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Abstract

This work addresses the kinetics and dynamics of the gas-phase reaction between O('D) and
HD molecules down to low temperature. Here, measurements were performed using a
supersonic flow (Laval nozzle) reactor coupled with pulsed laser photolysis for O('D)
production and pulsed laser induced fluorescence for O(’D) detection to obtain rate constants
over the 50-300 K range. Additionally, temperature dependent branching ratios (OD+H/OH+D)
were obtained experimentally by comparison of the H-/D-atom atom yields with those of a
reference reaction. In parallel, theoretical rate constants and branching ratios were calculated
using three different techniques; mean potential phase space theory (MPPST), the statistical
quantum mechanical method (SQM) and ring polymer molecular dynamics (RPMD). Although
the agreement between experimental and theoretical rate constants is reasonably good, with
differences not exceeding 30 % over the entire temperature range, the theoretical branching
ratios derived by the MPPST and SQM methods are as much as 50 % larger than the
experimental ones. These results are presented in the context of earlier work, while the possible

origins of the discrepancies between experiment and theory are discussed.



1 Introduction

Oxygen atoms in their first excited state, O('D), are important reactive species in the chemistry
of planetary atmospheres containing oxygen bearing compounds. On Earth, the UV
photodissociation of stratospheric ozone produces O(’D) with large quantum yields which
reacts with hydrogen-bearing species such as Hz, H,O and CHa to form hydroxyl radicals, OH.!
In the Martian atmosphere, O('D) is produced by CO, photolysis in the vacuum ultraviolet
(VUV) wavelength region below 170 nm.?> Here, OH radicals have several sources including
the reaction of O(’D) with H» and act to recycle CO back to CO» through the OH + CO reaction,
effectively maintaining the stability of the Martian CO, atmosphere.’

The dynamics of the O(’D)+HD reaction has been investigated experimentally on numerous
occasions.*!? For instance, product speed and angular distributions were measured in the
Doppler-shift technique under crossed-beam conditions by Che and Liu at a collision energy,
E,, of 4.55 kcal mol™! (0.20 eV).? In addition to this, the behavior of the integral cross sections
(ICS) for the production of both OH+D and OD+H was analyzed up to E. = 6 kcal mol! (0.26
eV).? In a different study, Hsu and Liu'® employed a Doppler-selected time-of-flight (TOF)
apparatus with the capacity for direct three-dimensional mapping in order to overcome the
resolution limitations of this approach. Product translational energy distributions and
differential cross sections (DCS) measured at 0.20 eV by means of this more sophisticated set
up were reported. A marked forward-backward asymmetry was observed in the angular
distributions for both product channels. Kopin Liu and coworkers!' performed a detailed
investigation of this isotopic variant of the O(’D)+H, reaction, reporting final-state resolved
DCS measured at E. = 2.05 kcal mol™! (0.09 eV). High resolution spectra for the O(/D)+HD —
OD+H reaction were measured with a Rydberg “tagging” TOF technique which allowed the
determination of the OD product quantum state distributions at different scattering angles.'?

Experimental results presented in the work by Yuan et al.'* were obtained with the same



approach. The authors reported the total DCS at E. = 7.11 kJ mol! (0.07 €V) in addition to
state-to-state vibrational and rotational distributions for the reaction starting with OH(v=0, j=0)
in its ground state.

The H/D ratio between the two possible outcomes after the collision between HD and an X
atom is usually considered as an indicator of the dynamics of the reaction. Thus, according to
pioneering theoretical investigations by Muckerman'? those processes following an abstraction
mechanism are assumed to have a value for this ratio less than one, whereas H/D ratios larger
than unity correspond to insertion reactions with complex-forming dynamics. Early laser
induced fluorescence (LIF) investigations of the title reaction yielded a value of 1.13 + 0.08 for
the isotopic branching ratio OD/OH between the two product channels of the O(’D)+HD
reaction.* Later work by Talukdar & Ravishankara'¢ yielded a branching ratio of 1.33 £ 0.07 at
room temperature. This preference for the OD-forming product channel rather than the OH-
forming pathway was also observed in the LIF results of Ref. (5) and those reported by Che
and Liu at E. = 0.20 e¢V.® Matsumi et al.® employed both LIF and resonance-enhanced
multiphoton ionization (REMPI) techniques to measure isotopic branching ratios at average
collision energies of 2.4 kcal mol! (0.10 eV), producing O(’D) from the photolysis of O3 at 248
nm, and at 3.4 kcal mol™!' (0.15 e¢V) with the photolysis of N>O at 193 nm as the source for
oxygen atoms. Values for the isotopic channel ratios OD+H / OH+D so measured were 1.5 £
0.2 and 1.4 + 0.2, respectively, which were not too different from those estimated from the
reaction rate constant ratios A(O-+H) / k(O+D>). The LIF experiment by Laurent et al.” reported
a value of the branching ratio of 1.35 = 0.2 at E. = 0.14 eV. The yp isotopic ratio was also
measured in the collision energy range 0-0.25 €V by Hsu et al.® in an attempt to substantiate
the existence of two distinct reaction pathways for the O(’D)+HD reaction.

Theoretical studies have revealed the strong dependence of the branching ratio with the

potential energy surface (PES) employed in the calculations.!”



Authors of the experimental investigation performed in Ref. (11) at 0.09 eV concluded that the
O(’D)+HD reaction proceeds via the formation of a short-lived intermediate water molecule
that finally decays before proper energy randomization can occur. Nonstatistical asymmetry
observed in the angular distributions were interpreted as a consequence of the ensemble of
possible different intermediate complexes, but it was remarked that many aspects of the
measured product distributions might be explained on statistical grounds. At higher energies
however, excited potential energy states'® introduce an abstraction contribution to the overall
dynamics.'> %20 QCT calculations by Alagia et al.'° found angular distributions showing more
backward scattering for the OD product than for OH.

In previous papers, the behavior of the rate constant for both the O(’D)+H> and O(’D)+D>
reactions at low temperature has been investigated by means of combined experimental and
theoretical studies.?!">* Kinetics measurements typically performed within the 50-296 K
temperature range using a continuous supersonic flow reactor coupled with pulsed laser
photolysis to produce O('D) and pulsed laser-induced fluorescence in the vacuum ultraviolet
wavelength range for its detection were compared with theoretical calculations. In particular,
rate constants obtained by means of various numerical approaches such as ring polymer
molecular dynamics (RPMD), mean potential phase space theory (MPPST) and a statistical
quantum mechanical (SQM) method were thus compared with the experimental values. Some
of those approaches?* 2> had been successfully tested before on the title reaction and its isotopic
variants providing a fairly good description of the most relevant dynamical features. In this
work we extend those preliminary studies to the case of the O('D)+HD reaction.

The structure of the paper is as follows: In Section 2 the experimental set up is described; the
main technical details of the different theoretical methods are shown in Section 3; results are
shown and discussed in Section 4 and finally conclusions are listed in Section 5.

2 Experimental Methods



A continuous flow supersonic flow reactor was employed for these experiments. This apparatus
has been described in detail in previous work?® 2’ with various modifications allowing the
kinetics of excited state C('D),?8-34 N(°D)*> and O(’D)?!-22:33.36-3 atom reactions and electronic
quenching processes to be studied at low temperature. As the quenching of O(’D) atoms by N

is fast at low and intermediate temperatures?®> 4°

only Ar based Laval nozzles could be used
during this investigation as the rate constants for the O(’D) + Ar quenching reaction are two
orders of magnitude smaller.’®4° As such, temperatures of 50 K, 75 K and 127 K could be
attained by using three different Laval nozzles (see Table 1 of Grondin et al.*° for the nozzle
characteristics), while room temperature measurements (also employing Ar as the carrier gas)
were performed by lowering the flow velocity and by removing the nozzle. Ozone (O3) was
used as the source of O('D) atoms during these experiments. A small flow of O> was passed
into a cell with quartz windows. The cell itself was irradiated by a continuous pen-ray mercury
lamp, producing ground state O(°P) atoms through O, photolysis at UV wavelengths. O3
molecules were generated by the termolecular association reaction OGP) + 02 + M — O3 + M
(where M = O»); a process which was rendered more efficient through the use of pressures
around 700 Torr. The output of the cell containing O, and O3 molecules was mixed with the
carrier gas flow before reaching the Laval nozzle reservoir. O(’D) atoms were generated in situ
within the cold supersonic flow by the photolysis of O3 at 266 nm with ~23 mlJ per pulse at 10
Hz. At this wavelength, the quantum yield for O(’D) formation is 0.9.' To measure temperature
dependent rate constants for the O(‘D) + HD reaction, O(‘D) atoms were probed directly
through pulsed laser induced fluorescence in the vacuum ultraviolet wavelength range (VUV
LIF). Here, O(’D) atoms were excited through the 3s /D — 2p D transition at 115.215 nm.
Tunable radiation around this wavelength was generated by a two-step procedure. The output
of a 10 Hz Nd:YAG pumped dye laser around 691 nm was frequency doubled in a beta barium

borate (BBO) crystal to produce a beam around 346 nm with ~ 8 mJ pulse energy. The residual



fundamental radiation was removed by two dichroic mirrors with a peak reflectance around 355
nm while the UV beam was steered and focused into a cell, allowing VUV generation through
non-resonant third-order sum-frequency mixing in negative dispersive Xe.*? A positive
dispersive rare gas, Ar, was added to the cell to improve the conversion efficiency through
phase matching. 75 Torr of Xe and 155 Torr of Ar were found to represent the optimal pressures
for efficient generation of VUV radiation around 115 nm. For the product branching ratio
measurements, H(’S) or D(’S) atoms were detected at 121.567 nm and 121.534 nm respectively
using a similar procedure to the one described above. In this case, a mixture of Kr (210 Torr)
and Ar (540 Torr) was used to generate the VUV radiation. A MgF» lens served as the output
window of the cell to collimate and steer the VUV beam into the reactor. The cell was attached
to the reactor at the level of the detection region by a 75 cm sidearm containing baffles which
allowed the residual divergent UV radiation to be efficiently removed before reaching the
reactor. The VUV beam crossed the supersonic flow at right angles, exciting unreacted O('D)
atoms. The on-resonance fluorescence emission was collected at right angles to both the
supersonic flow and the VUV beam by a solar blind photomultiplier tube (PMT). The PMT was
isolated from reactive gases in the reactor by a LiF window, while the zone between this
window and the PMT was evacuated to prevent absorption by atmospheric O». This zone also
contained a LiF lens to focus the VUV emission onto the photocathode of the PMT. The PMT
output signal was processed by a boxcar integration system. The delay between photolysis and
probe lasers was controlled by a digital delay generator which also served to synchronize all
the acquisition electronics. 30 laser shots were recorded for each time point with at least 70
time points for each O(’D) temporal profile. This included at least 15 points where the probe
laser fired before the photolysis laser allowing us to set the baseline level for the measured

intensities.



The gases O2 (99.999%), Ar (99.999%), N2 (99.999%), HD (99.5%) and Xe (99.998%) were
used directly from cylinders during the present experiments. Their flows were controlled by
mass-flow controllers which were calibrated for each individual gas by a pressure rise at
constant volume method, with the exception of HD due to the small available quantity of this
gas. As previous calibrations had already demonstrated that H> and D, flows were essentially
identical for any given mass-flow controller, calibration factors for H> were used to derive the
HD flow instead.

3 Theoretical Methods

Statistical Quantum Mechanics

The SQM method has been used before to study complex-forming reactions.?* 24345 Assuming
the formation of an intermediate species between reagents and products, we can approximate
the state-to-state probability as :24

J
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Where pé in(E) 1s the capture probability to form the complex from the initial state at the
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collision energy E and for the total angular momentum J. The indexes vjf2 and v’j’Q’ are the
quantum numbers for vibrational (v), rotational (j) and third component of the angular
momentum ({2) for the initial and final rovibrational states of HD, respectively. The sum in the
denominator of Eq. (1) runs for all energetically open rovibrational states at the energy E for
both reagent and product channels. Using the above expression for the reaction probability, it

is then possible to calculate the corresponding ICS, ;. (E) and then the thermal rate constant:
_ 8 ~BE
ky, ;o (1) = - Js 0,y ;- E)e PPEdE (2)

where we have defined B = (kgT)™! and the cross sections include the 1/5 factor

corresponding to the electronic partition function. The calculation of DCSs, described

4

elsewhere,?* requires a random phase approximation to be invoked which neglects any



information of the S matrix phase and only reduced rotation matrix elements and the
probabilities shown in Eq. (1) are used.

As in our previous investigations on the O(’D)+D; reaction,?? the calculations have been
performed on the ground 'A' PES of Dobbyn and Knowles (DK).*¢ 47 Capture probabilities of
Eq. (1) are obtained with a time-independent propagation®* under the centrifugal sudden
approximation in a region defined between R. and Ry with values of 1.8 A/2.6 A/ 1.9 A and
26.6 A/ 43.3 A /31.6 A for reactants, H+OD and D+OH product channels respectively for both
the HD(v=0,j=0) and HD(v=0,j=1) initial states. ICS in a collision energy range between 10*
eV and 0.32 eV were calculated to obtain the rate constants from Eq. (2).

Mean Potential Phase Space Theory

The MPPST constitutes a semi-classical statistical approach to tackle the study of atom-diatom
reactions.*® %’ It is based on the same statistical assumptions for the intermediate complex states
as the SQM method. However, individual probabilities for the asymptotic semiclassically
quantized (v, j, /) states to use in Eq. (1) are calculated in an approximate manner via a two-
body capture model® including tunneling by means of the WKB model®! through the radial
effective potential obtained by averaging over the reactant y Jacobi coordinate. Such an
averaging allows to implicitly account for the weak anisotropies involved in complex-formation
dynamics for barrierless processes at low collision energies. In the present implementation,
internal states of both reactant and product channels are computed within the rigid rotor

anharmonic oscillator.*®: 32

The isotropic assumption for the inter-fragment potential produces
capture cross sections which do not depend on the initial rotational state of the reactant diatom.
Ring Polymer Molecular Dynamics

The RPMD method™ is a very reliable and efficient approach to calculate the thermal rate

constant which has been extensively benchmarked over the past few years.>* This method is

based on the isomorphism that exists between a quantum system and its n-classical copies



(beads) connected to its nearest neighbour through a harmonic potential, forming a necklace in
an extended n-dimensional phase space. RPMD is not only exact for several static properties
(in its short-time limit), but the real-time dynamics of this fictitious ring polymer also provides
a reliable estimate for the correlation functions responsible for the thermal rate constant.>* The

34,35 and will

computational procedure of RPMD rate calculation is well documented elsewhere
be not repeated in the present paper. Briefly, along the lines of Bennett-Chandler factorization
scheme,>® %7 the calculation of the RPMD rate constant usually involves the following steps:
(1) construction of the ring polymer potential of mean force (PMF), W(&) along the reaction
coordinate £ within the confinement of two dividing surfaces and (2) subsequent determination
of the ring polymer transmission coefficient or recrossing factor, k. The recrossing factor
ensures that the final RPMD rate constant value is independent of the choice of dividing
surfaces and is generally calculated at the maximum of the PMF so as to minimize the
propagation time to reach the plateau for k.

The RPMD rate calculations have been performed over the 1 A’ and 1 'A” PESs of Dobbyn

46,47 using the RPMDrate code developed by one of us (Y. Suleymanov).>® The

and Knowles,
input parameters of the RPMDrate code have been summarized in Table S1 in the
supplementary material. They are very similar to those used in the isotopic variants of the O('D)
+ HD reaction, viz. O('D) + H>?' and O(’D) + D»?? reactions, except for one dividing surface
parameter R, value which has been increased to 60 ay to minimize the effect of the long-range
electrostatic potential on the rate constant at low temperatures.’”® Consequently, the force
constant has also been increased to sample a considerable number of distributions at long
separations. Owing to the computationally expensive nature of the RPMD rate simulations, we
determine the RPMD rate constants at the two limiting temperatures (296 K and 50 K) of the

experiment. The plots of PMF against & are similar to those obtained for the O(’D) + H; and

O(’D) + D reactions (see Figure S3) and illustrate the barrierless complex-forming and



thermally activated free energy profile for the 1 'A’ and 1 'A"” states respectively. Before
entering the complex-forming zone, one can detect a small thermodynamic barrier (up to 0.08
eV) in the PMF profile of the 1 'A’ PES at 296 K. The plateau values of k (see Figure S4) have
been attained only after a longer propagation time (1 ps) for the 1 'A’ PES compared to the 1
'A" PES (0.1 ps) and is characteristic of a barrierless reaction with a deep potential well.>* They
show seemingly opposite temperature dependences for these PES’s, and the corresponding x’s
are very small for the 1 'A” state suggesting that the activated complexes will most likely decay
back to the reactant channel.

4 Results and Discussion

Reaction dynamics

Indications of the good performance of statistical techniques to reproduce some of the observed
features of the title reaction have been shown before.? In particular, the DCS for the O(’D)+HD
— OH+D reaction at a 74 meV collision energy calculated by means of the SQM method was
found to be in fairly good agreement with results from time dependent wave packet calculations
and TOF spectroscopic measurements reported in Ref. (14). Further support for a possible
complex-forming mechanism at this energy is provided in the supplementary material. In order
to analyse the distinct dynamical mechanisms on each product arrangement of the O(’D)+HD
reaction requires the calculation of both OD+H and OH+D final channels. In this sense, the
experimental excitation functions reported by Hsu et al.® constitute a valuable benchmark. In
Figure 1, we show the SQM and MPPST cross sections for each product channel and the

excitation functions from Ref. (9).
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Figure 1. Integral cross sections as a function of the collision energy for both the (black) O('D)
+ HD — OH+D and (red) O(!D) + HD — OD+H reactions. (Solid lines) SQM results and
(dashed dotted lines) MPPST results are compared with (squares) experimental excitation

functions from Ref. (9) which have been scaled here to compare with the theoretical predictions

in A2,

The measured values for the OH forming arrangement, once scaled for comparison with the
theoretical predictions, are fairly well described for almost the entire energy range under
consideration. The only exception is the excitation function at £, = 0.033 eV (0.79 kcal mol™),
thus showing that the trend followed by the experimental results in the lowest energy region is
not that seen in the statistical results. But the most remarkable disagreement between theory
and experiment regards the distinct ratio between cross sections for the OH and OD forming

product arrangements. In particular, measurements by Hsu et al.” suggest that there are no



significant differences between both processes, O(‘D) + HD — OH+D and O(‘D) + HD —
OD+H below E. = 0.1 eV. The o(OD+H) / o(OH+D) ratio, not shown here (see Figure 1 (b) of
Ref. (9)), remains close to 1 at lower energies and starts to increase beyond 0.1 eV reaching a
value of 1.5 at E. = 0.19 eV (4.42 kcal mol™"). The SQM and MPPST cross sections for the
OD+H forming channel, in contrast, are clearly larger than those for the OH+D channel with
values for the above mentioned OD/OH ratio which oscillate between 1.6 and 1.7 (1.85 and 2
for MPPST) for the energy range shown in Figure 1. Thus, experimental and theoretical cross
sections for the O(’D) + HD — OD+H reaction are only close when we approach 0.2 eV
collision energy.

In this sense it is worth mentioning that present results are consistent with the excitation
functions measured also by Liu’s group for the S(/D) + HD — SD + H / SH + D reactions in
the experiment of Ref. (60) or the comparative dynamics of the two possible product
arrangements for the N(°D) + HD reaction investigated by Bafiares et al.®' Despite the obvious
differences of the profile for the cross section reported in Ref. (61) (due to the existence of a
barrier in the PES for the NH; system) with respect to the case studied here, distributions for
the ND+H product channel become larger than those for the NH+D as soon as the collision
energy starts to increase beyond the reaction threshold (see Figures 2 and 3 from Ref. (61)).
This feature is also seen for QCT results included in that work for comparison with the statistical
treatment.

Aoiz et al.%? carried out a multisurface QCT investigation of the title reaction and calculated
DCSs for different values of the collision energy. In particular, at £. = 89 meV, where
contributions from excited PESs are still very minor, the angular distribution for both product
arrangements are fairly well reproduced by statistical means. The comparison with QCT DCSs

reported in that work and the present SQM and MPPST predictions is shown in Figure 2.
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Figure 2. Differential cross sections at 89 meV collision energy for the O('D) + HD — OH+D
and O('D) + HD — OD+H reactions. (Black) SQM results and (blue) MPPST results are

compared with (red) QCT results from Ref. (62). Units are A%sr’!.

The agreement is particularly good for the sideways scattering direction (0 = 90 degrees) in the
case of the formation of OH. For the other channel, forming OD+H products, the QCT angular
distribution exhibits a certain asymmetry which slightly differs from the strict forward-
backward symmetry of the statistical result. The complete absence of marked peaks at either 6
= () and 180 degrees observed in the QCT results which precludes a better accord with the SQM
and MPPST predictions can possibly be attributed to parity conservation issues in the classical
calculations.* 63

It should be noted that the quantitative differences between SQM and MPPST originate from

the way asymptotic diatom states are treated within both approaches. While SQM computes



exactly the diatom states on the DK PES, MPPST approximates them using the RRHO model
as previously mentioned. This leads to slight differences in the number of available states in
reactant/product channels.

As a general conclusion from the above discussed examples, one can suggest that the dynamics
of the O(!D) + HD reaction is close to a complex-forming mechanism for those low and
intermediate energies, such as those considered in this work, where reaction over the ground
electronic surface dominates. As revealed in previous work, such as the study of Aoiz et al.®?
mentioned above, the role played by excited electronic surfaces at larger energies gives rise to
asymmetries in the DCSs which are usually understood as indications of an abstraction
mechanism.

Experimental Rate Constants

In terms of the kinetic measurements, all the experiments described here were performed under
pseudo-first-order conditions using a large excess concentration of HD with respect to O(!D)
atoms. Under these conditions, O(’D) atoms decayed exponentially as a function of time.
Typical decay profiles of the O(’D) VUV LIF signal (which is proportional to the O(’D)

concentration) recorded at 127 K are shown in Figure 3.
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Figure 3. O(/D) VUV LIF signal as a function of delay time between the photolysis and probe
lasers. (Red solid circles) without HD (the O(’D) VUV LIF signal decays due to quenching
collisions with the carrier gas Ar); (blue solid squares) [HD] = 3.4 x 10'* cm™. Solid lines

represent single exponential fits to the individual datasets.

O(’D) is seen to decay rapidly to zero even in the absence of HD, due to its electronic quenching
through collisions with the carrier gas Ar. When HD is added to the flow, the decay rate

increases due to reactive removal of O(’D) atoms by HD. As shown by the solid line fits in

Figure 3, these data are well described by a functional form Ioapy = Io (1D)Oexp(—k’t) where

t is time and [ and [ are the time dependent and initial O('D) VUV LIF intensities

o(*D) 0(*D)o
respectively. Values of the pseudo-first-order rate constant, k', were determined for a range of

HD concentrations and in the absence of HD at any given temperature. Then, the values of k'’



derived in any single experiment were plotted as a function of the corresponding HD

concentration as shown in Figure 4 for data recorded at 50 K and 296 K.
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Figure 4. Second-order plots for the O(’D) + HD reaction. (Red solid circles) data recorded at
296 K; (blue solid squares) data recorded at 50 K. Solid lines represent weighted fits to the
individual datasets with statistical uncertainties (15) derived from single exponential fits to

intensity profiles similar to those shown in Figure 3.

A weighted linear least-squares fit to the individual datasets yielded the second-order rate
constant from the slope, with the y-axis intercept value being essentially due to the Ar carrier

1.22 and Grondin et al.*° for more details).

gas quenching contribution (see Nufiez-Reyes et a
The measured second-order rate constants are listed in Table 1 alongside other relevant

information and are displayed as a function of temperature in Figure 5 alongside the present

theoretical results and earlier work.
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Table 1 Measured second-order rate constants for the O(’D) + HD reaction

T/K NP [HD]/ 10'* ¢m™ ko@py+up / 101%¢m? 57!
296 21 0-4.64 (136 +0.14)
127 +2 21 0-3.44 (116 +0.14)
7542 20 0-1.69 (123 +0.18)
50+ 1 27 0-233 (1.28 £ 0.20)

aUncertainties on the calculated temperatures represent the statistical (1o) errors obtained from

Pitot tube measurements of the impact pressure. PNumber of individual measurements.

“Uncertainties on the measured rate constants represent the combined statistical (1) and
estimated systematic (10%) errors.



There are surprisingly few earlier kinetic measurements of the rate constant for the O('D) + HD
reaction and these have only been performed at room temperature. Laurent et al.” used the
pulsed laser photolysis of N2O at 193 nm to produce O(’D) in their experiments. H- or D-atom
product formation was followed by VUV LIF around 121.5 nm where the tunable VUV
radiation was generated by a resonant sum-difference frequency mixing scheme. They obtained
a rate constant equal to (2.3 £ 0.4) x 10'° cm?® s°!, considerably larger than value obtained in

the present study of ko py,yp(296 K) = (1.36 £ 0.14) x 107'% cm’® s7'. This difference can be

explained by the relatively low pressures of 70 mTorr used by Laurent et al.” during their
experiments, such that the nascent O(’D) atoms were not thermally equilibrated. In later work,
Talukdar & Ravishankara'® used the pulsed laser photolysis of O3 at 248 nm as the source of
O(’D) atoms in their work, coupled with resonance fluorescence detection of H(S) and O(°P)
production around 121 nm and 130 nm respectively. They derived room temperature rate
constants for the O(’D) + HD reaction equal to (1.2 £0.1) x 10" cm? s and (1.15£0.1) x 10-
19¢cm3 57!, in good agreement with the value measured in this work. Competing processes such
as the electronic quenching of O(’D) atoms to O(°P) were estimated to contribute less than 5 %
to the overall rate constant. In common with our earlier work on the O(‘D) + H, and O('D) +
D, reactions, the rate constants do not vary significantly as a function of temperature within the
50 K to 296 K range, considering the combined errors bars of the present measurements. If we
compare the present experimental and theoretical rate constants, it can be seen that the
experimental values are approximately 10-20 % larger than the ones determined by the SQM
and MPPST methods. Our previous work on the O(’D) + H»?! and O(/D) + D, reactions®?
demonstrated similar discrepancies between the measured and predicted rate constants with the
experimental values consistently larger than these theoretical ones. These differences could
arise from several sources which have been discussed previously.?? The overall RPMD thermal

rate constants calculated in this work at both 296 K and 50 K are in good agreement with the



experimental values, exhibiting very little temperature dependence (see Tables S2 and S3).
Concerning the individual channels, the RPMD rate constant for OH + D product formation
marginally increases with temperature, while that obtained for OD + H products shows the
opposite behaviour. In common with previous work,?!> 22 the RPMD results show that the
dominant contribution towards the overall thermal rate constant is due to the 1 'A’ ground state

with an essentially negligible contribution from the 1 A" excited state.

Experimental Product Branching Ratios

In our earlier work on C(’D) reactions, absolute product branching ratios for H-atom formation
were obtained by comparing the intensities of pairs of H-atom formation curves produced by
the target and reference reactions, where the H-atom production rate was adjusted to yield
curves with similar formation rates. Under these conditions, non-reactive losses of either the
minor C(’D) reagent species (such as through quenching with the carrier gas Ar) or the H-atom
product (through diffusion) did not affect the measured branching ratios as the contributions of
both of these processes were small compared to the reactive loss of C(’D) atoms. Unfortunately,
the O(D) + Ar — O(’P) + Ar quenching reaction is much more efficient than the equivalent
process for C('D) atoms.> Consequently, any small discrepancies in the H-atom formation rates
for the target and reference reactions could lead to significantly different non-reactive losses
for O(’D) atoms. This in turn could induce large errors in the H-atom yield measurements for
the O(’D) atom reactions. An alternative method for the determination of absolute branching
ratios was recently described by Nufiez-Reyes et al.?” allowing these authors to circumvent the
problem. In common with earlier work, the production of H (or D) atoms from the target O(!D)
+ HD reaction was measured relative to the reference O(‘D) + H, (D,) reaction which is
considered to produce H (or D) atoms with a 100 % yield. In this case, the experiments
measured the peak H or D atom VUV LIF signal, I,,,,,, for a range of coreagent concentrations

for both the target and reference reactions. The time corresponding to the peak intensity, £, 4>



representing the delay between photolysis and probe lasers was calculated prior to the
experiments using the expression

1 kL(H)
tmax - kL(H) _ k, ln( k/ )

where k' values were obtained through the kinetic experiments described above following
O(’D) loss, while k L(H)» the diffusional loss rate for H (or D) atoms, was obtained from previous
H (D) atom detection experiments performed under similar conditions. Typical plots of 1,4
versus t,q, recorded at 127 K for the target and reference reactions are shown in Figure 6 and

can be seen to yield straight lines.
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Figure 6. Maximum intensity, [,,,,, as a function of the maximum time, t,,,, at 127 K; (blue
triangles) reference O(’D) + H; reaction; (red circles) target O(’D) + HD reaction. Solid lines
represent weighted fits to the individual data based on the standard error derived from an

average of the laser shots recorded at each value of ¢, ;.



The slopes of these plots were obtained from weighted linear least-squares fits to the data, where
the weighting parameter corresponded to the standard error of the measured intensity. As
neither HD nor H» (D2) absorb to any significant extent around 121 nm, no corrections to the
relative intensities were required to account for absorption losses. Following the analysis
provided by Nufiez-Reyes et al.,’” the absolute H- or D-atom yields were finally obtained from
the ratio of the slopes of the two plots. In order to reduce the scope for potential errors in the
measured yields (such as through signal drift with time), this procedure was repeated at least
five times, while the acquisition order was inverted for each pair of measurements. The absolute
yields of H-(D-) atoms were converted to branching ratios (BR) using the formula BR = X/(1-
X) where X is the measured H- or D- atom yield. The derived branching ratios are reported in
Table 2 and are displayed as a function of temperature in Figure 7 alongside the present

theoretical work in addition to previous experimental and theoretical results.

Table 2 Temperature dependent experimental branching ratios (OD + H/OH + D) for the
O('D) + HD reaction

Branching ratio Branching ratio
T/K N N¢ _
H(°S)-detection D(°S)-detection
296 5 1.17 £0.20°
12742¢ 8 1.46 £0.11 5 1.09+0.23
7512 5 1.15+£0.23
50+1 5 1.33+£0.13

“Number of branching ratios determinations. “The error bars reflect the statistical uncertainties
at the 95% confidence level. “Uncertainties on the calculated temperatures represent the
statistical (1o) errors obtained from Pitot tube measurements of the impact pressure.
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The present experimental branching ratios are quite scattered compared to the equivalent
quantities obtained during previous work on the C(‘D) + HD reaction®** which employed a
simpler method for the determination of branching ratios as described above. Indeed, as only a
limited quantity of coreagent HD was available for all the combined experiments reported here
(7 litres), it was not possible to use large HD flows during this study. Consequently, the range
of tmax values that could be adopted for the O(’D) + HD reaction was restricted as can be seen
from Figure 6, leading to higher inaccuracies on the determination of the slope for the target
reaction than those for the reference reaction. Nevertheless, it can be seen that the branching
ratios obtained here and those derived by previous studies at room temperature are in good

agreement, displaying a slight preference for the OD + H product channel over the OH + D one.



Earlier measurements®® at higher equivalent energies also yielded (OD + H)/(OH + D)
branching ratios in the range 1.1-1.5. Below room temperature, the branching ratio remains
relatively constant, considering the experimental error bars, and agrees well with the only other
previous measurement of the temperature (energy) dependent branching ratio by Hsu et al.’
through crossed molecular beam experiments over the energy range 2.5 — 25 kJmol-!. Although
the majority of the present branching ratio measurements were performed by following the H-
atom production channel, a limited number of experiments was also performed at 127 K by
following D-atom formation (by comparing with the D-atom yield of the O(’D) + D> reaction).
These supplementary measurements confirm the overall trend of the branching ratio as a
function of temperature.

Interestingly, the MPPST and SQM methods lead to calculated branching ratios that are
somewhat larger than the present and previous experimental results, whereas the RPMD
branching ratio shows only a slight preference for OD + H product formation which increases
slightly at low temperature. In principle, the overestimation of the experimental branching
ratios with respect to the statistical predictions can be attributed to deviations from strict
complex-forming dynamics of the OD production channel. This would be consistent, on the
other hand, with the comparison shown in Figure 1 between SQM and MPPST cross sections
and those from the experiment of Ref. (9), where the statistical results were clearly larger for
the OD + H product channel.

In order to check for possible dynamical effects, QCT calculations were carried out using a
standard approach® for collision energies of 6.5, 19.5 and 39 meV, corresponding to the
thermal average collision energies for 50, 150 and 300K and jup=0. The predicted branching
ratios are respectively 1.74, 2.03 and 2.17. While these values are consistent with previous

calculations at higher collision energies,®* they do not improve the agreement with experiments.



Consequently, it does not seem that the disagreement between the statistical and experimental

results stems from classical dynamical effects on the DK 1A" adiabatic electronic state.

S Conclusions

We have presented a combined experimental and theoretical investigation of the dynamics and
kinetics of the O(/D) + HD reaction. On the one hand, rate constants between 50 and 300 K
were measured with a supersonic flow apparatus employing laser photolysis and laser induced
fluorescence to produce and detect O('D), respectively. Branching ratios (OD+H / OH+D) were
additionally obtained by comparison with a reference reaction by following H(S) or D(°S)
production. On the other hand, theoretical estimates for the thermal rate constants have been
calculated using mean potential phase space theory, statistical quantum method and ring
polymer molecular dynamics. The comparison between experiment and theory reveals a
reasonably good agreement with some slightly larger deviations observed for the statistically
based predictions. The role played by complex-forming mechanisms in the overall dynamics
for the processes leading to the formation of either OD or OH is further investigated by
comparison with previously reported integral and differential cross sections for each product

arrangement.

Supporting Information. Supplemental discussion of the reaction dynamics. Supplemental

figures S1-S4. Supplemental tables S1-S3.
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