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Resonance Raman spectra of aqueous chlorine dioxide (OCIO) are measured for several excitation wavelengths
spanning the photochemically relevdBi—?2A, optical transition. A mode-specific description of the optically
prepared?A, potential energy surface is derived by simultaneous analysis of the absolute resonance Raman
and absorption cross sections. The resonance Raman spectra are dominated by transitions involving the
symmetric stretch and bend coordinates demonstrating that excited-state structural evolution occurs
predominately along these degrees of freedom. Scattering intensity is not observed for transitions involving
the asymmetric stretch, demonstrating that excited-state structural evolution along this coordinate is modest.
The limited evolution along the asymmetric stretch coordinate results in the preservafigrsgimetry on

the 2A, surface. It is proposed that this preservation of symmetry is responsible for the increase in Cl
photoproduct quantum yield in solution relative to the gas phase. Analysis of the absolute scattering cross
sections also demonstrates that the homogeneous line width f8Bth€&A, optical transition in water is
essentially identical to that in cyclohexane; however, the extent of inhomogeneous broadening increases
dramatically in aqueous solution. Comparison of the spectroscopic properties of OCIO to the properties of
isoelectronic @ is made to elucidate the origin of the solvent response to OCIO photoexcitation. It is
suggested that solvensolute dipole-dipole coupling and intermolecular hydrogen bonding represent the
largest components of the solvent coordinate.

Introduction SCHEME 1

The photochemistry of chlorine dioxide (OCIO) is of current hy . /CIO (211) + O (5Py)
interest in atmospheric chemistry due to the participation of this OCI0O —» OcCIO

compound in the reactive chlorine reservoir as well as its \
potential role in stratospheric ozone layer depletioh. An

outline of the photochemical processes available to OCIO product formatior?6.333* These studies have provided informa-
following photoexcitation is presented in Scheme 1. As the tjon on the processes that occur following internal conversion
scheme illustrates, photoexcitation of OCIO results in the g the ground state (geminate recombination, vibrational relax-
formation of either CIO and O or Cl and;0*® The Cland  aion, etc.). We have employed resonance Raman intensity
O products may be preceded by the formation of the peroxy analysis (RRIA) in an attempt to understand how the presence
isomer of chlorine dioxide, CIOO, produced by the photo- of solvent can influence the excited-state reaction dynaffis.
isomerization of OCIG.?%2730:32 CIOO has been observed i sing this technique, a mode-specific description of the excited-
low-temperature matrixes; however, its presence in the gas Orsate potential energy surface can be developed, thereby
solution phase has yet to be firmly establisted?4>%® The  reyealing the reaction dynamics that occur immediately follow-
intriguing aspect of this chemistry is that the partitioning ing photoexcitatiorf®52 By performing RRIA on OCIO
between photochemical pathways is dependent on phase. Fogjissolved in a variety of solvents, environmental dependence
example, the quantum yield for CI formatio¢)) in the gas  of the excited-state reaction dynamics can be quantitatively
phase is~0.04 but is reported to be near unity in low- gyplored. We performed our first studies in cyclohexane where

Cl(2P,)+02("Ag,3%")

temperature matrices and on surfates,!#1640414%46 The = \yaq anticipated that the weak intermolecular interactions
chemistry in solution is intermediate betweegzghsﬁzgngo limits characteristic of this solvent would allow for direct comparison
with ®¢ = 0.1-0.2 in water and methand. 260 In to the dynamics that occur in the gas phase. In particular,

addition, the mephamsm of Cl formation in solution is sensitive analysis of the high-resolution electronic absorption spectrum
to solvent polarity with the CH- Ox(*Ag) and Cl+ Ox(°%47) of gas-phase OCIO has demonstrated that evolution along the
channels dominating in nonpolar and polar solvents, respec-asymmetric stretch coordinate is an important component of the
tively.2? excited-state structural relaxatif® It was expected that
Recent solution-phase studies of OCIO have attempted to similar dynamics would be observed in cyclohexane; however,
identify the solvent-solute interactions that influence photo- we found that the evolution along the asymmetric stretch
product formation. Ultrafast transient absorption spectroscopy coordinate is restricted in this solvelit. We proposed that
has been used to monitor the kinetics of ground-state photo-dipole—induced dipole interactions between OCIO and the
surrounding solvent were responsible for modification of the
*To whom correspondence should be addressed. optically prepared excited-state surface along the asymmetric
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stretch coordinate. The observation that the presence of solventY AG laser (Spectra-Physics GCL-170, 30 Hz). The synthesis
can influence the excited-state reaction dynamics raises severabf gaseous OCIO was performed as previously descibed.
new questions concerning the condensed-phase reactivity ofSolutions of OCIO in water were prepared by bubbling gaseous
OCIO. What other types of solvensolute interactions can  OCIO through an aqueous solutiohloM KNO3. Adjustment
affect the excited-state dynamics? How do these interactionsof the OCIO concentration was performed by diluting the
contribute to the phase- and solvent-dependent photochemicakoncentrated aqueous OCIO solution with additional amounts
reactivity? Finally, what role does solvent-mediated reactivity of aqueos 1 M KNGO; to produce the samples employed here.
play in altering the environmental impact of OCIO? Quantitative addition of KN@was performed such that the

In this paper, we report the analysis of the absolute resonanceNOs™ transition at 1049 cmt could be used as an internal
Raman intensities of OCIO dissolved in water. This solvent standard for determining absolute scattering cross sections (see
was chosen for a variety of reasons. First, the dominant below)5455
solvent-solute interactions between OCIO and water are  Resonance Raman SpecttaResonance Raman spectra were
expected to be dipotedipole coupling and intermolecular  obtained by flowing the aqueous OCIO sample through a wire
hydrogen bonding. These two interactions are expected to beguided jet (282.4, 319.9, 355, and 368.9 nm) or square walled
stronger than the dipoteinduced dipole coupling operative in  glass capillary (355, 368.9, 436, and 532 nm). The sample was
cyclohexane; therefore, water provides the opportunity to delivered at a rate sufficient to replenish the illuminated volume
evaluate the influence of strong, solvesblute interactions on  petween excitation events. The 23sackscattering geometry
the excited-state reactivity of OCIO. Second, the photochem- \yas employed in all experiments. The scattered light was
istry of OCIO in aqueous environments is of direct relevance collected using standard, UV-quality refractive optics and
to the environmental impact of this compound. RRIA is capable gejivered to a 0.5 or 0.75 m single-stage spectrograph (Acton
of providing new insight into the excited-state reaction dynamics Research Corp.) equipped with either a classically ruled 1200
of OCIO in this envwonment.al_ly important solvgnt. Third, grooves/mm or a holographic 2400 grooves/mm grating and a
recent studies of OCIO reactivity in water have involved the pojarization scrambler placed at the spectrograph entrance.
application of time-resolved optical spectroscopies with inter- paman scattering was detected with a liquigddoled 1100x
pretation of these studies dependent on the availability of an 330 pixel back-illuminated CCD detector (Princeton Instru-
accurate description of the optically acti4, potential energy  ments). The intensity of OCIO scattering was found to be linear
sqrface. RR.IA provides an elegant method by which to develop \yith pump power up to 2&J/pulse at 368.9 nm; therefore25
this description. uJ pulse energy was used at this wavelength and adjusted at

The RRIA of aqueous OCIO presented here provides a other wavelengths with reference to the absorption cross section
detailed description of the excited-state reaction dynamics. The of OClO to maintain a homogeneous extent of photoalteration
Raman intensities demonstrate that following photoexcitation 5t g1 excitation points. The OCIO concentration was determined
the excited-state relaxation dynamics are dominated by evolution by measurement of the absorption spectrum of the sample before
along the symmetric stretch and bend coordinates. The absencen after a given experiment. The overall change in concentra-
of intensity for transitions involving the asymmetric stretch {jgn was typically 20% for the open jet and 10% for the glass
demonstrates that excited-state evolution along this coordinatecapi”ary_ The decrease in concentration was dominated by
is restricted in comparison to the dynamics that occur in the gyaporative loss of OCIO, and the uncertainty in concentration
gas phase. The absence of substantial evolution along therenresents the largest contribution to the error in these measure-
asymmetric stretch results in the preservatiogfsymmetry ments. For the temperatures at which the experiments were
on the?A, surface. This observation in combination with recent performed (5°C), the vapor pressure of OCIO is appreciable;
ab initio theoretical work suggests that the preservatioB0f  herefore, gaseous OCIO could also contribute to the observed
symmetry is responsible for the mcrease_ha in water relative scattering when the open jet is employed. However, the cross
to the gas phas€.*® The homogeneous line width for tfig,— sections determined using both the open jet and closed capillary

2 e . 1 H 1 . . . . .
Az transition is found to be 83 15 cnt. This value is 4 355 nm were identical within experimental error, demonstrat-
essentially identical to the homogeneous line width determined ing that the scattering contribution from gaseous OCIO is

for OCIO dissolved in cyclohexane, suggesting that the energet-pqqjigihle. Resonance Raman spectra were corrected for the
ics and couplings between the excited potential energy SurfaCesspectral sensitivity of the instrument using either a calibrated

of OCIO are not substantially modified by changes in solvent 4+, 1 ngsten-halogen (Oriel) or Bemission (Hellma) lamp.
polarity. Finally, a discussion concerning which solvesblute - pai5 \ere also corrected for self-absorption as described

Interactions are operative for aqueous OCIO is prese_nted. ,Inpreviously§6 Due to the small absorption cross section of OCIO,

particular, comparison is made to recent spectroscopic studleqhis correction was found to be modest2%)

of O37, a species that is isoelectronic with OCIO. The large L ) - ' L .
Depolarization Ratios. In addition to the scattering intensi-

reduction in line width observed for the symmetric stretch . o -
ties, the resonance Raman depolarization ratios were measured

fundamental transition of £ in DO relative to HO is not b . S
observed for OCIO, demonstrating that the absence of chargeat each excitation wavelength. The depolarization ratio is

results in weaker coupling to the solvent coordinate. Given this defined as the intensity scattered with polarization perpendicular
observation, it is suggested that for aqueous OCIO dipole to the incident radiation divided by the scattered intensity with

i atio$6—59 i i i ;
dipole coupling and potentially intermolecular hydrogen bonding parallel polarizatiorf This ratio is needed fo_r calt_:ulatlon
are the largest components of the solvent coordinate. of the absolute resonance Raman cross sections in order to

correct for the angular dependence of the scattered intensity (see
below). The polarization of the incident radiation was defined
by passing the excitation beam through six quartz microscope
Materials. The absolute Raman intensities of chlorine slides oriented at Brewster’s angle resulting in a contrast ratio
dioxide (OCIO) dissolved in water were measured at 282.4, of >1000:1. The polarization of the scattered light was defined
319.9, 355, 368.9, 435.7, and 532 nm, using the direct or using a large-aperture calcite polarizer placed before the
hydrogen shifted second and third harmonic output of a Nd: polarization scrambler in front of the spectrograph entrance.

Experimental Section
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TABLE 1. Absolute Raman Cross Sections for Chlorine Dioxide in Water

excitation energy V1 2v; vy 2vs 2v3
(x103cm™?) (x10W0A2)a (x10 A2 (x10 A2 (x100A2) (x10WA2) o(v1)P
18.8 0.06+ 0.0Z 0.14+0.01
22.9 1.7£0.3 0.7£0.2 0.244+ 0.03
27.1 8.0+ 1.6 51+1.2 1.7+ 0.3 0.6+ 0.2 <0.17 0.28+ 0.01
28.2 11.0+£1.8 9.1+ 2.0 0.29+ 0.07
31.3 59+ 15 51+1.3 0.22+ 0.02
354 1.9+ 04 0.95+ 0.02 0.18+ 0.04

a Absolute intensities were determined by comparison to the 1049 kine of NO;~ as described in the textThe Raman depolarization ratio
for the fundamental transition involving the symmetric stretch. This ratio corresponds to the scattered intensity with polarization pergendicula
that of the incident radiation divided by the scattered intensity with parallel polariz&titmors represent one standard deviation from the mean.
d Cross section represents an upper limit for scattering intensity as determined by comparison of the signal-to-noise ratio to the measured intensity
of 21/1.

Spectra were obtained by interleaving individual spectra for is the energy of the initial vibrational stateD(t) is the
either parallel or perpendicular scattering polarizations and homogeneous line width, which is composed of both pure
integrating 2-5 min per scan depending on excitation wave- dephasing and population decay. As in our previous stéidy,
length. Five spectra were taken for both polarization settings Gaussian functional form for the homogeneous line width was
for a total of 16-50 min integration time per polarization. The found to best reproduce the red edge of the absorption spectrum

depolarization ratio of the N§ transition at 1049 cm' is (see below) and was therefore employed in this stuldyEqg)
known (0.04); therefore, this transition was used as an internal represents inhomogeneous broadening corresponding to the
depolarization standard in these measurenm@its. distribution ofEqo energies created by different solvent environ-

Absolute Scattering Cross Sections Determination of the ments that are static on the time scale of Raman scattering. The
resonance Raman cross-sections of OCIO was performed assolvent site distribution was modeled as Gaussian with reported
follows. First, the scattering intensities for both OCIO andsNO  values for the inhomogeneous broadening representing the
were determined by integration of peak areas. Given the standard deviation of this distribution. THgi(t)Cterm in eq 2
separation between the OCIO, BiQand water transitions, this  represents the overlap of the final state in the scattering process
method was found to produce intensities equivalent to those with the initial state propagating under the influence of the
determined by nonlinear least-squares fitting the spectra to aexcited-state Hamiltonian. Thali(t)0Oterm in eq 3 is the
sum of Gaussian peaks convolved with a Lorentzian instrument corresponding term involving the initial ground state and the
response and linear background. Given the scattering intensitiespropagating state. The lowest frequency mode of OCIO is at
OCIO and NQ~ concentrations, and the depolarization ratios, 450 cnt?; therefore, the initial state is taken to be the ground
the absolute Raman cross sections were calculated as followsvibrational state along all coordinates (i.e e th K approxima-

tion is assumed to be valid).
Oocio locicCino, [(1 1 20)/(1 + p)lkno, The model employed for the optically preparédl; excited-

= (¢D)] state potential energy surface was as follows:
Okno,  1kno,Cocio [(1 + 20)/(1 + p)locio P v

L . . . _1We > 1We 5 1We3, 5
In the above equatiom,is concentrationy is the depolarization Vo=5—(0; —A) +5—(0, — A) " +5—(q)" +
. . - . Np 1S the d ; 2w 2w 2w
ratio, | is intensity, ando is the cross section in units of2A ol 92 93
The wavelength-dependent cross sections ok N®ere ob- 1 Weq 3/2( A )3 n
tained by extrapolation of the absolute intensities reported in 6t wg % 1

the literature*>> The absolute resonance Raman cross sections .- \12[ 0 o
are presented in Table 1 where the reported error represents b I = (g, — A )(%)2 + Aex —a2q 23 (4)
e 5%13 1 1 3
one standard deviation from the mean ef1® measurements Wy Wy3 Wy3
depending on excitation wavelength. ' .
Data Analysis Calculation of the absorption and Raman Wherewg andwe are the ground- and excited-state frequencies
cross sections was performed using the time-dependent formal-along the symmetric stretch, bend, and asymmetric stretch
ism of Lee and HelleP%-526061 |n this approach, the Raman denoted by the subscripts 1, 2, and 3, respectively. The first

and absorption cross sections are given by three terms in eq 4 represent the harmonic contributions to the
potential. Displacement of the excited-state potential energy
81EE M, . . surface minimum relative to the ground state along each

0R(E) = ——7— 0B H(Eod) [, Tli(t)Ox coordinate is denoted ds with displacement incorporated only
9h°c for the bend and symmetric stretch degrees of freedom since

expli(g, + E)VA]D(t) dt|? (2) these modes are totally symmetric in t8g, point group of
ground-state OCIO. Terms in eq 4 containipgn represent

ATeEM. 2 oo . anharmonic contributions to the potential. Specifically, the term
oA(E) = %LWBEOOH(EOO)I_WEHH(ODX containingy111 is the cubic anharmonicity term involving the
6hcn symmetric stretch only. Anharmonic coupling between the

exp[i(g + E)VA]D(t) dt (3) symmetric and asymmetric stretch coordinates is represented
by the y133 term.
where M is the transition moment of the photochemically The nature of thA, potential surface along the asymmetric
relevant transitionEqg is the difference in energy between the stretch is a matter of some controversy. Gas-phase absorption
ground and excited electronic stat&s,is the energy of the studies suggest that the potential along this coordinate is
incident radiationEs is the energy of the scattered light, aid harmonic withwe = 571 cnT! and a Gaussian barrieA (=
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1673 cnt! anda? = 0.024) centered &s; = 0.8 In contrast,

ab initio calculations suggest that the potential along the
asymmetric stretch is harmonic with, = 437 cnt1.48 Finally,

the RRIA of OCIO dissolved in cyclohexane demonstrated that
neither of these models is capable of reproducing the intensity
of the asymmetric stretch overtone transition in solution, and
the intensity was found to be consistent with only a modest
reduction in the excited-state frequency<@50 cnt1.3¢ These
models, harmonic with and without a Gaussian barrier, were
explored in our analysis, and the potential barrier is incorporated
into the description of théA; surface through the final term in
eq 4.

Calculation of the time-dependent overlapdi(t)d and
{li(t)0) was performed as follows. First, when the symmetric
and asymmetric stretch coordinates are anharmonically coupled,
these vibronic degrees of freedom are no longer separable such
that the two-dimensional vibrational time correlator must be Energy (cm-1)
calculated. This was accomplished using the approximate timeFigure 1. Experimental (solid line) and calculated (dashed line)
propagator algorithm of Feit and Fle€k® In this approach, electronic absorption spectra of aqueous chlorine dioxide in the region

the initial state propagating under the influence of the excited- Of the ?Bi—?A; transition. Computational methods and the potential
state Hamiltonian is given by energy surfa(_:e parameters t_employed_ in the calculation are given in

the text. Excitation frequencies at which absolute resonance Raman
cross sections were measured are indicated.

—27100
— 28200

0.02 |

Oa (A2)

20000 30000

li(t) 0= exp(i(At)VZ/4M) expi(Af)Vy) x

exp(i(At)VZ4M)[i(0)H (AL (5) demonstrating that more than one state contributes to the
observed scattering. A similar depression of the depolarization
ratios below 0.33 was also observed for OCIO dissolved in
: L - ) cyclohexané® We recently reported a detailed analysis of the
overlap was then determined by multiplying this two-dimen- jenqarization ratios, absolute resonance Raman cross sections,
sional overlap by the one-dimensional overlap involving the 54 absorption cross sections for OCIO in cyclohexane in the
bend. The one-dimensional overlap was deterr_nlned using thejimit where two optically active states participate in the
method of Mukamel and co-worket$. Two-dimensional  gcaitering process. Two conclusions concerning the validity
propagations were performed on a 640500 grid, and given ¢ yhe single-state approximation in the analysis of the resonance
that the error in the approximate time propagator method scalesgaman and absorption cross sections of OCIO were made. First,
as the third power of the time step, a minimum step size of 0.5 yhe depolarization ratios were found to be consistent with the
fs was employed. Overlaps were determined for times up {0 resence of the optically wea; state in energetic proximity
~0.5 ps, resulting in a total computational time of 4.5 h/overlap. the2A, surface; however, the coupling between #Ae and

For calculations in which anharmonicity between coordinates 27, states is modest such that the surfaces can be modeled as
was not included, the three vibronic degrees of freedom were separable. Second, the smaller transition moment and larger
modeled as separable, and the multidimensional overlap Washomogeneous line width of thiB;—2A; transition limits the

where V2 is the Laplacian in position spac¥, is the excited-
state potential, andt is the propagation time step. The total

reduced to the product of the one-dimensional overlaps: scattering contribution of th&\; state to<5% that of the?A,
3 state. In short, it was found that the single-state approach to
it o= ﬂfﬂli(t)m (6) modeling the resonance Raman and absorption cross sections
- of OCIO results in an accurate description of ##e surface.

Given the similarity of the depolarization ratios in water and
2 cyclohexane (see below), we assume that a comparable situation
Hli( = Eﬂli(t)EﬂEﬂli(t)Q (7) exists for aqueous OCIO and that the single-state approximation
= provides an accurate description of the, surface in water.

The expression fofil|i(t)0in eq 7 represents the case where
only a single degree of freedom is Raman-active (i.e., funda-
mental and overtone transitions). Calculation of the multidi-  Absorption Spectrum. The absorption spectrum of OCIO
mensional overlap then consists of determining the individual dissolved in water is presented in Figure 1. Spectra obtained
overlaps along each coordinate. A one-dimensional approximatein this lab are in good agreement with previous studies where
time propagator calculation employing a time step of 0.2 fs was the absorption cross section was determined to be 0.G4i A
used to determine the overlap for the symmetric stretch since 360 nm3165 |t should be noted that the vibronic structure
anharmonicity along this coordinate was found to be necessaryobserved in the absorption spectrum is much less pronounced
in order to reproduce the vibronic progressions observed in thefor aqueous OCIO relative to cyclohexane, demonstrating that
absorption spectrum (see below). The bend and asymmetricthe extent of spectral broadening increases in water. An increase
stretch coordinates were modeled as harmonic with frequencyin either the homogeneous or inhomogeneous line width would
change between the ground and excited state, with calculationserve to increase the diffuseness of the absorption spectrum;
of the time-dependent overlaps for these degrees of freedomtherefore, the absorption spectrum alone cannot be used to
performed using the method of Mukamel and co-workérs. differentiate between broadening mechanisms. However, analy-

In the above analysis, it is assumed that the resonance Ramasis of the absolute resonance Raman intensities demonstrates
scattering originates from th&\, state. However, the depo- that the increase in diffuseness is dominated by an increase in
larization ratios reported in Table 1 are all below 0.33, the inhomogeneous line width (see below).

Experimental Results
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Figure 2. Resonance Raman spectrum of chlorine dioxide dissolved Figure 3. Overtone region of the resonance Raman spectrum of

in water obtained with 368.9 nm excitation. The peak marked with chlorine dioxide dissolved in water obtained with 368.9 nm excitation.

NO;" corresponds to nitrate ion which was quantitatively added to The symmetric stretch overtone transition and a combination band are

provide an internal scattering standard. Intensity assignable to the gpserved % and v, refer to the symmetric stretch and bend,

symmetric stretctu) and bend«,) is observed. Intensity observed at  respectively). Also denoted is the expected location for the asymmetric

1400 cn1t contains contributions from the water/KN®ackground. stretch overtone transition. No intensity assignable to this transition is
observed.

Resonance Raman Intensities The resonance Raman
spectrum of OCIO in aqueous solution obtained with 368.9 nm observation of a transition in cyclohexane at 2190 &mAn
excitation is presented in Figure 2. In addition, the absolute Upper limit to the intensity of this transition can be established
resonance Raman cross sections determined for all excitationby comparison to the overtone transition of the symmetric
wavelengths utilized in this study are reported in Table 1. The stretch. Given the signal-to-noise ratio of the spectrum (about
contribution of each vibrational coordinate to the spectra and 30:1), the cross section of the asymmetric stretch overtone
comparison of the intensities observed here to those previouslytransition is estimated to be1.7 x 1071t A2
measured for OCIO dissolved in cyclohexane are presented
below.

Symmetric Stretchv{). The most intense features in the Modeling of the 2A, Potential Energy Surface. A com-
Raman spectra correspond to the symmetric stretch fundamentaparison of the calculated and experimentally measured electronic
and overtone transitions at 945 and 1888 ¢mespectively  absorption spectra is presented in Figure 1. TAgexcited-
(Figure 2). Transitions involving the second and third overtones state potential energy surface parameters determined from
of this mode are also observed (data not shown) but were notsimultaneous analysis of the resonance Raman and absorption
explicitly analyzed in this study. The fundamental transition cross sections are presented in Table 2. As Figure 1 illustrates,
is shifted to higher frequency by7 cn! in aqueous solution  this model is capable of reproducing the observed vibrational
relative to cyclohexane. Splitting of the transitions is observed progressions and overall intensity of the absorption spectrum.
corresponding to the presence of OCIO incorporating different The absorption cross sections at higher frequencies are under-
Cl isotopes °Cl and*'Cl) with intensities in agreement with  estimated; however, other transitions located further in the UV
the isotopic abundance. At 368.9 nm, the absolute scatteringand/or the presence of a weak transition to 2Ae state may
cross sections of the fundamental and overtone transitions arecontribute to the absorption intensity in this regi§§6.67 In
8.0x 107*%and 5.1x 1070 A2 respectively (Table 1). These particular, the resonance Raman depolarization ratios are less
values are similar to the corresponding values determined inthan 0.33 (Table 1), an observation that is consistent with the

Computational Results

cyclohexane (6.9« 1071%and 3.75x 10710 A2 respectively).  participation of a second excited state in the scattering process
Bend §»). The fundamental and overtone transitions of the (see above3®>6.68

bend are observed at 452 and 898 énrespectively. The The spectral breadth evident in the absorption spectrum is

Raman cross section for the fundamental transitior af water more extensive in water than in cyclohexane or the gas phase,

is 1.7 x 1010 A2 (Table 1), similar to the value determined in  suggesting that the homogeneous and/or inhomogeneous line

cyclohexane. widths are larger in aqueous solution. Comparison of the

Asymmetric Stretch/§). By symmetry, fundamental intensity  calculated and experimentally determined absolute resonance
corresponding to the asymmetric stretch is not expected sinceRaman scattering cross sections provides a method by which
this coordinate is nontotally symmetric in ti&, point group to partition between these line widths. Figure 4 presents a
of ground-state OCIO. No intensity is observed at 1100%m  comparison of the experimental and calculated Raman cross
confirming this expectation (Figure 2). Even overtone transi- sections for both the fundamental and overtone transition of
tions involving nontotally symmetric coordinates can be ob- the symmetric stretch with homogeneous and inhomogeneous
served if the excited-state frequency differs from that of the line widths of 854 10 and 2804+ 20 cnT?, respectively. In
ground state. Figure 3 presents an expanded view of the 368.%ddition, the predicted cross sections when all broadening is
nm resonance Raman spectrum in the region where the overtonéncorporated as homogeneous (220 éjris presented. This
transition for the asymmetric stretch is expected. As the figure comparison demonstrates that the symmetric stretch fundamental
illustrates, no intensity assignable to the overtone transition of and overtone intensities are systematically underestimated when
the asymmetric stretch is observed. This is in contrast to the all broadening is incorporated as homogeneous; however, the
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TABLE 2: ?2A; Excited-State Potential Energy Surface 1.0r=
Parameters for OCIO in Water AN

wqg We anharmi  or(expf)  or(calc) PN
transitio® (cm™ )¢ (cml) A4 (cml)  (x100A?) (x100A2) o R

V1 945 685 5.63 —15 8.0 8.2 : K
V2 450 284 04 0 1.7 2.4 0.6 : X
V3 1100 850 O 0 :
2v, 5.63 51 7.3
2v3 0.4 0.6 0.4 0.4
2v3 0 <0.17 0.17

a Calculation performed with a Gaussian homogeneous line width. 02
Best fit to the experimental cross sections resulted i 85 + 15
cm™, inhomogeneous standard deviatien280 & 20 cnT?, Meg =
0.363 A,Eq = 18 900 cnl, n = 1.35.» Raman transition for which ok
the calculation is performed. The symbols v,, andvs refer to the 0
symmetric stretch, bend, and asymmetric stretch, respectively. The first
three terms correspond to fundamental transitions, and the next three
terms refer to overtone transitiorfswg refers to the ground-state  Figure 5. Multidimensional Raman time correlatons{]i(t)[) for the
harmonic frequency, ande. is the excited-state harmonic frequency. fundamental transitions of the symmetric stretch (solid line) and bend
dDimensionless displacement of the excited-state potential energy (dash-dot line). Also presented is the decay introduced by homoge-
surface minimum relative to the ground st&t@nharmonicity prefactor neous broadening for line widths of 85 ch(dashed line) and 220
for the cubic term in the series expansion of the potential energy surface.cm-! (dotted line). The figure demonstrates that the time correlator for
By comparison to the description of the Morse oscillator, this term is the symmetric stretch fundamental transition develops the majority of

Kf|i(t))|

Time (fs)

equal to WJ/2)-%¥D2® in dimensionless units whem is the excited- its intensity in the first 10 fs. Given this rapid buildup and decay, the
state harmonic frequency afid is the Morse dissociation energy given  predicted intensity for this transition is not dramatically affected by an
by we?/(4wexs) wherex. is the anharmonicity parametér.f Experi- increase in the homogeneous line width. However, the slower dynamics
mental Raman cross sections corresponding to 368.9 nm excitation asfor the bend time-correlator result in the intensity of this transition being
reported in Table 1. substantially reduced by an increase in homogeneous broadening.

behavior can be understood within the time-dependent formalism
of Raman scattering. Figure 5 presents the multidimensional
mli(t)O(i.e., eq 7) for the fundamental transitions involving the
symmetric stretch (solid line) and bend (dashddtted line).
In addition, decays corresponding to homogeneous line widths
of 85 (dashed line) and 220 cih(dotted line) are also presented.
At early times (0-10 fs), the amplitude of the time correlators
is determined by evolution along the symmetric stretch coor-
dinate. The dynamics along this coordinate are more rapid than
the decay due to homogeneous broadening such that the
predicted intensity of the symmetric stretch fundamental transi-
tion is affected only to a limited extent by homogeneous
broadening. In contrast, the time correlator for the bend acquires
the majority of its intensity at~50 fs. An increase in the
homogeneous line width from 85 to 220 chresults in the
truncation of the time correlator before 50 fs such that the
predicted intensity of the bend fundamental transition is
dramatically reduced. Therefore, simultaneous reproduction of
absolute scattering cross sections for the symmetric stretch
fundamental and overtone transitions as well as the bend
fundamental transition constrains the homogeneous line width
to 85+ 15 cntl. Given this line width, reproduction of the
spectral breadth observed in the absorption spectrum requires
Energy (cm1) an additional amount of inhomogeneous broadening correspond-
Figure 4. Experimental and calculated absolute resonance Raman crosdng to a standard deviation of 288 20 cnrl,
sections for the symmetric stretch fundamental (A) and overtone (B)  Figure 3 demonstrates that intensity is not observed for the
transitions. Calculations were performed employing homogeneous gvertone transition of the asymmetric stretch. Estimation of
broadening of 85k 15 cn1 and inhomogeneous broadening of 280  the signal-to-noise ratio combined with the intensity of the
fm?? ;:dr ngsﬁ:ﬁomg'eggo‘ﬁglLﬁaggmggigggﬁ: dblri?g;j.e”'“g of 220 symmetric stretch overtone transition provides an upper limit
for the Raman cross section of this transition of ¥ 710711
predicted intensities are not dramatically reduced by an increaseA2. Figure 6 demonstrates that this intensity is consistent with
in the homogeneous line width. a decrease in the excited-state frequency to #5085 cnt?!

The absolute resonance Raman cross sections of the symemploying a harmonic model for the excited-state potential
metric stretch fundamental and overtone transitions provide energy surface along this coordinate (solid line). Further
limited constraint on the homogeneous line width; however, the reduction in the excited-state frequency results in predicted
fundamental transition of the bend is extremely sensitive to intensities that are greater than the intensity limit. Figure 6
homogeneous broadening. The calculated intensity of this presents the overtone intensity predicted using the gas-phase
transition decreases by almost 2 orders of magnitude with an(dotted line) and ab initio (dotteedashed line) potentials along
increase in homogeneous line width from 85 to 220 &rithis this coordinate. Both the gas-phase and ab initio potential

OR (x 1010A2)

20000 30000 40000
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symmetric stretch, bend, and asymmetric stretck (L, 2, and
3, respectively), and these are given as linear combinations of
the internal coordinates corresponding to CIO bond lengths (
o and the G-CI-0 bond angle ®). The relationship between
normal and symmetry coordinates can be determined by Wilson-
FG matrix analysis of the ab initio ground-state potential energy
surface. This analysis results in the following transformation
between symmetry and normal coordinates:

109 | s

Or (A2

1012

S| [0.0908 -0.013 0 Q
S,|=-0.021 —0.079 0 Q 9)
S| |o 0 —0.106|[Q;

10-15 . .
20000 30000 40000 where the coefficients in the conversion matrix are given in

Energy (cm1) atomic units, and coefficients smaller than 0.001 are ignored.

Figure 6. Experimental limit for intensity of the asymmetric stretch Thg above Calpulatlon V‘,/as performed with positive displacement
overtone transition (point). Also depicted are the calculated resonancedefined as an increase in bond length anei@-0 bond angle.
Raman excitation profiles of this transition employing a harmonic Using the above relationship, the dimensionless displacements
description of the asymmetric stretch coordinate with excited-state of the 2A, excited state determined by RRIA can be used to
frequency 850 cmt (solid line), the ab initio potential (dastdot), define the geometry changes that occur on this surface. The
and gas-phase potential (dotted). The figure demonstrates that the abyqyilibrium geometry of ground-state OCIO corresponds to CIO
g}lttlgi:rt]grg]gz-opnhase potentials significantly overestimate the intensity bond lengths of 1.471 A and-eCl—O bond angle of 117.350

' The displacements along the symmetric stretsh<5.63) and

energy surfaces were found to be inconsistent with the absenceébend & = 0.4) in water correspond to #A; excited-state

of intensity for the asymmetric stretch overtone transition in €quilibrium geometry with G+O bond lengths of 1.68 A and
that these potentials result in predicted intensities that are O—Cl—O bond angle of 10878 Since resonance Raman
significantly larger than the intensity limit. It is important to  intensities depend oft?, the calculation is performed such that
note that partitioning of the homogeneous and inhomogeneousthe sign ofA along the symmetric stretch or bend corresponds
line widths through absolute resonance Raman intensities isto Cl—0O bond elongation and reduction of the-Gl—-0O bond
necessary in order to perform the above analysis. If the angle in agreement with both gas-phase experimental and
homogeneous line width were ambiguous, the cross sectionstheoretical results.

predicted by the ab initio or gas-phase models could potentially ]

be reduced by simply increasing the homogeneous line width. Discussion

However, the acquisition and quantitative analysis of absolute  Excited-State Structural Relaxation and Photoproduct
resonance Raman cross sections performed in this study removegormation. The analysis presented above provides a mode-
any ambiguity in the amount of homogeneous broadening to specific description of the excited-state structural relaxation of
employ. aqueous OCIO that occurs following photoexcitation. The
Effect of Intercoordinate Anharmonicity . Investigations  relaxation is dominated by evolution along the symmetric stretch
on the influence of anharmonic coupling on the predicted and bend coordinates, with limited evolution occurring along
intensity for the asymmetric stretch overtone transition were the asymmetric stretch. These dynamics are similar to those
performed by including coupling between the symmetric and determined in our previous study of OCIO dissolved in
asymmetric stretch coordinates through the term contajni#d  cyclohexané® For both solvents, the lack of excited-state
in eq 4. Values ofy133 as large as~150 were investigated  structural evolution along the asymmetric stretch results in the
consistent with previous estimat®s.Even with the inclusion preservation ofC,, symmetry on the?A, surface. These
of anharmonic coupling, the predicted intensity for the asym- dynamics stand in contrast to the evolution observed in the gas
metric stretch overtone transition employing the ab initio or gas- phase where excited-state structural relaxation along the asym-
phase potentials is still significantly larger than the experimental metric stretch coordinate results in the reduction of molecular
intensity limit. Therefore, anharmonic coupling between the symmetry toCs.57
symmetric and asymmetric stretch coordinates does not signifi- -~ The preservation of,, symmetry on the’A, surface for
cantly alter the results and conclusions presented here. aqueous OCIO is potentially responsible for the increase in the
The Excited-State Equilibrium Structure of Aqueous Cl formation quantum yield®c) in water relative to the gas
OCIO. The parameters for th#, surface determined in our  phase. Previous gas-phase experimental and theoretical studies
analySiS (Table 2) can be used to define the equilibrium excited- have Suggested that a geometry at or r@@rsymmetry is
state geometry provided that the relationship between dimen-necessary for Cl formation. Recent calculations by Peterson
sionless normal coordinates and internal coordinates is known.and Werner have indicated that the reduction of symmetry from
The ab initio theoretical results of Peterson and Werner can bec,, to C, serves to reduce the energy barrier for CIO and O
used to establish this relationsHff’® In these calculations, the  formation?84° Furthermore, only for geometries at or n€ar,
ground-state potential was defined in terms of the following symmetry was the production of Cl and, @redicted to be

symmetry coordinates: energetically favorable. This conclusion is consistent with
recent studies of Davis and Lee on the translational energy
— rn+r, S,=0 S, = n—r ) distribution of products formed from photolysis of gas-phase

J2 J2 OCIO where the production of Owas suggested to occur

through aC,, transition staté* These researchers also found
where the§, are the symmetry coordinates related to the that excitation of the asymmetric stretch coordinate results in
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roughly a 10-fold reduction id®¢. The results presented here
combined with our previous study in cyclohexane suggest that ~ f-------ommmomoo
a similar mechanism for photoproduct formation is operative
in these solvents. The weak intensity for the asymmetric stretch 0.3}
overtone transition in both water and cyclohexane demonstrates
that limited excited-state evolution occurs along this coordinate.
The reduction in asymmetric structural evolution on &e
surface results in the preservation ©f, symmetry, thereby
enhancingdc;.

The similarity in excited-state structural evolution for OCIO
dissolved in water and cyclohexane combined with studies of
O, production following OCIO photoexcitation demonstrates
that, in addition to théA, surface, the lower energdA; and
B, states also participate in photoproduct formation. The o1k {
sequence of events in OCIO photochemistry is believed to be
as follows: photoexcitation to théA, surface results in
production of théA; state via internal conversion through spin
orbit coupling. Production of the lower enerég, state then
occurs by internal conversion from th&; surface. Studies of Energy (cm-T)

0O, emission following photoexcitation of OCIO in polar and Figure 7. Resonance Raman depolarization ratio of the symmetric
nonpolar solvents have demonstrated that4i@® he production stretch fundamental transit.ion. in aqueous so!ution (circles): .Alsq
of atomic chlorine is dominated by the &l 02(32g—) channel: presented are the depolarization ratios for this same transition in

- 1 . cyclohexane (diamonds). The dashed line corresponds to a depolar-
however, in GDg and CC} the Cl + Op("Ag) channel domi ization ratio of 1/3, the value predicted when a single state contributes

nates®® UnderC,, symmetry, only théB state correlates With 5 the scattering process. The systematic deviation of the depolarization
the Cl+ Ox(*Ag) channel; therefore, the Gmission studies  ratios from this value is consistent with the presence ofhesurface
suggest that in nonpolar and polar solvents Cl is derived from in energetic proximity to the optically brightA, surface.

the2B, and?A; surfaces, respectivel?87! Given the similarity

of the 2A, surface parameters in water and cyclohexane, the 2A; state excitation energies. The depolarization ratio is defined
resonance Raman results in combination with thee@ission as the intensity of scattered light with polarization perpendicular
results demonstrate that partitioning between the+CIO, to the incident field divided by the intensity of scattered light
channels must occur after decay of #e surface. The above  with polarization that is parallel to the incident filé>® This
discussion assumes th@s, symmetry is preserved along the ratio can be used to establish the presence of excited states with
reaction coordinate. A reduction in molecular symmetry on the electronic transition moments orthogonal to the transition of
2A; or 2B, surface would serve to substantially alter this picture. interest®68 For OCIO, the2B;—2A; transition moment is
For example, symmetry reduction could result in the production predicted to be orthogonal to that of the strongBi—?2A,

of the peroxy isomer, CIOO, which is expected to undergo facile transitionl¢” A detailed description of resonance Raman

Raman Depolarization

20000 30000 40000

decay into Cl and e3=;7).7 depolarization theory is beyond the scope of this paper; however,
Excited-State Energetics and Solvent Dependencén the we have recently reported a detailed analysis of these ratios for

above analysis, the homogeneous line width was found to be OCIO dissolved in cyclohexar#. In this work, deviation of

85 + 15 cntl. This is essentially identical to the 88 10 the depolarization ratio of the symmetric stretch fundamental

cm! line width determined previously in cyclohexatfe.  transition from 0.33 (the value expected if only a single state
Attempts to observe fluorescence from aqueous OCIO were participates in the scattering process) was observed and found
unsuccessful, suggesting that the homogeneous line width isto be consistent with the presence of the optically wéak
dominated by excited-state population relaxation, with the potential energy surface in energetic proximity to tAe state.
magnitude of the line width placing the time scale for excited- If the 2A; and?A; surfaces are stabilized to different extents, it
state decay at60 fs. The similarity in homogeneous line width  should be reflected by a change in depolarization ratios. Figure
between water and cyclohexane demonstrates that the depopula? demonstrates that a subtle change in the depolarization ratios
tion rate of the2A, state is not sensitive to solvent. One is observed in water relative to cyclohexane in that the
plausible mechanism for the phase-dependent reactivity of OCIO depolarization ratios are systematically larger in water. Pre-
would be that théA,, 2A,, and?B, excited states are stabilized liminary analysis of these data suggests that this difference is
to different extents in polar versus nonpolar solvents due to consistent with a slight increase in the excitation energy of the
differences in charge distribution. Differential stabilization 2A; state in water; however, the depolarization dispersion and
could modulate the potential energy surface interactions, therebymagnitude of the depolarization ratios are similar in both
affecting photoproduct formation. However, preferential sta- solvents, suggesting that a dramatic change in the relative
bilization of the2A; state relative to théA, state would be energies of théA, and?A; states has not occurred.
expected to modulate the depopulation rate oftesurface, Interaction between OCIO and Water. The question
and the spectroscopic manifestation of this modulation should remains as to the nature of the interactions between OCIO and
be solvent dependence of the homogeneous line width. Thewater responsible for modifying tr#é, potential energy surface.
similarity of the homogeneous line width in water and cyclo- \We can address this question by comparing OCIO to similar
hexane suggests that differential stabilization of the excited statescompounds for which this question has been investigated. OCIO
and/or solvent-dependent potential energy surface coupling isjs isoelectronic with @, the main difference being that OCIO
not responsible for the phase-dependent reactivity of OCIO. s a neutral radical and£ is charged. The resonance Raman
Resonance Raman depolarization ratios provide a secondspectrum of aqueouszOhas been reported by Su and Tripathi,
method by which to monitor solvent dependence ofthgand and the most intriguing result of this work is thel5 cnt?
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Figure 8. Resonance Raman spectra of chlorine dioxide dissolved in
H,O (dashed line) and  (solid line) obtained with 368.9 nm
excitation. The spectral region corresponding to the symmetric stretch

Foster and Reid

rotational dynamics are indeed affected by the presence of
hydrogen bonding and/or electrostatic interaction with the
solvent.

Given that the interaction between OCIO and water is weaker
than for aqueous £ and that intermolecular hydrogen bonding
is not the largest component of the solvent coordinate, we are
left to conclude that dipoledipole interactions dominate the
solvent response to OCIO photoexcitation. For OCIO in
cyclohexane, we suggested that dipeleduced dipole forces
were responsible for altering th#\, excited-state potential
energy surface along the asymmetric stretch coordinate. The
change in dipole moment with respect to normal coordinate
displacement is largest for the asymmetric stretch; therefore, a
mechanism was proposed where solvent reorientation in re-
sponse to motion along the asymmetric stretch coordinate
restricts evolution along this coordinate. Given the absence of
intensity of the overtone transition of the asymmetric stretch in
water, we conclude that a similar mechanism is operative in
aqueous OCIO. It should be noted that studies on the solvation
dynamics of water have demonstrated that the majority of the

fundamental transition is presented. The figure demonstrates that onlydynamics occur on the50 fs time scal@®8! However, the

a modest decrease in the line width of this transition is observed when
OCIO is dissolved in BO.

decrease in line width for the symmetric stretch fundamental
transition in RO relative to HO.”® This reduction in line width
was attributed to the transition representing a combination band
involving the symmetric stretch off3 and solvent modes where
deuteration of the solvent results in modification of the solvent-

mode vibrational frequencies, thereby decreasing the apparent
line width. It was suggested that the presence of charge results’

in strong coupling between solvent and solute vibronic degrees
of freedom such that the molecular species in solution is more
appropriately thought of as ¢H.0),)~. To see whether a
similar spectroscopic manifestation of strong solvestlute

coupling exists for OCIO, we measured the resonance Raman

spectrum at 368.9 nm in both,® and DO. The comparison

of the symmetric stretch region of the spectrum for these two
solvents is presented in Figure 8. A decrease in line width is
observed in RO; however, this decrease is very modesil (
cm1), suggesting that the intermolecular coordinate for aqueous
OCIO is much weaker than for aqueous O

A second measure of solutsolvent interaction is provided
by the rotational correlation time of OCIO. Studies on the
rotational dynamics of small molecular ions in petarotic and
—aprotic solvents have demonstrated that an increase in solute

large increase in inhomogeneous line width in water relative to
cyclohexane suggests that for OCIO the relevant component of
the solvent response is operative on times slower than the time
scale for Raman scattering. Therefore, slower relaxing solvent
degrees of freedom such as diffusional dielectric relaxation and
intermolecular hydrogen bonding probably make the largest
contribution to the solvent coordinate.

A second, similar mechanism for the solvent-dependent
hotochemistry of OCIO was proposed based on a study of
product yields in CCl82 In this study, enhancement of the Cl
+ O, channel was believed to occur via symmetry breaking of
the excited state due to dipeténduced dipole solventsolute
interactions. In an elegant study by Johnson and Myers,
dynamical symmetry reduction of the excited-state geometry
due to solvation was observed fay B3 The spectroscopic
manifestation of this symmetry reduction was the appearance
of resonance Raman intensity corresponding to the fundamental
transition of the asymmetric stretch, a transition that is nominally
forbidden by symmetry. The RRIA studies of OCIO dissolved
in water and cyclohexane demonstrate that no intensity assign-
able to the fundamental of the asymmetric stretch is observed
consistent with the preservation @5, symmetry on the’A,
surface. However, the existence of dynamical symmetry
breaking in CCJ has yet to be explored by resonance Raman
spectroscopy.

solvent coupling strength is manifested as an increase in the

rotational correlation timé&~77 The rotational correlation time

of aqueous OCIO is 0.6 ps, in agreement with the predicted
time employing a hydrodynamic slip model, suggesting that the
solvent-solute interactions between OCIO and water are Weéak.
Furthermore, the rotational correlation time of OCIO is markedly
shorter than the corresponding 2.3 ps time for aqueoys O
supporting the existence of stronger solveslute interactions
for aqueous @ .78 Rotational correlation times greater that
those predicted by a stick boundary condition have been
observed for molecular ions (NO, NCS-, NCO") dissolved

in polar—protic solvents, consistent with the existence of
solvent-solute hydrogen bondin{. The rotational correlation
times for OCIO and @ are significantly shorter than those

Conclusions

In this paper, we have reported the analysis of the absolute
resonance Raman and absorption cross sections of aqueous
OCIO. It was demonstrated that, similar to the dynamics in
cyclohexane, excited-state evolution along the asymmetric
stretch coordinate is restricted relative to the dynamics that occur
in the gas phase. The absence of significant evolution along
this coordinate results in the preservation@jf symmetry on
the 2A, surface. This preservation of symmetry potentially
results in an increase in the Cl photochemical quantum yield in
aqueous solution relative to the gas phase. The homogeneous
line width determined for aqueous OCIO was found to be almost

predicted by a stick boundary condition, suggesting that identical to that observed in cyclohexane; however, the inho-
hydrogen bonding is not the dominant interaction for either mogeneous line width undergoes a substantial increase in water.
species in solution. A formal test of this hypothesis would be It was proposed that solvensolute dipolar interactions and

to measure the rotational correlation time of OCIO in a series potentially intermolecular hydrogen bonding are important
of polar—protic and —aprotic solvents to ascertain whether components of the solvent response to OCIO photoexcitation.
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Investigations are currently underway to ascertain the role of
intermolecular hydrogen bonding in defining the phase-depen

ent reactivity of OCIO.
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