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The photochemistry of chlorine dioxide (OCIO) in water and acetonitrile is investigated using time-resolved
resonance Raman spectroscopy. Stokes and anti-Stokes spectra are measured as a function of time following
photoexcitation using degenerate pump and probe wavelengths of 390 nm. For aqueous OCIO, the time-
dependent Stokes intensities are found to be consistent with the re-formation of ground-state OCIO by
subpicosecond geminate recombination of the primary CIO and O photofragments. This represents the first
unequivocal demonstration of primary-photoproduct geminate recombination in the condensed-phase
photochemistry of OCIO. Anti-Stokes intensity corresponding to the OCIO symmetric stretch is observed
demonstrating that, following geminate recombination, excess vibrational energy is deposited along this
coordinate. Analysis of the anti-Stokes decay kinetics demonstrates that, in water, intermolecular vibrational
relaxation occurs with a time constant B ps. For OCIO dissolved in acetonitrile, the Stokes scattering
intensities are consistent with a significant reduction in the geminate-recombination quantum yield relative to
water. Comparison of the OCIO anti-Stokes decay kinetics in acetonitrile and water demonstrates that the
rate of intermolecular vibrational relaxation+st times smaller in acetonitrile. Finally, in both solvents the
appearance of symmetric-stretch anti-Stokes intensity is significantly delayed relative to geminate recombination.
This delay is consistent with the initial deposition of excess vibrational energy along the asymmetric-stretch
coordinate followed by intramolecular vibrational energy redistribution. The time scale for this redistribution

is ~5 ps in water and-20 ps in acetonitrile suggesting that intramolecular vibrational energy reorganization

is solvent dependent.

Introduction SCHEME 1: General Photochemical Pathways

Available to OCIO following Photoexcitation

much interest due to its participation in the atmospheric chlorine hv R cio ) + o (R
reservoir as well as its potential role in stratospheric ozone OClIoO — OCIO
depletiont~7 Photoexcitation of OCIO results in the production T~ c(’P)+ 0,("ag %5y )
of ClO and O or of Cl and @(Scheme 1§-54 In addition, it
has been suggested that the formation of Cl occurs through theinformation concerning the dynamics that occur following
ground-state decomposition of CIOO formed by photoisomer- internal conversion to the ground state. Universal agreement
ization of OCIO?7:55°%0 Current interest in OCIO photochem-  exists concerning the spectral evolution observed in pamp
istry involves elucidating the origin of its phase-dependent probe studies of aqueous OCIO; however, the structural
reactivity. Specifically, the quantum yield for Cl formatioi)) interpretation of this evolution is currently at issue. In the
in the gas phase is-0.04 but increases to unity in low-  pioneering studies of Simon and co-workers, the spectral
temperature matrixg®; 12.15-173941.42454749 he chemistry in  evolution was interpreted as being due to the appearance and
solution is intermediate between these two limits wit = vibrational relaxation of ground-state CIG®?%6.60|n contrast,
0.1-0.2 in water and methan®t5665 Since the environ-  Keiding and co-workers have suggested that this evolution is
mental impact of OCIO arises from its ability to produce atomic more consistent with the appearance of ground-state OCIO
chlorine, understanding this phase-dependent reactivity is es-formed by geminate recombination of the primary CIO and O
sential if models capable of predicting the environmental impact photofragment§1-63 Recently, our laboratory has performed
of OCIO in both homogeneous and heterogeneous settings argyump-probe studies of OCIO in water and acetonitrile that
to be obtained. demonstrated the spectral evolution observed in acetonitrile is

Recent studies of OCIO solution-phase photochemistry have consistent with a 5-fold decrease in the geminate-recombination
attempted to identify the specific solverdolute interactions  quantum yield in this solvent relative to wafél® Although
thatgive rise to phase-dependentreactivity of this comp@tiaée. 6066 these studies have provided insight into the condensed-phase
Recently, picosecond and femtosecond puipmbe techniques  photochemistry of OCIO, definitive evidence of the species
have been used to monitor the kinetics of photoproduct formed following OCIO photoexcitation has yet to be reported.
formation>56.:66-65 These studies have provided the first Such information is requisite if differentiation between the

current OCIO photochemical models is to occur.
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The photochemistry of chlorine dioxide (OCIO) has attracted
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preliminary report of this investigation concerning aqueous grating @oiaze= 500 nm) for the Stokes experiments or with a
OCIO has appearé.Time-dependent Stokes and anti-Stokes 2400 grooves/mm holographic grating for the anti-Stokes
scattering intensities are measured following the photoexcitation experiments. The spectrometer slit widths were adjusted to
of OCIO. The temporal evolution in scattered intensity is provide~15 cnt? resolution. The scattered light was detected
interpreted with the assistance of computations designed toby a LN,-cooled, 1340« 100 pixel, back-thinned CCD detector
model the excess-energy dependence of the resonance Ramairinceton Instruments). Raman spectra with the “probe-only”,
cross sections. The synergistic application of experimental andthe “pump-and-probe”, and the “pump-only” incident on the
computational work presented here provides for three main sample were obtained at each time delay. The pump-only
conclusions regarding the photochemistry of OCIO. First, the spectrum was directly subtracted from the pump-and-probe
temporal evolution in OCIO Stokes intensity observed in both spectrum to produce the “probe-with-photolysis” spectrum. The
water and acetonitrile demonstrates that subpicosecond geminat@robe-only spectrum was then directly subtracted from the
recombination of the primary photofragments occurs resulting probe-with-photolysis spectrum to produce the difference spectra
in the re-formation of OCIO. The geminate recombination reported here. Six-minute integrations for the Stokes spectra
guantum yield is determined to be 0.800.05 in water, with and 10-min integrations for the anti-Stokes spectra were
the efficiency of recombination decreasing by roughly a factor performed for each configuration of the pump and probe at a
of 5 in acetonitrile. Second, anti-Stokes intensity is observed given delay. Pulse energies were 4 and @J5for the pump

for transitions corresponding to the symmetric stretch of OCIO and probe, respectively. The scattering intensities were found
demonstrating that excess energy is deposited along thisto increase linearly with pump and probe power. Absorption
coordinate following geminate recombination. The time scale spectra of the sample were obtained before and after an
for appearance and decay of anti-Stokes intensity in acetonitrileexperiment and found to be identical (within experimental error)
is significantly longer than in water demonstrating that the demonstrating that sample degradation had not occurred during
vibrational relaxation dynamics are solvent dependent. Third, the experiment.

comparison of the Stokes and anti-Stokes kinetics reveals that,

in both solvents, the appearance of symmetric stretch anti-StokesComputational Methods

intensity.is d.elayed.relative. to geminate.r.ecombination. This To assist in interpreting the experimental results presented
observation is consistent with the deposition of excess vibra- o1, e have computationally investigated the influence of
tional energy along the asymmgtnc-strefcch coordinate, with th(_e excess vibrational energy on the absorptiog) @nd resonance
exchange of energy between this coordinate and the symmetricg o 1121 cross sectionsH) using the time-dependent formalism

stretch occurring due to intramolecular vibrational energy | iare the cross sections are given by the followitig?
reorganization.

Exoeri | Method An€EM,, . .
xperimental Methods OA(EI!T) — - z Pi f_m 3E00H(Eoo)f_m [ﬂ||(t)D
The laser system employed here is identical to that used in 6hcn

our earlier time-resolved wofl 66 An argon-ion laser (Spectra expli(§, + E)UA] D(t) dt (1)

Physics 2065-07) operating all-lines was used to pump a home- 3 4 4

built Ti:sapphire oscillator that produced 30 fs pulses (full-width 8rEsEe Meg o o

at half-maximum) centered at 780 nm with a repetition rate of or(E.T) = T e z P; ffw 9EqoH(Ego) U(‘) i ()0

91 MHz. The oscillator output was temporally elongated using %h :

an optical stretcher and delivered to a Ti:sapphire regenerative expli(E, + E)VA]D(t) dt‘2 (2)

amplifier (Clark-MXR CPA-1000-PS) equipped with indepen-

dently tunable single- and double-plate birefringent filters to In the above expressionsleg is the transition momengq is
constrain the amplifier bandwidth. The amplifier output fol-  the energy difference between the ground- and excited-electronic
lowing compression consisted of 500 fs, 70Dpulses centered  statesF is the energy of the incident radiation, aBglis the

at 780 nm with a spectral width 1.1 times greater than the energy of the scattered radiatiddt) is the homogeneous line
transform limit (Gaussian pulse shape). The repetition rate of width, which is composed of both pure dephasing and population
the amplifier was 1 kHz. Frequency doubling of the amplifier decay.D(t) is modeled as Gaussian consistent with our previous
output using a 1-mm thici-BBO crystal (type I) produced  analyse$7:68 H(Ey) represents inhomogeneous broadening
both pump and probe beams at 390 nm. The pump beam wascorresponding to the distribution o energies created by
temporally advanced or delayed relative to the probe using andifferent solvent environments that are static on the time scale
optical delay line. The contribution of rotational dynamics to of Raman scattering. This distribution was modeled as Gaussian
the data was minimized by rotating the polarization of the pump with values reported here corresponding to the standard devia-
to 54.7 relative to the probe using a zero-order half-wave plate. tion of this distribution. In the evaluation of egs 1 and 2, it is
The instrument response as measured by the optical Kerr effectassumed that the homogeneous and inhomogeneous line widths

in water was 70Gt 50 fs. are independent of excess vibrational energy. Mhg) Cterm
Time-resolved resonance Raman spectra were obtained asn eq 1 represents the time-dependent overlap of the initial state
follows. OCIO was synthesized as reported elsewbef@.The in the absorption process with this same state propagating under

pump and probe beams were focused onto a fused-silica flowthe influence of the excited-state Hamiltonian. Similarly, the
cell containing~10 mM solutions of OCIO in water (Baker)  {li(t)0term in eq 2 represents the time-dependent overlap of
or acetonitrile (Fisher, spectrophotometric grade) using a 150- the final state in the Raman-scattering process with the initial
mm focal-length, plano-convex, fused-silica lens. A 135 state propagating under the influence of the excited-state
backscattering geometry was employed with the scattered lightHamiltonian. Finally,P; is the probability of population for a
collected using standard, refractive UV optics and delivered to given initial state (see below).

a 0.5-m focal-length spectrograph (Acton 505F). The spec- Consistent with our resonance Raman intensity analysis of
trograph was equipped with a 1200 grooves/mm classically ruled agueous OCIG? the model for the optically prepared excited-
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TABLE 1: 2A, Excited-State Potential Energy Surface gated. For calculations where this energy is distributed in
Parameters for OCIO in Water? agreement with Boltzmann statistics, the absorption and Raman
transitior? wg (cmt)e we (M) Ad cross sections were determined for every ground-state config-
" 945 685 563 uration where the total probability (i.e., the product of occupation
Vs 450 284 0.4 probabilities for specific levels along each coordinate) was
V3 1100 850 0 x 1075, At the highest temperatures investigated, this probability

a Other parameters used to calculate the absorption and Raman crosgumﬁ alllowed for the Inclg3|0n 0F90% of the groun.djsf[ate
sections ard = 85+ 15 cm'L, inhomogeneous standard deviatien population. The cross sections were normalized by dividing the
280 =+ 20 cnTl, Meg = 0.363 A, Ego = 18 900 cn1?, andn = 1.35. spectrum at a given temperature by the corresponding probability
b Raman transition for which the calculation was performed. The included in the calculation. A decrease in the total-probability
symbols v, vz, and vs refer to the symmetric stretch, bend, and cutoff to 1 x 107 did not alter the results presented here.
asymmetric stretch, respectiveRw, refers to the ground-state har- It has been proposed that for OCIO, excess-energy deposition

monic frequency, andv. is the excited-state harmonic frequency. . . . . "
dDimensionless displacement of the excited-state potential energy and vibrational relaxation involves the asymmetric-stretch

surface minimum relative to the ground state. coordinate exclusively such that a nonstatistical (or non-
Boltzmann) distribution of excess vibrational energy is present
state employed in these calculations was following geminate recombinatiof®:53 The computational ap-

proach employed in this “non-Boltzmann limit” is essentially
5 identical to that described above except that overlaps were
(G —AY"+ calculated by assuming vibrational excitation along the asym-
) metric stretch only (i.en = 0 along the symmetric stretch and
(Wed” 5 1 [we)*? ALY bend anch = 0 to n = 15 along the asymmetric stretch). To
W (G)" + 61 g @ —A)" ) determine the time-dependent asymmetric-stretch state-occupa-
tion probabilities, the vibrational relaxation kinetics were
wherewgy andwe are the ground- and excited-state frequencies modeled using isolated binary collision (IBC) thedfy!® In
along the symmetric stretch, bend, and asymmetric stretchthis model, the vibrational relaxation rate is taken to be linearly
denoted by the subscripts 1, 2, and 3, respectively. The first dependent on vibrational level:
three terms in eq 3 represent the harmonic contributions to the
potential. Displacement of the excited-state potential-energy- K, .1 =nk_ (5)
surface minimum relative to the ground state along each
coordinate is denoted @s with displacements included forthe  \yhere n is the vibrational level and;_o is the vibrational
symmetric coordinates. The term containipg. is the cubic  relaxation rate between = 1 and 0. The simulation of the
anharmonicity term involving the symmetric stretch only. The yibrational-relaxation kinetics was performed as follows. First,
parameters employed in evaluating egs3lwere identical to  OCIO was constrained to initially populate= 15 along the
those determined in the resonance Raman intensity analysis ofsymmetric stretch immediately following recombination since
aqueous OCIG! These values are reproduced in Table 1. this level is roughly degenerate with the dissociation energy of
Calculation of the time-dependent overlafsi) Cand ] i- ground-state OCIO~17 000 cntl) 4951526264 Coupled dif-
(HD) was performed as follows. The ground state was modeled ferential equations describing the production and decay kinetics
as harmonic, and off-diagonal anharmonicity was not included for each level along the asymmetric-stretch coordinate were
in the description of the excited state (eq 3); therefore, the eyaluated using eq 5. At various times following recombination,
multidimensional overlaps can be decomposed into a productthe absorption and Raman cross sections were determined by
of one-dimensional overlaps and calculated independently. Thetaking the cross sections corresponding to an individual level
symmetric-stretch overlap was determined using the approximatea|ong the asymmetric stretchif(n) andor(n)), multiplying by
time-propagator algorithm of Feit and Fletk® In this ap-  the probability of populating that levelPg), and summing over
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al (ql 1) 2 ng
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2 wg

proach,|i(t)Uis given by the asymmetric-stretch vibronic manifold as follows:
||(t)D: ei(At)V2/4M e—i(At)V ei(At)V2/4M ||(0)[H— ﬁ(At:s) (4) 15
where V2 is the Laplacian in position spac¥,is the excited- oa) = Z AW (6)

n=0
state potential, andt is the size of the propagation time step.

Time steps of 0.150.2 fs were employed with overlaps
calculated for times up to 1000 fs. Overlaps involving the bend oR(t) = z (NP, ()
and asymmetric stretch were determined using the analytic n=0
expressions reported by Mukamel and co-workér3he
multidimensional absorption or Raman time-dependent overlaps
were then obtained by multiplication of the single-mode
overlaps34.67.68

Excess-energy dependence of the absorption and Raman cro
sections can be ascribed to the energy dependence of the initial heredt - I -
state populationsR in eqs 1 and 2). Given this, the excess- Nere: The interested reader is referred to our earlier work for
energy-dependent absorption and Raman cross sections can b&€Se results.
determined by calculating the cross section corresponding to a
given initial state and then summing over the manifold of initial
states weighed by the probability of occupying these states. OCIO in Water. Figure 1 presents time-resolved Stokes
Probabilities corresponding to both Boltzmann and non-Boltz- difference spectra of aqueous OCIO obtained with pump and
mann distributions of excess vibrational energy were investi- probe wavelengths of 390 nm. At 0 ps delay, the difference

15

To be consistent with the results of our earlier purppobe
work, k;—o rate constants of 0.07 psin water and 0.015 p3
in acetonitrile were employet®:55The excess-energy-dependent
Sabsorption spectra calculated using the methodology outlined
above have been presented previously and are not reproduced

Experimental Results
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Figure 1. Time-resolved Stokes resonance Raman difference spectra L L 1 . . 1
of aqueous OCIO. The temporal delay between the pump and probe
for a given spectrum is indicated. The probe-only spectrum of agueous Time (ps)
OCIO is presented at the bottom of the figure. The transition marked

fundamental Stokes transition as a function of time. Best fit to the data

¢ d trates | tive intensitv (i.e. depleti by a sum of exponentials convolved with the instrument response (solid
spectrum demonstrates large, negative intensity (i.e. deple Ion)Iine) was obtained with time constants (with normalized amplitude in

for OCIO transitions due to photolysis. As the delay between parentheses) of 0.15 0.1 ps (0.65), 9.2t 3.5 ps (0.27), and 10 000

the pump and probe is increased, the extent of this depletionps representing the long-time offset in intensity (0.08). The instrument
decreases. At 20 ps delay, the depletionrZ0% of the initial response (dashed line) is also presented. The insert presents an expanded
amplitude and remains constant out to the longest delaysview of the 2-10 ps region, where a sudden decrease in intensity at
investigated (50 ps). Previous time-resolved resonance Ramarj-8 PS is observed. (B) Intensity of the OCIO symmetric stretch anti-

. . tokes fundamental transition as a function of time. Best fit to the data
studies have demonstrated that time-dependence of the sampl y a sum of two exponentials convolved with the instrument response

optical density can manifest itself as a temporal evolution in (g |ine) was obtained with an appearance time constant (with
scattered intensit§? To evaluate the contribution of this effect  normalized amplitude in parentheses) of 2.5 ps (0.5) and a decay
to the evolution evident in Figure 1, NOwas added to the  time constant of 9.2 1.7 ps (0.5). (C) Intensity of the OCIO symmetric
aqueous sample to serve as a nonphotolabile scattering standar@tretch anti-Stokes overtone transition as a function of time. Best fit to
Figure 1 demonstrates that the NCtransition at 1049 crmi the data by asum of two exponentials convolved with thg instrument
displays no discernible intensity in the difference spectra at any f€SPonse (solid line) was obtained with an appearance time constant
delay time; therefore, the evolution in sample optical density is (with normalized amplitude in parentheses) of 9.4 ps (0.5) and

y ume; t ' \ ' ple op Y 1S 3 decay time constant of 44 0.4 ps (0.5).
not the origin of the intensity evolution.

Kinetic analysis of the data was performed by measuring not reproduce the more subtle aspects of this evolution. In
the integrated intensity of the OCIO symmetric-stretch funda- particular, the insert in Figure 2A provides an expanded view
mental transition as a function of time (Figure 2A). Comparison of the depletion intensity between 2 and 10 ps. Deviation
of initial depletion amplitude to the depletion that persists between the exponential model and the data is evident with
at later delays established that the geminate-recombinationan abrupt decrease in intensity observed at 6 ps. Although
guantum yield in aqueous solution is 0.800.05. This value modest, the temporal location and extent of this decrease was
is in excellent agreement with the results of femtosecond extremely reproducible between experiments. We will argue
pump—probe studie8164.85nspection of Figure 2A demon-  below that this evolution is consistent with intravibrational
strates that recovery of the symmetric-stretch fundamental reorganization of excess energy (IVR) occurring on & ps
intensity is biphasic, with roughly 30% of the initial depletion time scale.
recovering by 1 ps. Consistent with this observation, the data Evidence for the presence of vibrationally excited OCIO is
were best modeled by a sum of three exponentials convolvedprovided by the time-resolved anti-Stokes resonance Raman
with the instrument response resulting in recovery time constantsdifference spectra presented in Figure 3. At 6 ps, anti-Stokes
of 0.15+ 0.1 ps (i.e., significantly shorter than the instrument- intensity corresponding to the OCIO symmetric-stretch funda-
response), 9.2 3.5 ps, and a long-time component (10 000 mental and overtone transitions is observed at 934 and 1880
ps, fixed) representing the persistent depletion in scattering cm™1, respectively. The frequencies of these transitions under-
intensity. It is important to note that although the exponential go a slight, 6 cm?! increase with delay time consistent with
fit to the data reproduces the general intensity evolution, it does the existence of anharmonicity along the symmetric-stretch
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Figure 3. Time-resolved anti-Stokes resonance Raman difference

spectra of agueous OCIO. The time delay between the pump and probe™igure 4. Time-resolved Stokes resonance Raman difference spectra
for a given spectrum is indicated. of OCIO dissolved in acetonitrile. The time delay between the pump

and probe for a given spectrum is presented. The probe-only spectrum
coordinate’®81Figure 2B,C presents the integrated intensity of of agueous OCIO is also presented. Transitions marked with an asterisk
the symmetric-stretch fundamental and overtone anti-Stokescorrespond to the solvent.
transitions, respectively, as a function of time. Best fit to these ) )
data by the sum of two exponentials convolved with the 0 tho_se de_termlned using the fu_n_damental such that the effect
instrument response resulted in an appearance time constant fopf using different Stokes transitions to measure formation
the fundamental of 5.2 1.5 ps and a decay time constant of Kinetics is modgst. Figure 5A presents thg integrated intensity
9.2 + 1.7 ps with corresponding time constants of 33.4 of the symmetric stretch overtone transition as a funct|on.of
and 4.4+ 0.4 ps obtained for the overtone. Adequate reproduc- delay time. Bgst fit to .the data by the sum of three exponenﬂals
tion of the data required the introductiohao3 psdelay relative ~ convolved with the instrument response resulted in a fast
to zero time for the appearance of anti-Stokes intensity for both 'écovery time constant of 0.15& 0.1 ps (i.e., instrument-
transitions. We will demonstrate below that this behavior is "€Sponse limited), a longer recovery time constant of 38.0
consistent with initial energy deposition into the asymmetric 8.1 ps, and a long-time component (10 000 ps, fixed) represent-
stretch coordinate followed by IVR. ing persistent depletion.

OCIO in Acetonitrile. Figure 4 presents time-resolved The time-resolved resonance Raman anti-Stokes difference
resonance Raman difference spectra of OCIO in acetonitrile spectra of OCIO dissolved in acetonitrile are presented in Figure
obtained with pump and probe wavelengths of 390 nm. At first 6. Anti-Stokes intensity corresponding to the symmetric-stretch
appearance, the temporal evolution in scattered intensity ob-fundamental and overtone transitions is observed. An increase
served in this solvent is similar to that in water. The extent of in the frequency of the symmetric-stretch fundamental transition
OCIO scattering depletion observed at zero time decreases withwith increased delay is evident due to anharmonicity along this
an increase in delay; however, the extent of depletion at later coordinate. Similar to the behavior seen in the Stokes spectra,
times is much greater. Consistent with this observation, com- the time scale over which OCIO anti-Stokes intensity appears
parison of the initial depletion to that which persists at later and decays is significantly longer in acetonitrile. Specifically,
time establishes that the geminate-recombination quantum yieldanti-Stokes intensity persists out to 125 ps where the evolution
is 0.55 4 0.05 in acetonitrile. Inspection of the probe-only in water is complete by30 ps. Figure 5B,C presents the time-
spectrum in Figure 4 demonstrates that the symmetric-stretchdependent anti-Stokes intensity for the symmetric-stretch fun-
fundamental transition overlaps with the 918 @ntransition damental and overtone transitions, respectively. Best fit to these
of acetonitrile. To avoid contamination of the kinetics due to data was obtained using a sum of two exponentials convolved
the presence of an overlapping solvent transition, we used thewith the instrument response resulting in an appearance time
symmetric-stretch overtone transition to determine the kinetics constant for the symmetric stretch fundamental transition of 33.7
of OCIO formation in acetonitrile. The possibility exists that =+ 4.4 ps and a decay time constant of 36:%4.6 ps. For the
the appearance kinetics determined using the overtone transitiorsymmetric-stretch overtone transition, best fit was accomplished
could differ from those determined using the fundamental with appearance and decay time constants of 21.3.2 and
transition. To explore this possibility, we determined the kinetics 22.4+ 3.2 ps, respectively. Similar to water, adequate agreement
of OCIO formation in water using the symmetric-stretch between the data and fit was accomplished only after the
overtone transition (data not shown). The kinetics determined introduction of a~20 ps delay relative to zero time for both
using this transition were identical (within experimental error) transitions.
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Figure 5. OCIO in acetonitrile. (A) Intensity of the OCIO symmetric-
stretch overtone Stokes transition as a function of time. Best fit to the
data by a sum of exponentials convolved with the instrument response
(solid line) was obtained with time constants (with normalized amplitude
in parentheses) of 0.15 0.1 ps (0.8), 33.& 8.1 ps (0.08), and 10 000

ps representing the long-time offset in intensity (0.12). (B) Intensity
of the symmetric stretch anti-Stokes fundamental transition as a function
of time. Best fit to the data by a sum of two exponentials convolved
with the instrument response (solid line) was obtained with an
appearance time constant (with normalized amplitude in parentheses)
of 33.7 + 4.4 ps (0.5) and a decay time constant of 3&.74.4 ps
(0.5). (C) Intensity of the OCIO symmetric stretch anti-Stokes overtone
transition as a function of time. Best fit to the data by a sum of two
exponentials convolved with the instrument response (solid line) was
obtained with an appearance time constant (with normalized amplitude
in parentheses) of 21.4 3.2 ps (0.5) and a decay time constant of
22.4+ 3.2 ps (0.5).

Or (x109 A2)

o8l
Computational Results

The temporal evolution in Stokes and anti-Stokes intensities 061
described above can arise from OCIO formation via geminate
recombination and/or vibrational relaxation. To investigate the 0.4k
influence of excess vibrational energy on the resonance Raman
spectra, we have calculated the Stokes and anti-Stokes cross
sections as a function of excess vibrational energy. Two energy- P \
deposition limits were considered. First, a Boltzmann distribu- s ; R -
tion of excess vibrational energy was investigated where it was 0 - -
assumed that a statistical distribution of excess energy is
established immediately following geminate recombination Energy (cm-1)

Second, a non-Boltzmann distribution of excess vibrational rigyre 7. Calculated Raman cross sections for the OCIO symmetric

energy was considered where the excess vibrational energy isstretch fundamental (A) and overtone (B) Stokes transitions as a function
initially deposited along the asymmetric stretch coordinate and of temperature. The curves correspond to molecular temperatures of
remains along this coordinate during intermolecular vibrational 298 K (solid), 1000 K (short dash), 3000 K (medium dash), and 7000

relaxation. The behavior of the Raman cross sections in both K (Iong dash). The vertical dashed line corresponds to the probe

limits is presented below. frequency employed in this study.

Boltzmann-Limit Calculations. Figure 7 presents the tem-  metric-stretch fundamental (Figure 7A) and overtone (Figure
perature-dependent Raman Stokes cross sections for the sym#B) transitions. The figure demonstrates that an increase in
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Figure 9. (A) OCIO symmetric stretch overtone-to-fundamental Stokes
Energy (cm1) cross section ratio as a function of temperature. (B) OCIO symmetric
Figure 8. Calculated Raman cross sections for the OCIO symmetric Stretch overtone-to-fundamental anti-Stokes cross section ratio as a
stretch fundamental (A) and overtone (B) anti-Stokes transitions as a function of temperature. The curves correspond to molecular temper-
function of temperature. The curves correspond to molecular temper- atures of 298 K (solid), 1000 K (small dash), 3000 K (medium dash),
atures of 298 K (solid), 1000 K (small dash), 3000 K (medium dash), and 7000 K (long dash). The vertical dashed line corresponds to the
and 7000 K (long dash). The vertical dashed line corresponds to the probe wavelength employed in this study.

robe frequency employed in this study. .
P d y empioy y dependence of the fundamental and overtone anti-Stokes cross

temperature is predicted to result in depression of the Ramansections is substantially different. Specifically, the overtone cross
cross sections and broadening of the excitation profile to higher section is predicted to roughly double between 1000 and 3000
and lower frequency. The maximum temperature of 7000 K was K at 390 nm, but the symmetric stretch is predicted to undergo
defined using the heat capacity of OCIO combined with the only a modest increase over this same temperature range. In
amount of excess vibrational energy available to OCIO following other words, the intensity of the anti-Stokes overtone transition
recombination {17 000 cnt?).49:51.52,6264The calculation dem-  should decrease more rapidly relative to the fundamental with
onstrates that the observed evolution in scattered intensity duea reduction in temperature. This prediction is consistent with
to vibrational relaxation should be extremely probe-wavelength the anti-Stokes decay kinetics where the overtone decay time
dependent. For example, at 500 nm (20 000 Hnthe sym- constant was significantly smaller than the corresponding time
metric-stretch fundamental and overtone Stokes cross sectiongsonstant for the fundamental transition.
are predicted to increase with temperature; however, opposite The computational results presented above suggest that a
behavior is predicted at 390 nm, the probe wavelength employedcomparison of Stokes or anti-Stokes intensities can be used to
in this study. Similar behavior has been observed in previous determine the temperature of OCIO. Figure 9A presents the
studies of the temperature dependence of absorption andcalculated symmetric-stretch overtone-to-fundamental Stokes
resonance Raman cross secti&¥he predicted increase in  cross section ratio as a function of temperature. The figure
scattering cross section accompanying vibrational relaxation is demonstrates that this ratio is extremely dependent on probe
consistent with the experimental data (Figures 1 and 4). In wavelength, and at 390 nm this ratio is expected to be relatively
particular, the~9 and~33 ps depletion-recovery times in water insensitive to temperature. Table 2 presents the experimental
and acetonitrile, respectively, are consistent with the recovery ratios obtained in water and acetonitrile. Consistent with the
in OCIO scattering cross section due to vibrational relaxation. computational prediction, an average intensity ratio~@®.67
Figure 8A,B presents the calculated temperature-dependents observed with very little evolution in this value occurring as
Raman anti-Stokes cross sections for the symmetric-stretcha function of delay. Figure 9B presents the calculated overtone
fundamental and overtone transitions, respectively. The tem-to fundamental anti-Stokes cross section ratio as a function of
perature dependence observed here is more complicated thatemperature. The figure demonstrates that this ratio is predicted
that observed for the Stokes cross sections. Specifically, anto be extremely temperature dependent, and at 390 nm an 8-fold
increase in temperature from 298 to 3000 K is predicted to result decrease in this ratio should accompany a reduction in temper-
in an increase in the anti-Stokes cross sections across the entirature from 7000 to 298 K. Table 2 presents the experimental
excitation profile. However, a further increase in temperature overtone to fundamental anti-Stokes intensity ratio in water and
to 7000 K results in a reduction in cross section at the maximum acetonitrile. In water, a significant decrease in this ratio is
of the excitation profile, with continued increase in the cross observed between 6 ps (0.66) and 50 ps (0.08), and an almost
sections predicted for frequencief0 000 and>40 000 cnTl. identical change is observed in acetonitrile; however, the time
Comparison of Figure 8A,B reveals that the temperature scale over which this change occurs is substantially longer.
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TABLE 2: Ratios of the Raman Stokes and Anti-Stokes
Intensities for the Symmetric Stretch Overtone versus the
Fundamental Transition and Corresponding Internal
Temperature of OCIO

os@v)l RS (@v)l

solvent time (ps)  op(v2)® op3(v)°  estT (K)¢
water 6.67 0.66 0.66 4500 .
10 0.67 3
14 0.67 0.40 1500 N
25 0.10 500 g
50 0.08 500 5
acetonitrile 3 0.65 Z
20 0.66 c
40 0.70 0.65 4500 2
60 0.34 1300 g
100 0.70 0.09 500 5
Q
a Pump-probe delay time at which the intensity ratio is obtained. é

b Symmetric-stretch overtone to fundamental Stokes intensity ratio.
¢ Symmetric-stretch overtone to fundamental anti-Stokes intensity ratio.
d Estimated molecular temperature using the computational results
presented in Figure 9 and as discussed in the text.

Comparison of the experimental intensity ratios to the compu-
tational results presented in Figure 9B results in an estimated
molecular temperature of 4500 K at 6 ps in water and 40 ps in
acetonitrile and~500 K at 50 ps in water and 100 ps in
acetonitrile. At this point, it is important to recall that this
temperature estimate is made by assuming that a BoltzmannFigure 10. Temporal profiles of the population of individual levels
distribution of excess energy exists. Given this assumption, the along the asymmetric stretch as a function of time. Excess vibrational
estimated molecular temperature of 4500 K corresponds to an€nergy after geminated recombination is deposited along the asymmetric
excess vibrational energy contente®500 cnt. Since 17 000 stretch, and the molecule vibrationally relaxes according to IBC model

_ : . . - presented in the text. (A) Calculation for water employink, & rate
cm* of excess energy is available to OCIO following geminate constant of 0.07 pg. (B) Calculation for acetonitrile employingla o

recombination, 7500 cm of energy must be lost to the solvent  rate constant of 0.015 ps Rate constants employed are those obtained
before a statistical distribution of excess vibrational energy is from the analysis of our earlier pumjprobe works4¢®

established. In addition, the appearance of anti-Stokes intensity

is substantially delayed relative to zero time in both solvents; the time-dependent energy content of OCIO, we find that a
however, the computational results presented in Figure 8 suggestesidual energy of 9500 cnh (the amount of energy determined
that even at 7000 K the anti-Stokes cross sections should beto exist after IVR given the Boltzmann-limit analysis presented
appreciable. Therefore, the appearance of anti-Stokes intensityabove) is established 6 ps after geminate recombination. This
demonstrates excess vibrational energy is eventually depositeds exactly the time where nonexponential evolution in the Stokes
along the symmetric stretch; however, this energy must be scattering intensities is observed, and is markedly similar to the
initially localized along another coordinate where 7500-¢m 3 ps delay observed for the appearance in anti-Stokes intensity.
of energy is dissipated to the solvent before intramolecular Figure 10B presents the corresponding IBC calculation for OCIO
vibrational energy reorganization (IVR) occurs. The behavior in acetonitrile. Here, the reduction in the o rate results in a

of the scattering cross sections before the advent of IVR is reduction in overall relaxation rate down the asymmetric-stretch

Time (ps)

considered next. manifold. It is important to note that the maximum OCIO
Non-Boltzmann-Limit Calculations. Recent pump-probe temperatures found in water and acetonitrile (see above) are

studies of OCIO have been interpreted by assuming energyequivalent, suggesting that a similar amount of energy is lost

localization along the asymmetric-stretch coordirfa. To to the solvent before IVR. Using the probabilities presented in

explore this possibility, we have calculated the effect of energy Figure 10B, a residual energy of 9500 cthis achieved at-25
localization along the asymmetric stretch on the Raman crossps following geminate recombination. This is entirely consistent
sections. To accomplish this, we first modeled the vibrational with the~20 ps delay in the appearance of anti-Stokes intensity
relaxation of OCIO using the IBC theory of vibrational along the symmetric stretch.

relaxation (see above). This formalism is capable of reproducing  If the nonexponential evolution in Stokes scattering observed
the majority of the features observed in femtosecond pump in water (insert in Figure 2A) is due to IVR, the Stokes cross
probe studies, and a treatment identical to that presented heresections must be different between the non-Boltzmann and
was used in our earlier pumprobe worké* The results of this Boltzmann limits at a similar internal energy. Figure 11 presents
analysis for aqueous OCIO are presented in Figure 10A wherethe dependence of the symmetric-stretch Stokes fundamental
the time-dependent occupation probabilities for levels along the and overtone cross sections on population of individual levels
asymmetric stretch coordinate are shdiff As discussed along the asymmetric stretchm & 0 to n = 15). The figure
above, then = 15 level along the asymmetric stretch is expected demonstrates that as higher levels along the asymmetric stretch
to be populated immediately after geminate recombination since are populated, the symmetric stretch Stokes cross sections are
this level is roughly degenerate with the 17 000 ¢rof excess reduced. In addition, the excitation profile broadens slightly and
energy available to OCIO following recombination. The figure shifts to lower energy. The Stokes cross sections are reduced
demonstrates that as time increases, population cascades dowwith an increase in energy along the asymmetric-stretch
the asymmetric-stretch vibrational-state manifold. Using the coordinate, reminiscent of the behavior observed in the Boltz-
occupation probabilities presented in Figure 10A to ascertain mann limit; however, the extent of this reduction is different.
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Energy (cm‘1) Figure 12. Difference in Raman cross sections for the symmetric

stretch fundamental (A) and overtone (B) Stokes transitions between
Figure 11. Raman cross sections for the OCIO symmetric stretch the non-Boltzmann and Boltzmann relation limits. The curves cor-
fundamental (A) and overtone (B) Stokes transitions as a function of respond to the difference between the calculated Raman cross sections
excess vibrational energy localized along the asymmetric stretch. Thewith n = 4 (solid), 6 (short dashed), and 8 (medium dashed) and the
curves correspond to population of= 0 (solid), 4 (short dashed), 8  calculated Raman cross section at 4500 K. The vertical dashed line
(medium dashed), 12 (long dashed), and 15 (dot dashed) vibrationalrepresents the probe wavelength employed in this study.

levels along the asymmetric stretch coordinate. The vertical dashed

line corresponds to the probe frequency employed in this study. photofragments occurs in 350%Given the rapidity of these

) ) dynamics, it was concluded that recombination occurred after
Figure 12A,B presents the difference between the Stokes cross; single collision with the solvent (i.e., diffusional processes
sections calculated in the non-Boltzmann and Boltzmann limits qg not participate in the recombination). In addition, the
for the symmetric-stretch fundamental and overtone transitions, recombination kinetics were found to be independent of solvent
respectively. The figure depicts the difference in cross section g ggesting that the structural details of the surrounding solvent
between the non-Boltzmann limit with populationrf= 4, 6, shell were of minor importance in defining the rate of
and 8 along the asymmetric stretch (considered since these level$gcombination. The rapid geminate-recombination dynamics
are populated to the greatest extent at 6 ps) versus the Boltzmanippserved for OCIO in both water and acetonitrile demonstrate
limit cross sections at a temperature of 4500 K. The figure that primary recombination dominates over slower diffusional-
demonstrates that, at 390 nm, IVR is expected to be evidencedgependent recombination. In addition, the similarity in recom-
by a reduction in Stokes intensity for both the symmetric-stretch pination kinetics between water and acetonitrile suggests that
fundamental and overtone transitions, consistent with the suddenne structural details of the solvent are not primarily responsible

increase in depletion intensity observed in water@ips (Figure  for defining the recombination rate. However, it should be noted

2A). that the geminate recombination dynamics are dependent on
. . actinic pulse energy, with the extent of geminate recombination
Discussion decreasing with an increase in actinic eneiyyn addition,

Geminate Recombination.The subpicosecond recovery in  €arlier pump-probe work employing photoexcitation at 355 nm
Stokes intensity following the photoexcitation of OCIO provides assigned dynamics occurring on the subnanosecond time scale
an unequivocal demonstration that geminate recombination ofto diffusional processe¥. Therefore, the extent of solvent
the primary photofragments results in the re-formation of dependence demonstrated by the geminate-recombination dy-
ground-state OCIO. The subpicosecond recombination dynamicshamics may depend on the energy content of the photofrag-
observed here are similar to the rates observed in other systemgnents.

In the classic work of Harris and co-workers on the photodis-  Although the rate of geminate recombination is similar in

sociation dynamics of,) it was demonstrated that geminate both water and acetonitrile, the extent of geminate recombination
recombination of the | fragments occurs #2 ps’8 Recent is dependent on solvent. Specifically, the larger residual deple-
femtosecond pumpprobe studies of,I” photodissociation by tion in Stokes scattering intensity observed in acetonitrile relative
Barbara and co-workers have demonstrated that geminateto water (Figures 5A and 2A, respectively) is consistent with a
recombination of the photofragments occurs on the subpico- substantial reduction in the geminate-recombination quantum
second time scalf® Most salient to the studies presented here, yield in acetonitrile. This observation supports the results of
pump—probe studies on the photodissociation of the polyatomic earlier pump-probe studies where an increase in a long-time
species methylene iodide (GH) in a variety of solvents depletion in optical density at probe wavelengths resonant with
demonstrated that geminate recombination of the primary the ground-state absorption band of OCIO was observed in
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acetonitrile relative to water and attributed to a decrease in the The IBC description of the vibrational relaxation combined with
geminate-recombination quantum yiéfdSolvent dependence  the molecular temperature estimates provided by the anti-Stokes
of geminate recombination quantum vyields has also beenintensities demonstrates that roughty500 cnT! of excess
observed in the photodissociation ef with the quantum yield energy is deposited into the solvent during the initial relaxation
decreasing from 0.93 in water to 0.68 in acetonitrile and involving the asymmetric stretch. Following this initial relax-
acetoné® It was suggested that intermolecular hydrogen bond- ation, IVR occurs with a time constant of5 ps in water and
ing present in polar, protic solvents (such as water) stabilizes ~20 ps in acetonitrile.
the surrounding solvent shell providing for more efficient  The vibrational relaxation dynamics of OCIO provide insight
trapping of the photofragments. In polar-aprotic solvents, the into the interplay between energy dissipation to the solvent and
absence of intermolecular hydrogen bonds would make the first VR, Solution phase vibrational relaxation studies have been
solvent shell more labile to photofragment cage escape. Thedominated by diatomic systems in which IVR is not opera-
results presented here support this hypothesis. tive.78.79.838999 Triatomic systems such as OCIO represent the
Vibrational Relaxation Dynamics. Intramolecular Vibra- simplest class of molecules in which the effect of intermolecular
tional Reorganization (IVR).The time-resolved resonance energy dissipation on IVR can be studied. Perhaps the most
Raman data provide information concerning the time scale for intriguing discovery to emerge from the results presented above
intramolecular vibrational energy reorganization (IVR). Most is that the time scale for energy deposition into the symmetric-
research in this area has focused on systems in the gas phassiretch coordinate is solvent dependent. In addition, the similarity
where the intramolecular interactions responsible for energy in maximum solute temperature determined through analysis
reorganization can be studied in the absence of solvent-mediatedf the anti-Stokes intensities suggests that the similar levels of
processe$>87 In the majority of these studies, an optically the asymmetric-stretch vibronic manifold must be reached before
active or “bright” state is populated, and the dynamics of energy IVR takes place. One possible explanation for this behavior is
flow from the bright state into other states (so-called “dark that, at early times, the high degree of OCIO excitation results
states”) is monitored. The experiments presented here can bdén the predominance of a local-mode description of the
described within this conceptual framework. Assuming that coordinates favoring energy localization into a single-Ol
OCIO is initially produced with excess vibrational energy bond. With energy dissipation, a transition from local to normal
localized along the asymmetric stretch, the experiments pre-coordinates occurs promoting IVR. The bifurcation of normal
sented here can be viewed as a conventional IVR experimentmodes at high excitation energies and the effect of bifurcation
where the prepared state is optically dark and population of the on intramolecular energy flow including the generation of energy
optically bright symmetric stretch via IVR is monitoré¥. “bottlenecks” has been recogniz&9:19Further studies of the
The Stokes and anti-Stokes data presented above provide Jibrational relaxation dynamics of QCIO includ_ing _m_onitoring
detailed picture of the IVR dynamics. One of the most '_[he energy content of_the asymmetric stretch with wsble-pur_np/
interesting results presented above is that the subpicosecondnfrared-probe techniques should provide further information
recovery of symmetric-stretch Stokes intensity is not reflected concerning the dynamics and solvent dependence of IVR.
by a similar, rapid appearance of anti-Stokes intensity. Although  Intermolecular Vibrational RelaxatiorThe results presented
this effect could be due to small anti-Stokes cross sections athere demonstrate that the intermolecular vibrational relaxation
the probe wavelength employed, the computational results dynamics of OCIO are solvent dependent. Specifically, the
presented above demonstrate that the anti-Stokes scattering crosggreement between later-time recovery in Stokes intensity and
sections should be appreciable. Therefore, the discrepancythe decay time of the anti-Stokes intensity demonstrates that
between the rapid OCIO Stokes recovery kinetics and the slowerintermolecular relaxation occurs with~89 ps time constant in
appearance of symmetric stretch anti-Stokes intensity suggestgvater and a~35 ps time constant in acetonitrile. Although we
that geminate recombination of the CIO and O fragments resultscan conclude that the OCHXolvent interactions must be
in the production of OCIO that is vibrationally cold along the substantially different between water and acetonitrile for a 4-fold
symmetric stretch. This conclusion is entirely consistent with change in the vibrational-relaxation rate to exist, the question
femtosecond pumpprobe studies of aqueous OCIO that have remains as to what interactions are responsible for this differ-
been interpreted in terms of geminate recombination resulting €nce.
in energy deposition along the asymmetric-stretch coordinate  Studies of vibrational relaxation have shown that two energy-
exclusively$23 The nonexponential evolution of the Stokes dissipation mechanisms dominate in solution: vibrational to
intensities in water provides additional evidence that IVR is translational (\*-T) and vibrational to vibrational (V) energy
delayed relative to geminate recombination. Specifically, the transfer’®192 Furthermore, it has been suggested that at high
Stokes data demonstrate a discrete increase in depleted intensityibrational levels \~-T relaxation is most efficient, but ¥V
at~6 ps (inset of Figures 1 and 4). Comparison of the calculated transfer dominates at lower levels. This turnover in dissipation
symmetric stretch fundamental and overtone cross sections inmechanisms is reflected by recent studies of Stratt and co-
the non-Boltzmann and Boltzmann limits demonstrates that the workers where short-time solvensolute dynamics were found
onset of IVR should be evidenced by a decrease in scatteringto be dominated by collisional-type interactions of the solute
intensity (Figure 12), a prediction consistent with the intensity with a single solvent molecule or tw8.In addition, this
change seen in #. In acetonitrile, nonexponential evolution  collisional-type interaction was found to be solvent independent
in the Stokes data is difficult to observe due to the reduced where the longer-time dynamics did demonstrate solvent
efficiency of geminate recombination. However, a substantial dependence. With application of this conceptual framework to
delay in symmetric-stretch anti-Stokes intensity is observed OCIO, the solvent dependence of intermolecular vibrational
relative to geminate recombination suggesting that IVR occurs relaxation suggests that intermolecular energy dissipation is
~20 ps following geminate recombination in this solvent. Given dominated by V-V relaxation. Assuming that ¥V energy
these observations, we conclude that immediately following transfer dominates the later-time relaxation dynamics, the
geminate recombination, OCIO is produced with excess vibra- increased vibrational-relaxation rate in water relative to aceto-
tional energy deposited along the asymmetric-stretch coordinate.nitrile can be viewed as an increase in resonance between solvent
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and solute modes participating in the relaxation process. Thesolute hydrogen bonding? Finally, Chen and Schwartz have

effect of solvent friction on intermolecular vibrational relaxation investigated the effects of hydrogen bonding on the vibrational

has been of much recent interest, and the dependence ofelaxation dynamics of halomethanes by analyzing the isotropic

intermolecular vibrational relaxation on solvent friction is Raman line widths of CEBr, and CHBg in various solvent$!®

evident in the expression for the single-model relaxation rate: The authors observed a dramatic decrease in vibrational

78,83,90,92,9497,103-112 relaxation time in hydrogen-bonding solvents as evidenced by
an increase in the Raman line width.

g(cuv.v)2 hw,,, Long-range electrostatic effects represent a final potential

Ky == 10IQW'IN 1+ coth— =)t Imy(w,,) (8) source for the increase in the OCIO vibrational relaxation rate

h in water relative to acetonitrile. It has been demonstrated that

the coupling of solute-charge evolution to solvent relaxation

'can be an efficient mechanism for energy deposition into the

solvent83.90.9294Fgr example, studies by Hochstrasser and co-
workers have demonstrated that, for CHissolved in water,

wherek,—,, represents the state-to-state relaxation rate constant
g(w) is the solventsolute coupling strength, and the solvent
friction is contained in Imx) (the imaginary part of the Raman

susceptibility). The frequency dependence of in¢an be the vibrational relaxation rate correlates with the infrared

measured through optically heterodyned optical Kerr effect absorption cross section of the solvent implying that Coulombic

;nelaql_suk:en}ents for I.OW frequenc:esdand depolarézgd Cl?aman dalt(jnteractions are operative in promoting vibrational relaxaffon.
orhig ker r?quenmeﬁﬁigeEcenty egu;nstrate y ahstnerr]an n addition, theoretical and experimental studies comparing the
co-workers for watef. quation emonstrates that the o5y ation of b~ to I, have demonstrated that the change in

rate o_f vibrational relaxation is dependent on the solveolute solute-charge distribution during relaxation causes an accelera-
cc_)upllng strength as well as the freq_uency-_depepdent SOIVemtion of energy dissipation to the solvef§t?** Coulombic effects
friction. What remains to be es.tab.hshed N Wh'Ch solven_t- are expected to be of minimal importance in OCIO since this
frequency components are operative in the vibrational-relaxation compound is neutral. However, OCIO is an open-shell system
dynamics of OCIO. such that solvent induced radical localization could represent a

| T)Ilp:crallly, Ict)iwr-]freiguert\ﬁy SOLUti(ta medelf’/ orl]ct)mlnatetigntenrqmg- potential mechanism for solvensolute coupling. This mech-
ecular relaxation since the densily ot solvent acCepling modes 5 gy, can pe viewed as being similar to the solvent-dependent

is greatest for these mod&sFor OCIO, the lowest frequency charge localization dynamics observed fegr.lIn this system,

coordinate is the bend at 450 cfn The frequency overlap the presence of asymmetric-stretch fundamental resonance

gigﬂelﬁgrr:tlygfovr\?eovﬁ ?k?gIiE)Tgtiggg?tﬁgggsmcﬁdae;etgai;,;,i?e}ee:r: Raman intensity was observed indicating that the solvent
’ ’ promotes charge localization on one end of the moletlm

1
located at lower frequency<{100 cnT*) such that the overlap OCIO, fundamental intensity involving the asymmetric stretch

i i 16,117 i iC-
\évrﬁr_]l;h;ngznsd rl’r?rr?gt??tc.:-strelgcvr\llilcloonos ;:d?‘;::gé? dsi'zggect)?g c(:?gg coordinate has not been observed in solution to date; therefore,
Y ' o1 othe existence of solvent-induced radical localization is specula-

these transitions are well matched to the symmetric stretch (glgtive at besf7.68
cm1) and methyl-rock (1124 cm) modes of acetonitrile such ' .
that appreciable friction should be experienced by these Other Photoproducts. The Stokes difference spectra pre-
coordinates, but the friction in water should be less. Since that Sénted in Figures 1 and 4 demonstrate that the photochemical
the vibrational relaxation rate is greater in water, the above dynamics observed at this probe wavelength are dominated by
comparisons suggest that the-V relaxation dynamics are geminate recomblnat_lon. However, other photochemlcal pro-
dominated by coupling between the bend and the solvent, C8SS€s may also be important. For example, the photoisomer-
Clearly, monitoring the vibrational energy content of the bend iZation of OCIO to form the peroxy isomer, CIOO, has been
should prove quite interesting. In addition, comparison of the Postulated to occur in solutiit:>®This hypothesis is entirely
vibrational relaxation dynamics in two polar-aprotic solvents "€asonable given that photoisomerization resulting in the forma-
having different frequency-dependent susceptibilities should tion CIOO dominates the photochemical behavior of OCIO
also be very informative concerning the importance efw  trapped in low-temperature matrix&s 4> Low-temperature
transfer processes involving higher-frequency coordinates. ~ Matrix infrared absorption studies have as_5|gned transitions at
Intermolecular hydrogen bonding could also be responsible 373, 407, and 1441 cm to CIOO: The difference spectra
for solvent dependence of intermolecular vibrational relaxation. Presented in Figures 1 and 4 demonstrate no noticeable intensity
Various studies have suggested that solvsolute hydrogen ~ at~1400 cm*, Furthermore, although the500 cni* region
bonding can dramatically alter the time scale for vibrational Was not studied, overtone intensity correspond.lng to either low-
relaxationt®-120 |n studies by Hochstrasser and co-workers, frequency mode of CIOO was not observed. Similar arguments
the vibrational relaxation times observed foy Nn DO, H,0, apply to CICIQ.“° It should be noted that optical density
and methanol were significantly shorter than in the aprotic increases in the UV observed in purprobe studies of OCIO
solvent hexamethylphosphoramide (HMPA) demonstrating the are consistent with CIOO and/or CIGiJormation3t-65122
importance of intermolecular hydrogen bonding as a pathway Time-resolved resonance Raman experiments performed with
for energy dissipatio&t® The authors also found a correlation & Probe wavelength of 260 nm are currently underway to
between solute mode-frequency shifts in the various solvents@scertain the existence of CIOO or CIGI&®
and the rate of vibrational relaxation, with an increase in solute  Given the results presented here, it appears that the photo-
vibrational frequency correlating with an increase in the product formation dynamics are significantly different in
relaxation rate. The symmetric stretch of OCIO shifts in solution relative to low-temperature matrixes. We suggest two
frequency from 945 cmt in water to 938 cm? in acetonitrile potential explanations for this difference in reactivity. First,
consistent with this correlation. In studies by Sastry et al., an resonance Raman intensity analysis studies of OCIO have
increase in the line width of the acetonitrile CN-stretch transition demonstrated that the excited-state reaction dynamics are
was observed with the addition of water implying that an extremely dependent on solveti®8ltherefore, the excited-
increase in the vibrational-relaxation rate occurs due to solvent state reactivity of OCIO may be different in solution relative to
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matrixes. Second, CIOO and CICIGare labile to thermal (6) Solomon, S.; Sanders, R. W.; Miller Jr., H. L. Geophys. Res.

i+ . 199Q 95, 13807.

decomp_osmon and/or further thermal reactivity. For example, (7) Vaida, V.: Solomon, S.: Richard, E. C.: Ruhl, E.: Jefferson, A.
the barrier for the ground-state isomerization of CIOO to OCIO Natyre 1989 342, 405.

has been estimated to be only 0.67 kcal/meR80 cnt?).57 (8) Richard, E. C.; Vaida, VJ. Chem. Phys1991, 94, 153,

Given this small energy barrier, we might expect that the (9) Richard, E. C.; Vaida, VJ. Chem. Phys1991, 94, 163.

; : : (10) Bishenden, E.; Donaldson, D.Jl.Chem. Physl994 101, 9565.
photochemical production of CIOO to be followed by rapid (11) Bishenden, E. Donaldson, D.dI. Chem. Phys1993 99, 3129,

isomerization to form OCIO given the elevated molecular  (12) Bishenden, E.; Haddock, J.; Donaldson, D Phys. Cheml 991,
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demonstrates that the geminate-recombination quantum yield (26) Tanaka, K.; Tanaka, T. Mol. Spectrosc1983 98, 425.
is solvent dependent. Time-resolved anti-Stokes spectra dem-S (2? Hins;giaée\(iggserer' A. J.; Michielsen, S.; Rice, S. A.Mol.
. . f : . pectrosc 3 .

onstrate t_hat excess V|b(at|onal energy is d_eposned into the (28) Michielsen, S.; Meyer, A. J.; Rice, S. A.; Novak, F. A.; Freed, K.
asymmetric stretch coordinate following geminate recombina- F.; Hamada, Y.J. Chem. Phys1981, 74, 3089.
tion. Dissipation of this energy to the solvent occurs with atime ~ (29) McDonald, P. A; Innes, K. KChem. Phys. Letl978 59, 562.
constant of~9 ps in water and-36 ps in acetonitrile. A delay Spg?g()scculrg% Zé; A7t2’ev K.; Bissinger, J.; Bennett, C.; Tittel, F.JXMol.
in the appearance of OCIO anti-Stokes intensity relative to (31 krishna Pillai, M. G.; Curl, R. FJ. Chem. Phys1962 37, 2921.
geminate recombination is observed in both water and aceto- (32) Sakurai, K.; Clark, J.; Broida, H. B. Chem. Physl971, 54, 1217.
nitrile consistent with initial deposition of the excess vibrational < (3?{) Bfi‘g% %-4(33-95-; Redding, R. W.; Richardson, A. W.Mol.

. i . - pectrosc ) .
energy into the_asymme_trlc st_r(_atch_ co_ordlnate. A_naly5|s of the (34) Coon, J. BJ. Chem. Phys1946 14, 665.
Stokgs and an_n-StoKes intensities mdlqateq that intramolecular  (35) Coon, J. BPhys. Re. 194Q 58, 926.
vibrational redistribution of the excess vibrational energy occurs ~ (36) Lai, L.-H.; Liu, C.-P; Lee, Y.-PJ. Chem. Phys1998 109, 988.
with a time constant of~5 ps in water and~20 ps in Phg/iqglggleo-éP;?LsahL--H-;Lee, Y.-Y. Hung, S.-C.; Lee, Y.-B.Chem.
acetonitrile. In summary, the results presented here provide @' {3g) Graham, J. D.; Roberts, J. T.; Brown, L. A.; Vaida, J.Phys.
detailed description of the geminate recombination and vibra- Chem.1996 100, 3115. Brown, L. A.; Vaida, V.; Hanson, D. R.; Graham,
tional relaxation dynamics of OCIO. The information presented J. D.; Roberts, J. TJ. Phys. Cheml996 100 3121. _
here provides greater insight into the reaction dynamics of OCIO Phg/ig)cﬁéarl:ggéjic?d E,%%elrts' J. T.; Anderson, L. D.; Grassian, \J. H.
and should prove useful in understanding the ground-state (40) Gane, M. P.; Williams, N. A.; Sodeau, J.RChem. Soc., Faraday

reactivity of this compound. Trans 1997, 93, 2747.
(41) Lanzendorf, E. J.; Kummel, A. GGeophys. Res. Lett996 23,

- : L. 1251
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