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The HOOO radical has long been postulated to be an important intermediate in atmospherically relevant
reactions and was recently deemed a significant sink for OH radicals in the tropopause region. In the present
experiments, HOOO radicals are generated in a pulsed supersonic expansion by the associatimmdof O
photolytically generated OH radicals, and the spectral signature and vibrational predissociation dynamics are
investigated via IR action spectroscopy, an IR-UV double resonance technique. Rotationally resolved IR
action spectra are obtained fomnsHOOO in the fundamentalfy) and overtone (24) OH stretching

regions at 3569.30 and 6974.18 cinrespectively. The IR spectra exhibit homogeneous line broadening,
characteristic of a~26-ps lifetime, which is attributed to intramolecular vibrational redistribution and/or
predissociation to OH and fproducts. In addition, an unstructured feature is observed in both the OH
fundamental and overtone regions of HOOO, which is likely dueisgdHOOO. The nascent OHI, v =

0 or v = 1, products following vibrational predissociation of HOOy or 2vop, respectively, have been
investigated using saturated laser-induced fluorescence measurements. A distinct preference for population
of II(A") A-doublets in OH was observed and is indicative of a planar dissociatitares-HOOO in which

the symmetry of the bonding orbital is maintained.

Introduction HOOO intermediate. It was argued that the relaxation kinetics
are governed by a competition between intramolecular vibra-
téonal redistribution (IVR) of HOOO and dissociation of the

S intdl

intermediaté:

A key reaction in the atmospheric H@ycle

The potential importance of the HOOO radical as an
intermediate in disparate areas such as fundamental gas-pha:
reactions, antibody-catalyzed oxidation of water as a means of
killing bacterial and the ozonation of various organic mole-
culeg~* has brought much attention recently. The existence of
the HOOO radical has significant bearing on atmospheric
chemistry, as it has been implicated as an intermediate in several
key atmospheric reactions and relaxation processes. Highlycan in principle proceed either via hydrogen abstraction or by
vibrationally excited OH is produced in the reaction of ozone way of a HOOO intermediate. An elegant laser-induced

O+ HO,— OH+ 0, (R3)

with atomic hydrogeh® fluorescence study using isotopically labeled®0 showed
conclusively that R3 occurred via a HOOO intermediate
H+O0,—OH(@w=9)+0, (R1) quantitatively. Furthermore, and perhaps most importantly, we
have recently shown that HOOO is relatively stable with respect
Subsequent fundamental and overtone vibratiatation to the OH+ O, asymptoté? Thus, it may act as a temporary

transitions Av > 1) give rise to visible and near-IR emission, Sink for OH radicals and be present in measurable concentrations
and this chemiluminescence is responsible for the Meinel bandsin the earth’s atmosphere. . o
that dominate mesospheric airgldwThe high degree of Experimentally, HOOO proved elusive until fairly recently,

vibrational excitation is indicative of a strongly attractive and the literature is limited. Cacace et al. provided the first
poten“a' energy Surface, consistent with the presence of anCOI’IC|USIve evidence for HOOO be|ng stable with direct detection

attractive well in the exit channel. Collisional deactivation of N @ multisector mass spectrometéRrotonated ozone, HO,

vibrationally excited OH by @ was produced via chemical ionization and subsequently colli-
sionally neutralized and then reionized before being detected
OH(@)+0,—~OH@—-1)+0, (R2) as a recovery signal at th/’z = 49 parent ion position in the

mass spectrum. The delay between the neutralization and
reionization steps was of the order of microseconds, indicating

the major removal process for vibrationally excited OH produced that HOQO was stable on thi?’ Fi_me scale. Di“_eCt spe_ctroscopic
observation of HOOO was initially accomplished in an Ar

by R1 in the atmosphere. Recently, McCabe ét aheasured i .
y I P y . matrix by Nelander and co-workers shortly afterw&rdransi-

rate coefficients for vibrational relaxation of OH*M v = 1 . 3361 1223. and 556 oA ioned. i . .
over a range of temperatures. The negative temperature depent-IonS at 1, 1223, and 556 Crwere assigned, in conjunction

dence observed indicates that attractive forces dominate andith the analogous transitions in isotopically subsituted HOOO,

: : : to the fundamental OH stretch, HOO bend, and OOO bend
strongly suggests that relaxation proceeds via formation of the ' '
gly sugg P modes, respectively. The fundamental HOO bend transition has

* Corresponding author. Telephone: (215) 898-4640. Fax: (215) 573- also been observed at 1259 cthin irradiated HO—ice by
2112. E-mail: milester@sas.upenn.edu. Cooper et atf and very recently by Zheng et Hl.
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has been investigated by a number of resear€h€rand is
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The Fourier-transform microwave (FTMW) study presented 34.0
by Suma et al® was the first direct, gas-phase spectroscopic
observation of HOOO. The radical was produced by electrical
discharge of a free-jet expansion of water seedediAr@arrier

gas. The observed rotational transitions were assigned to the
transHOOO conformer, with the assistance of rotational
constants obtained from multireference configuration interaction
(MRCI) calculations. The observed inertial defect furthermore
confirmed the planarity adfanssHOOO, and a fairly long central
O—0 bond lengthro-o, of 1.688 A was found. Subsequently,
we reported observation of HOOO in a supersonic free-jet using
IR action spectroscopl?. The OH stretch overtoneygu, was
excited using tunable IR radiation, and the nascent GH X
products were probed using laser-induced fluorescence excitation
spectroscopy. Analysis of the energetically highest open product
channel allowed the determination of an upper limit for the
dissociation energy; we foundy < 2140 cnt? or 6.12 kcal
mol~1. This is an especially important experimental quantity,
as it is the major factor contributing to thermodynamic estima-
tions of the relative abundance of HOOO in the atmosphere. A
statistical mechanical analysis using this upper Iigitndicated

that up to 66% of atmospheric OH may exist in the form of
HOOO in the vicinity of the tropopause. The only other
experimental measurement of the dissociation energy is by
Speranzd) who examined the electron-transfer efficiency
between HOOO and a series of neutrals to determine an
enthalpy of formatiom\H,gsx = —1 & 5 kcal mol-t for HOOO,
implying a stability of 104 5 kcal molL. The limiting value

for Do obtained from the IR action spectroscopy experirfent
provides a refinement to the previous experimental measure-
ment, implying thatAHo9gk = 1.68 kcal mot?.

Generally, the agreement between experimental and theoreti-
cal thermochemistry for HOOO is poor. Using isodesmic
reactions, Denis et al. recommended a valudwfogsk = 6.3
+ 2.0 kcal mot?, wherein individual enthalpies were computed
at the DFT or CCSD(T)/CBS level of theo#{ This value is in
agreement with the older calculations,ggk for HOOO of
Jungkamp and Seinfeld (6.1 kcal m#)|,?* Yu and Varandas
(4.17 kcal mot?),22 and Setokuchi et al. (5.23 kcal m@);23
however, it is in marked disagreement with the value reported
by Speranza? and it underestimates the stability recently
derived by Murray et a2 Fabian et al. argued that the similarity

of the underlying method may be responsible for the apparent  HOQO radicals are readily formed following three-body
convergence between the calculated enthalpies of forméttion. association of OH and Qadicals in the collisional region of a
One possible explanation for the lack of agreement betweenpulsed free-jet expansion. OH is produced by photolysis of
experiment and theory is the comparatively low-level molecular HONQO,, which is seeded in a mixture of,@20% by volume)
geometries used in most theoretical model chemistries. Opti- and Ar (balance) at a backing pressure of 50 psi, using the 193-
mized geometries of HOOO are strongly dependent on both nm output of an ArF excimer laser (Lambda Physik Compex
method and basis set, and most commonly used methods fail102). Photolysis occurs directly beyond the aperture of the
to predict a structure consistent with that reported in the FTMW pulsed valve (General Valve Seried®= 0.8 mm) in the throat
study. Specifically, the central-©0 distance is most sensitive  of the expansion, and collisions with the carrier gas stabilize
to the method of calculation and can be underestimated by upnewly formed HOOO. The excimer laser beam diameter is
to 0.3 A when single reference methods are used. For examplerestricted to 3 mm using an iris rather than by focusing, which
when using a moderate cc-pVTZ basis set, the calculated centralimits the laser fluence te~10 mJ cn?. This was found to
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Figure 1. Schematic illustrating the energetics of HOOO relative to
the OH XII + O, X3Z;~ asymptote and the experimental IR pump

UV probe approach. HOOO is vibrationally excited ey or 2vou

with an IR laser, causing vibrational predissociation, which occurs
exclusively with loss of a single quantum of OH stretch excitation.
The nascent OH products are subsequently detected with a UV probe
by laser-induced fluorescence on the-A transition.

computational studies in the literature highlights the need for
experimental measurements to adequately characterize HOOO
and provide checks on theory.

In this article, we report a detailed analysis of the IR action
spectrum of the HOOO radical in the fundamental and overtone
OH stretch regions and fine-structure resolved measurements
of nascent OH XIT vibrational predissociation products. These
results are discussed with respect to the nature of the chemical
bonding in HOOO XA"".

Experimental Section

O—0 bond length fotransHOOO varies from 1.437 A at the
MP2 level, 1.475 A at the QCISD level, 1.544 A at the B3LYP
level to 1.75 A at the CASSCF lev&In general, multireference
methods predict longer central<® bond lengths in HOOO,
and this is consistent with the results of ab initio calculations
on its halogenated analogue F&3or which there exist similar

have the twin benefits of reducing the residual OH background
while simultaneously enhancing the production of HOOO
relative to harsher photolysis conditions.

IR action spectra of HOOO and the OHIX product state
distributions following vibrational predissociation were recorded
using an IR pump UV probe technique, as illustrated schemati-

discrepancies between the experimental and theoretical ther-cally in Figure 1. Counterpropagating and spatially overlapped
mochemistry. The extreme variability between different levels pulsed IR and UV laser beams, both of which are gently focused
of theory (in geometry, stability, and relative stability of the to beam diameters of approximately 2 mm, interrogate the free-
cis and trans conformers) and discrepancies throughout thesget expansion 15 nozzle diametexé¥ = 15) downstream. The
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IR beam excites the OH stretch fundamenteg){) or overtone E i e e e T
(2von) of HOOO at~2.8 or ~1.4 um, respectively, and the
UV beam state selectively probes the OHIK products of
vibrational predissociation after a delay of 50 ns. Tunable IR
radiation of 0.15 cm! bandwidth is generated in an optical
parametric oscillator (OPO, LaserVision), pumped by an injec-
tion seeded Nd:YAG laser (Continuum Precision Il 8000, 10
Hz). Frequency calibration is accomplished while recording
spectra by monitoring the frequency of the unused signal wave
from the oscillator stage of the OPO, using a wavemeter
(Coherent Wavemaster), in conjunction with prior knowledge
of the absolute frequency of the pump beam. It was necessary
to purge the IR beam path with,Nvhile recording the/on IR
spectrum of HOOO to avoid water absorption in the 2m8-
region. The frequency-doubled output of a Nd:YAG pumped
dye laser (Continuum Surelite Il and ND6000, 20 Hz) provides
the UV laser beam for OH detection by laser-induced fluores- (b)
cence (LIF).

The probe laser state selectively excites OH on select&d A v r
— X2II (1,0) or (1,1) transitions at+283 and~315 nm, and V\ [

L

(@)

Relative Intensity

the resulting fluorescence is collimated using a f/1 lens and .
refocused at a 1-mm wide slit using a f/2 lens, ensuring that

only the colder central region of the free-jet is imaged. |
Wavelength discrimination and suppression of scattered probe
laser light is achieved using narrow band interference filters, T T T b
which in some cases were used in combination with a high -12 -8 4 0 1 @ 12
reflector for added wavelength selectivity before impinging upon Relative Wavenumber / cm'

a photomultiplier tube (Electron Tubes 9813QB). The signal Figure 2. Experimental IR action spectra (black) and simulations of
from the photomultiplier was preamplified and displayed on a the HOOO radical in (&) theos and (b) the 204 regions recorded

igital stor ill LeCr WaveRunner A) With the probe laser fixed on they®) transition of the OH Ar—
ﬁ]?er?aczgvz:i%ﬁ aog,% ?()Srcfcl)ﬁ'?he(r Sg)(?eyssing eRunner 6050A) X2IT (1,0) and (1,1) bands, respectively. The wavenumber scale has

been adjusted such that the band origins of the structured features,
assigned toon and 2on of transHOOO conformer at 3569.38 0.05
Results and Discussion and 6974.18+ 0.05 cnt?, respectively, are set to 0 cth The total
. . simulations (gray) are the respective sums of the structtaed HOOO

A. IR Action Spectra: trans-HOOO. IR action spectrawere  simulations (red) and a line shape function (blue) used to represent the
recorded by scanning the IR laser frequency while the probe unstructured feature, which is assigned to ¢ieHOOO conformer.

laser remained fixed at a known OHZ —X?I1 transition. The
choice of OH transition for acquisition of action spectra is The spectra in both theoy and 2oy regions comprise a

dictated by the product state distribution and a compromise otationally structured band and an unstructured component
between absolute magnitude of the IR-induced LIF signal and gpigteq to lower wavenumber. The structured portion will be

that due to residual OH background. As the pufppobe ; : : -
detection of HOOO takes place in the effectively collision-free the focu; of th|§ section, V\./h'le the unstructured component will
be considered in subsection C.

region of the supersonic expansion, the residual hydroxyl ] ) )
radicals are jet-cooled and found almost exclusively in the lowest ~ Figure 3 shows an expanded view of the rotationally

rotational level of the ground spirorbit state OH X1z, N = structured portion of the IR action spectrum obtained in thg;2
1in bothy = 0 andv = 1, although a higIN tail persists. The region. The rotational structure was simulated for?#é radical
residual population iv = 0O is vastly greater than that in= using Pickett's SPCAT program for asymmetric rotérJhe

1. Excitation of 2oy was found to result exclusively in OH  experimental spectrum has been modified by subtracting out
X1, v = 1 products, while'on excitation necessarily can result  the contribution from the unstructured component to enable
in only OH X?I1, v = 0 predissociation products, as indicated  straightforward comparison to the simulations. The top panel
schematically in Figure 1. The product state distributions will ¢ontains a simulation using calculated rotational constants for
be discussed in detail in the subsequent section, but the peak.is HOOO from the geometry optimized in the MRCI calcula-
signal iDtenzsities were observed using th@?transiti_o_ns of tions of Suma et al8 and the lower panel contains a simulation
thiﬁzti ;aﬁolrid(tlﬁg)sg(ijogl’slgebgrss, and these transitions were using an_alogogs calculatethnsHOOO rotational constants_.

) These simulations were generated using the same rotational

Partially rotationally resolved IR action spectra were observed constants for both lower and ubper states. initially assumin
for HOOO under jet-cooled conditions at 3569:800.05 and PPEr - » Intiatly 9
they do not change upon OH vibrational excitation. In both

at 6974.18+ 0.05 cntl, which are band origins as determined Cor i

from fits to the spectra (vide infra). These transitions are C@S€S. the band origin is fixed at the experimental value. The
assigned to the fundamental OH stretch and overtone OH stretcHiN€ Positions in theis HOOO simulation are in poor agreement

in HOOO, respectively, based on their vibrational frequencies, With the experiment, whereas the trans simulation reproduces
which are only shifted slightly from the free OH radicab(; the experimental line positions very well. Rotational constants
= 3568.47 cm! and 2oy = 6971.35 cm).26 The spectra are resulting from other calculations with shorter centrat@ bond
displayed in their entirety in Figure 2 as a function of relative lengths produce simulations that do not agree with our experi-
wavenumber with the respective band origins set to 0%tcm  ment. The positions of the observed rotational features are most
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T T T T T T not have a noticeable effect on the simulation at our resolution,
. which is limited by homogeneous line broadening, given that

only the lowestN levels are populated at the low temperature
(~9 K) in the supersonic jet. Therefore, only rotational constants
(a) were included in the simulations. Furthermore, there is no
observable change in rotational constants fiansHOOO
(2von) as compared withvon and the ground state dfans

HOOO, indicating minimal structural changes upon vibrational

excitation of the OH stretching mode. Using the spectroscopic

. constants indicated above faransHOOO, we varied the
\Q vibrational band origin, Lorentzian line width, rotational tem-

R perature, and the transition dipole moment ratio (denoted as an
a/b ratio for a planar molecule) in a least-squares fitting
procedure to match the intensities and line widths in the
experimental spectra.

The line width in the action spectra contains information about
the decay dynamics of HOOO following vibrational excitation.
(b) In both spectra, there is significant homogeneous line broadening
beyond the OPO laser bandwidth of 0.15@nA careful power
dependence study was performed to ensure that the spectra were
recorded in a linear regime and not power broadened. Reduction
of IR laser power did not result in a measurable decrease in the
homogeneous line width of the spectra. The fits to the spectra
yielded Lorentzian line widths of 0.212 0.008 cni? for the
OH fundamental and 0.2G% 0.006 cn1? for the overtone. The
uncertainties represent3tandard deviations. The line widths

Figure 3. Structured portion of the OH stretch overtone spectrum of correspond to lifetimes of 28 1 and 26+ 1 ps fortrans
HOOO with cis (top) andtrans (bottom) rotational constants used for HOOOwow and 2oy states, respectively, and can be attributed

simulations. The experimental spectrum (black) has been modified by t‘? _IVR and/or predissociation to OH and, (Dro_duct_s. A(_j'
subtracting out the unstructured feature to enable straightforward ditionally, the appearance of OH products following vibrational
comparison to the simulations. Simulations (red) are generated usingpredissociation of HOOO was monitored as a function of time
calculated rotational constants fas- andtransHOOO, while the blue delay between the IR pump and UV probe lasers. No enhance-
line represents a simulation using the experimental rotational constantsyent in the OH LIF signal was observed when the UV preceded

for transHOOO from Suma et &€ with central G-O bond length of .
1.688 A. Based on the excellent agreement between line positions ithe IR; however, when the IR and UV lasers were overlapped

the experiment anttansHOOO simulation, the structured portion of 1N time, the OH LIF signal rapidly increased until it leveled off

Relative Intensity

6970 6972 6974 6976 6978 6980
Wavenumber / cm’

the spectrum is assigned to ttrans conformer. at maximum intensity, indicating that the time domain measure-
ments are limited by the temporal resolution of the laser pulses.
strongly dependent on the magnitudes of BrendC rotational Nevertheless, these measurements corroborate dissociation
constants, which are in turn sensitive to the length of the central lifetimes of HOOO {on) and (2o1) < 8 ns, as indicated by
0O—0 bond. the lifetime broadening observed in the IR action spectra.

Moreover, the spectral signature observed in our experiment It is evident when comparing the spectra in Figure 2 that the
is consistent with rotational constants derived previously in the rotational band contours differ in the OH fundamental and OH
FTMW experimental study of Suma et &.and the agreement ~ overtone transitions, suggesting that the orientation of the
is displayed in the lower panel of Figure 3. Briefly, the rotational transition dipole moment is significantly different for these
transitions observed in the FTMW were definitively assigned transitions. Qualitatively, the P-, Q-, and R-branch structure in
to transHOOO for two reasons. First, a- and b-type rotational the 2oy spectrum is characteristic of predominantly a-type
transitions were observed with comparable intensities, which transitions; however, the more significant presence of b-type
is consistent with the calculated magnitudes of the a- and transitions in thevon spectrum contributes to the intensity
b-components of the permanent dipole moment of the transobserved in the wings, particularly in the high wavenumber
conformer. ForcisHOOO, significantly more intense b-type portion of the spectrum. To precisely determine the direction
transitions would have been expected, since the projection of of the transition dipole moment relative to the principal inertial
the dipole moment onto thb-axis is much greater than the axes oftransHOOO, experimental intensities of parallel (a-
projection onto the-axis. Second, the experimentally observed type) and perpendicular (b-type) transitions are analyzed. The
rotational constants for HOOO and DOOO are in better a/b ratio is (1.4+ 0.1):1 in the OH fundamental spectrum,
agreement with the calculated MRCI constants for the trans indicating that the transition dipole moment lies’ 28f the OH
conformer for both isotopes. The remarkable agreement betweerbond axis, whereas the a/b ratio of (490.6):1 in the OH
the present experiments and the results of the FTMW experimentovertone spectrum shows that the transition moment li€s 52
identifies the structured bands in both thgy and 2o regions off the OH bond axis. In both transitions, the ratio of a- to b-type
astransHOOO. components of the dipole moment is significantly different from

Accordingly, the structured bands in the experimental spectra that predicted within the bond dipole approximation (a/fi:2)
are simulated using the experimentally determined rotational for transHOOO, which assumes that the transition dipole lies
constants fortransHOOO X2A".18 Inclusion of additional along the OH bond axis. The observation of the rotation of the
molecular parameters, such as centrifugal distortion, spin transition moment away from the OH bond axis can be explained
rotation, and magnetic dipotadipole coupling constants, did by an apparent redistribution of charge with nuclear displace-
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ment upon vibrational excitation. Furthermore, the degree of .
rotation from the OH bond axis increases with increasing 12 3 4 5 5 7 8 9
vibrational excitation, most likely as a consequence of electrical
anharmonicity effect$?2°

In each spectral region, the total simulation displayed in (@)
Figure 2 is the sum of the rotationally structureans-HOOO
simulation and an unstructured component approximated by a
simple line shape function, and it is shown as an overlay on
the experimental spectrum. There is excellent agreement
between the simulations and experimental spectra. The position
of the unstructured feature shifts relative to the structured band
when going fromvop to 2vop. In the OH fundamental spectrum,
the unstructured feature is centered 3.9 tio lower wave-
number, while it is shifted 5.9 cm to lower wavenumber in
the OH overtone spectrum, as displayed in Figure 2. Possible
explanations of the origin of this feature will be discussed later.

B. OH X2 Product State Distributions from transsHOOO :
Vibrational Predissociation. Nascent OH XII vibrational
predissociation products were detected following, or 2von
excitation of HOOO. This was achieved by fixing the IR laser
frequency while scanning the UV probe laser wavelength over
fine-structure resolved transitions of the OPSA —X?I1 band.

The IR transition frequencies were selected as the best com-
promise between absolute signal intensity and optimal discrimi-
nation between the structured and unstructured features. Vibra-_ _
tional excitation in theransHOOO fundamental region was ~ Figure 4. Nascent OH XII fine-structure resolved product state
achieved by tuning the IR laser to be resonant with the R(3) glstnt_)utlons_ as a function of rotational energy in (a) thefd (b) the
. . . » spin—orbit manifolds after vibrational excitation ¢fanssHOOO.
transition at 3571.8 cnt, while the overtone was excited On  gycitation of the fundamental OH stretch at 3571.8 &reads to
the analogous transition at 6976.7 tm products inv = 0, indicated by filled symbols, while overtone excitation

OH X211, v = 1 products were detected by exciting on the at6976.7 cr_n1 leads exclusively to = 1 products, indicated by open

diagonal £=+—X2I1 (1,1) band and collecting fluorescence on symbols. Circles represent the populations ig &d ks A-doublet

o . levels, which can also be identified &HA'), and triangles represent
the off-diagonal (1,0) band. For the majority of quantum states the populations in frand ke levels, also identified aH(A") (see text).

in v =0, this detection scheme was simply inverted. Spectral Tp¢ gistributions are normalized to unity over all common fine-structure
congestion in the excitation step necessitated the use of the (0,0)evels observed, and the error bars represen} (@certainties from

band for excitation for a small number of quantum states, with repeated measurements.

subsequent collection of the far weaker off-diagonal (0,1) band. gccurs exclusively with the loss of one quantum of OH stretch
For a given rotational levelN, there exist four fine-structure  yipration to other degrees of freedom. The broadened spectral
substates which, in the high limit, correspond tolI(A") or line widths of the IR excitations indicate IVR and/or dissociation
TI(A") A-doublet level levels within both the;fand F spin— with similar rapidity upon fundamental and overtone excitation.
orbit manifolds. For the most part, fine-structure resolved The remarkable similarity of the OH2KI, v = 0 andv = 1
detection is straightforward, as P- and R-type main branch rotational distributions from fundamental and overtone excitation
transitions originate fromI(A") levels while Q-type main branch  gjisplayed in Figure 4 further supports the rapid transfer of one
transitions originate fronII(A") levels. Batches of typically  guantum of OH stretch into motion along the dissociative
four transitions, of which one was a reference for scaling coordinate. The present experiments can be considered as the
purposes, probing different rotational/fine-structure states were pajf-collision analogue of full (i.e., bimolecular) collisions
recorded at least three times for the determination of the petween vibrationally excited OH2KI with O,, although the
statistical uncertainty in the signal intensities; the relatively small |gtter process necessarily samples a broader range of initial
error bars on the product state distributions, which are shown conditions, including, but not limited to, collision energy,

in Figure 4, are testament to the stability and reproducibility of grientation, and impact parameter. Smith and co-wotkers
the fluorescence signals. The intensities were determined fromgpserved a negative temperature dependence for the relaxation
the amplitudes of least-squares fits of the spectral lines. For all of OH X2[1, » = 1 by O, and thus they argued in favor of
transitions probed, the spectral line widths were typically found formation of a HOOO intermediate in which competition
to be significantly broader than the frequency-doubled dye laser hetween IVR and redissociation controls the kinetics. Again,
bandwidth, validating the use of saturated LIF population the absence of any populationin= 0 following excitation of
analysis. Conversion of line intensities to ground-state popula- the overtone suggests that IVR is not sufficiently rapid to
tions followed an analysis procedure described in detail completely redistribute two quanta of OH stretch vibration
elsewher®3! that incorporates the detection sensitivity, the pefore dissociation. Furthermore, the assumption in many kinetic
fluorescence quantum yield, and a degeneracy correction factormodels that vibrational relaxation of OH by, ©ccurs by single

Relative Population

0 400 800 1200 1600
OH X°I1 Rotational Energy / cm

Vibrational predissociation following excitation of theans- quantumAy = —1 jumps for low initial®~1%is unambiguously
HOOO fundamental band is energetically constrained to producevalidated, at least far = 2, by the present half-collision results.
only OH X?I1, » = 0 products. By contrast, although/gy Unfortunately, there are no reported measurements of the
excitation can lead to formation of OH?KI in both» = 0 and rotational or fine-structure distributions of the products of
v =1, we were unable to detect any products/irr 0. Thus, vibrationally inelastic collisions with which to make a com-

vibrational predissociation of the overtone-excitethsHOOO parison.
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While a distinct propensity for the production @&1(A")
A-doublets is apparent in Figure 4 (vide infra), we start our
analysis by modeling the rotational distribution statistically
through the use of a prior distribution. For the ORIKproduct
levels observed experimentally, thedoublet splitting is small
(<5 cn 1) and was therefore initially neglected in the analysis,
while the energetic spacing between levels of the sahie
each spir-orbit manifold (50 cnt! at the highestN) is
sufficiently large to be treated explicitly. Consequently, the
experimental OH X1 rotational distributions were summed
over A-doublet levels and renormalized before being fit to a
statistical prior distribution for which the excess enerBy,
was the variable parameter and the term values for tga@ner
are calculated from previously reported molecular constants. The
outcome of such a fit following overtone excitation is presented
in Figure 3 of Murray et al® Following excitation of the
fundamental OH stretch dfansHOOO, the OH XIT, » = 0
distribution is reasonably well described by a statistical prior
distribution and the fit returns a value &y, = 1060+ 40
cm! (20 uncertainty). In the case of a statistical unimolecular
dissociation, knowledge of the excess energy and the total
energy available to the system allows the dissociation energy,
Dy, for the system to be calculated. The total energy available
to the system is the sum of the photon energy used for excitation,
hvir = 3571.8 cn1l, and the internal energy aéfansHOOO,
Ein(HOOO), which is calculated to be 3.8 cfibased on the
energy of the ground-state level from which the IR transition
originates. ThusDy is calculated to be 2526 40 cntor 7.20
+ 0.11 kcal mot2.

A similar analysis can be performed for the productsafhs
HOOO dissociation following excitation of the OH stretch
overtone. As discussed previously, the ORIKproducts are
formed exclusively inv = 1 and a normal prior distribution
necessarily gives greater weightdc= 0 as a consequence of
the translational degrees of freedom which scale as the squar
root of the excess energy. Since OFIK v = 0 is not observed
in the experiment, the calculation was constrained to preserve
one quantum of vibration in the OH fragment, by simply
excluding these rotational levels and correspondingly reducing
the energy of the OH X1, v =1 term values. Unsurprisingly,
given the obvious similarities of the rotational distributions
shown in Figure 4, this analysis gives a very similar excess
energy, Eexe = 1049 + 56 cntl, but results in a smaller
dissociation energfpo = 23634+ 56 cnT! or 6.764 0.16 kcal
mol~L. This reduction of the available energy is a straightforward
consequence of the anharmonicity of the OH stretctrans
HOOO. As we have discussed previousiyan upper limit to
the dissociation energy is better determined by the energetically
highest open OH X1 product and applying simple conservation
of energy, assuming negligible partitioning of the available
energy into relative translation and the internal degrees of
freedom of the @ partner fragment. Following excitation of
the fundamental OH stretch, theel{;,, v = 0, N = 8, f level
at 1367.6 cm! is the highest observed, providing an upper limit
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Figure 5. Plot of the enthalpies of dissociatioA{H29esk) Versus X-O
bond lengths for a homologous series of XOO molecules, where X is
H, F, Cl, or Br as indicated. RecommendA¢Hzqsk values (with b
uncertainties) are taken from the NASA/JPL compilati@md indicated

by red circles. The experimental measuremeni i,k for HOOO

by Speranza is indicated by a black ciréleThe closed and open
triangles represent upper limits to the dissociation enthalpies derived
from IR action spectroscopy,with the assumption that the;@artner
fragment is formed coincidentally in = 0 or v = 1, respectively.
Geometric parameters are taken from several sources for¥BQQ
CIOO0 & BrOO/ and HOOO'®

0.8 2.0

O, X324, v = 1, with a corresponding decrease in the upper
limit binding energy tdDg < 584 cnt! or 1.67 kcal mot®. We
consider this to be an unreasonably small valu®gprimarily
iven the central ©0 bond length in HOOO. The asymmetric
alogen oxides are isoelectronic with HOOO and in conjunction
with the hydroperoxy radical form a homologous series, XOO,
where X is H, F, Cl, or Br, which allows examination of the
relationship between XO bond length and the enthalpy of
dissociation. Figure 5 illustrates this relationship, plotting
ArHaggk for XOO — X + O, dissociatio? as a function of the
bond lengthyx—o. Given that the central ©0O bond intrans
HOOO is 1.688 A® we would anticipate a\(Hpggx Of 11.9
kcal mol, which is equivalent t®, of 10.8 kcal mot! after
correction for thermal contributions. While thisHzgsk is in
good agreement with the value of 3905 kcal mol® inferred
by Speranza?33 it is inconsistent with our experimental
observations as excitation of the fundamental OH stretch
vibration (3568 cm?! or 10.2 kcal motl) would provide
insufficient energy to cause dissociation. Production of O
X3%4~, v = 0 cofragments leads t&Hzgsk < 7.3 kcal mot?
for HOOO after inclusion of thermal corrections, which lies
slightly below the curve but is in reasonably good agreement.
The smaller upper limit t®o implied by coincidental production
of O, X325, v = 1 leads toAHagsk < 2.8 kcal mot, which

to Do of 2208 cn1*. A tighter constraint on the dissociation  gppears too far from the trend to be reasonable. Furthermore,

energy is obtained using the energetically highest level observedihe rotational distributions show no evidence of bimodality,

fOIIOWing excitation of the overtone OH StretCh.ZIX3/2, v = which may be expected ifQ\Iere produced in both = 0 and

1, N = 8, e at 4840.2 cm?; as reported previoushf, Do < v = 1, while exclusive production of the latter is considered

2140 cni* or 6.12 keal mot™. unlikely in the absence of any near resonance and the require-
The analysis above relies on the assumption that the partition-ment for a change of two vibrational quanta. Perhaps the most

ing of energy into internal motion of the ;Opartner and compelling evidence against the lower valuelf is purely

translational recoil is relatively unimportant. In fact, the IR empirical; production of HOOO in the expansion is copious.

photon used to excitevdn provides sufficient energy to produce While the overall rotational distributions in both spiarbit

the highest observed OH?KI product state in coincidence with  manifolds can be modeled statistically, one of the most striking
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features of the product state distributions displayed in Figure 4
is distinctly nonstatistical: namely, a strong propensity for the
formation of [1(A") A-doublets. This is manifest in the greater
intensity of main branch P- and R-type transitions, which probe
population in e and k¢ levels, relative to main branch Q-type
transitions, which probejfFand Fe levels. In this notation, the
labels e and f refer to the rotationless parity of the level, while
from a dynamical perspective it is more useful to consider the
symmetry of these levels with respect to the plane defined by
the rotation of the nuclei. In the highlimit (or, for convenience,
the high N limit) when this plane is well-defined and the
molecule can be described using Hund'’s case (b) coupling, the
Fie and R A-doublets can be labeled &FA") while Fi; and

Foe areTI(A").34 However, for the low to moderate rotational
levels populated in the present experiment, OHIXs best
described in terms of intermediate Hund’s case (a) and (b)
coupling, and thus any givefi-doublet is an admixture of the
TI(A") andIT(A") limiting cases. A fundamental question arising
from this interpretation, as discussed by Andresen and Réthe,
is concerned with the extent to which tNedependence of the
observed population ratio (or degree of alignment) is a dynami-
cal effect as opposed to being simply a consequence of
incomplete orbital alignment at small nuclear rotation. The
electronic effect of wave function mixing at loW, referred to

as the degree of electron alignment and denoted by (RES)

an intrinsic property of OH and affects the measurability of a
A-doublet propensity at smaller values of the nuclear rotation
quantum number. The value of (DEA)s readily calculated
given knowledge of the spinorbit coupling and rotational
constants for OH A1 and is directly related to the molecule
undergoing transition from Hund’s case (a) to case (b) coupling
with increasing rotation of the nuclear framewdbkThe
experimentally observed-doublet propensity is also identified
as the degree of electron alignment, or (DEA)nd is define?

as

_ Py = Py

(DEA),, Priy + Priy
whereP represents the population in te-doublet specified
by the subscript. In the limit of complete orbital alignment,
(DEA)exp can take the limiting values of1 or —1. Dividing
(DEA)exp by (DEA)g effectively removes an dependence of
the apparent alignment caused by the intrinsically incomplete
orbital alignment at lowN; this quotient is called the reduced
DEA, or (DEA).eq

In Figure 6, we show (DEAyq plotted as a function dN for
OH products in the Fspin—orbit manifold following excitation
of transHOOO in the fundamental and overtone OH stretch
regions. The corresponding data for thespin—orbit manifold
are omitted for clarity but qualitatively show the same behavior.
Figure 6 makes explicit the unambiguous propensity for the
production of IT(A') levels. Indeed, the experimental data
indicate not only that there is a preference for in-plane alignment
of the unpaired electron, but also that it is effectivelgiximally
aligned The degree of alignment observed is unaffected by the
number of quanta of OH stretch initially excitedtransHOOO,
while the use of (DEA)4 demonstrates that the alignment is
independent of the rotational quantum number of the product
OH X2I1. The weighted mean (DEA), over all observed\
levels following excitation of the fundamental OH stretch is
0.91 £+ 0.03, while that of the overtone is 0.95 0.08 (%
uncertainties). The separability of the rotational motion, which
is of course the consequence of the torque applied to the OH
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Figure 6. Reduced degree of electron alignment, (DEfpbserved
in OH X?I13, vibrational predissociation products following excitation

in the OH stretch fundamental (a) and overtone (b) regions of HOOO.
Products of excitation on the R(3) feature of ttensHOOO conformer

(m) and the unstructurecissHOOO conformer({) as indicated on the
spectra in Figure 2 are shown. That (DRA)s close to its limiting
value of+1 indicates a propensity for productionld{A') A-doublets

for which the unpaired electron lies in the plane of nuclear rotation.

fragment during predissociation, and the orientation of the orbital
lobe containing the unpaired electron suggest that the observed
propensity is stereochemical rather than dynamical. The pro-
pensity for OH X1 products to be formed in levels dI(A")
symmetry can be rationalized as arising from a planar dissocia-
tion in which the symmetry of the orbital containing the electron
whose fate is to be unpaired in the OH moiety is maintained
during the dissociation, viz. the chemical bonding in HOOO is
due to electrons in an orbital of aymmetry.

A qualitative molecular orbital diagram illustrating the
bonding in HOOO is displayed in Figure 7. The interaction of
OH X2IT and Q X3%;~ in Cs geometries gives rise to four
electronic surfaces 8A\’, A", “A’, and*A"" symmetry, of which
the?A"" state is the electronic ground state of HOOO. Although
we focus on the interaction of OH and, @ their electronic
ground states, it is worth noting in passing that the low-lying
(7918 cnl) O, a'Aq state gives rise to a further four surfaces,
two of 2A" and two of?A"” symmetry, and inclusion of spin
orbit coupling will increase the number of surfaces still further.
In HOOO X?A", a weak covalent bond is formed by the
interaction of the unpaired electrons in the in-planel@, (7d)
and OH 1Ir (4d) orbitals; it is the resultant HOOO 10aonding
orbital, as illustrated in Figure 7, that maintains its symmetry
upon dissociation and thus the propensity for vibrational
predissociation on the ground-state surface to produce &H X
in TI(A') A-doublets. The remaining unpaired electron gives
the HOOO electronic ground state #&" character, residing
as it does in the 3aout-of-plane molecular orbital. This orbital
has much of the character of thergl(2d’) O, antibonding
orbital, although the interaction with the Okt {1d") lone pair
causes it to be localized on the terminal O atom. Exchange
repulsion between the OHzl(1d") lone pair and the, (1d")
bonding orbitals on @ (which are not shown in Figure 7)
becomes increasingly important at shorter internuclear separa-
tions and thus ensures that the-O bond length is extended,
in analogy to the asymmetric halogen dioxideé3he relative
weakness of the central-@D bond in the XOO systems is
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Figure 8. Nascent OH XIIz fine-structure resolved product state
distributions as a function of rotational energy after excitation of the
unstructured absorption features, tentatively assignedstelOOO.
Excitation in the fundamental OH stretch region at 3563.1 cleads

to v = 0 products indicated by filled symbols and in the overtone region
at 6965.4 cm! leads tov = 1 products indicated by open symbols.
Circles represent the populations in. Bnd F A-doublet levels, which
are also indicatedI(A’), and triangles represent thes Bnd ke level
populations, also indicateHI(A"). (DEA)q4 values calculated from
these data are shown in Figure 6. The distributions are normalized to
unity over all common observed fine-structure levels, and the error
bars represent (& uncertainties from repeated measurements.
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Figure 7. Schematic molecular orbital diagram describing the antici-
pated bonding in HOOO 2A". The interaction between the half-filled,
in-plane lobes of the Olry and OH Ir orbitals gives rise to the primary
bonding orbital, labeled 10awhich is analogous to agpbond in a
diatomic molecule. The unpaired electron resides in tHe @aital,
}’VhiCh t;eia_ins mucrl‘ of }_r\eé:harat(;]tertof the Ilh(%or:)ital iLdejgzzgs for cissHOOO, red-shifted and homogeneously broadened to
rom, put IS more localized on the terminal atom. Rnar . : . .

orbitals calculated at the experimental geometry are shown on the righthave a “ne.W'dth of 5 crt, provides an equally safisfactory

to provide a qualitative representation of the expected frontier orbitals representgtlon of th? upstructured be'lnd f':md would correspond
in HOOO. to an excited-state lifetime of1 ps (vide infra).

Consideration of the nascent OHIX product state distribu-
furthermore a direct consequence of configuration interaction tions following excitation of the unstructured features provides
in the electronic structure, as the second largest contribution tofurther evidence forcisHOOO. These were recorded in an
the total wave function arises from an electronic configuration analogous manner to that described previouslyrioisHOOO,
of distinctly antibonding characté?:” by scanning the UV probe laser wavelength over various

C. Identification of the Unstructured Bands ascissHOOO. transitions of the OH AX™—X2IT band with the IR pump laser
An unambiguous identification of the unstructured features operating at a fixed frequency. Given the absence of any
observed in both the fundamental and overtone regions of thepropensity for production of either spiorbit manifold of OH
IR action spectra is more problematic than that of the structured X2IT after excitation of the structured feature, only levels within
feature. Previously® we suggested that the feature in the the R spin—orbit manifold were probed. The IR laser was tuned
overtone region could be due to absorption by ¢leHOOO to be resonant near the peak of the unstructured absorption
conformer, and we present this argument more fully here, with features, the criterion for choosing the absolute wavelength being
additional reference to the action spectrum in the fundamental optimization of signal while discriminating between the un-
OH stretch region and the detailed fine-structure resolved structured absorption and any underlying structured absorption
product state distributions. by transHOOO. Consequently, the IR laser was fixed at 3563.1

One initial proposition, before observation of the fundamental and 6965.4 cm® in the vicinities of the fundamental and
band and based upon consideration of the large number of low-overtone OH stretch transitions, respectively. The rotational state
lying electronic states that correlate to ORIXand Q X324~ distributions obtained following excitation of the unstructured
or O, a'A4 products, was an electronic excitation to a state that features are displayed in Figure 8, and these data are directly
was either repulsive or predissociative. This can now be comparable to those in Figure 4a, which were obtained following
categorically ruled out as the unstructured feature is clearly excitation of the structured band.
present in both the fundamental and overtone OH stretch regions Excitation of the unstructured band adjacent to the overtone
with similar intensity, and additionally in the OD stretch leads exclusively to formation of OH2KI, » = 1 products as
overtone of DOOG? Indeed, the presence of a similar feature was observed following overtone excitation tohnsHOOO.
in the OH stretch fundamental region allows us confidently to Thus, vibrational predissociation of the absorbing species occurs
assign these features to OH stretching vibrations. The centerssufficiently fast that only a single quantum of OH stretch
of the line shape functions used to represent the unstructuredexcitation is lost. Again in analogy to dissociation todns
features suggest band origins of 3565.4 and 6968.3'@nd HOOO, the rotational distributions within each vibrational
thus small red shifts from the#ansHOOO band origins. The  manifold are identical within the uncertainty of the measure-
overall widths of these features are also comparable to the widthsments, peaking aroun®l = 3—4, irrespective whether the
of the transHOOO bands, which suggests that the absorbing fundamental or overtone OH stretch is initially excited. Fur-
species has similar rotational constants, consistent wigh thermore, the rotational distributions shown in Figure 8 are
HOOO. A simulation using the calculated rotational constants qualitatively similar to those displayed in Figure 4a and an
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N-independent propensity for productionld{A’) A-doublets for HOONO, for which the spectrum attributed to the hydrogen-
is also observed, albeit less strongly; weighted mean (REA) bonded cis-cis conformer was unstructured, while the trans
values are 0.6 0.05 and 0.82- 0.05 after fundamental and  perp conformer exhibited rotational structd#eClearly, it would
overtone OH stretch excitation, respectively. Overall, and taken be highly desirable to have high-level multireference calculations
in conjunction with the spectroscopic observations, this is characterizing the torsional potential energy surface in the
strongly suggestive that the IR absorbing species is also HOOO,ground and vibrationally excited states.

and the decreased values for the mean values of (REA)

suggest a degree of nonplanarity during dissociation. Conclusions

Experiments were performed in which attempts were made The HOOO radical has been produced by three-body as-
to alter the temperature of the free-jet expansion to examine sociation of OH XIT and G )(329— in the collisional region of
the possibility that hot bands afansHOOO could be respon-  a supersonic expansion and characterized using IR action
sible for the unstructured bands. This was achieved by replacingspectroscopy in the OH stretch fundamental and overtone
the Ar carrier gas with He, varying the pulsed valve stagnation regions. In both spectral regions, an absorption feature compris-
pressure, or by moving the detection region to smaller values ing a rotationally structured feature and an unstructured feature
of x/D, wherein the collisional cooling of the expansion is less lying very close to free OH were observed. The former can be
complete. However, within the limits of our experimental assigned confidently to théransHOOO conformer using
uncertainty, while the absolute signal intensity was variable, rotational constants previously determined from microwave
the relative intensities of the unstructured and structured featuresstudies, while the unstructured features are assigned tighe
were unchanged despite these changes in the experimentaHOOO conformer. OH X1 product state distributions (vibra-
conditions. Given this constancy under different temperature tional, rotational, and fine-structure) reveal that vibrational
conditions,transHOOO hot bands are an unsatisfactory ex- predissociation occurs exclusively with loss of a single quantum
planation for the origin of these features. of OH stretch excitation and with a strong propensity for the
We assign the unstructured featureci®HOOO, which is production offT(A") A-doublets, particularly fronransHOOQOO.
expected to have a similar dissociation energy and hence to beThis is interpreted as indicating planar dissociation in which
present in similar quantities twans-HOOO in the supersonic  the symmetry of the bonding orbital is retained.
free-jet expansion. Indeed, the unstructured bands account for
around one-third of the total intensity in both the fundamental ~ Acknowledgment. This work was supported by the Chem-
and overtone regions of the Spectrum_ However, density istry Division of the National Science Foundation. C.M.
functional theory calculatiods24of the vibrational frequencies ~ acknowledges financial support from the Dreyfus Postdoctoral
predict the OH stretch frequency ci&-HOOO to be red-shifted ~ Program in Environmental Chemistry.
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