J. Phys. Chem. R001,105,9819-9826 9819

ARTICLES
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The excited-state decay and geminate-recombination dynamics of chlorine dioxide (OCIO) are investigated
using UV pump/near-IR probe spectroscopy. Experiments are performed with 200-fs time resolution on OCIO
dissolved in water, cyclohexane, acetonitrile, and chloroform. In all solvents, a reduction in optical density

is observed at early times and is attributed to stimulated emission from the optically prépasdface.

The emission decays on the subpicosecond time scale to reveal an increase in optical density corresponding
to the production of vibrationally hot ground-state OCIO formed by geminate recombination of the primary
photoproducts. Kinetic analysis of these data reveals that the excited-state decay time constant increases
from ~200 fs in water and cyclohexane @100 fs in acetonitrile and chloroform. The vibrational-relaxation
dynamics of OCIO are also found to be solvent dependent in agreement with earlier work-praing
anisotropy experiments on aqueous OCIO are presented. In these studies, an initial anisotropy-@f.0540

is observed consistent with emission from the optically prepatedstate. However, the optical-density
evolution for vibrationally hot OCIO displays an anisotropy of 0-88).03 suggesting that the mechanism

of geminate recombination results in the retention of memory regarding the photoexcitation event. Potential
recombination mechanisms consistent with this result are discussed.

Introduction ature consistent with increased rigidity of the solvent sHell.
Finally, studies of aqueous @®ave demonstrated efficient
geminate recombination of the CS and S photofragments and
have assigned this behavior to solvent-assisted excited-state
internal conversiog®

Chlorine dioxide (OCIO) represents an excellent opportunity

Defining how solvents influence excited-state relaxation and
geminate-recombination dynamics is central to understanding
chemical reactivity in condensed medid Attempts to achieve
this understanding have focused on the dynamics of diatomic
solutes’™18 These studies have shown that in general, photo- ; . ; o
initiated dissociation is followed by subpicosecond geminate to extend our cgrrent. understandmg of tna@oml'c reactivity in
recombination of the nascent photofragments resulting in the c0Ndensed media. This compound is of practical interest because
reformation of the parent species. The initial excess vibrational of its involvement in a vgnety of stratos_pherlc phzotochemlcal
energy created by recombination is lost to the solvent through proqesseé‘? _Rhotoexcnau_on resonant with t8;—2A, ele_c-
intermolecular vibrational relaxation, and both collisional and ONiC transition results in population of tté, state, with

dielectric processes have been shown to be important in defining€xcitation energies greater Zt?ar_l 3.1 eV resulting in direct
the vibrational-relaxation rafe®12-14.19-21 Sybpicosecond photo- dissociation from this surfacé:28With lower-energy excitation,

fragment recombination has been observed in a variety of the2A, state demonstrates predissociative behavior, and internal

solvents suggesting that the primary recombination rate is CONVersion to the nearbyA; state followed by internal

relatively insensitive to the details of the solvéAt.However, conversion from this state to théB, surface provides for

the efficiency of recombination is solvent dependiett. photoproduct productioff. Gas-phase experiments have dem-
There has been a great deal of interest in determining if the onstrated that of the two photoproduct channels, CIO/O and CI/

pattern of reactivity demonstrated by diatomic systems is also O, the CIO aqd o channel IS domma?ﬁt.Femtqsecond
observed for triatomics. For example, in contrast to the rapid photofragmentation studies of gaseous OCIO have investigated

recombination seen for many diatomics, slow geminate recom-the time scgle over Wh'.Ch.the above dynamics oceur and have
bination (3.5 ps) is observed for aqueous @ith this behavior fpund that direct d|_SSOC|at|o_n produced CIO and O with a 40 fs
attributed to strong electrostatic interactions between the photo-tIme constant, while coupling of théA, state _W'th nearby
fragments and the solveft Studies of 4~ dissolved in cooled ~ Surfaces E;oduced ClO and O and Cl andr@h a time constant
and glassy ethanol have shown that the quantum yield for ©f 300 fs:
geminate recombination increases with a reduction in temper- In condensed environments, the reaction dynamics become
more complex. In particular, the quantum yield for Cl production
*To whom correspondence should be addressed. E-mail: preid@ increases fronx0.04 in the gas phase to 0.1 in solutigig®30-3>
chem.washington.edu. The partitioning between photoproduct channels is solvent-
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dependent, and recent femtosecond ptimmbe and time-
resolved resonance Raman (TRRR) studies have been performed
to elucidate the details behind this beha#brt2 These experi- TiAILOn |

. . . . ‘AlyO3 laser OPA
ments have shown that in solution, the dynamics are dominated BS
by subpicosecond geminate recombination of the CIO and O
photoproducts resulting in the reformation of vibrationally DP
excited ground-state OCIO. In addition, Cl formation occurs
through a bifurcated process with the ‘prompt’ production of
Cl accompanied by additional production on th200 ps time DM 0 I
scale via decomposition of ground-state CI&&Comparative
studies in water and acetonitrile have shown that both the
geminate-recombination quantum yield and the OCIO vibrational- oM x——{ ] Ref
relaxation rate are substantially reduced in acetonitrile relative DM f PL
to water38-42 Although a detailed description of OCIO photo- DM _ﬂ—o_uz

ZI\Sample

N
Y
BBO (2x)

>0

chemistry in the condensed phase has begun to emerge, the steps
leading to dissociation and photofragment recombination remain ‘7
unclear. For example, photoproduct formation is initiated by
decay of the optically preparéd, state; however, the lifetime bL E
of this state in solution has not been definitely measured. Also,
the geminate-recombination dynamics resulting in ground-state Sig
OCIO reformation, including the role of solvent in defining these Figure 1. Schematic of the pumpprobe spectrometer. The following
dynamics, are unclear. abbreviations have been used: BBO (2x): frequency doulskbgrium
Fere,we report e resuls offemlosecond UV pumpinear- Sl e 55, B sitr . egiance copper O opicat
IR pro*?e studies deS|_gned to monitor the early-tlrr_le reaction M2: zero-yorder half-wave plate;’ OPA: optical parametric amplifier,;
dynamics of OCIO. This work complements our earlier pt¢mp  py: calcite polarizer.
probe studies which found that the production of ground-state
OCIO was solvent-dependent; however, the time scale for is provided here. An argon-ion laser (Spectra Physics 2065
excited-state decay or the appearance of ground-state OCIO07) operating all-lines pumped a home-built Ti:Sapphire oscil-
could not be determined because of the limited probe wave- lator that produced 30-fs pulses (full-width at half-maximum
lengths and time resolution employed. In this study, the or fwhm) centered at 780 nm at a repetition rate of 91 MHz.
evolution in optical density following OCIO photoexcitation at  Amplification of these pulses was performed using the chirped-
390 nm is monitored using probe wavelengths at 1210, 1270, pulse techniqué (Clark-MXR CPA-1000-PS). The post-
and 1350 nm. These probe wavelengths are ideally suited tocompression amplified output consisted of 85-fs fwhm pulses
study both the decay of the optically prepared excited state ascentered at 780 nm with pulse energy of 7Dat a repetition
well as geminate recombination of the primary photoproducts. rate of 1 kHz. The amplifier output was split into two
Experiments are performed in water and acetonitrile in an components, with 20% of the output frequency doubled using
attempt to connect with our earlier work; however, two a 200um thick 5-BBO (Type I) crystal to generate the actinic
additional solvents are also investigated: cyclohexane andfield. The remainder of the amplifier output was used to pump
chloroform. Cyclohexane is employed to investigate how the an optical parametric amplifier (OPA, Quantronix TOPAS), with
photochemistry of OCIO proceeds in nonpolar environments. the signal output used as the probe.
Chloroform is included to compare the dynamics that occur in ~ The optical layout employed in this study is presented in
this polar aprotic solvent to those that occur in acetonitrile. In Figure 1. Pre-compensation for group-velocity dispersion of the
addition, we are interested in connecting the results of this study probe field was provided by a pair of SF-10 prisms. A Glan-
to recent resonance Raman intensity analysis work of OCIO in Laser calcite polarizer was placed in the probe line following
chloroform#3 Two main conclusions regarding OCIO photo- the prism pair to define the probe polarization. The pump beam
chemistry are derived in this study. First, the decay of the was temporally adjusted relative to the probe using a motorized
optically prepared excited state is found to be solvent-dependentdelay stage. The contribution of rotation dynamics to the data
with decay time constants ranging fror200 fs in water and was minimized by orientation of the pump polarization to 34.7
cyclohexane to~400 fs in acetonitrile and chloroform. It is  relative to the probe using a zero-order half-wave plate. Time-
proposed that solvent dependence of #de and 2A; state resolved absorption anisotropy experiments were performed at
energetics is responsible for the solvent dependence of thel270 nm. In these studies, the pump polarization was rotated
exited-state decay rate. Second, femtosecond piprgbe to be aligned I) or orthogonal i) to that of the probe. The
anisotropy experiments are presented which demonstrate thatime-dependent absorption anisotropf§)j was then constructed
memory of the photoexcitation event is maintained through the from these data according to
geminate-recombination process. Potential mechanisms involv-
ing incomplete rotational diffusion of the nascent photofrag- rt) = i —1g
ments and solvent-dependent internal conversion dynamics are I, + 2,
presented that are consistent with this result. In summary, the
results presented here provide new insight into the solvent- In all experiments, the instrument response as measured by
dependent excited-state relaxation and geminate-recombinatiorflifference-frequency generation using a 200-thick 5-BBO

dynamics of OCIO. crystal (type 1l) was 206Gt 20 fs (fwhm).
. OCIO was synthesized as previously descriffedl] solvents
Materials and Methods were HPLC grade and used without further purification. The

The laser system employed in this work is similar to that pump and probe powers were adjusted using reflective, fused-
used in previous studie€;4! therefore, only a brief description  silica neutral density filters. Typical pulse energies were#4.0
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=+ 0.05 is observed consistent with emission from a single, dipole
allowed electronic transition (see below). Furthermore, recent
studies of OCIO fluorescence in condensed environments have
demonstrated that the fluorescence undergoes a substantial
Stokes shift providing for emission in the near4®R/ Following
decay of the stimulated emission, an increase in optical density
is observed (Figure 2). In previous pumprobe studies,
increases in optical density were observed for probe wavelengths
out to 1000 nm and were assigned to vibrationally excited
ground-state OCIO produced by geminate recombination of the
primary photofragment®:34Consistent with this interpretation,

we assign the later-time appearance and decay of optical density
to the production and vibrational relaxation of grourB;-
surface OCIO.

An initial analysis was performed which involved fitting these
data to a sum of three exponentials convolved with the
instrument response. The results of this analysis for all probe
wavelengths employed are presented in Table 1, and the
corresponding fits are shown as the solid lines in Figure 2. At
1270 nm in water, the stimulated emission appears and decays
with time-constants of 88 40 ps and 20&- 30 fs, respectively.

In addition, aqueous OCIO undergoes vibrational relaxation with
an apparent time constant of 1.20 0.43 ps, in excellent

AQ.D. (Normalized)

0 2 4 © agreement with previous pumiprobe result§#3%4041The time
Time (ps) constants observed at the other probe wavelengths are equivalent
to those observed at 1270 nm within the experimental error such

Figure 2. Time-resolved pumpprobe dynamics of aqueous OCIO L o
with photoexcitation at 390 nm and probe wavelength€2f 1210, that probe wavelength dependence of the kinetics is minimal.

(B) 1270, and(C) 1350 nm. Best fit to the data by a sum of three A sharp increase in optical density is observed at 1350 nm in
exponentials convolved with the instrument response is given by the water necessitating the addition of a fourth exponential to
solid line, with corresponding fit parameters presented in Table 1. accurately reproduce the data {n Table 1). This increase in
. optical density most likely originates from an overtone transition

0.54J and 0.1+ 0.054J for the pump and probe, respectively. ¢ yhe solvent, with the 1350 nm probe wavelength being on
The spgt-sae of the pump ?nd the p:robe at tze l_sampolle Wereihe blue-edge of this absorption. In the other solvents studied,
550 anc 50Qum, respectively. Samples were delivered to a significant solvent absorbance is not present in this wavelength
fused-silica flow cell, and the flow rate was adjusted to ensure region, and a corresponding optical density increase at early
tgat th? san}plﬁ volume _vvgs regleﬂlshed !oetwe_enla(;;tmlq eVeNtSiimes was not observed. Attempts to employ longer probe

etfectlon do t de pu_r‘tr;pélnl ucehé(; Ef“:]gi In optica e;lsnthas wavelengths were frustrated by the finite absorbance of the
performed as described elsewhereith the exception thatthe o) ents that rendered the sample opaque in the near-IR.
sample and reference probe signals were detected using InGaAs Figure 3 presents a comparison of the optical density

hotodiodes (Fermionics FD3000W). The time-dependent evo- . . . -
b ( ) P evolution for OCIO dissolved in water, cyclohexane, acetonitrile,

lution in optical density was analyzed by fitting the data to a i
convolution of the instrument response with a sum of three anql chlor_oform at 127_0 nm. Contrary to otherwor_k, st_lmulated
emission is observed in all the solvents employed in this sttidy.

exponentials using the Levenberllarquardt algorithnt® i . .
Goodness of fit was judged througRvalues as well as visual The figure demonstrates that the magnitude of the stimulated
emission is similar in all solvents; however, the time scale for

inspection of the residuals. Reported errors correspond to one~ L . C o
standard deviation from the mean determined by multiple stimulated emission decay is solvent-dependent. Emission decay

measurements>( trials). The data were also analyzed by appears to be most rapid in water and slowest in acetonitrile or
comparison to a kinetic model as described below. In this work chloroform. In addition, the OCIO vibrational-relaxation kinetics

appears to be faster in water relative to acetonitrile and
chloroform reminiscent of the behavior observed in earlier
studies? Identical to the approach described above, the time-
dependent optical density evolution in all solvents was fit to a
sum of exponentials convolved with the instrument response.
Results The results of this analysis are presented in Table 1. The table
Femtosecond Pump-Probe Studies.Figure 2 presents the ~ demonstrates that at 1270 nm, the stimulated emission appear-
evolution in optical density observed for aqueous OCIO at 1210, ance time constant) is essentially solvent-invariant. However,
1270, and 1350 nm following photoexcitation at 390 nm. At the apparent stimulated emission decay time constaptig
all probe wavelengths, a pump-induced reduction in optical Strongly solvent-dependent, increasing from 2080 fs in water
density is observed. Absorption corresponding to?Be-2A, to 930+ 80 fs in acetonitrile. Finally, the vibrational-relaxation
transition is negligible in this wavelength region such that the time constant for ground-state OCIO undergoes a substantial
reduction in optical density cannot be assigned to ground-stateincrease from 1.2Gt 0.43 ps in water to 8.Gt 1.5 ps in
depletion via photolysis. Instead, we assign this feature to chloroform. Similar behavior is observed at other probe
stimulated emission from the optically prepar&, surface. ~ Wavelengths as reported in Table 1.
Support for this assignment is found in the time-resolved Kinetic Analysis. In addition to the fitting procedure
absorption anisotropy data where an initial anisotropy of 0.40 presented above, we also employed a kinetic model to assist in

the differential rate expressions corresponding to the model were
evaluated using Euler's method employing a 2.5-fs step size.
Further reduction in the step size did not affect the results
presented here.



9822 J. Phys. Chem. A, Vol. 105, No. 43, 2001 Hayes et al.
TABLE 1: Fit Parameters Determined from Analysis of the Pump—Probe Data
A? 71 (PpS) A 72 (pS) As 73 (PS) Ay 74 (PS)
Water
1210 nnMt  0.36+0.09  0.13+0.04 —0.524+0.02 0.25+ 0.05 0.124 0.09 1.0+ 0.5
1270 nm 0.4A 0.24 0.08+ 0.04 —0.46+0.21 0.20+ 0.03 0.06+ 0.03 1.2+ 04
1350 nm 0.49t 0.07 0.09+ 0.02 —0.164+ 0.09 0.244+ 0.04 0.02+ 0.01 0.9+ 0.3 0.07+ 0.02 0.32+ 0.15
Cyclohexane
1210 nm 0.68+ 0.21 0.05+ 0.04 —0.27+0.17 0.69+ 0.13 0.05+ 0.04 4.8+1.8
1270 nm 0.39+ 0.14 0.114+ 0.04 —0.524+0.11 0.494+0.12 0.09+ 0.04 4.7+ 0.8
1350 nm 0.35+ 0.08 0.10+ 0.04 —0.56+ 0.04 0.48+ 0.10 0.09+ 0.05 4.9+ 1.3
Acetonitrile
1210 nm 0.38+ 0.28 0.05+ 0.03 —0.51+0.22 1.15+0.16 0.11+ 0.07 59+ 23
1270 nm 0.33: 0.15 0.114+0.05 —0.614+0.15 0.93+ 0.08 0.074 0.04 6.1+ 2.3
1350 nm 0.4H0.15 0.19+ 0.12 —0.484+ 0.09 0.92+ 0.20 0.11+ 0.09 5.6+ 3.9
Chloroform
1210 nm 0.38t 0.06 0.15+ 0.06 —0.504+ 0.03 1.20+£ 0.11 0.13+0.04 57+ 2.0
1270 nm 0.55+0.11 0.11+ 0.05 —0.40+0.10 0.79+ 0.10 0.05+ 0.01 8.0+ 1.5
1350 nm 0.4# 0.05 0.074 0.02 —0.444 0.05 0.68+ 0.24 0.104+ 0.07 9.2+ 3.5

a Amplitudes are normalized such tHagA| = 1. ® Entries refer to probe wavelengthErrors represent one standard deviation from the mean

for all measurements at a given probe wavelength.

A

AQ.D.

Time (ps)

Figure 3. Time-resolved pumpprobe dynamics of OCIO dissolved
in (A) water, (B) cyclohexane(C) acetonitrile, andD) chloroform,

with pump and probe wavelengths of 390 and 1270 nm, respectively.

Best fit to the data by a sum of three exponentials convolved with the
instrument response is given by the solid line, with the corresponding
fit parameters presented in Table 1.

the interpretation of the optical density evolution. The model

2 —_—
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Figure 4. Proposed kinetic scheme for OCIO. Photoexcitatibm) (
leads to production of the optically prepared excited stgg (ith
vibrational relaxationk;) resulting in population of the relaxed excited
state (€R0). Internal conversion from the relaxed excited stiggrésults

in the population of an optically dark excited stafe*(). Decay of the
optically dark state results either in the production of photoproducts
Cl + O, with rateks* or in the formation of a distorted intermediate
(O---CIO) with rateks. This intermediate either decays with r&teto
reform vibrationally excited ground-state OCI@*(), which undergoes
subsequent vibrational relaxatioks), or it dissociates to the photo-
products CIO+ O with rateks*. The wavy arrows indicate the surfaces
from which the observed transient emission and absorption originate.

subsequent internal conversion from this surface leading to
population of the?B, surface?®48Internal conversion from the
relaxed levels of the?A, surface is represented by the rate
constantk,. The transition moments between tP#&; or 2B,
surface and the ground state are weak; therefore, stimulated
emission from these surfaces is not considered. In addition, the
limited optical activity of these surfaces prohibits a separate
investigation of the?A; state decay; therefore, the populations
on these two surfaces are treated as a single, composite

is presented in Figure 4 and has as its origin a similar model population (e*[). Decay of the?A; and 2B, surfaces results

proposed by Zewail and co-workers for gaseous OClDhe

either in the production of Cl and Qvith rate constanks* or

kinetic scheme is based on the following sequence of events.in the production of a distorted intermediate-{IO) with

Photoexcitation of ground-state OCI@({] results in population
of vibronic levels of théA, state (e[} that are FranckCondon
coupled to the optical transition. Both intramolecular and
intermolecular vibrational relaxation provide for population of
lower-energy levels of théA, surface (R0} from which

stimulated emission occurs. These vibrational-relaxation proc-

esses are represented by the rate conktalternal conversion
from the?A surface results in population of tRA; state, with

rate constantks. This intermediate is a precursor to both
vibrationally excited ground-state OCIQgt0) and the photo-
products CIO and O. The production of these photoproducts is
modeled by the rate constamtsandk,*, respectively. Finally,
vibrational relaxation of ground-state OCIO is modeled through
the rate constarks.

Two major assumptions have been made in constructing the
kinetic model. First, decay of théA, surface only occurs
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through internal conversion in this model; however, direct
dissociation from this surface is known to océ@#**° The
extent of direct dissociation depends on actinic wavelength, with
the wavelength used here providing for only limited dissociation
(=5%)34 Second, it is known that photoproduct formation is a
bifurcated process with the production of atomic chlorine
occurring via two distinct mechanisr#3” Such effects could

be incorporated into the kinetic scheme through the separation
of ks* into individual components; however, this modification
would necessitate the inclusion of more undefined parameters
and was judged as unwarranted at present.

The model presented here can also be viewed as a modified
version of an early model presented by Keiding and co-workers
that was developed to interpret the optical density evolution
for aqueous OCIO at 260, 390, and 780 #iiThe mechanism
proposed by these authors considered evolution followigg
state production. Two photoproduct channels were then accessed
from this state, one leading to formation of Cl and @a an
unidentified intermediate species and the other leading to
formation of CIO and O which recombine to produce vibra-
tionally excited ground-state OCIO. Besides the addition of the
early-time dynamics on th&\, surface, we have extended this
earlier model by including the possibility of cage escape of the
ClO and O photofragments via the step with rate condtzint

AO.D. (Normalized)

ol
IS
(<]
-
N
-
)

As will be discussed below, the rate constants found here for Time (ps)
aqueous OCIO are in good agreement with the results reported _ ) | ics of OCIO dissol
by Keiding and co-workers. Figure 5. Time-resolved pumpprobe dynamics of OCIO dissolved

L2 N in cyclohexane with photoexcitation at 390 nm and probe wavelengths
The kinetic scheme presented in Figure 4 was employed 10 4f (a) 1210,(B) 1270, andC) 1350 nm. The solid lines represent the

reproduce the optical density evolution observed following pest fit to the data using the kinetic scheme presented in Figure 4 as
OCIO photoexcitation. The optical-density evolution presented described in the text. Parameters corresponding to the fit are given in
in Figures 2 and 3 suggests that two contributions are dominant, Table 2.
emission from the relaxed levels of th#\, surface and
absorption of vibrationally excited ground-state OCIO, as
indicated by the wavy arrows in Figure 4. Consistent with this
observation, the optical-density evolution was modeled by the

TABLE 2: Kinetic Parameters Determined from Analysis of
the Pump—Probe Data

T2 T3 ‘L’g* T4 T. 4* T5

T1
(PSP (ps) (ps) (ps) (PS) (PS) (PS) Aen®  Aabd  dgrf

following:
Water
1210nnd 0.09 0.16 0.4 4.0 0.5 1.2 0.7 0.0095 0.003 0.81
AO.D.sz(t'—t)(— A, L€50] + A lgr(D])dt 1270nm 0.08 0.14 0.4 4.0 0.14 1.2 0.8 0.0095 0.003 0.82
1350nm 0.08 0.13 0.3 3.0 0.15 1.2 0.8 0.0095 0.0017 0.81
whereAem and Agpsare the stimulated emission and absorption Cyclohexane

; ; 1210nm 0.22 0.27 1.0 10 0.20 0.18 5.0 0.0095 0.003 0.43
amplitudes, and ()] and [g*(t)] are the time-dependent 57, " 95 075 10 10 027 015 50 00095 0,003 0.33
con_centratlons of the relaxed exqted state anq V|brat|0na_lly 1350nm 021 024 1.0 10 020 018 50 00095 00022 0.43
gxcne_d ground_—stat(_a QCIO, respectively. The predlcted evolution Acetonitrile
|n.opt|callden5|ty arising from these two species was convqlved 1210nm 038 0.45 2.3 230 020 0.11 5.0 00095 0.003 0.33
with the instrument respons&(t)) for comparison to experi-  1570nm 0.35 0.37 2.8 23.0 0.20 0.11 4.3 0.0095 0.003 0.32
ment. In performing this analysis, results from previous pgmp  1350nm 0.37 0.37 2.4 24.0 0.15 0.10 4.3 0.0095 0.0017 0.37
probe studies were used to constrain a subset of the rate Chloroform
constants. Specifically, the ground-state vibrational-relaxation 1210 nm 0.37 0.40 1.8 18.0 0.25 0.10 7.0 0.0095 0.003 0.26
rate constant kg) in water and acetonitrile was fixed to 1270nm 0.30 0.33 1.8 18.0 0.25 0.10 7.0 0.0095 0.003 0.26
previously determined valué$#° In addition, the geminate- ~ 1350nm 022 0.25 1.9 19.0 0.25 0.10 7.0 0.0095 0.0019 0.26
recombination quantum yields in water (0.800.05)343840 aTime constants that are equivalent tok Mith k being the
cyclohexane (0.5 0.05);#*acetonitrile (0.33t 0.1),**and microscopic rate constant as illustrated in Figuré Amplitudes for
chloroform (0.264 0.1F° were used to constrain the relative the excited-state emission (em) and the absorption (abs) of vibrationally
values ofks andks*. The quantum yield for Cl production (0.07  unrelaxed ground-state OCIOThe geminate-recombination quantum
+ 0.03), as defined by previous pumprobe studied?35was yield.  Entries refer to probe wavelength.
assumed to be the same in all solvents and was used to constraifigure demonstrates that the model accurately reproduces the
the values ok andks*. The rate constant for CIO production  evolution in optical density. Similar agreement was found for
(ks) was constrained by previous pumprobe results for OCIO  water, acetonitrile, and chloroform (comparison not shown). The
dissolved in water and acetonitrile measured at 260“hm. kinetic parameters determined from this analysis are presented
Finally, the stimulated emission amplitude was constrained to in Table 2. Inspection of these parameters demonstrates that
be identical in all solvents. many of the kinetic steps are solvent-dependent. For example,
Figure 5 presents a comparison between the measuredhe internal conversion time constamg)(increases from-150
evolution in optical density for OCIO dissolved in cyclohexane fs in water or~230 fs in cyclohexane t6-400 fs in acetonitrile
and that predicted using the kinetic model. Inspection of the and chloroform demonstrating that internal conversion from the
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a nonvanishing anisotropy for the absorptive optical-density
component suggests that memory of the photoexcitation event

/’f”‘i’a* . A is carried through to the production of the geminately recom-
bined product.

e Discussion

AO.D.

Solvent-Dependent Excited-State Dynamicslhe optical-
density evolution observed in these studies demonstrates that
: the excited-state internal conversion dynamics of OCIO are
v solvent-dependent. The data analysis performed with the kinetic
-0.004 [ . model found that théA, state internal-conversion rate is similar
in water and cyclohexane, but is 2-fold slower in acetonitrile
B and chloroform ¢, in Table 2). As mentioned in the Introduc-
¢ e v tion, the predominant decay pathway for th&, surface is
04F -~y - o internal conversion to th#\; surface, and we propose that the
* W alteration in the internal-conversion rate reflects solvent-
. el " . dependence of théA, and?A; state relative energies. Both
ob------ At N S resonance Raman depolarization rétand fluorescence stud-
. ' c-‘.'.’""- o ies'” have shown that these two surfaces are energetically
B . . . proximate. Furthermore, the resonance Raman depolarization
5 dispersion curves for the symmetric-stretch fundamental transi-
. tion in cyclohexane and water are similar consistent with the
R S N S T— relative energetics of th&\, and?A; states also being similar
6 1 2 3 4 5 between these solverffs®2The?A, and?A; surfaces are coupled
Time (ps) via a spin-orbit interaction. Assuming that the spinrbit
Figure 6. (A) Polarization-dependent pumprobe dynamics for coupling matrix element is inva_ria_nt pet\{veen cyclohexane and
aqueous OCIO. Data were obtained with pump and probe wavelengthsWater, we would expect the similarity in state energetics to
of 390 and 1270 nm, respectively. The diamonds and crosses represenprovide for comparable internal-conversion rates. Information
the data obtained with parallel and perpendicular pump and probe regarding either the fluorescence cross-section or resonance
polarizations, respectivelyB) The time-dependent anisotropy derived Raman depolarization ratios of OCIO in acetonitrile is not
from the data presented in (A) as described in the text. available. However, recent resonance Raman intensity analysis
2A, state is solvent-dependent. In addition, the time constant Studies have been performed on OCIO dissolved in chloroférm.
for formation of the asymmetric intermediate)(increases from  Here, the depolarization dispersion curve for the symmetric-
~400 fs in water to~2.5 ps in acetonitrile, in agreement with stretch fundamental transition was significantly dlffergnt from
our previous pumpprobe work and the kinetic model proposed that observed in water or pyclohexane and was consistent with
by Keiding and co-workers for aqueous OCI@The produc-  dreater energetic separation of th&, and ?A, states. Given
tion of Cl appears to be solvent-dependent with time constantsth's'_the reduction in |nternal-con\_/er5|on rates in chloroform
75* ranging from 4 ps in water to 24 ps in acetonitrile. The relative to water and cyclohexane is most likely due to solvent
value for water reported here is identical to that reported by dependence of thé\, and?A, state energies.
Keiding and co-worker& Finally, the time constant for OCIO The Mechanism of Ground-State OCIO Production.
production ¢4) is very similar in all solvents consistent with ~ Perhaps the most surprising result presented here is the

the rate of geminate recombination being insensitive to the nonvanishing anisotropy for the optical-density evolution cor-
details of the solveri® responding to ground-state OCIO formed by geminate recom-

Pump—Probe Anisotropy. The analysis presented above bination. This result demonstrates that at least for aqueous OCIO,

assumes that the reduction in optical density at early times is memory of the photoexcitation event is carried through the
due to stimulated emission from tR&, surface. Pumpprobe geminate-recombination process. If complete dissociation into
anisotropy measurements were performed to test this assumpClO and O occurs, reorientation of the photofragments could
tion. Figure 6A presents the polarization-dependent optical- result in loss of memory assuming complete reorientation of
density evolution for aqueous OCIO with pump and probe the photofragments. Therefore, the presence of residual anisot-
wavelengths of 390 and 1270 nm, respectively. The time- ropy demonstrates that random orientation of the photofragments
dependent anisotropy determined using these data is presentet§ not established before recombination occurs. The question
in Figure 6B. The figure demonstrates that an initial anisotropy remains as to the geminate-recombination dynamics that provide
of 0.40+ 0.05 is observed consistent with emission originating for retention of the memory regarding the photoexcitation event.
from a single, dipole-allowed electronic transition. This initial There are two mechanisms that are consistent with the
anisotropy value supports the assignment of the early-time presence of residual anisotropy: incomplete photofragment
reduction in optical density to stimulated emission from3hg reorientation before recombination and restricted evolution along
state. As the delay between the pump and probe increases, théhe dissociative reaction coordinate. We first consider the
initial anisotropy decays and undergoes a discontinuity&i0 photofragment reorientation model. Geminate recombination is
fs as the optical-density evolution switches from emissive to known to occur within a few hundred femtoseconds following
absorptive. After this time, a residual anisotropy of 0408.03 OCIO photoexcitatior§234353741 therefore, reorientation of the

is observed that undergoes slow decay. The absorptive signalCIO and O fragments must be comparable to or slower than
observed at these later-time delays has been assigned tahis time for residual anisotropy to be evident. Gas-phase studies
vibrationally excited ground-state OCIO produced through of OCIO photodissociation have demonstrated that the internal-
geminate recombinatioit:3540-41Therefore, the observation of  energy content of the CIO photofragments is actinic-wavelength

-0.002

Anisotropy (r(t))
&
o0
H
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dependent®°354However, the extent of rotational excitation from the optically prepareth, state allowing for the first direct
is modest compared to vibrational or translational excitation. determination of the lifetime of this state in solution. Variation
For example, photoexcitation at 351 nm results in the production of the excited-state lifetime as a function of solvent was
of CIO with only 7% of the available excess energy into attributed to solvent dependence of th&, and 2A; state
rotations providing for an effective rotational temperature of energetics and subsequent modification of the excited-state
480 + 30 K.° Studies of OCIO photodissociation in water internal conversion rate. Pumijprobe anisotropy experiments
clusters have shown that the CIO rotational temperature is only were presented that verified the assignment of the early-time
~200 K. Using the rotational constant for CIO provided by optical-density evolution to stimulated emission from #e
Coxon (0.62 cm?), %5 this effective rotational temperature would  state. In addition, a residual anisotropy corresponding to
result in a rotational correlation decay time-e¥00 fs%6 This vibrationally excited ground-state OCIO was observed, sug-
time is comparable to the subpicosecond recombination time gesting that memory of the photoexcitation event is retained
observed in water; therefore, the residual anisotropy may simply through the geminate-recombination process. Two mechanisms
reflect the incomplete rotational diffusion of CIO before consistent with this observation were proposed: incomplete
recombination. A critical test of this mechanism would be to reorientation of the nascent photofragments and restricted
perform UV pump/UV-probe experiments in which the anisot- evolution along the dissociation coordinate. The information
ropy of optical-density changes originating from CIO are studied. presented here provides a better understanding of the early-
Such experiments are currently underway. time excited-state dynamics of chlorine dioxide and the proc-

A second mechanism consistent with the preservation of esses leading to geminate recombination of the primary photo-
anisotropy after geminate recombination is that of restricted fragments.
evolution along the dissociative reaction coordinate. Coker and
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