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Excited-State Dynamics of Chlorine Dioxide in the Condensed Phase from Resonance
Raman Intensities
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Resonance Raman spectra of chlorine dioxide (OCIO) dissolved in cyclohexane obtained with excitation
throughout théB;—2A, electronic transition are presented. Resonance Raman intensity corresponding to all
vibrational degrees of freedom (the symmetric stretch, bend, and asymmetric stretch) is observed, demonstrating
that excited-state structural evolution along all three coordinates occurs upon photoexcitation. The electronic
absorption and absolute resonance Raman cross sections are reproduced employing the time-dependent
formalism for Raman scattering using an anharmonic description ofAheexcited-state potential-energy
surface. Analysis of the resonance Raman cross-sections demonstrates that both homogeneous and
inhomogeneous broadening mechanisms are operative in cyclohexane. Comparison of the experimentally
determined, gas-pha3&; surface to that in solution defined by the analysis presented here shows that although
displacements along the symmetric stretch and bend are similar in both phases, evolution along the asymmetric
stretch is dramatically altered in solution. Specifically, employing the gas-phase potential along this coordinate,
the predicted intensity of the overtone transition is an order of magnitude larger than that observed. The
analysis presented here demonstrates that the asymmetric stretch overtone intensity is consistent with a reduction
in excited-state frequency along this coordinate from 1100 to#3M0 cn®. This comparison suggests

that differences in evolution along the asymmetric stretch may be responsible for the phase-dependent reactivity
of OCIO. In particular, the absence of substantial evolution along the asymmetric stretch in solution results

in the ground-state symmetry of OCIO being maintained in’theexcited state. The role of symmetry in
defining the reaction coordinate and the nature of the solvent interaction responsible for modulation of the
excited-state potential energy surface are discussed.

Introduction SCHEME 1
Understanding phase- and environment-dependent chemical hv rad CIO (211) + O(3Pg)
reactivity is a central issue in environmental chemistyThis OCIO — OCIO”
area of environmental chemistry is closely related to current \CI (2P,) + 02 (1A, 355 )
u ) Teg

research in chemical physics involved in elucidating the role

of solvent in condensed-phase chemical processemgress ] ) o ]

in both areas is dependent on defining the microscopic details "éaction pathway corresponding to-€10, formation is believed

of solvent-solute interactions which influence reaction rates 0 Proceed via photoisomerization of OCIO to CIOO with
and product yields. The importance of solvent effects in subsequent decomposition of this species result_lng in product
environmental processes is elegantly illustrated by the photo- formation#12282%.333 The gas-phase photochemical quantum
chemistry of chlorine dioxide (OCIC). yield for this process remains the subject of debate with values

Scheme 1 outlines the photochemical reactivity of OCIO. fanging from 0.15 to-0.10:15717:2021 In contrast, matrix isolation
Photoexcitation results either in bond cleavage to form CIO and studies have demonstrated that photoexcitation of OCIO results

. . . I i i i 6,28,30-35,48
atomic oxygen or in the formation of molecular oxygen and duantitatively in the formation of ClO®%2° The
atomic chlorinét36 It is the latter photochemical pathway that importance of geminate recombination in matrix photochemistry

is responsible for the environmental impact of OCIO. In remains unclear; however, the quantum yield for CIOO forma-
atmospheric chemistry, photodecomposition of OCIO may tion in matrixes of both weakly (Ar) and strongly 48, H20)
represent an important source of atomic chlorine, which can associating molecules is the same suggesting that solvent
participate in stratospheric ozone depletidf373° In aquifer “caging” effects are minimail—33 Furthermpre, recent experi-
chemistry, OCIO has been utilized in water purification and Ments on OCIO adsorbed to polycrystalline Pt have demon-
paper manufacturing, but recent studies suggest that thigStrated tha_t the @and ClI photoprod_ucts are relegsed from the
compound may actually serve as an aquifer contaminant sinceSurface with hyperthermal energies, suggesting that these
atomic chlorine is involved in the formation of toxic and Products are produced directly rather than by the ground-state
mutagenic polychlorinated specits#4 decomposition of CIOG? . .

The intriguing aspect of OCIO chemistry is that the quantum  Although the gas-phase and matrix chemistry of OCIO has
yield for CI production is phase dependent. Numerous inves- been (_extenswely investigated, the solution-phase reaction
tigations on the gas-phase reactivity of OCIO have establisheddynamics of OCIO have only recently been exploked: 49
that in this phase, photoexcitation leads predominately to the Pioneering research by Simon and co-workers has established

formation of CIO and ($:916.1820,22,2526,4547 The minor that the quantum yield for CIOO formation in polar solution is
0.1-0.21112 Furthermore, this work established the direct

*To whom correspondence should be addressed. production of CIOO from the photolysis of OCIO in water and
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state CIOO. However, convolution of the photoproduct ap- Resonance Raman SpectraExcitation at 532, 435.7, 368.9,
pearance and vibrational relaxation kinetics prohibited an 355, 319.9, and 282.4 nm was provided by the direct and
absolute determination of the photoproduct formation ¥ate.  hydrogen-shifted, second and third harmonic output of a Nd:
The phenomenology of OCIO photochemistry has been YAG laser (Spectra-Physics GCR-170) operating at 30 Hz.
established; however, the mechanistic details responsible for thePower dependence of the OCIO scattering was monitored at
phase-dependent reactivity remain unknown. In particular, 368.9 nm by measuring the scattering intensity of the symmetric
issues such as the nuclear dimensionality of the initial, excited- stretch versus incident power. A linear increase with intensity
state evolution, the excited-state decay rate, the kinetics ofup to 10uxJ/pulse was observed, at which point the onset of
photoproduct formation, and the influence of solvent on these ground-state depletion was observed. Pulse energies were kept
processes remain unanswered. In this paper, we present théo <10 xJ at 368.9 nm and adjusted at other wavelengths by
results of our initial investigations on the condensed-phase scaling this pulse energy by the absorption cross section to
reaction dynamics of OCIO. Specifically, resonance Raman maintain a homogeneous extent of photoalteration at all excita-
intensity analysis is employed to determine the early-time, tion points. The incident light was focused onto either a thin-
excited-state reaction dynamics. This work represents our initial film, wire-guided jet of the OCIO solution (368.9, 355, 319.9,
step in systematically defining how solvents influence the and 282.4 nm) or glass capillary containing the OCIO solution
chemistry of halooxides in condensed environments. The (532, 435.7, 368.9, and 355 nm) using a 100 mm focal length,
information obtained from these investigations will assist in UV-quality spherical lens. Sample flow rates were sufficient
developing an understanding of halooxide chemistry in both to replace the illuminated sample volume between excitation
homogeneous and heterogeneous settings. pulses. The scattered light was collected and delivered to a
Analysis of the resonance Raman intensities of OCIO 0.5m spectrograph (Acton) using refractive, UV-quality optics.
dissolved in cyclohexane demonstrates that relative to the gasA Polarization scrambler was placed before the entrance of the
phase, the nuclear evolution which occurs on the optically spectrograph to minimize the polarization dependence of the
prepared, excited-state potential energy surface is dramaticallyspectrograph throughput. The scattered light was dispersed
altered in solution. Specifically, the large structural change Using either a 1200 g/mm classically rule@ & 500 nm) or a
along the asymmetric stretch coordinate present in the gas-phas@400 g/mm holographic grating. Typical entrance slit widths
occurs only to a limited extent in solution, resulting in the Of 75 um resulted in a spectral band-pass of 8"émThe
preservation of the ground-state symmetry of OCIO in%hg scattered light was detected with a Princeton Instruments, liquid
excited state. The difference in structural evolution combined hitrogen cooled, back-thinned, 1180330 pixel CCD detector.
with previous results on OCIO photochemistry indicates that ~ Depolarization Ratios. The resonance Raman depolarization
in cyclohexane, the conservation of ground-state symmetry is ratio of the OCIO symmetric stretch fundamental transition was
responsible for the production of Cl and, ®y a symmetric measured at all excitation wavelengths. The depolarization ratio
dissociation mechanism as opposed to product formation viais defined as the intensity of scattered light with polarization
the lower symmetry, CIOO intermediate. In addition, the results perpendicular to that of the incident radiation divided by the
presented here imply that the dynamics which occur on the intensity of scattered light with parallel polarizatigh. The
predissociative?A, surface are important in defining the phase- polarization of the incident light was defined by passing the

dependent reactivity of OCIO. excitation light through a stack of five, air-spaced quartz
microscope slides oriented at the Brewster’s angle, resulting in
Experimental Section a polarization contrast ratie 1000:1. The polarization of the

scattered light was analyzed using a large aperture (1.5 cm)

Materials. Chlorine dioxide (OCIO) was synthesized by Glan-Taylor calcite polarizer placed before the polarization
published method¥. Briefly, 13.6 g of potassium chlorate  scrambler. Measurement of the depolarization ratio of the 802
(99+% reagent grade, Aldrich) and 11.1 g of oxalic acid cmline of cyclohexane resulted in a value of 089.01, in
dihydrate (reagent grade, J. T. Baker) were dissolved in 60 mL agreement with previously published resdfs.
of 2.3 M sulfuric acid (98% reagent grade, J. T. Baker). The |ntensity Corrections. All resonance Raman spectra were
solution was continuously stirred and slowly heated in a water corrected for wavelength-dependent sensitivity using standard
bath until the evolution of green, gaseous OCIO was observed.D, emission (Hellma) or quartztungster-halogen (Oriel)
The OCIO gas was passed through a drying tube containinglamps. The spectra were corrected for self-absorption using the
phosphorus pentoxide (reagent grade, J. T. Baker) and bubbledollowing analytic function4:55
through 250 mL of neat cyclohexane (spectrophotometric grade,
J. T. Baker) cooled to~6 °C. This procedure resulted in a | I(ex +¢;) )
OCIO concentration o100 mM with concentration and prep 07 1 _ .
purity determined by static visUV absorption. Gaseous OCIO 1= exp(2.30dey + )

is known to readily explode at pressures greater than 30 ToIT; \yherel, is the corrected intensity;is the uncorrected intensity;
therefore, great care must be taken during preparation. Neat. 5nd¢ are the extinction coefficients at the scattered and laser
OcCIO was |so!ated for use in determination of the absorptlon frequencies, respectivelp;is the path length (the diameter of
cross section in cyclohexane (see below). The preparation ofihe capillary or thickness of the jet)is the concentration; and
OCIO was performed similar to that described above except , js 5 geometric factor that accounts for the difference in path
that after drying, OCIO was trapped in a 10 mL flask cooled t0 |gngths between the incident and scattered light in the 135

—38 °C using a dry ice/xylenes slush bath. This arrangement backscattering” arrangement and is given by
resulted in the condensation of OCIO (boiling point: A1)

while coproduced C@passed through the collection flagk. x = sin[cos Y(Rcos6)] )
Calibrated capillary pipets were precooled in liquid nitrogen

and used to transfer the liquid OCIO into volumetric flasks for whereR is the ratio of the index of refraction of air relative to
dilution and determination of the cross section. Extreme care cyclohexane and is the angle between the incident light and
must be taken in the transfer of liquid OCIO, where vaporization the sample surface. Measurement of the actual geometry
typically results in explosion. employed in the experiments resulted in a typcial valueyfor
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TABLE 1: Measured Raman Cross Sections for Chlorine Dioxide in Cyclohexane

excitation energy

(x103cm?) vy (x1010 A2)a 2v1 (10 A2) v (x 10190 A2) 2v3 (x 100 A?) p(v1)®
18.8 (532.0 nm) 0.05:0.07 0.11+0.01
23.0 (435.7 nm) 1.6 0.22 1.28+ 0.19 0.20£ 0.02
27.1 (368.9 nm) 6.9 1.40 3.75£ 0.81 0.97£0.24 0.37+£ 0.06 0.25£ 0.04
28.2 (355.0 nm) 7.0& 1.40 8.78+ 1.50 0.46+ 0.08 0.22+ 0.03
31.3(319.9 nm) 9.541.20 4.624+ 1.40 0.20£ 0.07 0.19£ 0.02
35.4 (282.4 nm) 2.46-0.28 0.80+ 0.31 0.18+ 0.02

a Absolute intensities were determined by comparison to the 802 line of cyclohexane for which absolute Raman intensities are krié#n.
b The Raman depolarization ratio for the symmetric stretch. This ratio is the Raman intensity observed perpendicular to the polarization axis of the
incident light divided by the Raman intensity observed parallel to this &lgors represent 1 standard deviation from the mean.

of 0.894 0.04. Finally, the correction for chromatic aberration unchanged. Therefore, the single state approximation employed
was performed by comparison of solvent line intensities between in this analysis is judged to be appropriate.

spectra of neat cyclohexane and spectra with OCIO present with  The Raman excitation profiles and electronic absorption
this correction resulting in &3% change in intensities. The spectrum were modeled using the time-dependent formalism
absolute resonance Raman intensity of the symmetric stretchof Lee and HelleP’~61 In this approach, the Raman cross
fundamental and overtone transition of OCIO was determined section is given by the following:

at each excitation wavelength by comparison to the 802cm

line of cyclohexane using the following equatigh: 8rEEEM:, .. o
or(E) = W’ [ 8B, H(Ey) [, li(t)x

9ocio _ (locio)(Coxw[(X + 20)/(1 + p)locio E + EWhID( dtl? (4
gexn (lexn) (Cocio) [(T + 20)/(1 + p)lcxn ©) SPlE DO & @

whereE; andE, are the frequencies of the scattered and incident
whereo is the Raman cross sectidris the scattered intensity,  light, respectivelyF; is the energy of the initial vibrational state,
cis the concentration, angis the Raman depolarization ratio. Meg s the electronic transition moment, afiti(t)Urepresents
Observed intensities were determined by simple integration of the time-dependent overlap of the final state in the scattering
peak areas and by a nonlinear, least-squares fit of the spectr@process with the initial vibrational state propagating under the
to a sum of Gaussian peaks convolved with a Lorentzian influence of the excited-state Hamiltonian. The lowest fre-
instrument response and linear background. Intensities deter-quency vibrational mode of OCIO is at 450 cintherefore,
mined using either approach produced equivalent resonancehe initial vibrational state for all vibrational degrees of freedom
Raman cross sections to within experimental error. Intensitieswas taken to be the ground vibrational level (the “0 K"
of transitions other than the fundamental and overtone of the approximation). The damping functiob(t), is composite of
symmetric stretch were determined by comparison to the both radiative and nonradiative vibronic dephasing processes
symmetric stretch fundamental. The results of this analysis are corresponding to both population decdy)(and pure-dephasing

presented in Table 1. (T2¥). In general,D(t) is expected to be a single-exponential
decay with a time constant corresponding to the optical
Data Analysis however, Gaussian and more complex forms have also been

0,62,63 i
The absorption and Raman excitation spectra were modeledemployeds' The analysis presented here was performed

. oo . (yvith both Gaussian and Lorentzian line shapes; however, the
under the assumption that the observed scattering is dominate Lalculations employing a Gaussian line width typically resulted
by the?A; excited state and that contributions from other states . ploying picatly

s e L .~ in better agreement with the data (see below). Although the
are negligible. Deviation of the Raman depolarization ratios _ .. - . .
. .~ origin of a Gaussian functional form for the homogeneous line
from 0.33 (Table 1), the value when only a single electronic

state contributes to the observed scattering, demonstrates tha‘f‘"dFh is not explicitly treatgd in this study: th? Brownian
- S ) oscillator model for solvent-induced dephasing is capable of
this assumption is only approximate for OCIO. The depolar- . - ; -
o . - o reproducing this line width when solvent fluctuations are slower
ization ratios observed with excitation at 355 0.22+ 0.03) : . . .
_ than the time scale for optical dephasfigFinally, H(Ey) is a
and 368.9 nmd = 0.25 + 0.04) were closest to 0.33 and . : Lo )
o . ST ] Gaussian function which is included to model inhomogeneous
indicate that the single-state approximation is most valid at these . - : . . . .
) . broadening effects involving site differences which result in
wavelengths. Therefore, refinement of the calculation was _| ... )
; : hifting of the energy gap between the ground and excited state
performed with reference to the Raman cross sections measure . . ;
I : Eg). The inhomogeneous line width parameters reported here
at these excitation points. We have recently completed an L . R
- ... correspond to the standard deviation of the Gaussian distribution
analysis of the wavelength-dependent Raman depolarization

ratios for the symmetric stretch fundamental transition of OCIO g; SaO|Vreon;i;|;etiSc'm1;2e absorption cross section at the same level
dissolved in cyclohexane with a detailed description of this work pp

to appear shortl§® To briefly summarize the results of this AnEM. 2

study, the observed wavelength dependence of the depolarizatiorbA(El) —_ ~ Teq f“ 9E, H(E,) f°° i () Ox

ratios could be reproduced if the optically weak;, potential éh’cn 7 o

energy surface also contributes to the observed scattering. expli(g, + E)Y/h]D(t) dt (5)

However, the smaller transition moment and larger homoge-

neous line width of this surface results in thhe, state making wherelili(t)0s the time-dependent overlap of the initial ground
only a modest contribution to the observed intensities. Specif- vibrational state with this same state propagating on the excited-
ically, the main adjustment in the parameters reported here is astate potential energy surface amds the index of refraction.

10% reduction in the electronic transition length with the As is evident from the above equations, the Raman and
description of the2A, potential energy surface remaining absorption cross sections are dependent on the same excited-
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state parameters; therefore, modeling of both Raman and|i(t)O=

absorption cross sections results in a self-consistent picture of 2 = 2 .
the excited-state potential energy surface. SXPUAYVIAM)exp-i(AYV)expl(A) V'/aM) ggi)gi—(g)

The “simple-harmonic” approximation, in which the potential
energy surfaces are modeled as a quadratic function of theyyherev2 is the Laplacian in position spac¥,is the excited-
normal coordinates with each vibrational degree of freedom fully state potential, andt is the size of the propagation time step.
characterized by a single frequency (equal in the ground andThe error in this approach scales as the cube of the time step;
excited state) and dimensionless displacement of the excited-therefore, the step size was kept to a minimum (0.2 fs) with
state potential energy surface minimum relative to the ground propagations emp|0ying 2500 time Steps_ For two-dimensional
state Q), is typically employed in the analysis of resonance cajculations performed when anharmonic coupling between the
Raman intensitie®®! However, this approximation is in-  symmetric and asymmetric stretch coordinates is included in
adequate for OCIO given the importance of anharmonicity in the description of the excited-state potential energy surface, a
describing the potential energy surfaces (see below); therefore,600 x 600 grid was employed using 1000 steps of 0.5 fs/step
the following excited-state potential energy surface in the to determine the overlap. In either case, the calculated intensi-
ground-state dimensionless coordinate basis was employed: ties did not change with further increase in the number of time

steps or a reduction in the step size. Finally, the Feit and Fleck

1 welz , 1 we22 5 propagator routine was checked by comparison to calculations
V.= > 7@ =AY+ > (0, — A) + involving displaced harmonic potentials as well as nondisplaced
g 92 potentials with an unbound excited-state surface for which
2 lytic solutions are knowh¥:5°
10, 5 1 Wer\32 . analy
5 (@) T+ _Xlll(_‘) (o —A)™+
2 wgy 6" \wg Results
1 0w \Y2fw ) . . : .
S el (Ze8 (0 — A)(G)? + Aex —a2q32—93 (6) Electronic Absorption Spectra. The electronic absorption
Wy Wys3 Wy spectrum of OCIO dissolved in cyclohexane measured in the

region of the?B;—2A, transition is presented in Figure 1. To
where the subscripts 1, 2, and 3 refer to the symmetric stretch,our knowledge, the absorption spectrum of OCIO in this solvent
bend, and asymmetric stretch, respectively. In additigrand has not been reported; therefore, this measurement was per-
wgq denote the excited- and ground-state harmonic frequencies,formed in order to complete the analysis presented below. The
respectively. In the above potential, the symmetric stretch observed structure originates from progressions involving the
coodinate is described by both harmonic and cubic anharmonicsymmetric stretch27 Figure 2 presents the comparison of the
terms. The asymmetric stretch is modeled as harmonic with agas-phase spectrum of OCIO to that observed in cyclohexane.
Gaussian barrier as proposed by Richard and Vaidziven Transitions involving excitation of both the symmetric stretch
the limited displacement along the bend (see below), only the in combination with the bend or asymmetric stretch which are
harmonic term along this coordinate is included such that this observed in the gas-phase spectrum are not seen in solution due
degree of freedom is separable from the stretch coordinates o the increase in broadening in the condensed phase. This
Coupling between the symmetric and asymmetric stretch is Proadening prohibits analysis of the absorption spectrum alone
incorporated with a cubic anharmonic term. Estimates for the in order to investigate the excited-state potential energy surface
magnitude ofy1s3 from analysis of the gas-phase absorption @long the bend and asymmetric stretch coordinates. Although
spectrum assuming harmonic potential energy surfaces suggeste absorption spectrum of OCIO in cyclohexane is more diffuse
that it is of the same magnitude gs11.® Calculations were ~ than the gas-phase spectrum, it should be noted that the
performed adjustingss from O to 2¢11; resulting in a 15%  Structured spectrum in cyclohexane stands in contrast to the
depression in the resonance Raman cross sections over thi§elatively unstructured spectrum observed in water demonstrat-
range. Since the effect gfiss is small, this term was not N9 that the obser_ved broadenl_ng is solvent_ dependent (_see
included in the fits reported here in order to improve the P€low)®” The maximum absorption cross section for OCIO in
cyclohexane is 0.042 A very close to the value determined
for OCIO in water and that determined from electron-energy-
0sSs spectroscopf:5°
Resonance Raman Intensity Analysis. The resonance
Raman spectrum of OCIO obtained with excitation at 368.9 nm
3 is presented in Figure 3. The absolute Raman cross sections
@)= [ i 00 @) observed at aII_ excitation wavele_r)gths_ empl_oyed in this stuc_iy
!:l are presented in Table 1. Transitions involving the symmetric
stretch, bend, and asymmetric stretch are observed with the
3 analysis of each discussed below.
()= [ﬂ1|i1(t)E!_l[ﬂK|ik(t)D (8) Symmetric Stretch. The most prominent features of the
= spectra involve transitions corresponding to the symmetric
stretch with both the fundamental (938 thhand overtone
where the subscript 1 denotes the Raman-active coordinate. A(1874 cnt?) of this mode readily apparent. The large intensity
harmonic desciption of the ground-state surface along all three of these transitions combined with the observed structure in the
normal coordinates was employed. The time-dependent over-absorption spectrum demonstrates that evolution along this
laps involving harmonic surfaces with frequency change were coordinate is a major component of the structural relaxation
calculated using the method of Mukamel and co-workérs. occurring on the optically prepared, excited-state potential
Time-dependent overlaps for the anharmonic potentials were energy surface. The vibrational frequencies observed here are
calculated using the approximate time-propagator method of Feitin agreement with previously reported val§é&3470.71 |sotope
and Flecké>%¢ |n this approach|i(t)Uis given by splitting of the overtone band is evident, with the intensities

efficiency of the calculation. In this limit, the three vibronic
degrees of freedom are separable such that the multidimensional
time-dependent overlap was decomposed into products involving
one-dimensional overlaps:
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' ) Figure 2. (A) Gas-phase absorption spectrum of OCIO at 200 K
o1 reported by Vaida and co-worketsA progression of transitions
; ’ involving the symmetric stretch (1) in combination with the bend (2)
“«\ and asymmetric stretch (3) is shown with the superscript defining the
Ob= . . ke excited-state vibrational level to which the transition occurs. (B)
20000 30000 40000 Expanded view of the absorption spectrum of OCIO in cyclohexane
Energy (cm-1) determined in this study.

Figure 1. Experimental (solid) and calculated (dashed) electronic
absorption spectra of chlorine dioxide (OCIO) in cyclohexane. Calcu- Aex = 368.9 nm
lated spectra are from analysis employing (A) Gaussian homogeneous
broadening and a harmonic model of the excited-state potential energy
surface, (B) Lorentzian homogeneous broadening and an anharmonic
model of the excited-state potential energy surface, and (C) Gaussian
homogeneous broadening and an anharmonic model of the excited-
state potential energy surface. Time-dependent formalism and potentials
used in the calculation are discussed in the text. Parameters used in
the calculations incorporating an anharmonic description of the potential

energy surface are presented in Table 2.

— 2319 cm? (2vy,va)

x4

Raman Intensity
fz 450 cm1 (vz)
~ 938cm! (vy)

_1874 ¢l (2vy)

898 e (2v,)

consistent with the natural abundance®®! and3’Cl. In the
analysis presented below, isotope splitting is not explicitly
modeled and frequencies used in the calculation correspond to 1 . 1 .
transitions involving theé®>Cl isotope. 500 1000 1500 2000
Valence Bend. Limited intensity is observed in the funda- Energy (cm-1)
mental of the bend at 450 crh (Figure 3). The weak  Figure 3. Resonance Raman spectrum of OCIO in cyclohexane
fundamental intensity of this mode is consistent with the limited obtained with 368.9 nm excitation. Peaks marked with an asterisk are
excited-state displacement along this coordiéfe Previous due to the cyclohexane solvent. Intensity assignable to all three
electronic absorption analyses of OCIO have qualitatively coordinatesi(y, symmetric stretchy,, bend;vs, asymmetric stretch) is

explained this small displacement as originating from the joint obseryed demonstrating tha_t st_ructural evol_utlon occurs along all th_ree
coordinates upon photoexcitation. Expansion of the overtone region

stretching and bending chargcter of this r.n'ode with bond Iength of the spectrum (with solvent subtracted) is presented demonstrating
and angle changes of opposite phase limiting the actual excited-the presence of the asymmetric stretch overtong) (2
state geometric distortiotf. The overtone of the bend is also

o

observed €900 cnT?), but the intensity of this transition was Modeling of the 2A, Surface. Figure 1 presents the
not determined since it is dominated by the nearby fundamentalcalculated electronic absorption spectrum from the time-
of the symmetric stretch. dependent analysis presented above employing either Lorentzian

Asymmetric Stretch. The ground-state symmetry of OCIO or Gaussian homogeneous broadening. The excited-state po-
is C,,; therefore, fundamental intensity involving the asymmetric tential energy surface parameters determined from this analysis
stretch is not predicted on resonance. However, differences inare presented in Table 2. As noted above, initial attempts to
the curvature of the excited-state potential energy surface relativemodel the data using harmonic potentials were unsuccessful in
to that of the ground state can give rise to overtone intensity reproducing the frequencies of vibronic progressions observed
along this coordinatét The expanded portion of Figure 3 in the electronic absorption spectrum demonstrating the impor-
presents the overtone region of the Raman spectrum. Intensitytance of anharmonicity in describing th&, surface along the
is observed at 2190 crh and assigned to the overtone of the symmetric stretch coordinate (Figure 1A). Therefore, anhar-
asymmetric stretch in agreement with the previous preresonancemonicity was included in the description of tRa, state with
Raman work® the extent of anharmonicity determined by comparison to the
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TABLE 2: 2A, Excited-State Potential Energy Surface
Parameters for OCIO in Cyclohexane

wq e anharmi  ogr(exp)  or(calc)
transitio® (cm3)° (cm™) A? (cml) (x100A2) (x10W0A?2)
Lorentzia®
V1 938 675 6.2 -—14 6.91 6.51
2 450 284 0.3 0 0.97 0.80
V3 1100 750 O 0
2vy 3.75 2.9
2v3 0.37 0.17

Gaussiaf
21 938 675 6.1 -—14 6.90 6.90
V2 450 284 0.3 0 0.97 1.02
V3 1100 750 O 0
21 3.75 4.45
2v3 0.37 0.29

a Calculation perfomed with a Lorentzian homogeneous line width.
Best fit to the experimental cross sections resulted i 90 &= 15 ,H\
cm%, inhomogeneous standard deviatisn140 &+ 20 cnm?, Ep = ,‘l,'H']l
16 750 cnl, Meg = 0.35 A, n = 1.42. Raman transition for which 4 ! ||'|I‘|,'l
the calculation is performed. The symbais v,, andv; refer to the i I,'uli"
symmetric stretch, bend, and asymmetric stretch, respectively. The first i
three terms correspond to fundamental transitions, and the latter two Iy
terms refer to overtone transitiorfswg refers to the ground-state i ) . .
harmonic frequency, and. is the excited-state harmonic frequency. 20000 30000 40000
dValues for the dimensionless displacement of the excited-state potential
energy surface minimum relative to the ground st&fenharmonicity Energy (cm-1)

prefactor for the cubic term in the series expansion of the potential Figure 4. (A) Raman excitation profile for the symmetric stretch
energy surface. By comparison to the description of the Morse oscillator, fyndamental. The data are given by the points with corresponding values

OR (x 109 A2)

\'\I\j\

this term is equal towg/2)"%/D¢>® in dimensionless units, wher, is reported in Table 1. The dashed line is the calculation assuming that
the excited-state ?armonlc frequency dhds the Morse dissociation || broadening is homogeneous. The disagreement between the calcula-
energy given bywe/(4wexe) wherex. is the anharmonicity paramet&r. tion and the data demonstrates that inhomogeneous broadening is also

" Experimental Raman cross section corresponding to 368.9 nm excita-present. Best agreement with the data (solid line) is obtained with
tion. ¢ Calculation performed with a Gaussian homogeneous line width. Gaussian homogeneous line width of-8a5 cnTt and inhomogeneous

Best fit to the experimental cross sections resulted i 80 + 15 standard deviation of 16@& 20 cnt™. Other parameters used in the
cm, |nhorI10geneous standard deviatien160 + 20 cnt?, Ego = calculation are reported in Table 2. (B) Raman excitation profile for
17 400 cm*, Meg = 0.35 A,n = 1.42. the symmetric stretch overtone. The data are given by the points with

orresponding values reported in Table 1. Parameters for the calculation

absorption spectrum. The absorption and Raman cross sectio solid line) are reported in Table 2,

data were first modeled utilizing an exponential form for the
homogeneous line width (i.e., Lorentzian broadening); however, bet h dinh broadeni Self-
inspection of the experimental and calculated absorption spectra etween homogeneous and Inhomogeneous broadening. Se
(Figure 1B) reveals that the intensity at the low-frequency edge con5|ster_1t modelmg of the Ra}man and absoretlon Cross sections
of the absorption band is not well reproduced by this functional resqltgd in a Gaussian I_|ne \.N'dth of 8915 cnr _an_d st_andard
form. Use of Gaussian homogeneous broadening resulted indewatlon lof the Gaussian inhomogeneous distribution of 160
slightly better agreement between the calculated and observedt 20 €M™ ) » . )
absorption spectra (Figure 1C). In addition, the Raman cross The use of absolute intensities to constrain the magnitude of
sections obtained at the lower frequency excitation points were the homogeneous line width is critical to the interpretation of
better reproduced. Therefore, the remaining presentation of thethe results presented below. Nonradiative decay of’fe
analysis is limited to calculations employing a Gaussian Surface is believed to occur via spiorbit coupling to theA;
homogeneous line width. However, the differences between surface. The increase in broadening evident in comparison of
these two approaches are subtle, and the main conclusionghe absorption spectrum in cyclohexane relative to gas phase
presented below are unaffected by the choic®j. OCIO (Figure 2) suggests that nonradiative decay of the optically

Figure 4 presents the calculated Raman excitation profile for prepared surface is more efficient in cyclohexane, potentially
the fundamental and overtone transitions of the symmetric due to modulation of théA, and?A; potential energy surface
stretch. If all broadening is incorporated as homogeneous, theenergies upon solvation. This expectation is consistent with
predicted Raman cross sections are systematically lower thanthe 80 cm* homogeneous line width corresponding to an optical
those observed. This indicates that the amount of homogeneousiephasing time of 60 fs. Therefore, modulation of potential-
broadening used in the calculation is too large. Therefore, both energy surface interactions that can alter #Ag excited-state
homogeneous and inhomogeneous broadening were employediecay rate are incorporated into this analysis through the
to simultaneously reproduce the Raman cross sections and théiomogeneous line width. Since absolute resonance Raman
electronic absorption spectruih.Since the electronic absorption  intensities constrain the homogeneous line width, they also
is normalized with respect to both types of broadening, an constrain to what degree couplings between surfaces are
increase in either the homogeneous or inhomogeneous line widthmodulated as reflected by population decay and/or vibronic
results in broadening of the absorption spectrum without dephasing. The increase in homogeneous line width in cyclo-
affecting the integrated intensity. However, an increase in the hexane suggests that modulation of potential energy surface
homogeneous line width results in both broadening and depres-interactions may play a role in defining the chemistry of OCIO.
sion of the resonance Raman cross sections. Therefore, theHowever, other effects including modulation of fi#e potential
absolute resonance Raman intensities of the symmetric stretchenergy surface topography may also be operative as will be
fundamental and overtone transitions can be used to partitiondiscussed below.
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w Figure 6. Resonance Raman excitation profile of the overtone of the
asymmetric stretch. The data are given by the points and correspond
0 to the values reported in Table 1. The predicted intensity for the
overtone transition employing the gas-phase potential (solid), the ab
C initio potential (long dashed), and the harmonic potential determined
8000 from this analysis (short dashed) are presented. Both the gas-phase and
ab initio potentials predict intensity roughly an order of magnitude larger
2000 than that observed. The observed overtone intensity in cyclohexane is
consistent with a modest reduction in excited-state frequency from 1100
to 750+ 100 cnt?
1000
Discussion
0

x 5 : . Asymmetric Stretqh Overtone Intensity. The pattern of
Qs (x 1020 g1/2cm) intensities observed in the resonance Raman spectra provides a
detailed picture of the initial excited-state structural evolution
Figure 5. Potential energy surfaces employed for the asymmetric of OCIO. The most important result of this study involves the

stretch coordinate of OCIO. (A) Potential energy surface determined jiansity of the asymmetric stretch. Figure 6 demonstrates that
by analysis of the gas-phase absorption spectr(f).Potential energy neither the experimentally determined nor the theoreticall
surface determind by ab initio theoretical analy&iC) Potential energy p y y

surface determined by the resonance Raman intensity analysis reportedPrediCtedzAz surfaces along this coordinate are capable of
here. Parameters for each surface are reported in the text. reproducing the weak overtone intensity of this mode in solution.
The origin of this result can be understood within the time-
As an initial starting point in this analysis, the curvature and dependent framework of Raman scattering. Resonance Raman
displacements of th#\, state along the symmetric stretch, bend, intensity corresponding to fundamental Stokes transitidfis (
and asymmetric stretch determined from analysis of the gas-= [{i + 1)|) is derived by propagation of the initial ground-
phase absorption spectrum were employed as described &bove state wave packet out of the FrameRondon region, resulting
Even with adjustment of the displacements and anharmonicity in a buildup of overlap between this time-dependent state and
along the symmetric stretch and bend, the gas-phase potentiathe final state in the scattering process. By symmetry, the
energy surface overestimates the observed asymmetric stretclexpectation value for the excited-state slope can be nonzero only
overtone intensity. Figure 5A presents the experimentally for totally symmetric modes (the symmetric stretch and bend
determined gas-phase potential along the asymmetric sfretch.in the case of OCIO irC,, symmetry). Consistent with this,
This potential is a harmonic wello( = 571 cnt?) with a fundamental intensity corresponding to the asymmetric stretch
Gaussian barrier at the origiA & 1673 cnT! anda? = 0.024). is not observed on resonance.
In this previous absorption study, inclusion of the energy barrier  Although the excited-state slope is zero for nontotally
was necessary to reproduce the overtone to second-overtonsymmetric coordinates, change in the curvature of the excited-
intensity ratio of the asymmetric stretch. This potential has been state potential energy surface relative to the ground state can
questioned by ab initio theoretical results which suggest that result in overtone intensity. The potential energy surfaces used
the potential along the asymmetric stretch coordinate is harmonicin this study to model the overtone intensity of the asymmetric
with we = 437 cn! (Figure 5B)3® This surface was also  stretch (Figure 5) are all of different curvature relative to the
employed in our analysis and also resulted in predicted intensity ground state; therefore, all are predicted to give rise to overtone
much larger than that observed (Figure 6). In these simulations,intensity. However, the intensity derived from each of these
the symmetric stretch and bend parameters were adjusted tasurfaces is markedly different (Figure 6). Figure 7 presents the
achieve best fit to the absorption spectrum and Raman crosstime-dependent overlap corresponding to the overtone transition
sections with slight €5%) differences in these parameters of the asymmetric stretch for these surfaces. As this figure
existing between fits. It was found that a harmonic description illustrates, the magnitude of the time-dependent overlap is largest
of the 2A; surface along the asymmetric stretch was able to for the double-well potential. The larger maximum amplitude
reproduce the small overtone intensity given a reduction in of the time correlator demonstrates that the excursion of the
excited-state frequency from 1100 to 7%0100 cnt?! (Figure wave packet away from the Franelcondon region is greatest
5C). In summary, théA, potential energy surface parameters for this potential, and the short overlap buildup time results
determined by analysis of the gas-phase absorption spectrunfrom rapid wave packet dynamics away from the Franck
or predicted from theory are apparently not accurate descriptionsCondon region caused by the large second-moment of the
of the2A, potential along the asymmetric stretch in cyclohexane. potential.
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system in terms of nuclear dimensionality for which a resonance
Raman intensity analysis has been performed is sulfur dioxide
(SGy).72 In this system, the Sstate is also bifurcated along

the asymmetric stretch. The resonance Raman spectrumyof SO

0.6 in hexane demonstrates no overtone intensity corresponding to
the asymmetric stretch; however, this observation is not in
disagreement with the predicted intensity employing the gas-
phase potential. The apparent discrepancy between the ap-
plicability of gas-phase surfaces to predicted resonance Raman
intensities of S@and OCIO in solution is consistent with the
larger barrier along the asymmetric stretch in O€ICSolvent
perturbations of the barrier height in $@ay be subtle and
difficult to ascertain; however, changes in the barrier along the
asymmetric stretch in OCIO are easier to determine given the
large barrier height.

Dynamics on the 2A, Surface. Although the vibronic
structure of the’B;—2A, transition demonstrates that th&,
state is predissociative, the initial structural evolution occurring
on the optically prepared, excited-state surface provides the
initial momentum along the reaction coordinate. Therefore, both
50 the nature and time scale of evolution occurring or’thestate
Time (fs) may bg importan.t in dgfining the photochemigal fate of OCIO.

Analysis of the vibronic line widths observed in the gas-phase
Figure 7. (A) Absolute value of the calculated time-dependent overlaps apsorption spectrum suggests that the lifetime of2thestate
corresponding to the asymmetric stretch component of the asymmetrlcis level dependent with values ranging from 20<a ps? In

stretch overtone transition. Overlaps employing the gas-phase potential . o . . L .
(long dashed), the ab initio potemﬁ)m (sh%rtydagshed)g, ang the p%tential addition, transitions involving excitation of both the symmetric
determined from analysis of the Raman intensities (solid) are presented Strétch and the bend or asymmetric stretch demonstrated a large
(B) Product of the above overlaps with tie0(t)doverlap along the increase in line width indicating that the bend and/or asymmetric
symmetric stretch and the homogeneous line width. Larger overlap stretch may serve to promote the decay of the optically prepared
intensity results in acorrespondin_g larger predicted Raman cross sectionaycited statd. In the analysis presented here, the homogeneous
such that the gas-phase potential (long dashed) results in the largesg, o \yigth s incorporated such that consideration of level-
predicted intensity relative to the ab initio (short dashed) and proposed . . . .
potentials (solid) as illustrated in Figure 6. dependent optical dephasing is not possible. Therefore, the line
width reported here can be viewed as an average value. Given
If a large homogeneous line width or displacement along this; the Gaussian line width of 80 cicorresponds an average
multiple dimensions (the so-called “multimode effect”) is OPtical dephasing time of-60 fs. Partitioning of the homo-
operative, “short-time limit” scattering dynamics result such that 9eneous line width into pure dephasing and lifetime components
only the early-time buildup of the time correlator is important @n be performed if the fluorescence quantum yield is known.
in determining Raman intensity. In this limit, the relatively slow Current work in our laboratory involves the measurement of
buildup of overlap generated by the asymmetric stretch poten- this quantity; however, the resonance Raman spectra reported
tials presented above would result in similar predictions of weak here are presented without background subtraction demonstrat-
intensity in the overtone of the asymmetric stretch. The use of ing that the fluorescence from OCIO is weak. This observation
absolute resonance Raman intensities to constrain the homosSuggests that more rapid decay of the optically prepared excited
geneous line width as described above combined with the limited State occurs in cyclohexane relative to the gas phase. One
nuclear dimensionality of OCIO results in the later-time behavior Possible explanation for the apparent decrease in lifetime of
of the Raman time correlator also contributing to the observed the A, state is that stabilization of the various excited states of
scattering such that the predicted intensity derived from the OCIO due to solvation results in more efficient coupling of the
different models for théA, surface along the asymmetric stretch  2A2 state with the lower-lying, optically we&B, and?A; states.
differ significantly. This effect is illustrated in Figure 7B where Ab initio theoretical results predict that these two excited states
the time correlators derived from the three models of the are located within 0.2 eV of the FranekCondon region of the
asymmetric stretch potential depicted in Figure 7A are multiplied ?Az surface. Solvation is expected to lower the energies of the
by [0|0(t)0of the symmetric stretch and the homogeneous line three excited states to differing degrees due to the different
width. The resulting overlaps demonstrate that both the initial geometries and electron densities in each skate.Evidence
dynamics and later-time behavior of the overall time correlator for state relaxation due to solvation is found in th2000 cn1!
are important in defining the intensity for the overtone transition reduction of theEy energy of the?B;-?A; transition in
along the asymmetric stretch. Since an increase in time- cyclohexane relative to the gas ph@$é’ In addition, the
correlator intensity results in an increase in scattering intensity, deviation of the depolarization ratio of the symmetric stretch
we expect the gas-phase potential to result in the largestfrom 0.33 (Table 1) is consistent with other states participating
predicted intensity as demonstrated in Figure 6. in the scattering process. Although tP@, state is predicted
The asymmetric stretch overtone intensity is consistent with to be optically dark by symmetry, th#8;—2A; transition is
a reduction in excited-state frequency relative to the ground stateallowed and predicted to be orthogonal to #8g—2A, transi-
from 1100 to 750k 100 cntl. This small intensity is consistent  tion. Various experiments designed to ascertain the location
with the lower amplitude and slower buildup time of the time of this state have been unsuccessful due to the apparent weak
correlator (Figure 7). Therefore, the barrier present in the gas intensity of this transitiort. The results presented here suggest
phase along the asymmetric stretch coordinate either is notthat the increase in nonradiative decay of Ae excited state
present or is dramatically reduced in solution. A comparable (potentially to the?A; surface) may be one reason for the phase-
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In cyclohexane, the combined evolution along the symmetric

and asymmetric stretch coordinates results in an equilibrium

excited-state geometry in which both CIO bonds are elongated,
but of equal length. It is important to note that the conclusions

stated here would be solidified by the presence of gas-phase
resonance Raman data with current work in our laboratory

designed to obtain this information.

Symmetry and OCIO Photochemistry. The differences in
/ excited-state structure described above suggest that initial,
excited-state structural evolution may define the symmetry of
the reaction coordinate. In the gas phase, evolution along the
asymmetric stretch coordinate results in a lowering of molecular
symmetry fromC,, in the 2A, excited state, but this symmetry
is maintained in the excited state in cyclohexane. The symmetry
under which the reaction proceeds defines the electronic state
correlations and thus the reactivity of OC1012:3549.73Theory
suggests that population of tBB; state via decay of théA,
surface is the mechanism for production of atomic chlorine and
molecular oxygen with two possible pathways existing for

Q photoproduct formation. Undet,, symmetry, the?B, state

Figure 8. Two-dimensional contour plots of tH potential energy  COrrelates directly with the CIR,) + O(*Ag) product channel
surface along the symmetric {Qand asymmetric (§ stretch coor-  Where inCs symmetry, théB, state correlates with the excited,
dinates. (A) The gas-phase surface is constructed using the parameter\’ state of CIOO which can decay to form &R() + Ox(*Ag)
reported by Richard and Vaida(B) The potential in cyclohexane or 02(329—). However, excited-state internal conversion of

determined from the resonance Raman intensity analysis presented heremoo to the ground-state'Asurface can precede dissociation
Comparison of the plots demonstrates that in the gas phase, significant

. . o ' 3y
evolution along the asymmetric stretch occurs upon photoexcitation; ' which case CRPy) and Q%) are formed by grOU.nd'State.
however, little evolution along this coordinate occurs in solution. decomposition of CIOO. Recent transient absorption studies

of OCIO in water provide support for the latter sequence of
eventstl12 Therefore, ifC,, symmetry is maintained during
the course of the reaction, direct production oPBJf + O(*Ag)

is possible, but the lowering of symmetry should result in atomic
chlorine production via CIOO. The important difference
between these pathways is that @ reaction coordinate results
in the production of excited molecular oxygen where G
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dependent reactivity of OCIO. To further investigate this
possibility, the resonance Raman intensity analysis of OCIO in
a series of solvents of varying polarity and polarizability is
underway in an attempt to correlate the reactivity of OCIO with
solvent-induced change in excited-state couplings and resulting
decay of the optically prepared, state3®

The analysis presented here illustrates that in addition to an . X ) ; ;
increase in the decay rate of tBA, surface, differences in pathway combln(_ed with Eap'd ClOQ internal conversion _does
excited-state structural evolution between the gas and condenseamt' The productlon of Q,Ag) has been mgasureq PV monitor-
phase also exist. Figure 8 presents two-dimensional contourind emission corresponding to thég to °Z; transition®® In
plots of the?A, surface along the symmetric and asymmetric this study, an increase in the formatlon. of ellectronlcally ex0|'ted
stretch both in the gas phase and in cyclohexane. The gas©Xygen was observed with a reduction in solvent polarity,
phase potential is constructed from the analysis of the high- SUPPOrting the hypothesis that the decomposition of OCIO in
resolution gas-phase absorption spectrum performed by RichardEyclohexane occurs via the_ higher symmetry reaction coordinate.
and Vaide#® The excited-state displacements and frequencies Although structural evolution on the lower lyirig\; and?B;
of the bend are similar in both the gas and condensed phase@xcited states complicates this simple picture of events, the
suggesting that evolution along this coordinate is not responsiblePattern of Raman intensities observed here suggests that the
for phase-dependent reactivity of OCIO. Therefore, the bend Nuclear relaxation that occurs on tt#e; surface serves to define
is not included in Figure 8, and the discussion presented herethe symmetry under which the reaction proceeds.
focuses on the difference in evolution along the symmetric and  Solvent-Solute Interactions. The nature of the solvent
asymmetric stretch coordinates. The figure illustrates that in solute interactions responsible for modification of th&;
the gas phase, relaxation out of the Fran€london region potential energy surface is the main question posed by the above
involves evolution along both coordinates. In particular, results. The majority of research on solvesblute interactions
evolution along the symmetric stretch coordinate results in a has focused on the mechanics of polar solvatior? A recent
bond length increase of 0.15 A, and relaxation along the resonance Raman intensity analysis ¢f in polar solvents
asymmetric stretch results in a bond-length change-@06 demonstrated that polar solvation dynamics directly influence
A. The sign of the displacement along the symmetric stretch the excited-state structural evolution of this compound due to
(i.e., bond elongation) has been established by rotational charge localization which occurs in formation of the and |
spectroscopy#274647and is supported by ab initio theoretical photoproductd! Studies on the vibrational relaxation of
work 3536 The experimentally determined double-well potential charged species in polar solvents have also demonstrated that
along the asymmetric stretch can be envisioned as resulting indipole—dipole and chargedipole interactions can dramatically
ClO bond compression or elongation by 0.06 A such that the affect the course of chemical reactions in solutiér$* How-
combined evolution along both stretch coordinates results in ever, nonpolar solvation dynamics must dominate the response
an equilibrium excited-state structure in which CIO bond lengths of cyclohexane to OCIO photoexcitation. The dynamics
are unequal. In contrast, although evolution along the symmetric relevant to nonpolar solvation can be partitioned into two parts,
stretch coordinate is comparable between the gas phase ana dielectric interaction involving dipoteinduced dipole and
cyclohexane, the barrier that exists in the gas phase along thenduced dipole-induced dipole (i.e., van der Waals) coupling
asymmetric stretch is dramatically reduced or absent in solution. and mechanical forces representing the solvent response to the
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change in solute geometf{85°°0 Recent transient hole-burning  define the structural relaxation occurring on the optically
and time-resolved fluorescence studies have demonstrated thaprepared excited staté.

the mechanical response of the solvent can occur on the

subpicosecond time sc&f°and thus will appear as homoge-  cgnclusion

neous on the time scale of Raman scattefiTd. It is reasonable

to assume that mechanical forces are involved in the response |n this paper, we have presented the resonance Raman
of cyclohexane to OCIO excitation given the large geometry intensity analysis of OCIO dissolved in cyclohexane. Analysis
change of the solute upon photoexcitation. The restoring force of the absolute resonance Raman cross sections and electronic
provided by the solvent shell in response to this change in absorption spectrum demonstrates that upon excitation, structural
geometry would result in an increase in potential energy at large evolution occurs along all three normal coordinates. However,
displacements along both coordinates, consistent with thethe large structural change along the asymmetric stretch
observed effective increase in harmonic frequency along the observed in the gas phase is not observed in solution. This
asymmetric stretch. It should be noted that this interaction is change in structural evolution results in the ground-s@Gte
expected to be significantly different for larger displacements symmetry being maintained in the excited state. This conserva-
such that the solventsolute interaction at the minimum of the  tion of symmetry in the predissociativ&, state may result in
excited-state potential energy may be significantly different than this symmetry being preserved throughout the course of the
in higher energy regions of this surface. In addition, the reaction and thus affect the mechanism of photoproduct forma-
substantial decrease in tRB;—2A, energy gap observed in  tion. In particular, the results presented here suggest that the
cyclohexane relative to the gas phase stands in contrast to theexcited-state reaction dynamics of OCIO and mechanism of
modest Stokes shifts seen in other systems where mechanicaphotoproduct formation will vary as a function of solvent
interactions dominat&8 This observation suggests that polarity and/or polarizability. Current research in our laboratory
dipole—induced dipole interactions are also of importance. is designed to ascertain the existence of and dynamical factors

The change in the molecular dipole moment is largest for responsible for this behavior.
displacement along the asymmetric stretch; therefore, evolution
along this coordinate is expected to be strongly coupled to the
solute dipole-solvent induced dipole interaction. The dipole
moment of OCIO in the groundB; electronic state is 1.792
D, with the negative end of the dipole oriented toward the
terminal oxygensg®°! Upon photoexcitation, theory predicts
that the?A,, 2A;, and?B, states all have electron density shifted
toward the terminal oxygens, with the extent of charge localiza-
tion dependent on the specific structural relaxation which occurs
on each surfac&.3® The induced polarization of the solvent
must respond to the dipole-moment change accompanying
photoexcitation. In addition, excited-state evolution along the
asymmetric stretch will result in the largest change in dipole
moment relative to other coordinates such that the potential
energy surface along the asymmetric stretch should be most
sensitive to the solvent potenti#I343¢ Determination of the =~ References and Notes
effective solvent potential is not trivial with interactions between
solvent molecules making a substantial contributfgit. There-
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