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The quenching of electronically excited OH2&" radicals has been investigated in complexes of OH with
molecular hydrogen, deuterium, and nitrogen and through complementary theoretical calculations. Many of
the intermolecular vibrational levels supported by the OFEA (v' = 0, 1)+ Hy, D,, and N potentials have

been characterized by laser-induced fluorescence and fluorescence depletion measurements of the complexes
in the OH A%2Z*—X 21T 1—0 and G-0 spectral regions. Homogeneous line broadening of the spectral features
yields picosecond lifetimes for complexes prepared in levels derived from GEif A/ = 0) as a result of
electronic quenching and/or chemical reaction. More extensive line broadening is observed for complexes
excited to levels correlating with OH &* (v/ = 1). The corresponding decay rates are-I6 times faster

than obtained for' = 0 due to the opening of the vibrational predissociation channel and/or enhancement of
the quenching/reaction processes upon OH vibrational excitation. Ab initio calculations of the &H,(A

X 2IT) + H, and N potential energy surfaces reveal the minimum energy configurations, T-shagdet i@

and linear G-H--N=N, and the large increases in interaction energy upon electronic excitation of OH. The
theoretical calculations also identify specific orientations, T-shape®HH, and linear H-O--N=N, that

lead to conical intersections between the ground- and excited-state surfaces and give rise to quenching of OH
A 2= by hydrogen and nitrogen.

I. Introduction mental and practical importance. We seek to answer the
following questions: What are the characteristics of the OH
A ZZT + H, and N intermolecular potential energy surfaces?
Are there deep potential wells on these surfaces that might play
a role in the electronic quenching of OHZ&™ by H, or N,?

Are there specific orientations of the partners that preferentially

The hydroxyl radical plays a pivotal role in atmosphéfic
and combustiot* chemistry. As a result, the concentration,
temperature, and lifetime of the OH intermediate are sensitive
probes of the complex chemistry taking place in these environ-

ments. The OH radicals are often monitored in these surround-I dt hina? What is th hanism f hi ;
ings by the laser-induced fluorescence (LIF) method on the ead lo gquenching: atis the mechanism for quenching o

. . . g 25+ 2
A Z=+—X 21 electronic transitio®. Collisions with molecular OH A “Z" by these partners and what products are formed?

partners prevalent in these situations, however, are known to These questions are addressed through spectroscopic and
quench the OH &S+ fluorescence in a quantum state specific dynamical studies of electronically excited OH?B" (v' = 0,
mannef thereby preventing quantitative measurements of the 1) in complexes with molecular hydrogen, deuterium, and
OH ground-state population distribution (number density, tem- hitrogen?~? In addition, complementary ab initio calculations
perature, etc.) by LIF. Methods have been developed to try to have been carried out to characterize the OHYA, X 2I1) +
circumvent this problem, for example, by exciting OH to a M, where M= Hy, D, and N, potential energy surfacé%:18
rapidly predissociating level in the excited &* electronic The theoretical calculations revedbr the first time—the origins
staté-8 or through direct absorption measurements. Others haveof electronic quenching in these systems by identifying the
systematically measured the state specific rate constants forlocations of conical intersectiotfsthat funnel molecules from
electronic quenching of OH AX* by the predominant gases the OH A2Z* 4 M potential energy surface to either the OH
and at the relevant temperatures present in these environfnents X 2[1 4+ M surface or to reaction products!® The experimental
This provides the database needed to correct for collisional results are then interpreted in light of these theoretical calcula-
quenching effects in OH LIF measurements in these complex tions. We begin with a brief survey of previous work on these
kinetic systems. systems.

This feature article focuses on the quenching of electronically A, Collisional Studies of Quenching and Vibrational
excited OH A?Z* radicals by simple molecular partners, Energy Transfer. Collisional deactivation (quenching) of
specifically hydrogen and nitrogen, which are of both funda- electronically excited OH AZS* radicals by ground-state
partners has received much attention over the years. Several

T Present address: JILA, National Institute of Standards and Technology experimental studies have been performed to determine the rate
and University of Colorado, and Department of Chemistry and Biochemistry, nstants and cr tions for collisional nchina of OH
University of Colorado, Boulder, CO 80309-0440. constants and cross sections for cofiisional quenching o
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TABLE 1: Quenching (Q0 and Q1) and Vibrational Energy OHA X v'=1)+eM
Transfer (VET) Cross Sections ¢) for OH A 2ZX+ (¢ =0, 1) Q/Rxn VP
in Its Lowest Rotational Levels with Various Collision \
Partners at Room Temperature e
— OH@A S, v'=0)
collision partner g0 (A9 o1 (A?) over (A2 ref oR OH (AL, v'=0)+e*M
n
H 7.4 7.7 9.7 20 *
4.6 9.7 21
9.3 22
11.6 23
D, 7.4 15.9 21 g- 2
11.0 23 S [
N2 3.4 3.9 19.6 20 & &
5.8 24.7 21
5.3 22
6.7 23
! 36 gg OH (X M, v =0)*++M
5.3 8 32 25 Figure 1. Schematic diagram of the principal decay channels that may
3.6 0.4 30 26 occur upon electronic excitation of the G#¥ complexes, where M
Ar 0.4 21 = H,, D, or N.. Complexes promoted to the OH &* electronic
0.6 268 state with zero quanta of stretch’ (= 0) undergo rapid electronic

guenching, Q, or reaction, Rxn, precluding their detection via laser-
induced fluorescence. Complexes prepared with one quantum of OH

. . L . vibrational excitation in the A state may decay via vibrational
is defined as the collision-induced removal of OH population predissociation, VP, giving rise to emission from OHE' (/ = 0)

(decrease in spontaneous emission) from an initially preparedfragments, as well as through nonradiative Q/Rxn processes. Also
OH A 2=t (v, ') rovibrational level via nonradiative decay shown are the pump and probe transitions used for fluorescence
channels. Early studies indicated that hydrogen quenches OHdepletion experiments. Each time the pump laser is resonant with an
A 23t in o' = 0 and’ = 1 with nearly identical cross sections OH—M transition, the ground-state population is reduced, resulting in
of 7.4 and 7.7 A respectively?° More recently, quenching a decrease in the probe laser-induced fluorescence signal.

cross sections of 11.6 and 11.8 ere measured for collisions  relaxation processes were investigated under conditions that
of Hy and D, with OH A 2=+ (v = 0).28 Nitrogen was found average over all orientations and impact parameters of the
to be less efficient than #D, in quenching OH &>+ prepared collision pair as well as sample a thermal distribution of
in levels both with and without vibrational excitation. The velocities at 298 K. Recently, the analogous dynamical
guenching cross sections for OH &+ prepared in specific processes have been examined following excitation of-®H
rovibrational levels with these molecular partners are sum- complexes to the OH A=" electronic state with zero or one
marized in Table 1; the negligible value for quenching by argon quantum of OH vibrational excitatichil2 Here, the partners

aValues are for a thermal distribution at 300 K.

is listed for comparison. are brought together under the restricted geometry conditions
For each of these molecular collision partners, the rate of of the OH-M ground-state complex and are then prepared in

guenching was strongly dependent on the initial OFEA rotor the excited OH A2+ electronic state with well-defined

leveln', decreasing with increasing rotational excitafénT his intermolecular excitation. Homogeneous line broadening of the

rotational level dependence has led to the hypothesis thatOH—M spectra in the OH AX 1—0 and 0-0 regions (see
quenching occurs as a result of collision complexes that are section VI) reveals that dynamical processes are occurring on
formed because of anisotropic, long-range attractive forcesa picosecond or sub-picosecond time scale in-®Hcom-
between the excited OH and its collision partner; increasing plexes.

rotation of the OH causes the orientational dependence of the The principal decay channels available when-€W com-
approach of the two partners to be averagedfolihis view is plexes are prepared in the excited OHZA" electronic state
also consistent with temperature-dependent studies of quenchingvith zero or one quantum of OH stretching excitation are
in OH, where an increase in the collision energy (temperature) depicted in Figure 1. For OHM complexes with OH AZS™
results in a decrease in quenchg®® Finally, Paul has (v = 1), these channels include electronic quenching and/or
proposed a model for the temperature-dependent collisionalreaction (Q/Rxn), vibrational predissociation (VP), and radiative
guenching of OH A=* based on a harpoon mechanighthe decay of the complex itself. The pathways of electronic
underlying concept of a “crossing” between two potential energy quenching and chemical reaction are both referred to as
surfaces, though not involving electron transfer, is borne out in “quenching” in the collision studies. Vibrational predissociation,
the ab initio calculations presented in section VII. the analog of VET in complexes, produces OHX (v/ = 0)

The rate constants and cross sections (Table 1) for downwardfragments which subsequently fluoresce on theXA0—0
vibrational energy transfer (VET) in the & state of OH have transition; the electronic quenching and/or reaction channels are
also been examined for these same collision parfd@ig>26.32.33 nonradiative decay pathways. For ©Ml complexes prepared
For H; and D, the VET cross sections are comparable to their in levels derived from OH &=+ (v/ = 0) + M, the vibrational
respective quenching values and follow a similar rotational level predissociation decay channel is closed. The nonradiative
dependencé! Vibrational relaxation of OH A=+ (v =1) by pathways of electronic quenching and chemical reaction are,
N2 is found to be far more efficient than quenching. Faor N  therefore, the only avenues competing with radiative decay of
the cross section for VET was determined to be on the order of the excited-state complex. These nonradiative decay processes
gas kinetic and decreased sharply with increasing rotational are significant for OH-H;, —D,, —N2, and other molecular
level. Again, this suggests that anisotropic, attractive forces partners, but are of negligible importance in systems such as
lead to the formation of a transitory collision complex that plays OH—Ar.34
a role in the VET process. The remaining parts of this paper are organized as follows:

B. Dynamical Processes in OHH,, —D, and —N, Section Il describes the OH (AS*, X 2IT) + H, and N
Complexes. In full collisions, the quenching and vibrational potential energy surfaces derived from ab initio calculations.
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Section Il presents the experimental methods used to generate | OHAX' (v'=0)+H
and characterize OHH,, —D,, and—N, complexes. Section 32500 ~ :
IV summarizes the spectroscopic findings, which are then used
in section V to estimate binding energies for OH {&™, 32000
X 2IT) with Hp, D, and N.  Section VI reveals the picosecond
and sub-picosecond excited-state lifetimes for-&, OH—

D,, and OH-N; complexes which are derived from the
homogeneous line broadening of experimental spectra. Finally,
section VII discusses the origins of electronic quenching inthe .~ 31000 1

31500

OH A 2=+ + H, and N, systems. 5
e
o0 .
Il. Theoretical Background ;‘3’ 30500
A. Ab Initio OH (X 21, A 2X*) + H, Potentials. The 30000

entrance channel for the OH 31 + H, — H,O + H reaction

has been mapped out theoretically in a 1981 ab initio calculation
by Kochanski and Flowét as well as in more recent computa-
tions by Clary, Werner, and co-work&t$MCKW) and by Offer

and vanHemenr® these calculations do not consider the reactive 200 \ OHX M(v"=0)+H,

y

regions of the potential. As the OH and Hactants approach , N

one another, they experience attractive multipole interactions, -200 7 —
dominated.by dipolequadrupole a_md quadrupe#quadrupole 2 3 4 5 6
forces, which lead to the formation of a shallow well in the R (A)

entrance channel to reaction. The minimum of the average Figure 2. Radial cuts R) through the ground, OH XIT + H,, and
ground-state potential occurs in a symmetric T-shaped config- gjectronically excited, OH A5 + H,, ab initio potential energy
uration with the H of the OH monomer pointing toward the H  surfaces in the T-shaped GHH, minimum energy configuration. The
monomer and has a depth of 188 ¢imat an intermolecular  intermolecular vibrational levels observed in fluorescence depletion
separation distance of 3.2%A. Figure 2 illustrates a radial cut ~ experiments are shown within the potentials. Ab initio potentials from
of the intermolecular potential in the minimum energy T-shaped '€fs 16 and 17.

structure. HereR is defined as the distance between the OH ) | ) i )

and H centers-of-mass. The barriers to internal rotation of the depth is 460 cm® at an intermolecular separation distance of
H, and OH monomers are predicted to be 470 and 210'cm 3.9 A. Ab initio calculations of the interaction between
respectively, though the barrier to the “geared bending” motion €lectronically excited OH A=* and l\lbsreveal a deep well in

in which the OH and K subunits move in a concerted fashion the linear G-H--N=N configuration;® the same minimum

is significantly lower in energy® Calculations of the bound ~ €nergy conflgurat|on_ found for the ground electronic state. The
states fopara- andortho-H, with OH, the far and near-infrared ~ €xcited-state potential has a well depth of 3770 &rat an
spectra of OH-H,, and integral cross sections for rotationally mtermplecglar separatlon of 3.0 A. Ra(_dlal cqts of the ab initio
inelastic scattering have been carried out based on these ab initiP?otentials in the linear ©H--N=N configuration are shown

potentialst4 163536 The bound states and spectra of OHb in Figure 3. A substantial increase in the well depth and
complexes are found to be highly sensitive to the topology of decrease in the intermolecular bond length occurs upon OH
the OH X 2IT + H, potential in the entrance valley. A-—X electronic excitation. This provides Frarekondon

Ab initio calculations of the excited-state potential correlating 26¢€S> Ef’ many of the intermolecular levels supported by the
with OH A 25+ + H,/D, have revealed an2000 cntt deep OH A 2Z* 4+ N, potential from ground-state OH\, complexes.

attractive well at the intermolecular bond length-e2.1 A in Electronically excited OH A= may also be quenched by;N

a T-shaped ©H--H, configuration, as shown on a radial cut " the H-O--N=N configuration; ab initio calculatioA% have .

of the OH AZS* + H, potential in Figure 251737 This is the mapped_ out the path\_/vays that_couplg the ground and excited
same minimum energy geometry as found for the ground state;el(':'(:tron'C states as discussed in section VII.C.

however, the calculations predict that the well depth will increase
10-fold and the intermolecular bond length will decrease by
~1 A upon AZ=* <X 21 excitation of the OH moiety. These A. Stabilization of Complexes Correlating with OH
dramatic changes in the intermolecular potential upon electronic X 2IT + H,/D,/N,. The experimental method used to produce
excitation permit many of the excited intermolecular levels OH—M complexes has been described previodsl{Z3° Briefly,
supported by the OH A=* + Hy/D, potential to be accessed OH radicals are created by photolyzing gaseous nitric acid

[ll. Experimental Techniques

by electronic spectroscopy of GHH./D, complexes® OH entrained in a carrier gas mixture using the 193 nm output of
A 22" may also undergo chemical reaction or quenching with an ArF excimer laser. A 30% Hor D), balance He, mixture
Hin a T-shaped HO--H, configuration (180 internal rotation is used as the carrier gas for the hydrogen (or deuterium) studies,

of OH from the minimum energy configuration). Ab initio  while a 10% N in He mixture is used for the nitrogen studies.
calculations have identified a pathway that starts from the The gas mixture is pulsed into the vacuum apparatus through a
excited electronic state in this configuration and leads down to solenoid valve which incorporates a Peltier cooling element to
a conical intersection, producing.€ + H (reaction) or OH reduce the temperature of the carrier gas and nitric acid.
X 21 + Hz (quenching)}” This aspect of the ab initic  Photolysis occurs within a quartz capillary tube which is affixed

calculations will be considered in detail in section VII.B. to the pulsed valve assembly to facilitate precooling of the
B. Ab Initio OH (X 2, A 2£*) + N, Potentials. The hydroxyl radical and diatomic partner prior to supersonic

intermolecular potential computed for OHZKI with N exhibits expansion. Weakly bound complexes of OH2K with H,,

a minimum in a linear @H--N=N configuration!® with the D,, or N, are then formed as the gas mixture undergoes

interaction dominated by dipotequadrupole forces. The well  supersonic expansion into the vacuum chamber. The precooling
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OHA L’ (v'=0) + N, the supersonic gas expansion 1.5 cm downstream from the exit
—— - of the quartz capillary. The resultant fluorescence was collected
with a telescope assembly and imaged onto a blue-sensitive

32000 1 photomultiplier tube positioned perpendicular to both the
molecular and laser beam axes. In most experiments, a narrow
bandpass filter, centered at 310 nm with a bandwidth of 20 nm,

31000 was used to limit the fluorescence collected to the OHXA

1-1 or 0-0 spectral windows. In some experiments, the
emission was dispersed with a 0.25 m monochromator (66 cm
resolution) which was positioned between the collection optics
and the photomultiplier tube.

C. Fluorescence Depletion Experiments.Fluorescence
depletion (FD) experiments were performed to probe the-OH
intermolecular vibrational levels correlating with OH2&* (v/
= 0) + M which could not be detected by LIF due to rapid
electronic quenchingt12 In these experiments, the frequency-

7 doubled outputs of two tunable dye lasers, designated as the

1 OH X[ (v*=0) + N pump and probe lasers, were counterpropagated through the
0 V=0 * N, vacuum apparatus 1.5 cm downstream from the exit of the quartz
500 capillary. The pump laser was operated in the 6689 nm

T T T T T T ) range and after frequency-doubling accessed the G A—0
2 3 4 5 6 spectral region, while the probe laser worked in the-5585
R (A) nm range accessing the OH-X 1—0 region after doubling.
Figure 3. Radial cuts R) of the ab initio potentials for OH (2IT, The probe laser was optically delayed by 12 ns with respect to
A Z5+) 4+ N in the linear G-H--N=N minimum energy configuration. the pump laser. The fluorescence induced by the pump and/or
Also shown are the intermolecular vibrational levels of € detected probe lasers was collected in the same manner as described
through fluorescence depletion measurements. Ab initio potentials from above for the LIF experiments.
ref 18. A schematic diagram of the FD experiment is shown in Figure
) 1. The wavelength of theumplaser wasscannedhrough the

of the OH monomer has the added advantage of reducing thegq A—x 0—0 region, promoting OHM from its lowest
number and intensity of overlapping OH rotational lines lying  jntermolecular level in the ground electronic state to various
within the spectral regions investigated. intermolecular vibrational levels supported by the OHZ

The production of OHH2/D; entrance channel complexes (,/ = 0) + M potential. Each time the pump laser was resonant
requires a fine balance of the experimental parameters (pho-yjith an OH-M transition, the population in the lowest level of
tolysis position, carrier gas pressure, and pulsed valve temper-the ground state decreased. This depletion was monitored with
ature). OH-H; complexes are predicted to be bound by only  the probelaser which wasixed on an OH-M transition from
42 cnr'1 and thus extensive collisional cooling is required. the lowest intermolecular level of the ground state to a specific
These same collisions may also result in reaction, particularly intermolecular vibrational level correlating with OHZ& ™ (/
in the early stages of the supersonic expansion, when the= 1)+ M. Thus, only 0-0 transitions that simultaneously cause
photolytically generated OH radicals have sufficient kinetic 5 depletion in the OHM 1—0 LIF signal will be detected. The
energy® to react with H/D, by surmounting or tunneling  FD spectra were then obtained by recording the intensity of
through the activation barrier to reaction (2100 ¢jrf*4? With the fluorescence induced by the probe laser as a function of
increasing distance downstream in the expansion, the reactionpump laser wavelength. The details of the normalization

rate decreases as the temperature and collision fre_quency_ d_rolbrocedure and data acquisition have been reported previ-
until the reactants become cold enough to be stabilized within gys|y11.12

the shallow potential well in the entrance channel to the OH
X 2I1 + H, reaction. The formation of the OHH./D, IV. Spectroscopic Results
prereactive complexes was optimized by using backing pressures A. OH—H,. The fluorescence excitation spectrum observed
as high as 200 psi (30%HD in He) and by cooling the pulsed  for OH—H in the OH A—X 1—0 region is shown in Figure 4
valve assembly te-20 °C. (top). The spectrum consists of at least nine broad and, in some
In contrast, the OHN, complexes are significantly more well  cases, overlapping features ascribed to photoexcitation of binary
bound,~250 cnT%,'2 and the OH X?I1 + N; partners are not ~ OH—H, complexes to various intermolecular vibrational levels
reactive in their ground states. As a result, less extreme correlating with OH AZZ* () = 1) + Hp.!® The OH-H;
expansion conditions were necessary for optimum production spectrum spans more than 515 @nfrom 34 968 to 35 483
of OH—N, complexes. Backing pressures of 150 psi (10% N cm™1. The OH-H, features observed in the OH-X 1-0
He) were used, and cooling of the pulsed valve did not further spectral region are dramatically broadened as detailed in section
enhance complex formation. VI.A. The intensity of the LIF spectrum builds up while the
B. Laser-Induced Fluorescence ExperimentsThe OH-M spacings between the features decrease with increasing excitation
complexes have been characterized via electronic spectroscopyvave number. A dramatic cutoff in signal intensity begins at
in the OH A2=T—X [T region by both laser-induced fluores- approximately 35 483 cmi, ~54 cnt! to higher energy of the
cence (LIF) and fluorescence depletion (FD) methods. In OH A—X 1-0 Py(1) line at 35429.1 cm,*3 and returns to
the LIF experiments, the frequency-doubled output of a single baseline by 35510 cmd. This drop off in signal intensity is
Nd:YAG-pumped dye laser was used to excite ground-state attributed to excitation of OHH, above the OH &> (v =
OH—M complexes to intermolecular vibrational levels associ- 1) + H dissociation limit. The sharp lines superimposed on
ated with either OH A= (v =0) + M or OH A &=+ (v = top of the OH-H> signal arise from rotational lines of the OH
1) + M. The laser beam was gently focused and intersected monomer on the AX 1—0 transition.

Energy (cm™)
w
S
2
S
1

1

29000
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34800 35000 35200 35400 least 10 depletion features have been observed which are due
4+t to promotion of OH-H, from its ground state to various
1-0 intermolecular levels correlating with OH A+ (v/ = 0) +

Fluorescence Intensity

OH-H,

EIFGHI

100

80 4

60

40 +

T s®s '

H,. As shown in Figure 4, the spacings between -&i3
features in the 60 FD spectrum (bottom) are similar to those
observed in the 20 LIF spectrum (top). The breadths of the
FD features are significantly narrower than seen in thé 1
LIF spectrum (see section VI.B). Nearly identical FD spectra
were obtained with the probe laser fixed on several different
OH—H, transitions in the OH AX 1-0 region. This
demonstrates that the extensively broadened-Bkifeatures
observed in the 40 LIF spectrum originate from the same
ground-state level as the narrower FD features seen in-tide O
region.

The FD spectrum continues beyond feature 10, but at these
excitation energies the depletion is nearly continuous with some
broad structure superimposed. An LIF scan in this same region
reveals a sharp onset of GHH, signal at 32 494.4 cni, 53.8
cm! beyond the OH A-X 0—0 Py(1) line. This sudden onset

is associated with promotion of OHH, above the OH A>+

(v = 0, n" = 0) + H, dissociation limit via bound— free
excitation of transitions to short-lived predissociative resonances
of OH—H,. This will be followed by either direct dissociation

or predissociation, yielding fluorescence from the OHXX

(¥ = 0,n" = 0) fragments and thereby enabling detection via
LIF.

B. OH-D,. The LIF and FD experiments were then

Figure 4. Laser-induced fluorescence (top) and fluorescence depletion repe_ate_d with a de_uterlum carrier gas mixture as a means of
(bottom) spectra of OHH, entrance channel complexes recorded in  confirming the assignment of the GHH, spectra. The LIF
the OH AZS*—X 2IT 1—0 and 6-0 spectral regions, respectively. The ~spectrum observed in the OH-A 1—-0 spectral regiot?
broadened features in both spectra are attributed to excitation of binaryconsists of at least 10 broadened features between 34 770 and
OH—H, complexes to various intermolecular levels correlating with 35 462 cnv! arising from excitation of OHD, to intermo-
ﬁi]He SAa(rlé ;;%T)r:lzngaﬂ)inigd(r%):rlﬁa g\;ﬂ?)*;r i':Ztr(]zog‘;';g?ctsrB%lo lecular vibrational levels derived from OH &* (' = 1) +
Displaced below the 20 spectrum is a simulation (bold line) which D2. The OH-D; features appear at distinctly different t_ransm_on
was used to extract the positions, intensities, and homogeneouswav‘:-'_nu_mbers than seen for GH;, as expec_ted upon isotopic
linewidths of the OH-H, features. substitution. The OHD; LIF spectrum exhibits narrower peak

A search has been made for the corresponding-Eii widths with less overlap between adjacent features than observed
features in the OH AX 0—0 region using LIFY1L In scans for OH—H,. The OH-D, spectrum exhibits a gradual drop-

covering more than 900 cmh toward lower energy of the OH Offjn signal beginning near 35 495 crh appro_xmately 66
A—X 0—0 Py(1) line at 32 440.6 cmt, no signals were detected cm _1 bey(_)nd the OH A.'x .1_0 Pi(1) line. -Again, the drop-
that could be ascribed to electronic transitions of-€H. This off Is attntzJuied ’to excitation .Of th? QHD? qomplex above
indicates that the nonradiative decay processes of quenchingIhe OH A% (v = %) + D2 dissociation limit. )
and/or reaction depicted in Figure 1 must be occurring on a  Fluorescence excitation scans of ©H, were also carried
significantly faster time scale than radiative decay of the outinthe OH A-X 0—0 spectral region. Transitions to bound
complex itself (assumed equal to the OH 2&* radiative  States correlating with OH A=* (v = 0) + D could not be
lifetime** ~700 ns). As a result, fluorescence depletion detected by this method, once again indicating that the non-
experiments, which provide information analogous to direct radiative channels of electronic quenching and/or chemical
absorption measurements, were carried out to investigate the'€action proceed much more rapidly than radiative decay of the
intermolecular vibrational levels derived from OHZ&* (v = electronically excited complex. An onset of Gi®, LIF signal
0) + H.. was observed near 32 507 thapproximately 66 cmt above
The OH-H, FD spectrum recorded in the OH-A 0—0 the OH A—X 0—0 Py(1) line, which provides a lower limit for
region (with the probe laser fixed on feature H at 35 46589m  the OH A%Z* (' = 0, " = 0) + D dissociation limit.
is shown in Figure 4 (bottom). To facilitate comparison of the  Applying the fluorescence depletion method in the OHXA
FD and LIF spectra, the OHH, FD spectrum is plotted as  0—0 region (with the probe laser fixed on an ©B, feature
percent fluorescence depletion versus pump laser wave numberin the 1-0 region) revealed a depletion spectrum extending over
in contrast to previously published specttaln addition, the an even broader energy range than observed for-B4l
0—0 FD and 10 LIF spectra have been aligned to account for spanning from 31 803 cm to beyond 32 550 crit.!? At least
the OH AZZ* v/ = 0 — 1 spacing. A 0% depletion indicates 12 features were observed which are assigned as electronic
no detectable absorption of GHH,/D, at a given pump laser  transitions of OH-D, from its ground state to intermolecular
wavelength. Most OH lines are not observed in the-&H levels supported by the OH A" (v/ = 0) + D potential.
FD spectrum; only those intense OH monomer lines that Again, the OH-D, FD features in the 00 region were
overload the detection electronics appear as narrow peaks andubstantially narrower than seen in the@ LIF spectra. In
are marked with asterisks. general, the OHD; FD spectrum was analogous to that
The OH-H, FD spectrum spans more than 700 ¢mwith observed for OH-H; in terms of the number of depletions and
the lowest observable feature appearing at 31 864!crnat the overall intensity profile; the positions and energy spacings

20

Fluorescence Depletion (%)

11 1 1 )

[
(N)
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67'8 910
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32400
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34200 34400 34600 34800 lower panel of Figure 5. To facilitate comparison of theQL
—t— and 0-0 spectral regions, the three lowest energy features in
1-0 . the 0-0 FD spectrum (lower panel) have been aligned with

OH-N, the corresponding peaks in the-Q LIF spectrum (upper panel).
This accounts for the OH A=t o/ = 0 — 1 spacing and the
change in OH-N; binding energy upon OH vibrational excita-
tion.

Figure 5 reveals that most of the features in theO1LIF
spectrum (top panel) span an energy range that encompasses
transitions to several closely spaced ©MN, levels derived from
OH A 2=* (v = 0) + N (bottom panel). Only the three lowest
wavenumber features in the-D region can be associated with
transitions to single intermolecular levels supported by the OH
- A Z=T () = 0) + Ny potential. The homogeneous broadening
in the OH-N, spectrum is much more extensive in the OH

Fluorescence Intensity

9 - A—X 1-0 region than in the 60 region, as resolvable features
g in the 0-0 region blend together forming broad clumps in the
T 60 - 1-0 spectral region. The magnitude of this broadening in the
é"} T 1-0 region is estimated in section VI.B.
9 40 *| F D. Dispersed Fluorescence Experiments.To determine
8 111 ; the source of the fluorescence emission observed following
2 204 | ‘ L excitation of OH-H, and OH-N in the OH A—X 1—0 spectral
c:g wﬂ’ N ﬂ“'« \ region, the emission was dispersed with a 0.25 m monochro-

o MW Ly . ol mator®10 The excitation step prepares G complexes with

— e one quantum of OH stretching excitation in thé2" electronic

31400 31600 31800 32000 state. As deplcte_d in Figure 1, th_ese c_:omplexes may deqa)_/ via
A electronic quenching and/or reaction, vibrational predissociation,
Wave Numbers (cm™) [ . A
and/or radiative decay of the complex itself. Emission was
Figure 5. Laser-induced fluorescence (top) and fluorescence depletion phserved exclusively in the OH-AX 0—0 region andnot in
i +_ . . . . ..
(bottom) spectra of OHN, complexes recorded in the OH & the 1-0 or 1-1 regions that would be indicative of radiative

X 21 1-0 and G-0 spectral regions, respectively. The broadened d f th | Si th hina/ f h |
features in both spectra are attributed to excitation of binary-Qk ecay or the complex. since the quenching/reaction channels

complexes to various intermolecular levels correlating with OHv/A ( are dark, the emission in the OH-A 0—0 region can only

= 1) + N, (top) and OH A ¢’ = 0) + N, (bottom); the sharp lines,  originate from the OH A=" (v' = 0) products of vibrational
marked with *'s in both spectra, are OH monomer lines. The lowest predissociation. This demonstrates that the time scale for
energy features in each spectral region have been aligned to facilitateyiprational predissociation is much faster than the 700 ns
comparison. Also shoun 1 he lower panel s & smulsion, where ' ragiaive decay of the OHH, or OH-N, excited ate com-
that qualitatively reproduces the broad features and underlying back- plexes_ (?‘Ssume_d equal to the_ OHZE. radiative lifetime?).
ground observed for OHN; in the OH A—X 1—0 region. Thus, it is the vibrational predissociation channel that enables
the indirect detection of OHM by LIF in the OH A—X 1-0
spectral region. This channel is energetically closed for-OH
complexes prepared in the OHZE™ electronic state with zero

guanta of OH stretch.

of the features, however, were distinctly different for ©B,
as compared to OHH,.

C. OH—Na. The LIF spectrum of OHN; in the OH A—X
1-0 region spans a 1549 cthrange from 34 169 to 35 718
cm~1.912 A portion of this spectrum is displayed in the top
panel of Figure 5. The broad features and even broader The experimental binding energies fop,HD,, and N with

V. Binding Energies

underlying background are attributed to excitation of € ground-state OH XII can be evaluated from the spectroscopic
to various intermolecular levels supported by the OFRA (o' data in a straightforward manner. The excitation wavenumber
= 1) + N potential; sharp lines marked with *’s are due to \hich promotes OHM from its lowest level in the ground
OH. state to the OH A= (v/ = 0) + M asymptote, determined

Laser-induced fluorescence scans of €M have also been  from the onset of LIF signal in the OH-AX 0—0 region, must
performed in the OH AX 0—0 region. Like both OHH, equal the sum of the ground-state binding enebgy and the
and OH-D,, no features attributed to the excitation of ©H  transition wavenumber of the OH-AX 0—0 Py(1) line, 32 440.6
N, to bound states correlating with OH & " (v/ = 0) + N, cm~1. Ground-state binding energies of 54, 66, and 253%cm
were detected, presumably due to rapid electronic quenchingare determined in this manner forHD,, and N complexes
of OH A 2=* by its N, partner. A “turn on” of OH-N; LIF with OH X 2[1.11.12
signal, similar to those seen for OHi, and OH-D,, was Theoretical binding energies have been predicted for OH
observed beyond 32 692 cm~251 cn* above the OH A-X X 2IT with para- andortho-H; using several different ab initio
0—0 Py(1) line. Again, the onset of LIF identifies the position  potentialst46analogous calculations have not yet been carried

of the OH A2X* (v' = 0) + N dissociation limit. out for OH X 2IT with D, or N,. The theoretical calculations
Fluorescence depletion studies have been carried out toindicate that the spherically symmetpara-H (j = 0) will be
characterize the bound states supported by the GB'A(v' = far less well bound to OH XII than the dumbbell-shapedtho-

0) + N, potential’? The OH-N, FD spectrum consists of at  H, (j = 1); thus, the experimental spectra are presumed to be
least 95 features over a 1387 chmange from 31 320to 32 707  due to theortho-H, complex. Also, nuclear spin statistics favor
cm™1; a portion of the FD spectrum in the OH-0 region ortho-H, over para-H by a 3:1 population rati®> Recently,
(recorded with the probe laser at 35 654 @jris shown in the the rotationally resolved infrared overtone spectrum of the
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ground electronic state of OHH, has been observed, An analogous situation is expected for ©N,, where the
confirming that the experimental spectra are duertbo-H,— intermolecular bond length is predicted to decrease-byd A
OH. The experimentally determinddy’, 54 cnt?, for OH— upon electronic excitation of OM. This will result in optimum

H, compares favorably with the value predicted theoretically Franck-Condon overlap to levels lying closest to the OH
for complexes of OH XII with ortho-H,, 42 cnt?, based on A 2=t 4 N, dissociation limit and weaker intensity of transitions
the MCKW potential® The binding energy is quite small to intermolecular levels positioned deeper in the well. Indeed,
compared to the well depth at the T-shapedHd-H, minimum only intermolecular levels lying in the upper 40% of the
energy configuration (188 cm) as a result of the large zero- attractive well have been detected by LIF or FD methods, as
point energy that arises from the small reduced mass, largeillustrated in Figure 3.
monomer rotational constants, and sizable anisotropy of the
potentialt®

For OH in its excited A=* electronic state, lower limits on
its binding energies with 5l D, and N can also be determined
directly from the experimental spectra. The OH&" (v' =
0) + M bond energy is deduced from the span of the FD spectra

VI. Excited-State Lifetimes

A. OH A Z* (¢ = 0) + M. Many of the OH-H,, D,
and N features observed via FD in the OH-4 0—0 spectral
region exhibit partial rotational band structure. The magnitudes
of the depletions for OHH,/D, and OH-N, were quite

in the OH A—X 0—0 region with respect to the OH &+ (v/ large—up to 80%-at the pump laser pulse energies26 mJ/
= 0) + M asymptote. This yields lower limits for the bond pulse) used to record Figures 4 and 5 (bottom). The pump laser
energies of OH A5+ (v = 0) with M = Hy, Dy, and N of power and associated depletions were significantly reduced in

631, 704, and 1372 crd, respectively:L12 The binding energy order to record FD spectra suitable for rotational contour
of the molecular partner to OH &% (v/ = 1) is evident from analysis. A pulse energy 0f0.3 mg/pulse was the lowest pump
the range of the LIF spectra in the OH-X 1—0 region with Iasgr power for WhICh. a modest signal-to-noise level cogld be
respect to the OH A=* (v/ = 1) + M dissociation limit. This achieved for features in th_e QH'IZ and OH-D, spectra, while
gives lower limits of 515, 725, and 1511 cinfor the binding 2 mJ/puIse was the_lowgr limit for OH.\IZ' Atthe onvest pulse_ .
energies of OH AZS* (v = 1) to Hp, Dy, and N, respec- energies, thg (l:ontrlbutlon. of saturation broadening was mini-
tively.11.12 mized, permitting the excited-state lifetimes of the complexes

. - . (lower limits) to be derived from the homogeneous component
The experimental binding energies of ©H, and OH-D, of the linewidth.

alre found to increase fb?’] atoleast an ord?]r] offmagnitudhe UPON  The homogeneous linewidths of the features were extracted
electronic ex0|tat|(r)]n N tf eld H rr]n0|etyr,] while for GHN, t ed _.via a rotational contour least-squares fitting procedérd.o
increase is more than 5-fold. These changes are in accord withgjn, j|4te the rotational structure, several assumptions had to be
ab initio calculations of the intermolecular potentials for OHin 4o The OHM rotational structure was computed using a

. 5 . iy ' : .

Its groulrgix IT and excited A°X™ electronic states with H g6 dodiatomic model, (OH)M, a rotational temperature of
and No.2>2" The well depth in the minimum energy configu- 3 ang ground-state rotor constants of 0.75, 0.5, and 0.12
ration (T-shaped for OHHy/D,, collinear for OH-N) is cmt for OH—Ha, D, and N, respectivelyl64849 The band
predicted to mcreaselfrom 188 to 2900 cnfor Ha/D2 and  qrigin, excited-state rotor constant, and homogeneous (Lorent-
from 460 to 3770 cm" for N2 upon electronic excitation of  ;jan)y component of the linewidth were allowed to vary in the

OH. fitting procedure. Additionally, the intensities have been fit by
Hernandez and Clard?#” have computed the intermolecular  assuming parallel and perpendicular transition types; both

vibrational levels supported by the OH AS* + H./D, yielded comparable homogeneous linewidths.

potentials; analogous calculations are still needed for G&'A The OH-H, FD features exhibit homogeneous linewidths

+ Nz. The orthogonal modes for O+H/D, consist of the  ranging from 1.2 to 1.7 crt. The corresponding lifetimes of
pure intermolecular stretch, two in-plane asymmetric bending the intermolecular vibrational levels accessed by electronic
motions of the three hydrogen atoms, and an out-of-plane bendspectroscopy range from 4.5 to 3.2 ps. The-€Ib3 bands that

of the three hydrogen atoms. These vibrational motions give could be analyzed (adequate signal-to-noise level and spectrally
rise to an extremely large zero-point energy that amounts to isolated) yielded linewidths of approximately 1.2 chand
~50% of the well depth. The theoretical predictions provide a corresponding excited-state lifetimes of 4.5 ps. In Figure 6,
valuable template of the intermolecular vibrational level pattern the resultant OHH,/D; linewidths and corresponding lifetimes
that has been used as a guide in assigning the experimentallyare plotted on a logarithmic scale versus the position of the

observed features. The experimentally observed—Ok excited-state level relative to the OHZ&* (v/ = 0) + H./D;
intermolecular vibrational levels associated with OHZ{ v/ asymptote. These values represent upper limits for the mag-
= 0 (displayed in Figure 2) and' = 1, however, are nitude of lifetime broadening and, therefore, lower limits for

significantly less well bound than the lowest level predicted by the lifetimes of complexes prepared in the intermolecular
theory, suggesting that the lowest intermolecular levels sup- vibrational levels due to the possibility of saturation broadening
ported by the OH A2Z* + H, potentials have not been even at these reduced laser powers.

experimentally observed. This is not surprising since the-OH The homogeneous linewidths of the ©N, features were

H, equilibrium intermolecular bond length decreases~y0 extracted using the same least-squares fitting procédure.
A upon electronic excitation of OH, as shown in Figure 2. This Lorentzian linewidths of 0.73.9 cnT! have been determined
will result in poor Franck-Condon overlap and thus weak for OH—N features that are well isolated from others and have
intensity for transitions to intermolecular levels lying low in  adequate signal-to-noise levels, specifically 16 features between
the A-state well. In fact, Hermalez and Cla? have predicted 31320 and 32 362 cm. The linewidths indicate that OH

that the intensity for the electronic transition to the lowest N, complexes prepared in the corresponding levels derived from
intermolecular level supported by the OHPE™ + H; potential OH A 2=* (v/ = 0) + N, have lifetimes ranging from 1.4 to 8
will be at least an order of magnitude weaker than that for the ps; these values represent lower limits due to residual saturation
first excited stretching level. Similarly, the lowest intermo- broadening.

lecular levels correlating with OH A= + D, are probably The line broadening observed in the ©H,, OH—D,, and

not detected as a result of poor Frarckondon overlap. OH—N;, 0—0 FD spectra can also be used to estimate the
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Figure 6. The OH-H, and OH-D, homogeneous linewidths and
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plexes are longer lived, by roughly a factor of 2, than-&t
complexes with a similar degree of intermolecular excitation
until near the OH A2+ (v = 1) + H,/D, asymptote, where
the lifetimes become comparable (see Figure 6). Both the H
and D> complexes exhibit a trend of decreasing linewidth
(increasing lifetime) with increasing excitation energy. As
shown in Figure 6, the’ = 1 lifetimes are a factor of 1075
times shorter than observed for the intermolecular levels
correlating with OH AZZ* (¢ = 0) + Hy/D».

The decrease in lifetime upon OH At +/ = 0 — 1
vibrational excitation cannot simply be attributed to the addition
of the vibrational predissociation channel. Rather, ab initio
calculations show that the OH & + H, potential depends
strongly on the G-H internuclear distance as a result of a
significant amount of interaction between the three hydrogen
atoms!”:38 This suggests that OH vibrational excitation may
enhance the rate of electronic quenching and/or chemical
reaction. The origins of these nonradiative decay channels are
discussed in section VII.B.

For OH-N,, the homogeneous broadening in the-Ol
spectral region is far more extensive than observed in tHe 0

corresponding lifetimes plotted as filled and open symbols, respectively, region (Figure 5). If a similar number and pattern of intermo-
on a logarithmic scale with the abscissa representing the energy bylecular energy levels correlate with OH xt (¥ =0)+N;
which each excited-state level is bound. The values indicated as circlesand OH A23+ (v = 1) + N, as found for analogous systems

correspond to those features that are associated with the GEi A
(v' = 1) + Ho/D; asymptote, while the triangles correlate with the OH
A Z=* (o) = 0) + Ho/D; asymptote. The reported linewidths represent
upper limits, while the lifetimes are lower limits due to the possibility
of saturation broadening of the spectral features.

fluorescence quantum yiel®, for OH—M complexes prepared
in intermolecular levels derived from OH & (v/ = 0) +
M.1112 @ is given by the radiative decay rate;sf) 2, divided
by the total decay raterd)~2. Using the values (lower limits)
determined experimentally far, 3.2—4.5 ps for OH-H,/D,
and 1.4-8 ps for OH-N,, and assuming that the radiative
lifetime for OH—M is equal to that for OH1aq ~ 700 ns)#*
results in fluorescence quantum yields on the order off.10
This value is consistent with the inability to detect ©H,,
OH-D3, or OH—N; transitions in the OH AX 0—0 region
by LIF.

B. OH A Z* (¢ = 1) + M. The OH-Hy/D, features
observed in the OH AX 1—0 spectral region are substantially
broader than those seen in the@region and do not exhibit

resolvable rotational structure. This is clearly seen in Figure 4

for OH—H,, where the +0 LIF spectrum (top) is compared
with the 0—-0 FD spectrum (bottom). The breadths of the-©H

Ho/D, 1-0 LIF features were unchanged as the laser pulse
energy was reduced from 30 mJ to 5 mJ, the lowest pulse energy.,annel.
for which these spectra could be readily observed. This
demonstrates that saturation broadening is not a significant

source of line broadening in the spectra.
The breadths of the OHH,/D,, features observed in the OH

A—X 1-0 region are far greater than the inhomogeneous
rotational band structure anticipated from analysis of the

corresponding 60 features and ab initio predictio®s38 As
a result, all of the OHH,/D- intermolecular vibrational features

(e.g., OH-Ar, OH—H,), then the primary reason for the
dramatic change in the appearance of the - spectra
between the OH AX 0—0 and 10 regions can be attributed
to homogeneous line broadening. The magnitude of the
homogeneous broadening in the-@ spectrum has been
estimated through simulations based on the experiment@l 0
spectrum with various broadening terms. The homogeneous
linewidth was varied until the simulation qualitatively resembled
the experimental 20 spectrum. The best agreement has been
obtained with a Lorentzian linewidth of 30 ¢y which yields
the simulated spectrum shown in the bottom panel of Figure 5
(bottom).

A linewidth of 30 cnt? corresponds to a lifetime 0£180 fs
for OH—N, complexes prepared with one quantum of vibrational
excitation in the excited electronic state. This can be compared
to lifetimes ranging between 1.4 and 8 ps (lower limits) for
levels correlating to OH A=t (v = 0) + N,. Thus, OH-N,
prepared in intermolecular levels derived from OHZ' (v
= 1) decay some 25 times faster than in levels associated with
v = 0. Again, ab initio calculations indicate that the-@
bond is coupled to the intermolecular coordindfesiggesting
that OH AZ2=* vibrational excitation may enhance the rate of
guenching as well as open the vibrational predissociation
The origins of the homogeneous broadening and
exceedingly short excited-state lifetimes will be discussed in
section VII.C.

VII. Origins of Quenching

The homogeneous line broadening evident in the electronic
spectra of OH-M complexes, the low fluorescence quantum
yield for OH—M complexes prepared in intermolecular levels

were fit to simple Lorentzians in order to extract their peak derived from OH A2Z* (v = 0) + M, and the significant cross
positions, relative intensities, and homogeneous linewidths. The sections for removal of OH from the & (v' = 0) electronic

resultant fit of the OH-H, features is shown (bold line) below

state upon collissiod% 26 with M = H,, D, or N; indicate that

the experimental data in Figure 4 (top); the tic marks in Figure the nonradiative processes of electronic quenching and/or

4 (top) identify the positions of the OHH; features.

chemical reaction are occurring in these systems. The ab initio

The Lorentzian linewidths extracted from the LIF spectra vary calculations of Clary, Werner, and co-workers pointed to specific

from 19 to 87 cm?! for OH—H, and from 22 to 50 cm' for

regions of the OH A2=* + H; potential energy surface that

OH—D,. The corresponding lifetimes for the excited-state levels may be responsible for quenching and/or reactforspecifi-

derived from OH AZZ" (v' = 1) + HJ/D; are approximately
60—280 fs and 116240 fs, respectively. The OHD, com-

cally, they noted that the excited-state complex should only be
metastable since the T-shapeée8--H, and linear H-O--H—H
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structures could result in reaction te®+ H. These “reactive”

channels, however, appeared to be separated by relatively high

barriers from the potential minimum in the T-shaped
O—H--H; structure. In addition, Hefmalez and Clary found
that the harmonic frequency for the bending mode of-GH

in its excited electronic state became imaginary in the short-
range region of the potential (at energies well below the
dissociation limit), providing a low-energy path for the formation
of H,O + H products®® A saddle point for this process was
found in the vicinity of the dissociation limit in the work of
Kliesch5® Recently, more comprehensive ab initio calculations

have been carried out to identify the pathways for these decay

processes in the OH H, and OH+ N, systems and are

presented here; details of these calculations will be published

elsewheré’-18

A. Ab Initio Methods. The ab initio calculatiorié18 use
the complete active space self consistent field (CASSCF)/
internally contracted configuration interaction (ICCI) methods
as implemented in MOLPR®&L52 The basis sets are the
correlation consistent basis sets of DunniigFor OH + H,
the cc-pVQZ basis set was used minus the f functions on H,

and this basis set was augmented by one set of diffuse spd

functions on oxygen and one set of diffuse sp functions on H.
Thus, this basis set is denoted as aug-cc-pM@Here the prime
denotes that the f functions on H were omitted). For ©il,
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Figure 7. Ab initio calculations of the interaction energy for molecular

hydrogen with ground OH XIT and electronically excited OH A=*
radicals in the T-shaped-€H--H; (filled circles) and H-O--H, (open

the aug-cc-pVTZ and aug cc-pVQZ basis sets were used. In circles) configurations at specific intermolecular separation distances,
general, the CASSCF active spaces included all electrons excepR. The ground- and excited-state surfaces 6fspmmetry intersect

the O 1s and O 2s in the case of GHH, and the O 1s, O 2s
and N 1s, N 2s in the case of OH N,. The reference space
for the subsequent ICCI calculations was the CASSCF wave
function for the OH+ H, calculations and was a selected
reference space with a threshold on CI coefficient in the
CASSCF wave function of 0.05 for the OH N, calculations.

B. Quenching of OH AZZ* by H,. The interaction energy
between electronically excited OH A* and H has been

more than 11 000 cr below the OH AZE* + H, asymptote in the
T-shaped H-O--H; configuration. Two pathways exit from the conical
intersection: the electronic quenching pathway follows down to ground-
state OH X2I1 + H,, and the reaction pathway generate®OH- H

after passing through thesB intermediate. The dashed line and break
in the abscissa indicate that this axis has changed to a reaction
coordinate. Electronic excitatiomi) of OH—H, complexes accesses
intermolecular vibrational levels in which the OH and hhoieties
undergo large-amplitude motions about the®-H, minimum energy
structure. Electronic quenching and/or reaction proceeds via the conical

computed for specific orientations and separation distances whilejntersection in the HO--H, configuration. Figure adapted from ref

holding the OH and K bond lengths fixed. The minimum
energy configuration was found to be T-shaped with the
hydroxyl hydrogen pointing toward the center of the hydrogen
molecule, as had been determined in earlier ab initio calcula-
tions1® The energy was further minimized by allowing the
internuclear distances of the OH and idoieties to change as
the intermolecular separation was varied in fixed geometfiés.
The resultant potential has a well depth~e2900 cnt?! at an
equilibrium separation distance of 2.1 A in the T-shaped
O—H--H, minimum energy configuratiot?.3” The minimum
energy path for OH &=* + H, in this configuration is shown

in Figure 7 (filled circles). At the minimum energy location,
the H, bond length is increased by 5% and that of OH by 4%
from their corresponding values in the separated molecule limit.

These increases in the monomer bond lengths suggest that th
H, and OH vibrations are coupled to the intermolecular degrees

of freedom. Also displayed in Figure 7 is a radial cut of the ab
initio potential (open circles) for the T-shaped—B&--H,
geometry; that is, with the OH radical rotated by 18@m its
minimum energy configuration.

The ab initio calculations of the ground-state OH?IX +

17.

the T-shaped ©H--H, (filled circles) and H-O--H, (open
circles) configurations.

The ground- and excited-state potentials, both ‘cfyinmetry
in planar geometries, intersect as shown in Figure 7 for the
T-shaped H-O--H, configuration. This conical intersection lies
more than 11 000 crd below the OH AZZ+ + H, asymptote
(and greater than 20 000 chabove the OH X2I1 + H;
asymptote) at an intermolecular separation distaneelof A.
The nuclear configurations representing a circular path around
the cone of the Okiconical intersection are depicted by Yarkony
in Figure 7 of ref 19. There are two pathways that can be
followed after leaving the conical intersection: electronic
guenching and chemical reaction. The electronic quenching

%athway follows down to the OH XIT + H, asymptote in the

H—0--H, configuration, thereby regenerating reactants.

The HO + H reaction pathway contains a shallow minimum
corresponding to the #D intermediate which lies-1750 cnt?
above the OH XIT + H, asymptote. HO has aCsy structure
in which the three H atoms lie in a planar equilateral triangle
and the O atom is situated in the center of the triangle above

H2 potentials have also been extended to shorter intermolecularthe plane of the hydrogen atorffs. Converting from the
distances and, therefore, higher energies on the repulsiveT-shaped H-O--H, geometry to HO involves structural

wall.117 Two potentials correlate with OH X1 + Hy, the A
and A’ surfaces, depending on the orientation of the orbital
containing the unpaired electron of OH with respect to the-OH
H, plane. Radial cuts of the'Aurface, with the orbital of the
unpaired electron lying in plane, are illustrated in Figure 7 for

changes in many different coordinates. The dashed line and
break in the abscissa in Figure 7 indicate that this axis has
changed from the (OH)--(Blintermolecular separation distance,
R, to a reaction coordinate proceeding from the conical
intersection to HO and the HO + H products.
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Thermal collisions of electronically excited OHZ&™ radicals
with H, average over all orientations of the partners. Clearly,
some of these collisions will access the specific orientations
that lead to electronic quenching and/or chemical reaction. On
the other hand, OHH, complexes sample a restricted range
of orientations between the OH A" and H monomers.
Electronic excitation promotes OtH, from its ground state,
correlating with OH X2IT + H,, to specific intermolecular
vibrational levels in the excited OH &+ electronic state (arrow
in Figure 7). In the levels probed experimentally, the OH and
H, subunits undergo large-amplitude bending and intermolecular
stretching motions about the T-shaped-B-H, minimum
energy structure. For quenching and/or reaction to occur, the
OH monomer must access the-B--H, configuration in the
excited electronic state (shown in Figure 7) or others that lead
to a conical intersection with the ground-state surface. The ab
initio calculations of the OH A=t + H, potential show that
the barrier to OH internal rotation decreases with increasing
intermolecular separation distance, making the conversion
plausible at largeR. The internal rotation of OH involves
mainly the motion of a hydrogen atom. Thus, tunneling may
contribute significantly to the rate of conversion from-8--
H, to H—0O--H, in the excited electronic state. The rate of this
conversion may be enhanced when OH3 is vibrationally

Lester et al.
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Figure 8. Ab initio interaction energies for Nwith OH in its ground

excited as a result of strong interactions between the threeX “I1 and excited A°’Z* electronic states for the linear-4--N=N

hydrogen atoms.

In o' = 1, the experimental lifetimes indicate that quenching/
reaction is approximately a factor of 2 slower in 6B, than
OH—H,, possibly as a result of a reduced amplitude for the
OH bending motion in the deuterated species. The lifetimes
become comparable near the OHE" 4 H,/D, dissociation
limit, where the barrier to internal rotation of OH is significantly
reduced® Inthermal collisions, which access all configurations,
the quenching cross sections are similar for OPEA (v' = 0)
with H, and .23

C. Quenching of OH A 2Z* by N,. High-level ab initio
calculations have also been carried out to determine the
intermolecular interaction energy between &hd OH in its
ground X2IT and excited A" electronic states for selected
configurations and intermolecular separation distaf¢eghe
minimum energy configuration is found to be linear-8--
N=N in both the ground and excited electronic states. The OH
X 2T + Ny and OH AZZ* 4+ N, potentials are calculated to
have well depths of 460 and 3770 chat intermolecular
separation distances Bf= 3.9 and 3.0 A, respectively, in this
O—H--N=N geometry. The minimum energy pathways were
computed by allowing the OH and;Nbond lengths to vary.
The OH bond length increased by5% and the =N bond

length was essentially unchanged at the minimum of the excited-

state potential in the linear €H--N=N configuration. This
suggests that the OH stretch will couple efficiently to the
intermolecular degrees of freedom.

Radial cuts of the OH XIT + N, and OH A" + N,
minimum energy pathways in the linear—®I--N=N (filled
circles) and H-O--N=N (open circles) configurations are shown
in Figure 8. A secondary minimum has been identified for the
OH A Z=t + N, potential in the collinear HO--N=N
configuration with a well depth of 2800 crh at an intermo-
lecular separation distance of 2.3 A. Thepbtential derived

(filled circles) and H-O--N=N (open circles) configurations at specific
intermolecular separation distanc&s,In the H-O--N=N configura-
tion, the ground and excited states interse@300 cnt! below the

OH A 2=t + N, asymptote, giving rise to electronic quenching. ©H

N2 complexes, stabilized in a shallow minimum about thetHd-N=N
configuration in the ground electronic state, are promoted to the OH
A 2=t electronic state hy). Wide amplitude OH bending motion
presumably provides access te-B--N=N and/or other configurations
that lead to quenching. Figure adapted from ref 18.

Additional conical intersections have been identified for
collinear O-H--N=N and for H-O--N in a T-shaped config-
uration with the oxygen of the hydroxyl radical pointing towards
the center of the Nbond. These conical intersections occur
significantly above the OH A=* 4+ N, asymptote £ 1000 cnt?!
in the T-shaped configuration and 10-fold higher for collinear
O—H--N=N) and, therefore, are not likely to be important for
qguenching in complexes or in thermal collisions. Finally,
pathways to reactive channels, specificiallytHN,O and NH
+ NO, have not been identified in the ab initio calculations,
although these channels are energetically feasible starting from
OH A Z+ (v =0, 1) + Np.5556

Collisions of OH A2+ with N, will sample all orientations
of the partners, including those that lead to quenching at thermal
energies. By contrast, OHN, complexes are promoted from
their ground state, with configurations about the linear
O—H--N=N minimum energy structure, to excited intermo-
lecular bending and stretching levels correlating with OH A
23+ 4+ N, (arrow, Figure 8). For electronically excited GH
N, complexes to decay via electronic quenching, the OH
monomer must undergo an extremely wide amplitude bending
motion to reach the HO--N=N configuration or others that
lead to a conical intersection with the ground electronic state.
This may occur at large intermolecular separation distances,
where the barrier to internal rotation of OH is small, or via
tunneling through the barrier. For the intermolecular levels of

from the ground state intersects the excited-state curve, also ofOH A 2=t (v = 0) + N observed experimentally, the

A’ symmetry, in the vicinity of the secondary minimum in the
linear H—O--N=N configuration. This conical intersection
occurs about 2300 cm below the OH A?2Z* + N, asymptote.
This is presumably the key crossing in the electronic quenching
of OH A 2=* by Ny, which leads to OH XII + N, products.

conversion to HO--N=N and subsequent quenching is found
to occur on a picosecond time scale. Vibrational excitation of
OH results in significantly faster decay via quenching and/or
vibrational predissociation as a result of the coupling between
the OH and intermolecular vibrations.
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VIII. Conclusions and Future Directions fundamental importance in atmospheric and combustion chem-
] ) ) ) _istry, will stimulate such calculations.

This feature article examines the mechanism for quenching | the future, the experimental and theoretical studies of OH
of electronically excited OH A’Z* radicals by molecular A 25+ quenching should be extended to other molecular partners
hydrogen, deuterium, and nitrogen from both experimental and (o test the generality of the mechanism described here. To date,
Fheore_tlca}l perspectives. Many o_f th_e previous gxpenmental OH A 2=+ quenching cross sections have been measured for
investigations of_electronlc quenching |nvoI\_/ed co_II|S|on studies cqllision partners such as,@nd RO which are important
at thermal energie®¥: 26 Recent spectroscopic studies of weakly  for atmospheric monitoring purposes, as well as CO,,G0d
bound OH-M (M = Hy, D, and N)) complexes have provided = NO3° which are of significance in combustion and aero-
a new experimental approach for examining electronic quench- thermodynamic systems. These partners have not yet been
ing and/or chemical reaction in these systémis. The origins  examined in OH complexes. Ab initio potential energy surfaces
of electronic quenching have been revealed through ab initio gre also needed for OH (&+, X 2IT) with these partners. So
calculations of the OH (AX", X 2IT) + M potential energy  far, intermolecular potentials have been calculated for OH
surfaces, in particular, by identifying the locations of conical (a 25+, X 2[1) + CO 5859 which exhibit conical intersections
intersections between these surfates. between the ground- and excited-state surfaces for specific

The electronic spectroscopy studies of ©M complexes orientations of the partners, linear@--O—H and O-C--H—O
have probed many of the intermolecular stretching and bending at energies-1.3 and+0.4 eV with respect to the OH A* +
vibrational levels supported by the OHZ&" (' =0, 1)+ M CO asymptoté&® In addition, OH A2 + CO illustrates the
potentialstl12 The experimentally observed levels lie within rich chemistry that can occur in these systéfs.
the upper portions of the deep OH2E™ 4+ M potentials wells,
with depths of 2900 crt for H, and 3770 cm? for Na, and Acknowledgment. The research in the Lester laboratory at
extend to the dissociation limits. Comparison of the experi- the University of Pennsylvania has been sponsored by the
mental data with the bound states computed for ab initio Division of Chemical Sciences of the Department of Energy
intermolecular potential energy surfaces provides a rigorous testand the National Science Foundation. The authors acknowledge
of the ab initio potentials. A comparison of this kind has been the contributions of present and past members of the Lester
carried out for OH AZSt + H,3847 Differences between  group in carrying out and interpreting the Sit,/D, and OH-
experiment and theory can lead to refinements of the potential N2 experiments, particularly Leanna C. Giancarlo, R. Timothy
energy surface. Such refinements should now be possible forBonn, and Robert W. Randall. R.A.L. also thanks the National
the OH A23+ 4+ Hy/D, and N systems. Research Council for financial support while writing this feature

Homogeneous line broadening of the ©H,, OH—D,, and article. S.P.W. was supported by NASA Cpntract No. NAS2-
OH—Nj features in the OH AX 0—0 and -0 spectral regions 1403,1 to ELORET. T_he authors thank David C.‘ Clary_, Ramo
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yields the rates for dynamical processes occurring under the . . . X S
sharing the results of their calculations prior to publication.

restricted geometries sampled by ©M complexes in various
intermolecular levels of the excited electronic state. -H
complexes prepared in the OH%&™ (v/ = 0) state decay on
a picosecond time scale as a result of electronic quenching and/ (1) Wayne, R. PChemistry of Atmospheres: An Introduction to the
or chemical reaction. Complexes prepared with one quantum Chemistry of the Atmospheres of Earth, the Planets, and their Satgellites
. . Lo . T 2nd ed.; Oxford University Press: Oxford, 1991.
Qf OH vibrational excitation in the A=* state de?cay 1975 (2) Graedel, T. E.; Crutzen, P. Atmospheric Change: An Earth
times faster than observed fdr= 0 due to electronic quenching  System Perspeet; W. H. Freeman: New York, 1993.

and/or reaction, processes that may be accelerated upon OHFL (1338(75|assman, ICombustion2nd ed.; Academic Press, Inc.: Orlando
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