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The rotationally resolved infrared (IR) spectrum of-BDH in its ground electronic state has been obtained

in the OH overtone region at 14m via IR—ultraviolet (UV) action spectroscopy. The pure OH overtone

and combination bands involving intermolecular bending excitation were observed. The experimental spectrum
was compared with IR transition frequencies computed from ab initio theorg-Eiy—OH andp-D,—OH.

The state-selective IR excitation ofPOH also serves to initiate inelastic and/or reactive scattering dynamics
between the Pand OH partners under restricted initial orientation conditions. Time- and frequency-resolved
measurements of the OH {v 1) fragments from vibrational predissociation showed that vibrationally activated
D,—OH is short-lived and that the dragment is vibrationally excited as a result of an efficient near-resonant
vibration-to-vibration energy transfer process. The remaining 350 ofravailable energy is disposed primarily

as rotational excitation of OH. The OH fragments also exhibit a striking lambda-doublet preference, revealing
alignment of the unpairedrporbital with respect to the OH rotation plane that changes with the intermolecular
state selected. The results are consistent with half-collisions that sample different restricted angular regions
of the OH+ D, potential energy surface for each of the initially prepared states.

I. Introduction the open-shell nature of the OX2IT + H, system explicitly,
but did not take into account the possibility of reaction.
Nevertheless, the theoretical predictions provided a near-
guantitative guide to understanding the experimental IR spec-
trum of ortho-H,—OH in the OH overtone stretch regiéh2°
The rotationally resolved IR spectrum has been shown to access
the ground intermolecular state @H,—OH (voy = 2) as well
as excited bending states that extend out to theXCHI (v =
2) + 0-Hy X 154 + dissociation limit. Stimulated Raman studies
in the H, stretch fundamental region revealed a single rovibra-
tional feature that probes the ground intermolecular state of
o-H,—OH (1/|-|2 = 1).17

Experiments have also been performed to elucidate the
lifetime of vibrationally activated-H,—OH and the product
state distributions of the OH andftagments following mode-
specific excitation to theroy = 2 andvy, = 1 states> 1829
Krause and Clary have carried out complementary time-
dependent wave packet calculations of the vibrational predis-
sociation dynamic&18A surprising degree of mode selectivity
| was observed, with both experiment and theory yielding
predissociation lifetimes fory, = 1 that are at least an order
of magnitude shorter than those a3, = 2. Much of the mode

OH. The reactive decay channel may also influence the inelasticseleCtiVity has been attributed to an increase in the vibrational
scattering dynamics, as some nonreactive encounters may bepredlssomatlon rate TOD'HZ_OH (V.HZ - b, althou.gh ?ln
“frustrated” attempts at chemical reactith?2 enhancement in reaction rate upogn{nbrgﬂonal excitatiof:

In the past few years, the weakly bound-HDH complex may also contribute to the shorter lifetime.

has been examined by a number of theoretical and experimental Although a significant body of research_ has been %c;rlozlgcted
methodst3 15-18.23-29 The hound states and infrared (IR) spec- O He—OH, less is known about the,BOH isotopomer>2*:

trum of H,—OH in its ground electronic state were predicted Partipularly usgful in this regardl would b.e analogj 0uS spectro-
from quantum mechanical calculations that were based on aSCOPIC: dynamical, anq theoretical studies Gf DH in its
high-level ab initio potential energy surface developed by Clary, ground electronic state; such studies are the primary objectives

Werner, and co-workers (MCKW} These calculations treated  ©f this paper. The B-OH complex is of interest for many
reasons. First, the bound states and IR spectrum ,6fGH

* Corresponding author. E-mail: milester@sas.upenn.edu. Fax: (215) Probe the same potential energy surface as examined,by H
573-2112. OH, thereby providing an additional set of observables for direct
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Reactive and inelastic collisions of hydroxyl radicals play
an important role in the complex dynamics of atmospheric and
combustion environment€ The OH + H, system is a
prototypical example of such an interaction and, as a result,
has become a benchmark system for four-atom reaction
dynamic$~8 and inelastic scattering studigs This laboratory
has focused on half-collision studies of OH with, ihich are
initiated by vibrational activation of p;+-OH complexes that
have been stabilized in a shallow attractive well in the entrance
channel to reactiot? 18 The half-collision dynamics start from
a restricted range of orientations between the OH and H
partners, thereby yielding complementary information to full
collision studies that average over all possible initial geometries.
Vibrational excitation of either the OH orzdliatom within H—

OH provides sufficient energy to surmount the barrier to reaction
or, alternatively, to break the weak intermolecular bond.
Vibrationally activated HBH—OH can therefore lead to two
different sets of products, H H,O or OH + H,, depending
on whether the system decays by reaction or vibrational
predissociation (inelastic scattering). Both of these channels may!
contribute to the rate of decay of vibrationally activateg-H
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comparison between experiment and theory. Second, the nuclear LIF
spin statistics of P make detection of botb- and p-D,—OH
complexes more favorable when usimymalD- (n-D>) carrier
gas, whereas only the-H,—OH complex has been observed
with n-H,. This enables the spectroscopic and dynamical
properties of OH radicals in complexes wiD; (jp, = 0) and
p-D2 (jp, = 1) to be compared. Third, a near-resonant vibration-
to-vibration (V—V) energy transfer channel is open in the OHW:I_):) w=l
vibrational predissociation of B5-OH (voy = 2) that signifi- ? \
cantly reduces the translational energy release to products. \
Therefore, the product state distribution is anticipated to be
highly sensitive to the characteristics of the underlying potential
energy surface.

Preliminary results on the predissociation dynamics gf D
OH (von = 2) have been presented elsewhérehe vibrational
predissociation channel proceeds via the transfer of one quantum
of vibrational excitation from OH to Pin a V—V process
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with an exothermicity of~350 cntl. This reaction can be I
contrasted with the vibrational predissociation oFHOH (vou D,~OH OH +D,

= 2), where the energy released from one quantum of OH Figyre 1. IR pump-UV probe scheme used to investigate the IR
vibration is transferred solely into product rotation and transla- spectrum, lifetime, and predissociation dynamics efDH (von =
tion in a V—R,T process 2). The IR laser prepares,POH with two quanta of OH stretch and
provides sufficient energy to surmount the barrier to reaction (RX) or,
alternatively, to rupture the weak intermolecular bond via vibrational
predissociation (VP). The UV laser probes the OH=v1, jou)
fragments of predissociation via laser-induced fluorescence (Li). D
OH (von = 2) can predissociate through an efficient vibration-to-
vibration energy transfer process that leaves ther@gment vibra-
tionally excited. The 350 cnt of excess energy can then be disposed
as rotational excitation of the OH and/og Pagments or translational
recoil. The enlargement details the energetically accessible product
rotational channelgdu, jo,) for p-D2 (v = 1) with OH (v = 1) in its
ground ( = 3/2) and excitedd) = 1/2) spin-orbit states.

04

H,—OH (vou =2) —~H, (v = 01jH2) +OH (v=1,jop)

with an exothermicity of+3350 cnml. The significantly reduced
energy available to the fragments in the case §f OH (vou
= 2) restricts the OH (v= 1) products to low rotor stategof
< 9/2), whereas much more extensive rotational excitation of
the OH (v= 1) fragmentsjon < 23/2) is detected for j+OH
(von = 2).1516The near-resonant¥V process provides a facile
decay channel for B-OH (voy = 2).1°
This paper presents a more comprehensive look at theof the OH fragments. Conclusions and plans for future work
predissociation dynamics of,BOH (von = 2) following state- are outlined in Section VI.
selective preparation in four different initial states. The initial
states are prepared by IR excitation in the OH overtone stretch| gxperimental Section
region. Quantum calculations of the bound states>-oaind
p-D>—OH are carried out to furnish IR transition frequencies
for comparison with experiment. In addition, the bound state
wave functions are examined to provide physical insight into
the relative orientation of the Dand OH partners within the
complex for specific initial states. Finally, the time evolution
and complete product state distribution (rotational and fine
structure) of the OH (v= 1) fragments are obtained, revealing complex contains more than sufficient energy to break the weak
a striking lambda-doublet effect that changes with the initial intermolecular bond via vibrational predissociation (VP) or
state selected. These changes are correlated with the restrictedndergo chemical reaction (RX). The UV probe laser monitors
angular regions of the intermolecular potential energy surface the OH (v= 1) products from vibrational predissociation on
that are sampled by the different initial states gfHDH. the OH A—X 0—1 transition, resulting in a laser-induced
This paper is organized as follows: Section Il describes the fluorescence signal (LIF). Three types of measurements are
IR pump-ultraviolet (UV) probe technique that was employed performed: (1) Scanning the IR pump laser with the UV probe
for frequency- and time-resolved studies of-BDH. Section laser fixed on an OH product transition produces an IR action
1l gives a brief description of the bound rovibrational states of spectrum. (2) Varying the time delay between the IR and UV
D,—OH derived from quantum calculations on the MCKW ab laser pulses gives the time evolution of the OH products and
initio potential. Section IV presents the experimental IR overtone ultimately the lifetime of B—OH (von = 2). (3) Tuning the
spectrum and the theoretically predicted transition frequencies UV probe laser through various OH-AX 0—1 lines, while
for D,—OH. The rates for appearance of OH fragments and keeping the IR laser fixed on a specific rovibrational transition
their product state distributions are also measured for specific of the D,—OH complex, yields the OH (v 1) product state

The present experiments use an IR purf)/ probe scheme
to probe the IR spectrum, lifetime, and OH product state
distribution of vibrationally excited B-OH complexes. As
illustrated in Figure 1, the IR pump laser prepares-DH with
two quanta of OH stretch and possible intermolecular vibrational
excitation. The vibrationally activated ;,BOH (voq = 2)

intermolecular states of D-OH (von = 2). Section V explores
the characteristics of the initially prepared-BOH states, the
reasons for rapid decay upon OH vibrational activation, and
the origins of the alignment observed for the unpairedpbital

distribution. The experimental procedures are elaborated next.
As described in detail previousf{;?>D,—OH complexes are

produced in a pulsed supersonic expansion. Nitric acid is

entrained in a 30%-D,/He balance gas mixture at 150 psi
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backing pressure and expanded through a pulsed valve. The OHan etalon (4.17 mm, 0.812 crhFSR). The UV probe laser
radicals are then generated by 193 nm photolysis of the gasfrequency was calibrated using well-known OH-X transi-
mixture within a quartz capillary tube (1 cm length, 30 tions 33
i.d.) that is affixed to the faceplate of the pulsed valve. The A few experiments were conducted with a recently acquired
photolysis position and backing pressure are selected to optimizehigher resolution IR pump source, namely, a single-mode
formation of ;—OH complexes as well as vibrational and potassium titanyl phosphate (KTP)-based OPO (Continuum
rotational cooling of OH radicals. The pulsed valve is also Mirage 3000, 10 Hz, 7 mJ/pulse, 4 ns). The laser bandwidth at
cooled to~0 °C with a Peltier cooling element, which further 1.4 um was determined by measuring the breadth of individual
enhances complexation. rovibrational lines in the photoacoustic spectrum of water (17.5
The IR pump laser is the idler output of an injection-seeded Torr) at 300 K32 The line shapes were well reproduced by a
Nd:YAG pumpedp-barium borate (BBO) optical parametric ~ Lorentzian function with a full width at half-maximum (fwhm)
oscillator (OPO) laser (Continuum Sunlite, 10 Hz, 7 mJ/pulse, of 0.04 cnt?, which provides an upper limit for the IR pump
4 ns, 0.12 cm?), which operates in the OH overtone region at laser bandwidth.
~1.4um. The UV probe is the 350 nm output of a XeCl excimer
pumped dye laser (Lambda Physik FL2002, 20 Hz, 1.5 mJ/ lll. Bound State Calculations
pulse, 20 ns, 0.20 cn) with Exalite 351 dye. The IR and UV
beams are counter-propagated through the vacuum chamber anB
focused to a~1 mn? spot size, intersecting the supersonic -2
expansionr~15 mm downstream from the exit of the capillary
tube. The IR beam is also retro-reflected back into the interaction
region using a spherical mirror (50 cm focal length). The mirror
has a 5-mm hole in its center to allow the UV probe laser to
pass through the mirror and into the vacuum chamber. The retro-
reflected beam provides30% more IR power in the interaction

region. ) ) . ever, no calculations have been reported for the-OH

_ The OH LIF signal is collected with a lens assembly f/1 and jq4550mer. Because the intermolecular bound states in these
imaged onto a photomultiplier tube (PMT), which is positioned types of weakly bound species can be isotopomer dependent,
perpendicular to the laser and supersonic expansion axes. Ay q carried out equivalent bound state calculations for OH
spherical mirror (f/1) is also placed on the opposite side of the using Clary’s computer codé&23 The eigenvalues and eigen-

interaction region to collect fluorescence from a greater solid ¢,tions were calculated with no angular momentum decou-
angle and reflect it back onto the PMT. A Iong_—pass filter is ling approximations and explicitly treating the open-shell
used to block 193 nm scatter, and a band-pass filter centered a5 o ster of OH.

308+ 20 nm ensures that only OH+X 0—0 fluorescence is For a description of the bound state calculations, the reader

detected. The quorescen_ce signal is preamplified before beingis referred to refs 13 and 23. Only the numerical details specific
faptufred (;)3{ a Ibobxcart, mtegrate(t_‘i over a 200-ns gate, andto the D—OH calculations are presented here. The reduced mass
ransterred 1o a labora ory.compu er. of D,—OH is 3.2586 amu and the rotor constant ofi®29.91

The lasers are synchronized such that the IR pump laser (10,134 The primitive stretching eigenfunctions were composed
Hz) is present for every other UV probe laser pulse (20 Hz), 4 go equally spaced Gaussians betwBen 2 and 30a,. The

with the UV laser typically arriving in the interaction region  primitive angular basis is truncated by restricting the maximum
30 ns after the IR pulse. For lifetime measurements, the delayyajues tojoy = 11/2 andjp, = 7. The eigenfunctions of the

between the IR and UV lasers is stepped in 1-ns incrementsprimitive stretching and angular basis sets are initially deter-
from —50 to 100 ns using an EG&G digital delay generator. mined separately. These primitive eigenfunctions are then used
On alternating gas pulses (20 Hz), the LIF signal arising from {4 construct the product basis set that generates the final energy
the UV laseronly (IR off) or that resulting from theombination |evels. For —OH, the final basis consisted of a product of 30
of the IR+ UV (IR on) is collected. Typically, 100 IR on and  stretch and 75 angular primitive eigenfunctions. The resultant
100 IR off signals are averaged at each frequency step (or timepgynd states are given in Table 1 for total angular momentum
interval). The difference, IR on- IR off, results in active 3 = 1/2 t0 5/2, with their energies defined relative to the OH
background subtraction at a 10-Hz repetition rate. (jon = 3/2,w = 3/2) + D3 (jp, = 0 or jp, = 1) asymptotes for

In addition, the IR overtone spectrum of,BOH was o- and p-D,—OH, respectively. Herejp, and jon denote the
obtained using a fluorescence depletion technique, in which theangular momenta associated with the &hd OH diatoms,
UV probe laser is fixed on a previously characterized electronic respectively, andy labels the spin-orbit state of OH through
transition of B—OH in the OH A-X 1—-0 region. Here, the  the projection ofio4 on the OH axis on. The energies of the
UV probe laser is the-280 nm output of a frequency-doubled  lowest bound states are converged to within I"g§mvhereas
Nd:YAG pumped dye laser (Continuum ND6000, 20 Hz, 30 their relative energies are stable +®.1 cnt?.
mJ/pulse, 7 ns, 0.20 ct¥ operating with Rhodamine 6G dye. As discussed previously for HOH 13232%the barriers to
The resultant LIF signal is collected with the same active internal rotation of D and OH in —OH are not sufficient to
background subtraction scheme employed in action spectros-quench (mixp, or jor) the internal rotational motions associated
copy, but with the subtracted signal divided by the LIF signal with the diatoms, making it appropriate to model the complex
arising from the UV laser only (IR off) and multiplied by 100  as two weakly interacting rigid rotors. The overall rotation of

Before presenting the IR spectroscopic data and analysis for
—OH, it is useful to provide theoretical background based
on four-dimensional (intermolecular) quantum calculations of
the bound rovibrational states 06BOH. Previously, Clary and
co-workers calculated the bound states and IR spectrum-ef H
OH using a variational finite basis approach and their MCKW
ab initio potential energy surfaééThe calculated rovibrational
energies served as an important guide in this laboratory for
assigning the experimental IR spectrum of+#DH 2829 How-

to convert to a percent depletion. the complex and the intermolecular stretch are treated in a
The idler output of the OPO was calibrated by recording a pseudo-diatomic limit. The calculated rovibrational energy levels
photoacoustic spectrum of waférin addition, relative fre- are labeled by the rigorous quantum numbers for total angular

guency markers were obtained as the IR pump laser was scannedhomentumJ and total parityp (+ or —), as well as by the
by passing the signal output from the OP@4{ 1.5 nm) through approximate quantum numbsgs, jon, w, K, andns. Here,K
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TABLE 1: Energies? (cm™?) for Selected Bound States 0b- provides information on the vibrationally averaged ‘structure’
and p-D,—OH with Total Angular Momentum J < 5/2 and of D,—OH in that intermolecular state.
+ or — Total Parity (p)

The change in the intermolecular potential arising from the

Nst” K® P J=12  J=32 J=52 orientation of the unpairedsporbital of OH, which can lie either
0-D,—OH within or perpendicular to the B-OH plane, causes a splitting
0 3/2 + —43.0 —40.9 between states of and — parity (Ap = ET — E) with the
0 12 N _338 :gg'g :‘3‘2'2 same total angular momentudn The magnitude and sign of
N —32:8 —32:8 —28:5 A, varies enormously for different intermolecular states gD
0 _c + —265 —26.8 —23.7 OH, as can be seen in Table 1. Using perturbation theory, Green
- —27.4 —25.6 —25.3 and Lester showed tha, scales with § + 1/2) for a|K| =
0 — + —24.0 —20.3 1/2 state and with) — 1/2) + 1/2)Q@ + 3/2) for a|K| = 3/2
L 2o N _fg’-g _fé-f state?> Therefore, the computed dependence ofA, also
_ 85 61 provides indirect evidence of the label for a given state.
p-Dy—OH . T.he intermolecular energy level pattern ®8D,—OH is very
0 1/2 + 601 585 559 similar to those of Ar-OH andp-H,—OH.132336The four lowest
_ —60.4 —58.0 —56.7 energyK states are derived predominantly frgsy = 0 and
0 5/2 + —55.0 jon = 3/2. The ground intermolecular state ofD,—OH is
- —55.0 bound by only 43 cm! (Do) and is predicted to b& = 3/2,
0 —3/2 f :gg'g :jg'i with a negligibly small parity splitting. The first excited
0 12 + 492 —166 —440 intermolecular bending state ofD,—OH lies~11 cnT?! higher
_ —48.9 —47.0 —435 in energy and is identified aska = 1/2 state with a relatively
0 3/2 + —42.1 —39.8 large parity level splitting. The next two intermolecular bending
- —42.1 —39.7 states are strongly mixed by Coriolis coupling such thdt a
0 12 + —38.2 —35.9 —33.7 assignment is not very meaningful. The first excited intermo-
0 . J_r :gg:g :g?:g :2431:(13 lecular stretchi{ = 3/2) is predicted to lie-35 cnt! to higher
— —29.0 —272 —24.9 energy in close proximity of the dissociation limit.
0 —3/2 + —19.0 —16.6 The intermolecular energy level pattern feD,—OH is more
- -19.1 —16.6 complicated because of the unquenched angular momenta
1 12 J_r :ig:g :ig:; jﬁ:g associated with thp-D2 (jp, = 1) and OH fon = 3/2) subunits.
1 5/2 + 133 The ground intermolecular state pfD,—OH is bound by 60
— —13.2 cm1 (Do) and is predicted to belka = 1/2 state with a relatively
a Energies ob-D,—OH bound states are defined with respect to the large parity split_tirlg. The lOVY?St ezcited intermolecul?r be_nding
OH (jon = 312, = 3/2) + 0-D; (jo, = 0) asymptote, whereasD,— states are identified at5 cm ! (K = 5/2) and~10 cni ! (K =

OH bound states are defined with respect to the @H € 3/2, w = —3/2) to higher energy, both with small parity splittings. The
3/2) + p-D2 (jo, = 1) asymptote that lies 59.8 crhhigher in energy. next excited intermolecular bending state~dt1 cnttis aK

> The rovibrational states are labeled by approximate quantum numbers= —1/2 level with a large parity splitting that is comparable in
for intermolecular stretchngy) and the body-fixed projection af on magnitude but opposite in sign to the ground state. More highly
;huemg]éfsrm;rlgcgggr?nﬁﬁég' t;l;/ h?n:ggé%lr:nitfalsﬁeacvi\t(e qf‘d?]r(‘:tf‘lg excited intermolecular bending states extend throughout the
assignment is not possible because of strong Coriolis coupling. ?SO‘:)?S dri?:tgelgntgf ;g%gg:e;'zg 1(;216_1f'rs_'l_theexck:tigg;trif;gﬁnssate

denotes the body-fixed projection dfon the intermolecular frequency for p-D,—OH as compared witho-D,—OH is

axisR and can also be expressedkas+ ko, the sum of the consistent with the greater binding energy D, —OH.

body-fixed projections ofp, andjon. Further,ng can be used Infrared transition frequencies far andp-D,—OH can be

to label the intermolecular stretching mode. There are also two Prédicted from the bound state energies (Table 1) for comparison

high-frequency intramolecular modegy andvp,. The experi- with experimental data. Far-infrared transition frequencies are
.

mental measurements involve excitation of the OH overtone, fII'I:t caltculat(_atql “S".‘Wf 0, ié a?_dp |¢ p _fetl_ectlo? _rutles.
50 thatvon = 2—0. However, in the quantum calculations, the ese transitions involve rovibrational excitation of intermo-

! o lecular modes only. Near-infrared transition frequencies can then
EZ a:n(g) S;uzznd lengths are held fixed at thegiy = 0 and be obtained by adding on an estimate for the band origin, 6972.1
Dz = ¥ ‘ o . cm™L, of the pure OH overtone transitions for and p-Do—

The intermolecular potential lifts they spatial degeneracy  oH (assumed to be the same) as discussed in Section IV. A.
of jp, andjon in the complex, creating a &, + 1)(Zon + 1) The latter step assumes that the dipole of the complex is identical
manifold ofK states involving bending motion (internal rotation) in orientation with the OH monomer and the intermolecular
of the constituent monomers. These intermolecular states differpotential is unaffected by OH stretching excitatid# The
in the relative orientation of OH andDwithin the complex. theoretically predicted transition frequencies will be compared
The ordering and energy spread across the manifold of angularwith the experimentally observed IR overtone spectrum fe D
states is directly related to the anisotropy of the intermolecular OH in the next section.

potential?3 The K labels shown in Table 1 are identified by Line Strength factors have not been Computed for the IR
examination of the coefficients of their eigenfunctions after transitions of the B—~OH isotopomer. Rather, we assume that
transforming to a body-fixed frame of reference. Coriolis the line intensities in the IR spectrum o, BOH follow the

interactions can couple states with differeat(AK = £1), trends predicted by Miller et al. (and experimentally observed)
causing shifts in their energies and breaking down the goodnessfor H,—OH .12 Strong Q-branch lines are expected to dominate
of theK quantum label. When Coriolis coupling is weak, as is the rotational structure of intermolecular vibrational bands with
the case for many of the lowest enerfjystates, theK label much weaker P/R lines. Combination bands will generally
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Intermolecular Energy / cm’ The dominant feature in the,BOH IR overtone spectrum
0 10 20 30 40 50 60 is a cluster of rotationally resolved lines near 6972 &nThis
0 11 | 1 Tn 1 in par'a cluster of strong lines appears close to the OH monomer
| M ortho Q(3/2) overtone transition, indicated on the abscissa at 6971.3

cm™1, but not observed because of the selectivity imposed by
action spectroscopy. Scans to lower energy revealed no lines
below 6969 cm!. As a result, this cluster is attributed to
rovibrational lines of the pure OH overtone band of-fDH
Dissociation with no intermolecular excitation. Additional features appear
Threshold at higher energy beginning at6981 cnt! and are associated
with rovibrational lines from combination bands involving the
simultaneous excitation of OH stretch and intermolecular
bending modes. The intermolecular energy of these vibrational
levels is shown by the top axis of Figure 2, which originates

LIF intensity

o 7T T ' . ) . | from the center-of-gravity of the pure overtone band at 6972.1
6970 6980 6990 7000 7010 7020 7030 7040 cm~13° The intermolecular energy axis also reveals that the D
Infrared Wavenumber / cm’™ OH IR action spectrum extends over 50 inconsistent with
Figure 2. Rotationally resolved IR overtone spectrum of-EDH the ground-state binding energy determined via electronic

obtained with the UV probe laser monitoring the OH=\L) products spectroscop’f (Do ~ 66 cnm!) and predicted by theonDp ~
of vibrational predissociation on the OH-AX 0—1 Q(9/2) transition. 60 cnt! for p-D,—OH). An arrow at 7038 cmt marks the
The pure OH overtone band is the cluster of lines centered about 6972.1dissociation threshold anticipated from the experimeiitgl
cm?, which appears near the OH monomer\2—0 transition (shown value.
on abscissa). Transitions to higher energy are combination bands .
involving the simultaneous excitation of two quanta of OH stretch and 1 ransitions from botto-D,—OH and p-D,—OH may con-
intermolecular bending modes. The theoretically predicted Q-branch tribute to the observed IR spectrum fog-BOH. Although only
transitions forp-D,—OH (para) and 0-D,—OH (ortho) are shown as one form of H—OH has been observed to date, specifically
ticks above the spectrum. The top axis represents increasing intermo-g-H,—OH, bothortho andpara forms of D,—OH are expected
lecular energy of B-OH (von = 2) from its ground state (0 cm) to to be observable with-D. carrier gas. This expectation follows
the OHX 2I1 (v = 2) + D, dissociation limit. " . . .

rom previous experimental observations for the closed shell
analogue HD,—HF, where botlo- andp-D,—HF were detected
even though onlyo-H,—HF was observet4! The greater
binding energy predicted fgD,—OH (60 cnT?) as compared
with 0-D,—OH (43 cnt?) could lead to preferential formation
of p-D,—OH in the supersonic expansion. tRD,, however,
. . 0-D2 (jp, = 0, 2, ...) is present in twice the abundancepdd,
OH.132336.37As a result, the most intense features in the near- (io, = 1, 3, ...) because of nuclear spin statistical weights. The

IR spectrum ofo-D,—OH are anticipate_d to be transitions to larger abundance afD will increase the probability 06-D,
the groundK = 3/2 and excited = 1/2 intermolecular states 4 coliisions and the likelihood af-D,—OH formation, and

~ 1of itati -D,— .
?)tH (t)han_dfll %rr: of _LnterrT:oIeCItJrl]a_r ?_>I<(C||tatt|orl1). Fop Dzd should lead to comparable amountsoefand p-D,—OH being

’ efl?hrartt)e dr§1n5| Ito': S rentg dI'S : e)t/to tﬁ sgrea .O\t/.er produced in the supersonic expansion. Thus, spectroscopic
many of the bending states extending out 1o the dISSoCIalion o gjtions arising from botb- andp-D,—OH may be observ-
threshold due to Coriolis coupling effects, as found det,— able
OH.1323 The lowest possible Q-branch transitions that are s ion of th bedi ith
expected to be observable in the near-IR spectea afidp-D,— Our interpretation of the P-OH IR spectrum begins with a

comparison of the experimentally observed features with

OH are shown as tick marks in Figure 2. i o - ¢

theoretical predictions of the IR transition frequencies, because
theory provided an important guide in assigning the-BH
IR spectrum. The theoretically predicted IR transitions der

A. Infrared Overtone Spectrum and Interpretation. The andp-D,—OH are shown as ticks in Figure 2; only Q-lines of

IR overtone spectrum of 5-OH has been obtained in the the lowest with + and— parity are displayed. Fa-D,—OH,
vicinity of the OH monomer v= 20 transitio® at 6971.3 just two bands centered at 0 and 11 ¢nof intermolecular
cm1and is displayed in Figure 2. This spectrum was recorded energy are expected to have appreciable IR transition strength,
via action spectroscopy with the UV probe laser set to detect as discussed in Section Ill. FgrD,—OH, the pure overtone
the OH (v= 1) fragments from vibrational predissociation on and bending combination bands extending over the entire bound
the OH A—X 0—1 Q(9/2) transition. The probe transition was state region should have significant IR intensity (Section III).
empirically selected based on the magnitude of the OH fragmentAs a result of the theoretical predictions, we anticipate that
LIF signal. The IR spectrum of B-OH was also recorded using  p-D>—OH ando-D,—OH will have overlapping rotational band
other UV probe transitions via action spectroscopy as well as structure in the pure overtone region. The Q-lines ofdtiz—
by the fluorescence depletion method. As will be discussed in OH pure overtone band (with negligible parity splittings) may
Section IV.C, the relative peak intensities and signal-to-noise overlap the Q-branch region of the-D,—OH band (with
ratio in the IR spectra vary enormously depending on which measurable parity splittings), and P/R lines frofd,—OH may
UV probe transition is chosen, yet the frequencies of the peaksaccount for some of the weaker lines at the edges of the band.
in the D,—OH IR spectrum remain unchanged. The IR action In addition, rovibrational transitions from boti and p-D,—
spectrum obtained with the probe laser on the OKPQ) line OH may contribute to the combination band~at1 cnt?! of
(Figure 2) yields the best signal-to-noise ratio and thus is usedintermolecular energy. Here, Q-lines of thd,—OH combina-
to illustrate the main features of the,POH IR spectrum. tion band (with sizable parity splittings) may appear in the

involve intermolecular bending vibrations, because excited
intermolecular stretching states are not expected to have
appreciable intensity.

For o-D,—OH, intermolecular transitions should followAK
= 0, £1 selection rule, by analogy with ArOH ar@H,—

IV. Results and Analysis



Infrared Spectroscopy of OH Radical Complexes with D J. Phys. Chem. A, Vol. 104, No. 28, 2008637

of p-D,—OH, with weaker transitions at the edges of the band
likely due to P/R-branch lines.

There are also some important differences between the IR
spectra of the two isotopomers (Figure 3). In particular, there
are more lines in the pure overtone band efHHOH compared
with that in o-H,—OH. These extra lines are unlikely to stem
from additional rotational structure in the pure overtone band
of p-D,—OH compared witho-H,—OH. The bound state
calculations indicate that the rotational energy level spacings
within the lowestK = 1/2 intermolecular level are comparable
for 0-H,—OH andp-D,—OH. This result is somewhat surprising
given the change in the reduced mass on isotopic substitution,
and reflects a significant reduction in the intermolecular
separation distance for,BOH compared with b—OH. Nev-
ertheless, the theoretical calculations suggest that the two
isotopomers will have similar Boltzmann populations of their
rotational levels under equivalent experimental conditions.

———r— o —— Instead, the extra lines in the;BOH spectrum are more likely
6970 6975 6980 6985 due too-D,—OH, signifying that both nuclear spin states of

Infrared Wavenumber / cm™ D>—OH have been detected.

Figure 3. An expanded view of the low energy portion of the IR We have atte.mpted.a rigorous assignment of th? rotational
overtone spectrum for 5-OH (Figure 2) and that previously recorded ~ Structure associated with the pure overtone band using repeated
for H,—OH (ref 16). The theoretically derived IR transition frequencies combination differences and the theoretically predicted transition
for p- ando-D,—OH as well aso-H,—OH are shown as ticks above  frequencies. However, the lack of extended P/R rotational
the spectra. Four different initial states op-BOH, accessed by IR progressions as well as the possibility of overlapping lines from
excitation of features A, A B, and C, are the focus of dynamical _ 5ng p-D,—OH has prevented us from deducing a unique
studies. See Figure 2 for explanation of ticks. assignment. At least four reasonable rotational assignments can
be proposed for the pure overtone bangdd,—OH. Each of

the assignments leaves a few prominent lines unassigned, which

D,-OH ! n J

o
L

LIF Intensity

vicinity of Q-lines from thep-D,—OH band (with overlapping
pari;y components). The ad_ditionalzBOH features ob_served is consistent with some transitions arising frawD,—OH.
at higher energy are most likely duepeD,—OH exclusively.  Therefore, no definitive rotational assignment of the pure
Next, the IR Spectrum of P-OH is Compared with the overtone band will be presented here.
previously recorded IR spectrum opHOH.16:28.29The general The combination band appearing at 6981.8&iim the IR
fegtures of the IR overt_on.e spectrumaH,—OH (see Figure spectrum ob-H,—OH has been assigned to overlapping parity
4 in ref 29) are very similar to the IR overtone spectrum of ,mponents of a Q-branch transition to an excited intermolecular
D,—OH shown in Figure 2. Expanded views of the lower energy penging statel = —1/2)2° This assignment was based on the
portions (6969-6985 cn1”) of the spectra are shown in Figure  ¢jose agreement with theoretical predictida8y analogy, the
3. The lower energy region is the focus of our comparison of strong feature at 6983.0 crhin the D,—OH spectrum is
the two nuclear spin states as transitions arising from beth  a5criped to overlapping Q-branch transitions to an excited
and p-D,—OH are anticipated for P-OH, whereas the IR hending state = —1/2) of p-D,—OH, which is also in good
spectrum of H—OH has been attributed solely ¢eH,—OH > accord with the ab initio prediction. Only one strong line is
The IR spectrum 06-H,—OH shown in Figure 3 was recorded  observed foro-H,—OH, while several weaker lines surround
by action spectroscopy with the UV probe laser fixed on the the most intense line seen for,DOH. Here again, the extra
OH A—X 0—1 Qi(23/2) transitiort® The theoretically derived  weak lines are likely due to a combination bandoe,—OH

IR transition frequencies far-H>—OH as well as those fqr- (K = 1/2—3/2), which is expected to exhibit a very large parity
and 0-D,—OH are shown as ticks above the experimental splitting.
spectra. (Note that some of the pfedicted transitions ke 4. A detailed comparison of the IR overtone spectra ef-D
—3/2—1/2, are not observed in either tleH,—OH or D,— OH and H—OH (Figure 3) reveals an interesting change in
OH experimental spectra.) intermolecular energy associated with the first observed com-
The absolute frequencies of the lines in the4®H and D— bination band on isotopic substitution. The excited bending level
OH spectra are distinctly different from one another, yet there (K = —1/2) accessed in this transition has an intermolecular
are clear similarities between the two spectra. The pure OH energy of 9.9 cm! in 0o-H,—OH as compared with 11.0 cth
overtone bands of both isotopomers appear near 6972 (the in p-D,—OH, indicating a>1 cnr! shift to higher energy on

band origin foro-H,—OH is at 6971.9 cmt). Most of the lines deuteration. A similar trend is predicted by theory where the
in the pure overtone band ofH,—OH have been assigned as transition frequencies of these combination bands are computed
Q-branch transitions. A large parity splitting causes-thand to be 10.0 and 11.3 cm for o-H,—OH and p-D,—OH,

— parity components of the Q-branch lines to be split further respectively. This result can be explained in terms of a stronger
apart from one another with increasiny resulting in the effective anisotropy for this vibration in>-OH compared with
relatively symmetric contour in the pure overtone band-bf,— H,—OH because of the reduced zero-point motion in the
OH. The lowest P/R-branch lines are barely observable at thedeuterated isotopomer. Similar arguments have been used to
edges of the band. A similar rotational band structure is expectedexplain an analogous effect in#,—HF 42

for the pure overtone gi-D,—OH. Thus, many of the strong The dynamical studies that are presented in the following
central lines of the pure overtone band o)—EDH can be sections focus on four different initial states 05-BOH (vou
attributed to thet and— parity components of Q branch lines = 2). Excitation of three strong lines in the pure overtone region,



6538 J. Phys. Chem. A, Vol. 104, No. 28, 2000

LIF Intensity

20
Time Delay (ns)
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Figure 4. Time- and frequency-domain measurements of the @H

(von = 2) lifetime. The B—OH time trace shows the appearance of
OH (v =1, jou = 9/2) products following vibrational predissociation.
The rise time £5 ns) is limited by the instrumental time resolution,
which is experimentally measured by pumping and probing the OH
monomer v= 2, j = 5/2,w = 3/2 state as shown in the OH time trace.

Todd et al.

Also shown in Figure 4 are nonlinear least-squares fits to

the data using an exponential rise function
SAt) = Al1 — exp(—At/7)] Q)

with unimolecular rate constart = 1/r convoluted over a
Gaussian excitation function having a fwhm of 4 ns. The fit to
the OH rise time yields an instrumental time resolutions&
ns. Similar fits were obtained when the IR pump laser was set
to excite D—OH features A, A and B in the pure overtone
region as well as combination band feature C. In each case, the
lifetime measurement yielded an upper limit of 5 ns. Therefore,
we conclude that B-OH (voy = 2) decays on a time scale
that is less than or equal to the instrumental time resolution.

The lifetime of ;—OH (von = 2) was also evaluated in the
frequency domain using a newly acquired higher resolution OPO
as the IR pump source. The higher resolutiop—DH IR
spectrum revealed no additional lines or splittings and was used
only for line width measurements. A portion of the high-
resolution spectrum between 6971.5 and 6972.9 lcns
displayed in the inset of Figure 4, which was recorded by action
spectroscopy with the probe laser fixed on the OHXA0—1
Q1(9/2) transition. These four lines were well represented by
Lorentzian functions with a fwhm of 0.06(1) cry which is
only slightly greater than the laser resolution (0.04 énThe
fwhm of 0.06 cm! is taken to be an upper limit to the
homogeneous lifetime broadening, because we have not decon-

The inset displays a high-resolution frequency scan of the central portion voluted the laser bandwidth nor eliminated the possibility of

of the D,—OH pure overtone band. The homogeneous line width
extracted from a fit to the IR spectral data is 0.06 éiffwhm), yielding
a 0.09 ns lower limit for the B-OH (von = 2) lifetime.

labeled A (6971.8 cm), A’ (6972.6 cnT?), and B (6972.3
cm™1) in Figure 3, prepares D-OH in low J levels of the
ground intermolecular state ofD,—OH (K = 3/2) orp-D,—
OH (K = 1/2) with two quanta of OH stretch. Excitation of the
combination band at 6983.0 cy labeled C in Figure 3,
prepareg-D,—OH (K = —1/2) in a lowJ level of an excited

saturation broadening (reduction of the IR pump power signifi-
cantly reduces the signal-to-noise ratio and therefore our ability
to measure narrower line widths). Thus, we infer that vibra-
tionally activated B—OH has a lifetime in excess of 0.090 ns,
bracketing the B—OH (von = 2) lifetime between 0.090 and
5 ns.

C. OH Product State Distribution. The IR spectrum of b-
OH shown in Figures 2 and 3 was recorded by action
spectroscopy and, as a result, the intensity of each rovibrational

intermolecular bending vibration with two quanta of OH stretch. transition depends on the IR transition strength as well as the
The dramatically different inelastic scattering dynamics observed cross section for scattering into the OH product state that is
for these initial states will be used to provide further insight monitored by the UV probe laser. The relative intensities of
into the characteristics of these states. peaks in the IR action spectrum change dramatically when
B. Lifetime. The lifetime of ;—OH (voy = 2) has been different probe transitions are monitored (e.g., OHX0—-1

measured directly in the time domain by monitoring the rate of Q;(9/2) versus R9/2) lines), as illustrated in Figure 5. The
appearance of the OH 1 (v = 1) products from vibrational intensity variation for different OH probe transitions reflects
predissociation. The inverse lifetime derived from this measure- the inelastic scattering dynamics. Note that the transition
ment represents theumof the rates for two parallel unimo-  frequencies are unchanged with different probe transitions.
lecular processes, vibrational predissociation and chemical The IR overtone spectrum of,BOH has also been measured
reaction, even though only one of these channels is probed. Aby the fluorescence depletion method, as shown in Figure 5,
typical time trace is shown in Figure 4, which was obtained by yielding yet another intensity distribution. In this case, the IR
varying the time delay between the IR pump and UV probe pump laser is scanned with the UV probe laser monitoring a

lasers At = tyy — tr). The IR pump laser is fixed on feature
A in the pure OH overtone band of,BOH and the UV probe
laser is fixed on the OH AX 0—1 Q(9/2) transition. No OH

D,—OH electronic transition (feature’tat 35390 cm?) in the
OH A—X 1—0 region?* The UV probe laser-induced fluores-
cence signal is depleted each time the IR and UV transitions

LIF signal is observed when the UV probe laser arrives in the originate from a common ground-state level. Because the D

interaction region in advance of the IR pump laser. The LIF

OH electronic transition exhibits extensive homogeneous line

signal then rises rapidly as the IR pump and UV probe lasers broadening (on the order of 30 cA), the UV laser will probe
become temporally overlapped, and continues rising to a all of the populated rotational level${; ~3 K) simultaneously

maximum intensity with a single-exponential time profile.

and with nearly equal weighting. As a result, the line intensities

The instrumental time resolution was evaluated by preparing in the fluorescence depletion spectrum should depend only on

the OH monomer in the v 2, joy = 5/2 state with the IR
pump laser operating on the OH(B/2) transition and probing
this same state with the UV laser on the OH-X 1—2 (5/
2) transition3338 By varying the time interval between the IR

the IR transition strength and should closely resemble the IR
spectrum that would be obtained by direct absorption.

The remarkably different inelastic scattering dynamics for
various initial states of P-OH can be readily seen in Figure

pump and UV probe lasers, the lower trace shown in Figure 4 5. For example, the dominant line of the pure overtone band in

was obtained.

the fluorescence depletion spectrum, feature B, is also prominent
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Figure 5. A portion of the IR spectrum of p-OH measured via the
fluorescence depletion method (upper panel), with the UV probe laser §.¢ =
monitoring a D—OH electronic transition (feature’tt 35,390 cm* 0 —— - - _—
in ref 24) in the OH A-X 1—0 region. The bottom panel shows the 32 52 1 92
corresponding region of the.BOH IR spectrum recorded via action .
spectroscopy, with the UV laser probing either the OHXA0—1 Jou

Qu(9/2) or R(9/2) transition. The vertical dashed lines indicate the IR Figure 6. Relative population in OH (v= 1, jor) product rotational
transm(_)ns (feat_ures A, 'AB, and C) that are pumped in subsequent Ie\?els on vibrational%rgdissociation oﬁ({—)OH (Jvo: 2 2) from selected
dynamical studies. initial states prepared by excitation of features A, B, and C. The filled
symbols give the population of tH&(A") (triangles) and1(A") (circles)
when the OH R9/2) line is probed in action spectroscopy. Yet 1-doublet components in the = 3/2 spin-orbit manifold, whereas
feature B is less intense than others; namely, features A andthe open symbols show the correspondirgoublet populations in the
A’, when the OH @9/2) line is the probe transition. As another ~excitedw = 1/2 spin-orbit manifold.
example, excitation of a 5-OH combination band, feature C,
preferentially results in OH fragments that are detected on the spin—orbit manifold appear as open symbols. Each OH rotor
P1(9/2) transition, with less seen when the OH(@J2) line is level is composed of two nearly degeneratdoublet states,
probed. Feature C is also not as prominent in the quorescenceH(An) andII(A"), denoted by triangles and circles, which have
depletion scan. These intensity changes were not observed imeen separately probed by Q and P/R branch transitions,
Hz—OH, where IR overtone spectra recorded by fluorescence respectively'® For all the rotational distributions, the highest
depletion and action spectroscopy (P- or Q-lines) methods energetically accessible rotor stgtg; = 9/2,w = 3/2, is clearly
looked much the samé:? favored, with significantly less population in lower OH rotor
A more direct way to examine the inelastic scattering states. The population of the lowest rotational level of each
dynamics is to measure the OH XI (v = 1) product state  spin—orbit manifold, however, could not be determined because
distribution for selected initial states of,BOH, specifically, of the large background population in these levels. (Cooling of
features A, A B, and C. Dynamical studies of other weaker the vibrational and spinorbit degrees of freedom of the OH
lines were not practical because of signal-to-noise consider- monomer is incomplete within the supersonic expansion.)
ations. The nascent rotational and fine structure distributions  Significant fine structure effects are observed in the OH (v
have been evaluated by probing different rotational branches= 1, jop) product state distribution. A striking.-doublet
of the OH A-X 0—1 band, using the Dieke and Crosswhite preference is seen when the IR laser pumps feature A (or A
tabulation for identification of transition. The intensities in the pure overtone region. TH&(A") A-doublet component
observed on each of the OH probe transitions were scaledis strongly favored over th&I(A") component for thgony =
relative to that of the 9/2) line, which was scanned 9/2 » = 3/2 product state. On the other hand, no discernible
immediately before and after the measurement of every other i-doublet effect is observed when feature B is excited. By
line. The experimental measurements of transition intensities contrast, theoppositeA-doublet componentI(A'), of thejon
were performed in a fully saturated LIF regime (1.5 mJ/pulse = 9/2 rotor state is favored when pumping the feature C. The
excitation energies) and appropriately converted into relative two A-doublet states of most other rotor states are nearly equally

populations of the OH XIT (v = 1) rotational levels® populated. The origin of thel-doublet preference will be
The OH (v= 1) product state distributions resulting from discussed in Section V. E.
excitation of features A, B, and C in the IR spectrum ofD By summing over OH rotor levels andtdoublet states in

OH are shown in Figure 6. Feature' Aields a nearly each spir-orbit manifold, the overall populations in the two
indistinguishable product distribution (not shown) from that spin—orbit states can be compared. After accounting for
observed when feature A is pumped. The relative populations rotational level degeneracies in both sporbit manifolds, a

of rotor levels in the lowew = 3/2 spin-orbit manifold are branching ratio between spiorbit manifolds of 60% ¢ =
shown as filled symbols, whereas those in the exaiied 1/2 3/2) to 40% ( = 1/2) is obtained when pumping the different
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D,—OH features (A, A B, and C). Similar branching ratios
were also found for the OH (¥ 1, jon) products following 5
vibrational predissociation 06-H,—OH with voy = 2 and Pl (BDZ)

0-D,-OH ground state
I (B,

= 11617 90 90
vh, = 1. 120 60

60 120

V. Discussion 150 ./ \¢ 150

A. Initial D ,—OH State SelectionInfrared overtone excita-
tion was used to prepare specific rovibrational states f D
OH (von = 2) with well-defined energies. Four initial states
were chosen for further study in dynamical investigations.
Infrared excitation of B—OH on three prominent lines in the :
pure overtone band, labeled features A,aad B, prepares - 240 270 300
OH (voy = 2) in its ground intermolecular state. These
transitions are likely lowd Q-branch transitions, although it is
not certain whether they are due ¢eD,—OH (K = 3/2) or ) )
p-D,—OH (K = 1/2), because both nuclear spin states are ¥I" ©p,) ¥I” Ogw)
expected to exhibit strong transitions in this spectral region. In 90 60 90
addition, a combination band, feature C, accesses an excited ¢
intermolecular bending state pfD,—OH (voy = 2) with K = 150 o )
—1/2. This transition is also likely to be a lowline in the Tl
Q-branch. To gain insight into the characteristics of the initial ;g¢ -
states slated for dynamical investigation, we once again turn to
theory. The wave functions associated with the ground inter- 5,5 X’
molecular states 06- and p-D,—OH as well as an excited
bending state of-D,—OH (with 11.2 cni! of intermolecular
energy) will be examined to visualize the initial conditions for
the half-collision scattering dynamics.

The D,—OH eigenfunctions computed in Section Ill using a p-D,-OH excited bend
space-fixed representation must be transformed into the body- R ®.) 2 ©,.)
fixed frame to explore the angular properties of the wave 90 D; 90 OH
functions. The mathematical details of this transformation are
given elsewheré34445Here, we simply examine the resultant
probability amplitudgW|? as a means of determining the relative
orientation of the Band OH subunits within the complex. The
four-dimensional B—OH wave functions are used to construct 180
one-dimensional polar plots of the,land OH orientations >
within the complex by integrating over the remaining intermo- 210
lecular coordinates. The polar anglgs, and 6on are defined »
as the angle between the diatom bond axis and the intermo- 240y 300 270

lecular axis R. Polar plots of the angular probability distributions Figure 7. Polar plots of the Band OH angular probability distributions

2 2 i i
for D2 and OH'|1P_| (G_Dz) and|W|* (6on), are dlspla_yed adjacent from quantum calculations on the MCKW ab initio potential (ref 13).
to one another in Figure 7 for three different intermolecular The angled)p, and 6oy are defined as zero for a linearlD—H-0

states. The angular probability distributions for theand — configuration. The relative orientations of the &hd OH partners within
parity components of these three-BOH states are indistin-  the complex are dramatically different for the selected intermolecular

guishable, so only the- parity components are shown in Figure ~states ob-andp-D,—OH. The ground state af-D,—OH is predicted
7. to be T-shaped, the ground statepab,—OH has a parallel configu-

ration for the B and OH diatoms, and the excited intermolecular bend

For 0-D,—OH in its ground intermolecular staté = 3/2), of p-D—OH has an L-shaped structure reminiscent of the transition
[W|? (0p,) reveals that the-D, diatom is nearly spherical within  state to reaction.

the complex, illustrating that it is predominantlyg = O free

rotor. The slight asymmetry in thes@angular distribution can (6p, = 90°). The distribution shows that the OH diatom is also

be traced to a small amount jif, = 2 character in the wave  aligned nearly perpendicular to the intermolecular axis. The

function. In contrast|W|? (6on) shows that the OH diatom is  angular probability distribution for the OH diatom is indicative

oriented along the intermolecular axis with the H end of OH of a joy = 3/2, » = 3/2 free rotor state with a well-defined

pointing toward B (6o = 0°). The angular probability  projection on the intermolecular axis. Thus, the peak of the

distribution for the OH diatom is consistent withjgy = 3/2, probability distribution for the ground state jpfD,—OH occurs

w = 3/2 free rotor state that has a well-defined projection on with the D, and OH diatoms in a near parallel configuration,

the intermolecular axis. In this case, the ground intermolecular which is significantly different than that found for the ground

state of 0-D,—OH exhibits a maximum probability at the state ofo-D,—OH.

T-shaped B—HO configuration, which corresponds to the Finally, the|¥|? (0p,) distribution function fop-D,—OH in

global minimum on the ab initio potential energy surfaze. the excited intermolecular bending state=t —1/2) shows that
For p-D,—OH in its ground intermolecular stat& & 1/2), p-D-is still in ajp, = 1 free rotor state, but with theJdnolecule

the shape of theW|? (6p,) distribution function reveals that  alignedalong the intermolecular axisdp, = 0°). From |W|2

the p-D, diatom is primarily in gjp, = 1 free rotor state with (Oon), it is evident that the OH diatom spatial distribution is

the D, molecule aligned perpendicular to the intermolecular axis essentially unchanged from the groym@d,—OH state. Again,

180 180

210 /210

p-D,-OH ground state

\¢ 150
180

210

150 \ 150
180

7210
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the OH angular distribution is consistent withcay = 3/2,w = Based on the theoretical calculations, it appears that much
3/2 free rotor state. The maximum in the probability distribution of the decrease in lifetime of vibrationally activated-BDH
for p-D,—OH in this excited intermolecular bending state occurs compared with BH—OH results from an increase in the rate of
in an L-shaped configuration. This L-shaped configuration is vibrational predissociation. Nevertheless, one cannot discount
very similar to the orientation of the diatoms at the transition the possibility that reaction contributes to the decay dynamics
state to reactiot#647Thus, we see that intermolecular bending of Do—OH (von = 2). The V=V mechanism could enhance
excitation can dramatically change the relative orientation of the rates forboth vibrational predissociation and reaction
the partners within the B-OH complex. The ramifications of ~ because the ¥V process provides an indirect way to vibra-
these distinctly different structures on the inelastic scattering tionally activate D. Kinetic studies have shown a100-fold
dynamics of B—OH are explored in Section E of the discussion. increase in the rate of reaction when lis vibrationally

B. Lifetime of Vibrationally Activated D ,—OH. The D— excited?®* whereas vibrational excitation of OH does not
OH (von = 2) complex contains-6972 cnr! of energy, with enhanc_e the rate of reaction S|gn|f|carﬂffy.Furthermor_e_,
the excitation initially localized in the intramolecular stretching theoretical calculations have also shown that the probability of
vibration of the OH partner. Consequently, both reaction and reaction is enhanced and the thresho_ld fo_r reaction is _substan-
vibrational predissociation are energetically accessible decayt'a"_,}’%rgduced (to nearly zero) on vibrational excitation of
channels. However, the OH bond is generally viewed as a H2>™
“spectator” to the OH-+ H,/D, reaction’648 As a result, C. Product State Distribution. In this section, we determine
vibrational excitation of the OH partner in,DOH is not the combinations of OH (v= 1) and I (v = 1) fragment
expected to promote the reactive channel significantly. Similarly, rotational stategw, jo,) that are populated following vibrational
the OH vibration is not expected to strongly couple to the Predissociation of B-OH (vou = 2) from three different initial
vibrational predissociation channel because of the mismatchStates. In each case, the OH<v1) fragment rotational and

between the high-frequency OH stretch and low-frequency fine structure states have been evaluated directly (Figure 6).
intermolecular vibrations:22 Although the D (v = 1) fragments have not been probed, it is

still possible to determine whichDotor levels are populated
based on energetic constraints. We assume that the rate of
interconversion betweem- and p-D, within the D,—OH
complex is negligibly small on the time scale of the experiments.
This assumption ensures that oohD, fragments are produced
: . L . . - following vibrational predi iation ad-D,—OH an imi-
isotopic substitution results in at least a 20-fold increase in the |§r|3 thgt oglsg?D?frggenci esr?tc')sczfrteoforcrﬂ ed2 ono prgdii’ssci ation
decay -rate. ) o ] o of p-D,—OH. The rotational states of the,[v = 1) fragments
Previous studies of vibrational predissociation in closed-shell that can be populated along with each observed Ok (¥,
systems, such as HD,—HF, have shown that the rate of . ) channel can then be determined using an energy cycle.
vibrational predissociation can be significantly enhanced when Because the pure overtone lines (features Aahd B) can
a V=V energy transfer pathway is available. For example, be due too- or p-D,—OH, we consider both possibilities. As

Nesbitt and co-workers found a reduction in lifetime from 27 shown in Figure 1 (enlargement), only two Bbtor states can

to 1.12 ns upon deuteratidh™ The V—V channel is open for  po o0 lated on vibrational predissociatiomped,—OH because
D>—HF, but energetically closed forHHF. The V-V pathway ¢ the relatively small amount of energy that is imparted to the

minimizes the translational energy of the product molecules, o1 (v=1) + D, (v = 1) products. In particular, only thg
which is a key factor for efficient predissociation according to — 4 product state can be populated jog = 9/2 7’/2 and 5/22
energy and momentum gap la#’s®> Several theoretical  \ith o) = 3/2, as well as fojon = 5/2, 3/2, and 1/2, withw =

The lifetimes measured for B-OH, bracketed in this work
between 0.090 and 5 ns, reflect the time it takes the excited
OH stretch to couple to the vibrational predissociation and/or
reaction coordinates. The lifetime ofH,—OH (voy = 2) has
previously been determined to be 115(26)*hdherefore,

calculations have verified that the opening of the W channel 1/2. The near resonarjbf, jo,) = (9/2, 1) channel leaves only
accounts for the significantly reduced lifetime ob-BHF as 4 cn! in translational energy of the recoiling fragments.
compared to bi-HF 4253755 Excitation of the combination band @tD,—OH (feature C)

The experimental results for.BOH (von = 2) are in good does not access any additional product channels. Similarly, pure
agreement with the theoretical predictions of Krause et®al., overtone excitation 0f-D,—OH results injp, = 0 exclusively
who carried out time-dependent wave packet calculations to for joy = 9/2 and 7/2, withw = 3/2, as well as fojon = 5/2,
obtain vibrational predissociation lifetimes of 1.6 ns éeD,— with @ = 1/2. Thus, the OH fragment acquires most of the
OH (von = 2) and 0.15 ns fop-D,—OH (von = 2). Krause et available energy as rotational excitation in the predominant
al’> also predicted a vibrational predissociation lifetime for product channel.
0-H2—OH (von = 2) of 210 ns, which is also in good accord The time-dependent wave packet calculations of Krause et
with experiment. Note that the theoretical calculations consid- |15 also yield the product state distribution of the OH and D
ered only the vibrational predissociation channel and did not fragments following vibrational predissociation@fandp-D,—
take into account the possibility of reaction. The significant OH (voy = 2). The calculations were performed using the
change in the computed vibrational predissociation rate indicatesMCKW ab initio potentialt® but did not take into account the
that the two isotopomers undergo qualitatively different decay open-shell nature of OH because of computational limitations.
dynamics. Vibrational predissociation obHOH proceeds via  Nevertheless, the agreement between experiment and theory is
a relatively slow and inefficient ¥R, T mechanism®1¢ The good on a qualitative level foo- and p-D,—OH. Both
~3350 cm'! of energy that is released from one quantum of experiment and theory give product OH and &cited in a
OH stretch is not sufficient to vibrationally excite the partner small number of rotational states just below the resonance energy
(4155 cnl). On the other hand, vibrational predissociation of (the maximum energy available for products) for the-W
D,—OH (von = 2) follows a V-V mechanism that transfers  channel. In addition, both experiment and theory show that the
one quantum of vibrational excitation from OH to, nd highest energetically accessibjey; jp,) channel is populated
provides a relatively efficient decay chan#éel. with the highest probability.
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D. Orbital Alignment. Vibrational predissociation of -
OH (von = 2) results in significant fine structure effects in the
OH (v=1,jon) product state distribution. Specifically, a striking
A-doublet preference is seen in the most near resggant
9/2, w = 3/2 product state that depends on the initial state of
D,—OH prepared with the IR laser. ThHedoublet preference
reveals that the unpairedzporbital of the OH fragment is
aligned with respect to the OH rotation plane. The degree of
electron alignment (DEA) is commonly evaluated according to
[TI(A™) — TI(AJ[TI(A") + TI(A")].585°Here,IT(A") andII(A")
are the populations of the twd-doublet components. In the
high jon limit (Hund’s case b), the unpairedrporbital of OH
is aligned perpendicular to the OH rotation plane forii@")
A-doublet component, whereas the unpairadgbe lies in the
OH rotation plane for théI(A") component.

For low-to-moderatgop, includingjon = 9/2, w = 3/2, the
unpaired pr orbital alignment associated with the tdioublet
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perpendicular to or in the collision plane, respectively. The
potentials are nearly degenerate in the OHIX + H,/D;
asymptotic limit, but split apart from one another as the reactants
approach each other in nonlinear configurations. Only the V
surface with the unpairedzorbital in plane can lead to reaction
for favorable orientations of the partnéfsThe scattering
process is typically described in the diabatic represent&iiif?

with the dynamics occurring on the averagaWy = (Var +
Va)/2 and difference Wi = (Var — Va’)/2 potentials.

In full collisions of OH X2IT with n- andp-Ha, theA-doublet
states of the inelastically scattered OH products were found to
be unequally populateth! 14 A preference for thell(A')
A-doublet component was observed when the initial OH
A-doublet states were equally populated and, to some extent,
when starting from even a singfedoublet state. Theoretical
studies have traced the unequildoublet populations to
guantum interference effects between scattering amplitudes

components is incomplete, as a result of mixed Hund’s case aarising from the \yc and \pr surfaces%%> More generally,

and b coupling. The intrinsic electronic wave function mixing
can be factored out of the experimentally derived DEA, as
described in ref 16, yielding a quantity known as the reduced

in full collisions of a2[1 radical with a spherically symmetric
partner, Dagdigian et &.have shown that the relative signs of
Vpie and Vaye determine whichl-doublet state should be

DEA.5° The reduced DEA then reveals the degree of alignment favored in inelastic scattering.

arising solely from the predissociation dynamics. A reduced
DEA of +1 implies complete o orbital alignment perpendicular
to the OH rotation plane, whereas a value -6f indicates
complete orbital alignment within the OH rotation plane. A
reduced DEA of zero shows no alignment.

Dramatically different values of reduced DEA are obtained
from each of the initially prepared B-OH (voy = 2) states.
Excitation of the ground intermolecular state of BOH (von
= 2) on feature A (or A results in a reduced DEA value of
0.9+ 0.2 (or 0.8+ 0.2) for thejon = 9/2, w = 3/2 product
state. These values are quite close to the limiting value of 1,
which implies complete alignment of the unpaired prbital
perpendicular to the OH rotation plane resulting from the
dynamical event. By contrast, pure overtone excitation f D
OH on feature B yields a reduced DEA 60.1 + 0.2 for the
same product state, indicating little or no alignment of the OH
prr orbital. Finally, preparation of the excited intermolecular
bending state op-D,—OH (von = 2) on feature C yields a
reduced DEA of-0.3 £+ 0.2, showing partial alignment of the
OH pr orbital in the opposite sense, that is, within the OH
rotation plane. Possible origins for this dynamical alignment
effect will be discussed in the next section.

The strongl-doublet preference is seen primarily for one OH
product statejon = 9/2, w = 3/2, whereas most other product
channels have nearly equal population for the twdoublet

Like the full collision studies, the OH (¥ 1) products from
vibrational predissociation of D-OH (voq = 2) show a
significantl-doublet preference in the near resongpt= 9/2,

w = 3/2 final state. Surprising, however, is the enormous
variation in the alignment of the unpaired prbital with respect

to the OH rotation plane (as reflected by thedoublet
preference) that is observed for different initial rovibrational
states of D—OH. Most striking is the change inaporbital
alignment upon intermolecular bending excitation. Significant
changes are also seen for ground intermolecular states (features
A, A’, and B) of —OH even though energy differences
between these states are very small. Clearly, the distinct initial
states of B—OH (von = 2) are strongly influencing the half-
collision inelastic scattering dynamics.

By analogy with the full collision results, thé-doublet
preference seen in the vibrational predissociation dynamics
likely originates from the same quantum interference phenom-
enon. Ab initio calculations indicate that the-BOH difference
potential \bg is highly anisotropic, changing in bothagnitude
andsignas a function of the orientation of the partn&t3hese
changes in Y are evident in the top panel of Figure 8, which
shows one-dimensional cuts ofpy as a function of the
orientation of the B partner fp,) with OH positioned at a
perpendicularfon = 90°) or linear Pon = 0°) orientation and
Rfixed at 3.2 A. In general, ¥ is large in magnitude fofon

states. The very small kinetic energy released to the fragments= 90° as the OH g orbital points toward B Nevertheless,

for the (on, jpo,) = (9/2, 1) and (9/2, 0), channels may account
for the enhanced-doublet preference. Similarly, in full-collision
studies of OH+ H, and CH+ He/D,, fine structure effects
were far more prominent for product channels where most of
the available energy was disposed in rotational excitation of
the productd?-6061\When product translational energy is mini-

Vpir still varies in sign and magnitude as the Partner is
rotated, ranging from strongly positive @&, = 90° to negative
at @ (or 18C). By contrast, when OH is positioned along the
intermolecular axisfon = 0°), Vpir is nearly zero (with little
change asbp, is varied) because the OHsporbital lies
perpendicular to the intermolecular axis. Of coursgyd/is

mized, the products recoil from one another slowly and therefore negative (attractive) throughout the bound region of the
spend more time under the influence of the attractive regions potential.

of the potential.

E. Half-Collision Scattering Dynamics.Vibrational predis-
sociation of B—OH (voy = 2) is analogous to the second half
of an inelastic scattering event. Both full- and half-collisions
of OH X 2IT with D, are complicated by the presence of two
adiabatic potential energy surfaces in the entrance chahiter
These surfaces are denoted as &nd Vj- for planar configura-
tions, depending on whether the OH unpaired grbital lies

The D, angular probability distributiof¥|2 (6p,) for 0-Do—
OH in its ground intermolecular state is plotted in a similar
format in the middle panel of Figure 8. (Polar plots |&§f|2
(6p,) are given in Figure 7.) Figure 8 shows a broad angular
distribution that is centered &b, = 90°. This state accesses a
region of the potential wherep is nearly zero, because OH
is oriented along the intermolecular ax&f ~ 0°). As a resullt,
the ground intermolecular state @D,—OH is not expected to
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50 - lecular state ofo-D,—OH (K = 3/2) because nd-doublet
_ preference is observed.
‘s 25 1 The tentative assignments deduced from the inelastic scat-
2 tering studies are consistent with the appearance of the IR
2 0 1 spectrum for B—OH. The magnitude and sign ofp) gives
) rise to a splitting between states with the sairtmut opposite
5 -25 1 parity1323 The ground intermolecular state ofD,—OH ac-
50 - cesses a region of the potential whergps nearly zero and,
0.20 4 therefore, this state will exhibit a negligibly small parity splitting.
As a result, the two parity components of each rotor line will
0.15 be overlapped in the pure overtone band. The strength of feature
~ B in the fluorescence depletion spectrum (the experimental
E 0.10 + method closest to direct absorption) may be attributed to
0.05 4 overlapping parity components of the Q-branchoi®,—OH.
On the other hand, the ground intermolecular statp-bhb—
0.00 A . . , OH samples regions of the potential whergVis strongly
0.20 D . OH ' ' positive, and the resultant parity splitting is predicted to be large.
~JF" ~ This large splitting will give rise to two resolvable parity
0.15 1 ground / components for each rotational line in the pure overtone band.
o~ \ state Features A and Aare probably two different parity components
> 0.10 4 of a Q-branch line (lowJ) in p-D,—OH. Therefore, botlo-
0.05 - excited / andp-D,—OH are likely to have been observed in the pure OH
\bend , overtone region of the IR spectrum.
0.00 -
' ' ' VI. Conclusions
0 45 90 135 180 _ _
0 (degrees) This paper reports the rotathnally res_ol\_/ed IR spectrum of
D, D,—OH in the OH overtone region, consisting of the pure OH
Figure 8. Angular dependence of the difference potentia/from stretch and combination bands involving intermolecular bending
MCKW ab initio potential (ref 13) and corresponding, Bngular excitation. The analysis of the experimental spectrum has been

probability distributions foo- andp-D,—OH in selected intermolecular  guided by theoretical predictions of the transition frequencies,
states. Although ¥ie is nearly isotropic in the region accessed by the - which have been deduced from bound state calculations of the
ground state 06-D,—OH (fon = 0°), the magnitude and sign ofp)¢ rovibrational energy levels. The angular properties of the wave
changes for the regions of the potential sampled by the ground St nctions have also been explored to visualize the relative
and excited bend gf-D,—OH (Oon = 90°). . . _p . -
orientation of the D and OH diatoms in selected initial states.

The ground intermolecular state ofD,—OH is predicted to
have a T-shaped vibrationally averaged structure, whereas
o p-D>—OH has the D and OH diatoms aligned parallel to one
2

Analogous B angular probability distribution8l'|* (0p,) for another in its ground state. An excited intermolecular bending
p-D>—OH in its ground state and excited bending staté are g,te ofp-D,—OH favors an L-shaped configuration that is
plotted in the bottom panel of Figure 8. The peak amplitude \oiniscent of the transition state for reaction.
fortE-Dz—C_)tH dogcurds_ aﬁDZt :t 9.(20 r:n its ground sr:zte,lvgeoieas The vibrationally activatea-D,—OH andp-D,—OH com-
m'the exct el eln mgﬁs ai'oo asda {g’g'”éu et - On s Plexes in thevoy = 2 state are shortlived, with lifetimes
with- maximal values abp, = U~ anc - Because U IS pracketed between 0.090 and 5 ns by frequency- and time-
oriented nearly perpendicular to_the intermolecular axis in these ..o \ved measurements. The rapid decay of the initial state is
states on ~ 90°), the ground intermolecular state samples  4yih e, at least in part, to an efficient near-resonant vibration-
regions of the potential wherep) is strongly positive and the 14 \ipration energy transfer process that results in predissociation
excited bending stgte accesses regions Wh@re|Vnegat!ve. of the complex into OH (v= 1, jor) + D2 (v = 1, j,). The
ansequegtly, the interference terms and the resultaotipital  \;iprational energy transfer process moves the initial excitation
alignment® of the OH fragments from vibrational predissocia-  rom the OH bond, which is a spectator to reaction, into the D
tion should be different, favoring tHd(A") A-doublet state 'for bond that evolves into the reaction coordinate. The possibility
the ground intermolecular state pfD,—OH and thell(A) that reaction also contributes to the rapid decay cannot be ruled
A-doublet state for the excited intermolecular bending state of 5t from the present work that probes only the products of
p-D2—OH. (These arguments assume a planar dissociationyiprational predissociation. Ongoing experiments in this labora-
mechanism.) tory will attempt to detect the D atom products from chemical

Experimentally, we find that théI(A") A-doublet state is reaction.
indeed preferre_d (Figure 6) following _excitatio_n of th(_a inter- The vibrational predissociation dynamics of-BOH (von =
molecular bending state at 11.2 thThis result is consistent  2) from four different initial intermolecular states has been
with our spectroscopic assignment of feature C as an excitedexplored in depth. In each case, most of the 350 cwf

give rise to a significant OHsporbital alignment in its inelastic
scattering dynamics.

bending state K = —1/2) of p-D,—OH. The A-doublet available energy is disposed as OH rotational excitation with
propensities also suggest possible assignments for features Athe D, partner remaining in its lowest rotational level. The
A', and B in the pure overtone region. Features A ahtik&ly relative population of the OW-doublet components in the near-
access the ground intermolecular stat@-®,—OH (K = 1/2) resonanfony = 9/2, o = 3/2 product state reveals a striking
as evidenced by the strong preference to populate theEIGYT) A-doublet preference that changes with initial state. The OH

A-doublet state. Feature B may be due to the ground intermo- A-doublet preferences indicate that the unpaireddbital can
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be strongly aligned perpendicular to the OH rotation plane, have

little or no orbital alignment, or be partially aligned within the
OH rotation plane. The sp orbital alignment reflects the
magnitude and sign of Mr in the region of the potential

Todd et al.

(26) Loomis, R. A.; Lester, M. IAnnu. Re. Phys. Chem1997, 48,
643.
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(28) Schwartz, R. L.; Anderson, D. T.; Todd, M. W.; Lester, MChem.

sampled by each intermolecular state. Theoretical calculationsPhys. Lett.1997 273 18.

of the inelastic scattering dynamics are needed to confirm the

origin of the pr orbital alignment.
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