in TFE, consistent with the propensity of this solvent of this intermediate. The results obtained in our studies of
to exist in monomeric form compared to the polymeric structures aqueous OCIO are presented in Figure 7A. At this probe
favored in ethand>~87 Therefore, it appears that solvent self- wavelength, depletion in OCIO scattering intensity is observed,
association via hydrogen bonding is an important factor in and the extent of depletion decreases as the delay is increased.
defining geminate-recombination efficiencies. It should be noted This behavior is entirely consistent with the geminate-
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Figure 7. Time-resolved resonance Raman Stokes difference spectra of OCIO dissol¥gdnaater and (B) fluorotrichloromethane. Data were

obtained using a 390 and 260 nm pump and probe beams, respectively. The temporal delay between the pump and the probe at which a given
spectrum was obtained is indicated. The probe-only spectrum is presented at the bottom of each panel. Transitions marked with an asterisk in the
probe-only spectra are due to the solvent.

recombination dynamics observed at 390 nm (see above). Inalso performed in which the quantum yield for CIOO production
contrast to our earlier TRRR studies, positive intensity at 1442 in water and Freon-11 was determined, and this quantum yield
cmLis observed consistent with the appearance of Ci&®93 was found to be equivalent in both solvents (0:820.01).
The CIOO formation and decay kinetics were determined by Therefore, the reduction in geminate-recombination efficiency
plotting the intensity at 1442 cm as a function of delay time  does not result in a corresponding reduction in CIOO production.
(Figure 8A). This evolution was best modeled by two expo- Finally, the kinetics of CIOO production in Freon-11 were
nentials corresponding to appearance and decay time constantdetermined through analysis of the CIOO scattered intensity as
of 27.94 4.5 and 398t 50 ps, respectively (Figure 8A). Both  a function of time (Figure 8B), with best fit corresponding to
the appearance and decay time constants are in excellenppearance and decay times of 230 and 864+ 200 ps,
agreement with corresponding values determined in femtosecondrespectively.
pump probe studie®. The similarity of the CIOO-production quantum yield between
We have also investigated OCIO dissolved in fluorotrichlo- solvents in which geminate recombination efficiency is vastly
romethane (Freon-11) to determine if CIOO is produced via different demonstrates that this intermediate is not produced by
geminate recombination. This solvent was chosen for study recombination of the primary photoproducts. Instead, we have
because it is an aprotic solvent in which the absence of self- proposed that the mechanism of CIOO production involves
association via hydrogen bonding is anticipated to provide for OCIO photoisomerization. A similar mechanism was used to
a weaker solvent cage and a corresponding reduction in geminatelescribe resonances observed in the REMPI spectra of Cl
recombination efficiency. Acetonitrile was employed for identi- produced following OCIO photoexcitatid¥?® Furthermore,
cal reasons in the studies presented above; however, this solventomputational studies of the absorption and absolute resonance
could not be used here because of spectral overlap with CIOO.Raman cross section of CIOO indicate that the difference in
Figure 7B presents the TRRR results for OCIO dissolved in appearance time constants is not due to solvent-dependence of
Freon-11. Similar to the behavior observed in water, an initial the vibrational-relaxation rate but is instead due to a change in
depletion in OCIO scattering intensity is observed. As the the rate of ground-state CIOO productitriThese differences
temporal delay is increased, the OCIO depletion remains are presumably due to solvent-dependence of the ground- and
substantial suggesting that geminate recombination is lessexcited-state energetics, but this hypothesis has yet to be tested.
efficient in this solvent. Additional femtosecond pumprobe Finally, the solvent-dependence of CIOO decay has been
studies have demonstrated that the geminate-recombinationassigned to greater stability of the-Ghater charge-transfer
guantum yield is only 0.3t 0.1 in Freon-115 Studies were complex.
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Figure 8. (A) Intensity of the CIOO transition at 1442 ctnin water

as a function of time delay. The data were fit by a sum of two
exponentials convolved with the instrument response resulting in
appearance and decay time constants of 27485 and 398t 50 ps,
respectively. In addition, inclusion of a 12471.5 ps dwell relative to
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Although much progress has been made, there are many
unresolved questions that need to be addressed. First, identifica-
tion of the intermediate species responsible for the majority of
Cl production is a key step in furthering our understanding of
OCIO photochemistry. Second, gas-phase studies have shown
that the CI production quantum vyield is dependent on actinic
wavelengtht” and it is currently unclear if similar behavior
occurs in condensed environments. Recent femtosecond-pump
probe studies of agueous OCIO have suggested that the excited-
state dynamics are dependent on the initial vibronic level
produced®* This result strongly suggests that a change in the
actinic wavelength will have a pronounced effect on photo-
product formation. In contrast, photochemical action spectra of
OCIO isolated in clusters suggest that the CI production quantum
yield is actinic-wavelength independé#fTherefore, the varia-

tion in OCIO photochemistry with actinic-wavelength remains
an important, yet unanswered question. Third, the TRRR studies
presented were interpreted in terms of CIOO production via
OCIO photoisomerization. It is unclear if this behavior is unique
to OCIO or if photoisomerization is general feature of halooxide
photochemistry. Toward this end, we have shown that CIOCI
undergoes photoisomerization to produce CICIO on<Bens

time scalé®®> However, the quantum yield and production
kinetics of this isomer are still unknown. Finally, the work
outlined here was performed with an eye toward the chemistry
of halooxides in heterogeneous environments (i.e., interfaces).

zero time was necessary to reproduce the data. (B) Intensity of the OCIO orientation, the importance of geminate recombination,

same CIOO transition in Freon-11 as a function of time delay. The
data were fit by a sum of two exponentials convolved with the

instrument response resulting in appearance and decay time constant

of 172+ 30 and 864+ 200 ps, respectively. In addition, inclusion of

a 13+ 0.4 ps dwell relative to zero time was necessary to reproduce

the data.

95% %
OCIO wib. hot) <~~~ CIO/O X » CIO+0
l T B$=0.90+0.05
ocio —Ye 0CIO" — CIOO -2+ CI+0,

l @ =0.02£0.01

Cl+ 02
$=0.08+0.03

Figure 9. Current picture of aqueous OCIO photochemistry. The
guantum yields for various photochemical pathways are indicated.

Current Picture of Aqueous OCIO Photochemistry

and the quantum yield for Cl production in such environments
are all important issues that remain unexplored. The extension
Bf this work to the interfacial domain will be a challenging and
important avenue of study.
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