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Abstract

The dynamics of the OH + HD reaction were studied in the gas-phase using the laser photolysis/vacuum-UV
laser-induced fluorescence ‘‘pump-and-probe’ technique. Translationally energetic OH(II) radicals with an average

reagent translational energy of E_

=024 eV in the (OH-HD)-center-of-mass system were generated by the laser

photolysis of H,O, at 248 nm. Doppler profiles of nascent D and H atoms produced in reactive collisions of OH with
room-temperature HD molecules were detected under single-collision conditions by VUV-LIF at the Lyman-« transition.
For the OH + HD reaction an absolute reaction cross section of 0(0.24 eV) = (0.14 + 0.05) A2 was determined by means
of a calibration method using OH + D, as a reference reaction. The branching ratio for the OH + HD — H + HOD
(D + H,0) product channels was measured to be I'y ,p, = (1.2 + 0.2). © 1997 Elsevier Science B.V.

1. Introduction

The gas-phase reaction of the OH(*II) free radi-
cal with molecular hydrogen

OH+H,>H+H,0, AH,= —14.8kcal /mol

(1)
plays an important role in combustion [1] and atmo-
spheric chemistry [2]. In addition, the OH + H, reac-
tion and its reverse H + H,O have become bench-
mark systems for the development of rigorous quan-
tum mechanical diatom-diatom and atom-triatom
scattering methods [3,4].

For the reaction of H atoms with
H,0/D,0/HOD, the influence of selective reagent
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translational and vibrational excitation on the reactiv-
ity has been studied in great detail [5—13]. Investiga-
tions of the partially isotopically substituted H + D,0O
reaction in which absolute reactive cross sections for
the HD + OD and D, + OH product channels were
measured [7,14] showed that the H+ H,0 - H, +
OH reaction proceeds almost exclusively by a direct
abstraction mechanism via a planar H-H-O-H tran-
sition, state rather than via the formation of a H,0
intermediate. Only recently could experimental stud-
ies of the gas-phase reaction dynamics of the hydro-
gen atom exchange pathway H + D,0 — HOD + D
be carried out which revealed that the absolute reac-
tive cross section for hydrogen exchange is consider-
ably higher than that for the hydrogen abstraction
channel [15]. Using a combination of single-collision
reaction cross section, H atom moderation and non-
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equilibrium D atom formation rate measurements,
the reaction threshold and the excitation function for
the H+ D,0 — D + HOD exchange reaction were
determined [16].

Due to its key role in hydrogen combustion,
numerous measurements of the thermal rate of the
OH + H, reaction were carried out [17] covering the
temperature range from 250 [18] to 3000 K [19].
Dynamics studies, where the influence of reagent
translational excitation on the absolute reactive cross
section of reaction (1) was investigated, are reported
in Ref. [14]. In the same study, H /D product branch-
ing ratio measurements for the OH + D, reaction
were reported which showed that D + HOD is the
dominant reaction pathway. In crossed-molecular-
beam studies of the OH + D, — D + HOD reaction
a strongly backward-scattered (with respect to the
OH direction) HOD angular distribution was ob-
served [20], reflecting direct rebound dynamics. The
results of Refs. [14,20] clearly indicate that the OH
+ H, reaction proceeds via a simple hydrogen ab-
straction mechanism through a tightly constrained
transition state [21], in which the formation of the
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new H—OH bond occurs simultaneously with the
cleavage of the old H-H bond [22]. The dynamics of
the OH + HD, reaction which leads to distinguish-
able products, H + HOD and D + H, 0O,

OH + HD — H + HOD,

(22)

OH + HD - D + H,0, (2b)

have so far only been studied theoretically using an
accurate time-dependent quantum wavepacket (TD-
QWP) method [23,24] on the Schatz—Elgersma po-
tential energy surface (SE-PES) [25,26]. Due to the
exact nature of the dynamical treatment a compari-
son of the quantum results with those obtained in
experiments can yield detailed information on she
accuracy of this PES.

The aim of the work to be presented in this Letter
is to provide as yet undetermined experimental dy-
namical quantities such as an absolute reaction cross
section and an isotope product branching ratio for
the OH + HD reaction in order to allow comparison
with the above mentioned accurate quantum scatter-
ing calculations.
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Fig. 1. Schematic diagram of the experimental apparatus (LM: lens monochromator, PM: photomultiplier).
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2. Experimental

Reaction dynamics studies were carried out in a
flowing mixture of H,0, and room temperature HD
(Cambridge Isotope Laboratories, 98.6%) with the
ratio of {H,0,]:[HD] typically being 1:2 at a total
pressure of 100 mTorr using a flow reactor apparatus
depicted schematically in Fig. 1. Similar experimen-
tal apparatus was used previously to measure abso-
lute reaction cross sections and isotope branching
ratios for the OH+H,/D, [14] and O('D)+
H,/D,/HD reactions [27]. H,Q, (PEROXID
Chemie, 85%) was pumped through the reaction cell
for at least 3 days to remove H,O until it reached a
final concentration of > 99.8% (determined by titra-
tion).

A KrF excimer laser ()tupump.,=248 nm) was
used to dissociate H,0,, generating translationally
energetic OH radicals in the ’II electronic ground
state with an average translational energy of E =
0.24 eV in the (OH-HD) center-of-mass system. An
aperture was used to skim off a homogeneous part of
the rectangular excimer laser profile in order to
provide a photolysis beam of about 2-5 mlJ /pulse.
The OH product rotational fine-structure state distri-
bution measured in the 248 nm photolysis of H,O,
showed no preference population for either one of
the two A-doublet components, *TI(A)/ 2TI(A") = 1
[28].

VUV-probe laser radiation, tunable around the H
(121.567 nm) and D (121.534 nm) atom Lyman-a

transitions, was generated using Wallenstein’s
method for resonant third-order sum-difference fre-
quency conversion (wy,y = 2wy — wy) of pulsed
dye laser radiation (pulse duration ~ 15 ns) in a
phase-matched Kr—Ar mixture [29], the frequency
wgp (Ag =212.55 nm) being resonant with the Kr
4p-5p (1 /2, 0) two-photon transitions. w; could be
tuned from 844 to 848 nm to cover the H and D
atom Lyman-o transitions. The fundamental laser
radiation was obtained from two tunable dye lasers,
simultaneously pumped by a XeCl excimer laser, one
of which, wg, was frequency doubled with a BBO II
crystal. Lyman-a light was carefully separated from
the fundamental lasers by a lens monochromator
(LM in Fig. 1). The probe beam was aligned to
overlap the photolysis beam at right angles in the
viewing region of a LIF detector. The delay time
between the photolysis and probe pulse was con-
trolled by a pulse generator and could be monitored
on a fast oscilloscope. Delay times between “‘pump’’
and ‘‘probe’’ laser puises of (150 +5) ns were
typically employed allowing the collision-free detec-
tion of the H and D atoms produced in the reaction.
The H and D LIF signal was measured through a
bandpass filter by a solar blind photomultiplier (PM1
in Fig. 1) positioned at right-angles to both the
photolysis and probe lasers. The VUV-probe beam
intensity was monitored after passing through the
reaction cell with an additional solar blind photo-
multiplier (PM2 in Fig. 1). In order to obtain a
satisfactory S /N ratio, each point of the H and D
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Fig. 2. Doppler profiles of (a) D atoms produced in the OH + D, — D + HOD reaction, (b) D atoms produced in the OH + HD —» D + H,0
reaction and (c) H atoms produced in the OH + HD — H + HOD reaction. The LIF spectra are plotted against the wavenumber mismatch in
units of cm™!. Line centers correspond to the Lyman-a transition for the H atom (82259 cm™!) and D atom (82281.5 cm ™ '), respectively.
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atom Doppler profiles (Fig. 2) was averaged over 30
laser shots. The measurements were carried out at a
repetition rate of 6 Hz. The LIF signals, VUV-probe
beam intensities and the photolysis intensity were
recorded with a boxcar system and transferred to a
microcomputer where the LIF Signal was normalized
to both the photolysis and probe laser intensities.

It was found that the Lyman-a probe beam itself
produced an appreciable H atom LIP signal via the
photolysis of H,0, alone [28]. In order to subtract
these ‘‘background’’ H atoms from the H atoms
produced in the 248 nm photolysis of the H,0,/HD
mixture, an electronically controlled mechanical
shutter was inserted into the photolysis beam path
(see Fig. 1). At each point of the H atom line scan,
the signal was first averaged with the shutter opened
and again averaged with the shutter closed. A point-
by-point subtraction procedure was adopted, to ob-
tain directly and on-line a signal free from back-
ground ‘‘Lyman-a’” H atoms.

3. Results and discussion

The total absolute reaction cross section for the
OH + HD — H + HOD (D + H,0) reaction was ob-
tained by means of a calibration method using the
OH + D, — D + HOD reaction, for which an abso-
lute reaction cross section of oy = (0.22 + 0.05) A2
has been measured in Ref. [14], as reference. By
comparing the total H and D atom signal, Sy + S,
(defined as the sum of the areas below the H and D
atom Doppler profiles in Fig. 2b and ¢) produced in
the reaction OH + HD, with the D atom signal S
(defined as the area below the Doppler profile in Fig.
2a) produced in the OH + D, —» D + HOD reaction
the total absolute reaction cross section oy for the
OH + HD reaction can be obtained using the follow-
ing formula:

_ Sy +Sp % Urel

Or =
R *
SD 12

X oy . 3)
rel

Here v and v, are the relative velocities corre-
sponding to the average translational energies of
E ,=030eVand E =024 eV of the OH+ D,
and OH + HD reactant pairs. The average transla-
tional energies were calculated using the OH energy

partitioning data obtained in the 248 nm photodisso-
ciation studies of H,0, as described in Ref. [31]. In
Ref. [31] it was reported that the OH radicals are
produced exclusively in the vibrational ground state
with about 82% of the available energy going into
OH translational motion. Due to the enhanced sensi-
tivity of the present apparatus, in several runs small
amounts of H atoms originating from the 248 nm
photolysis of H,0,, rather than from the OH + HD
reaction could be observed [28]. In this case Sy has
to be taken as the difference between the H atom
signals observed upon irradiation of the H,0,/HD
mixture and of H,O, alone.

To determine the absolute reactive cross section
for the OH + HD reaction, integrated areas under the
H and D fluorescence curves were determined in a
number of experimental runs under identical experi-
mental conditions for the OH + HD — H + HOD (D
+ H,0) and the OH + D, — D + HOD reactions and
evaluated using formula (3). Five independent cali-
bration measurements which consisted of 15 individ-
ual H and D atom Doppler profiles yielded an aver-
age value for the OH + HD reaction cross section of
0(0.24 eV) =(0.14 £ 0.05) A>. The total experi-
mental error was calculated from the errors of the
entries of formula (3) on the basis of simple error
propagation. The overall uncertainty of the calibra-
tion experiment — the measurement of (Sy +
Sp)/ Sy — was determined to be 22% (one standard
deviation). The uncertainty of oy was taken from
Ref. [14].

The evaluation of the experimental data set yielded
a branching ratio for the H+ HOD and D + H,0
product channels of the OH + HD reaction of Iy,
=Sy/Sp,=(12+0.2). A comparison of the mea-
sured total reaction cross section and the product
branching ratio I'y,, with the results of an accurate
quantum scattering calculation on the SE-PES is
shown in Fig. 3a and Fig. 3b, respectively. The
theoretical cross Sections (dashed line in Fig. 3a)
were obtained by multiplying the values given in
Ref. [24] by a factor of 1/2 to account for the fact
that only half of the reagent HD('3}) + OH(*TI)
collisions access the reactive A’ surface which corre-
lates with the H(*A)+ HOD('A) and D(C*A) +
H,O('A) products [25].

When comparing with theory, one has to consider
that because the experiments were carried out in the
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Fig. 3. Comparison of (a) the experimental total absolute reaction
cross section for the OH(j = 7) + HD(T = 300 K) reaction and (b)
the H versus D atom product branching ratio with the results of
accurate quantum scattering calculations for the OH(j= 0)+
HD( j = 0) reaction [24] carried out on the SE-PES [25]. Filled
squares represent values obtained by averaging the theoretical
results (solid lines) over the underlying experimental reagents’
translational energy distribution. Details about the influence of the
thermal HD rotational excitation on the reaction cross section and
the branching ratio are given in the text.

gas-phase at room temperature, the thermal motions
of the OH precursor molecule (H,0,) and the HD
target molecules leads to a broadening of the transla-
tional energy distribution in the OH-HD collision
frame [30]. The underlying experimental reagents’
translational energy distribution and its spread (£ 0.1
eV) can be calculated using the OH energy partition-
ing data [31] and the formulae given in Ref. [32]. As
a result, a range of collision energies contributes to
the experimental quantities.

The measured absolute reactive cross section
therefore contains ‘‘global”’ information about the
excitation function. While a comparison based on the
theoretical results (solid line in Fig. 3a) might sug-
gest that the theoretical reaction cross section is
markedly lower than the experimental value, averag-
ing the theoretical excitation function over the exper-

imental reagents’ translational energy distribution
leads to a value of about 0.08 A2 (filled square in
Fig. 3a).

In the case of the H/D product branching ratio,
averaging the theoretical I'y,, curve (solid line in
Fig. 3b) over the experimental reagents’ translational
energy distribution leads to a value of I'y,, = 0.9
(depicted as the filled square in Fig. 3b), which is
also slightly lower than the measured value of I'y
=(1.24+0.2).

At this point it should be noted that in the present
dynamics experiment the OH radicals are rotation-
ally excited with an average rotational angular mo-
mentum of jo,; = 7 [31] and the HD reagent internal
quantum state distribution is a room temperature
Boltzmann one, while in the calculations of the
integral cross sections and branching ratios (calcu-
lated for total angular momentum J>0) OH and
HD have been assumed to be in the rotational ground
state joy =Jup = 0.

The influence of OH rotational excitation on the
reactivity has been investigated for the SE-PES using
the TD-QWP [24,33] and the QCT method [34]. Both
types of calculations showed that OH rotation has
only a minor influence on reactivity in the OH +
HD/H, /D, reactions, in particular, when averaged
over a broad rotational state distribution. The same
was found for the influence of OH rotation on the
product branching ratio in the OH + HD reaction
[24]. On the other hand, TD-QWP calculations on
the SE-PES revealed a pronounced HD rotational
state dependence of the OH + HD total reaction
probability and the H and D atom product branching
ratio [24]. The calculated HD state-specific reaction
probabilities (see fig. 3c of Ref. [24]) clearly indicate
that averaging the state-specific total reaction proba-
bilities over a room temperature HD rotational distri-
bution as present in the experiment would lead to a
somewhat higher theoretical total reaction cross sec-
tion and hence to a much better agreement with
experiment.

The same HD rotational state averaging proce-
dure, however, would give a some what lower theo-
retical value of the H/D product branching ratio (see
Fig. 5 of Ref. [24]), leading to an even higher
discrepancy between theory and experiment. Com-
parison of the product branching ratio I'y, = 12
+ 0.2) obtained in the present study with the values
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of I'y,p =0.21 and I' , = 0.35 measured in kinet-
ics experiments at temperatures of 250 and 298 K,
respectively ' 118], clearly shows that the reaction
mechanism changes as the collision energy increases.
An H/D product branching ratio considerably
smaller than unity can be attributed to tunnelling,
which favours, at collision energies below the reac-
tion threshold, the abstraction of H atoms (OH + HD
— D + HOH) over D atom abstraction (OH + HD
— H + HOD). The preference for the D atom ab-
straction channel observed in the present study is the
first experimental indication that at higher transla-
tional energies the dynamics of reaction (2) might be
influenced by reagents steric effects as proposed by
Zhang and Zhang [23].

4. Conclusions

An absolute reaction cross section of ox(0.24
eV) = (0.14 + 0.05) A> was measured for the OH +
HD reaction and the branching ratio for the OH +
HD — H + HOD (D + H,0) product channels was
determined to be I, = (1.2 4 0.2). As far as the
total reactive cross section is concerned, good agree-
ment between experiment and accurate TD-QWP
calculations on the Schatz—Elgersma potential can be
expected after averaging the theoretical HD rota-
tional state-specific reaction probabilities over a
room-temperature HD rotational distribution as pre-
sent in the experiment. The measured H/D product
branching ratio which indicates a preference for the
D atom abstraction channel is in qualitative agree-
ment with the translational energy dependence of the
product branching ratio predicted by theory. How-
ever, for a more quantitative comparison between
experiment and theory, calculations of HD room-
temperature averaged quantities for total angular mo-
mentum J > 0 would be desirable. In addition, accu-
rate TD-QWP studies on the newly developed Kli-
esch-Wemer—~Clary potential [22], for which the
transition state geometry significantly differs from
that of the Schatz—Elgersma potential, could be help-
ful for a better understanding of steric effects in
diatom—diatom reactions.

' Calculated from the branching ratio k,, /k, reported in Ref.
[18] assuming that k, = (k,, + k).
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