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Abstract

In the present joint experimental and theoretical study, we report thermal rate constants for the
O('D) + H, reaction within the 50-300 K temperature range. Experimental kinetics
measurements were performed using a continuous supersonic flow reactor coupled with pulsed
laser photolysis for O('D) production and pulsed laser induced fluorescence in the vacuum
ultraviolet wavelength range (VUV LIF) for O('D) detection. Theoretical rate constants were
obtained using the ring polymer molecular dynamics (RPMD) approach over the two lowest
potential energy surfaces 1'A’ and 1'A” which possess barrierless and thermally activated
energy profiles, respectively. Both the experimental and theoretical rate constants exhibit a
weak temperature dependence. The theoretical results show the dominant role of the 1'A’
ground state and that contribution of the 1' A" excited state to the total thermal rate decreases
dramatically at lower temperature. The agreement between the experimental and theoretical
results is good, the discrepancy does not exceed 25 %. It is argued that these differences are

likely to be due to non-adiabatic couplings between the 1'A’ and 2'A’ surfaces.



1 Introduction

The reactions of atomic oxygen in its first excited state, O('D), play important roles in
the chemistry of planetary atmospheres and in the interstellar medium. In the Earth's
atmosphere the photodissociation of stratospheric Oj; leads to the production of O('D) atoms
with high quantum yields in the ultraviolet wavelength range.! Although the primary fate of
O('D) atoms formed in this way is quenching to the ground P state through collisions with the
primary atmospheric constituents N, and O»,” a fraction of these O(' D) atoms react rapidly with
trace atmospheric molecules. As the upper atmosphere is relatively dry, given that the
tropopause acts as a cold trap for moist air rising from the troposphere, stratospheric OH
radicals which participate in catalytic ozone destruction cycles are mostly formed by the
reactions of O('D) with CH,® and with H,," present in the stratosphere with mixing ratios of 1.7
X 10 and 5 x 107 respectively. O('D) atoms are also important in astrochemistry. The major
constituent of the Martian atmosphere is carbon dioxide (95 %) which is readily photolysed
below 205 nm to produce CO molecules and atomic oxygen. As the three body recombination
reaction CO + O + M — CO, + M is slow,” it is expected that CO and O, should be present at
high levels in the Martian atmosphere. Interestingly, CO and O, concentrations derived from
observations® 7 are at least a factor 30 too low (more than 100 for CO), suggesting that other
processes act to maintain CO, levels. The OH + CO reaction is one potentially important
process in this respect and catalyzes the reconversion of CO to CO,. OH radicals themselves
are generated by water photolysis in the vacuum ultraviolet (VUV) range and also through the
reactions of O('D) atoms (produced by the photodissociation of CO, below 170 nm and through
O; photolysis) with both H, and H,O.

The kinetics of the O('D) + H, reaction have previously been investigated
experimentally at both room temperature®"* and over a range of temperatures. * '* > These

studies have shown that the reaction is fast (ko(ipy+a2 = 107" cm® s and displays only weak
(1D) play y



variations of the rate constant as a function of temperature in the range 195 - 420 K.*'*'° There
are also numerous studies of the dynamical aspects of the O('D) + H, reaction at both the

experimental'®*! and theoretical'” '** levels, employing a variety of theoretical techniques

26, 38, 39 17,19-23, 25,27, 32

ranging from statistical theory, quasi-classical trajectory (QCT) methods,

as well as approximate and detailed quantum mechanical (QM) calculations.'® 2 24 2931 3333,
37:40 As an insertion type reaction which typically involve deep potential wells, the use of QM
methods is computationally expensive given the need to treat large numbers of bound quantum
states. Consequently, in recent years there has been a significant effort to develop novel
theoretical strategies to treat such systems efficiently while simultaneously providing an
accurate description of QM effects such as zero-point energy and tunneling. One method,
namely ring polymer molecular dynamics (RPMD) rate theory has been demonstrated*' to

3,36, 42-45

provide reliable estimates for insertion type chemical reactions as well as for thermally

. . . 46-61
activated chemical reactions*®¢

and even for reactions with more complex energy profiles.®*
%% In particular, RPMD rate constants calculated for a similar chemical reaction between C('D)
and H, at low temperatures (300-50 K) demonstrated excellent agreement with the measured
ones.”

The interaction between O('D) and HZ(XIZJ) gives rise to five singlet states. Two of
these are strongly repulsive leaving three singlet states which might play a role in the reaction.
The ground 1'A’ surface correlates adiabatically with O('D) and HZ(XIZQ) reagents and ground
state products OH(X’IT) and H(*S) in the absence of a barrier.> °® This pathway is characterized
by a deep potential well corresponding to a long-lived H,O intermediate and is distinguishable
in the experimental'” and theoretical®® results through a notable backward forward symmetry
in the differential cross sections (DCSs) at low collision energy. Two other surfaces are also

potentially involved in the O('D) + Hz(X]E,;) reaction. The first excited 1'A” state also

correlates adiabatically with ground state products OH(X’IT) and H(*S), although this surface



is characterized by the presence of an activation barrier (10 kJ mol™) and no potential well,
where reaction occurs through an abstraction type mechanism. The contribution of this channel
is expected to increase at higher energies and can be identified by the presence of an asymmetry
in the experimental'” and theoretical’’ DCSs. Finally, the 2' A’ surface correlates adiabatically
with excited state OH(A*X") and H(*S) products. While this surface shares the same activation
barrier as the 1'A"" state, the presence of a small potential well (lower in energy than the
separated reagents) and a conical intersection to the ground 1'A’ surface might allow this state
to contribute to the overall reactivity through a non-adiabatic pathway. This particular channel
could play a role in the reaction dynamics at both high and low energies. At high energy, the
activation barrier is easier to overcome in a similar manner to the 1'A” state. At low energy,
although passage over the barrier is now inhibited, reaction could still occur by tunneling.
Moreover, as the weakly bound complex lifetime increases at low energy, the probability for
non-adiabatic transitions to occur to the ground 1'A’ surface could be enhanced.

In order to evaluate the contribution of these excited states to the overall reactivity of
the O('D) + H, system, it is important to study this process at even lower energies and/or
temperatures where quantum effects are likely to be more pronounced. To address this issue,
we undertook a joint experimental and theoretical investigation of the O('D) + H; reaction. On
the experimental side, a continuous flow supersonic reactor was used to study the reaction over
the 50-296 K range, employing pulsed laser photolysis and pulsed laser induced fluorescence
as production and detection methods respectively to follow the O('D) kinetics. On the
theoretical side, the RPMD method was employed to study the dynamics of the title reaction
over the ground 1'A’ and excited 1'A" surfaces and to furnish rate constants in the same
temperature range. The experimental and theoretical methods used in this work and the
corresponding results are described in sections 2 and 3. A discussion of these results and our

conclusions are presented in section 4.



2 Experimental Methods and Results

The measurements reported here were performed using a continuous flow supersonic reactor
(also known as the CRESU technique - Cinétique de Réaction en Ecoulement Supersonique
Uniforme) which has been described in detail in earlier work,” with other details relevant to
the current investigation presented in later studies.”>**% These experiments were conducted
at specific low temperatures of 127 K, 75 K and 50 K through the use of three individual Laval
nozzles. In addition, experiments at ambient temperature (296 K) were performed by removing
the Laval nozzle and by reducing the flow velocity. The calculated flow characteristics
(temperature, density, velocity and pressure) for these nozzles are presented in Table 1 of
Grondin et al.” Only argon based nozzles were used in the present work as the nitrogen based
ones resulted in the efficient removal of O('D) atoms through quenching to the ground triplet
state.”

O('D) atoms were generated in-situ within the cold supersonic flow by the photolysis of
ozone (O,) at 266 nm with pulse energies around 20 mJ. The quantum yield for O('D) formation
at 266 nm is approximately 0.9." O, itself was produced by the continuous ultraviolet (UV)
irradiation of O, in a quartz cell by a high pressure mercury lamp as described in Grondin et
al.> The UV photolysis of O, led to OCP) formation which then recombined with non-
dissociated O,; a process whose yield was improved by the use of higher pressures (700 Torr).
The contents of the cell (O,/0,) were mixed with the carrier gas Ar and reagent H, upstream of
the Laval nozzle.

A direct detection method was employed in the present experiments. Tunable light around
115 nm was generated in a two-step process. Firstly, a pulsed narrow band dye laser operating
around 690 nm was frequency doubled to produce 345 nm light. Residual radiation at 690 nm

was eliminated before the UV beam was focused into a cell containing 100 Torr of xenon and



230 Torr of argon for phase matching purposes. The VUV light produced by frequency tripling
in xenon was collimated by a magnesium fluoride lens at the exit of the cell. O('D) atoms were
excited through the the 3s 'D — 2p 'D transition at 115.215 nm and the resonant vacuum
ultraviolet laser induced fluorescence emission (VUV LIF) from unreacted O('D) atoms was
detected using a solar blind photomultiplier tube (PMT). The PMT was isolated from the flow
reactor by a Lithium Fluoride (LiF) window and the volume between the PMT and the window
was evacuated to prevent atmospheric absorption of the emitted VUV light. A LiF lens within
the evacuated region collected the VUV emission and focused it onto the PMT photocathode.
A boxcar integration system was used for signal processing and acquisition.

VUV LIF signals were recorded as a function of time between the photolysis and probe lasers
with the lasers and acquisition electronics being synchronized by a pulsed delay generator.
During the kinetic measurements, each time point consisted of an average of 30 laser shots,
with at least 70 time points recorded for each decay profile. The pretrigger baseline signal
(containing scattered light contributions from the probe laser and any other spurious electronic
noise), was established by firing the probe laser at several time intervals prior to the photolysis
laser.

All of the gases used in these measurements (Ar 99.999%, H, 99.999%, O, 99.999%, Xe
99.998%) were flowed directly from cylinders without further purification. As calibrated mass
flow controllers were employed to drive the gas flows, the excess reagent and carrier gas
concentrations could be determined from the flow ratios and the calculated flow density.

To simplify the kinetic analysis, the pseudo-first-order approximation was applied by using
a large excess of H, with respect to O('D). Consequently, the H, concentration was effectively
constant for all of the individual measurements presented here. Under these conditions, the
O('D) VUV LIF signal was seen to obey a first-order decay law of the type I, = I, exp(-k't),

where I, and I are the time dependent and initial signal intensities respectively, k' is the pseudo-



first-order rate constant for O('D) loss and t is time. Typical reagent O('D) decay profiles
recorded at 50 K as a function of the delay between the photolysis and probe lasers are shown

in Figure 1.

intensity / arb. units

time / microseconds

Figure 1 O('D) atom decay curves recorded at 50 K. (blue open circles) [H,] = 1.1 X 10" cm’
’; (Red solid circles) in the absence of [H,] (O('D) atoms decay rapidly through non-reactive
quenching with the carrier gas Ar). Solid lines represent single exponential fits to the data of

the form I, = [, exp(-k't) (see text).

It can be seen from Figure 1 that even in the absence of H,, O('D) atoms decay rapidly with a
pseudo-first-order loss rate of 1.8 x 10° s”. During these experiments, O('D) atoms are
potentially removed by several different non-reactive processes such as quenching by the
carrier gas Ar, quenching by residual O, in the reactor and/or by diffusional loss. During our

recent investigation of the O('D) + N, and O, quenching processes” we determined temperature



dependent rate constants for removal by both O, and Ar with values of 6.6 X 10" cm’ s and
6.8 X 10°° cm’ s™" at 50 K respectively. In the present example, [O,] = 6.8 X 10" cm™ and [Ar]
=2.6 X 10" cm™; values which lead to O('D) pseudo-first order loss rates of 4.5 X 10’ s and
1.8 X 10° s™" respectively. Consequently, O('D) losses in the absence of H, are almost entirely
due to collisions with Ar, whereas other processes contribute at a negligible level.

Second-order rate constants were determined at any given temperature by plotting the measured
pseudo-first-order rate constants against the corresponding H, concentration. The H
concentration was varied over a wide range of values to reduce the associated statistical
uncertainties on the derived second-order rates with at least 40 individual measurements
performed at every temperature. Exemplary second-order plots obtained at 296 K and at 50 K

are displayed in Figure 2.
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Figure 2 Second-order plots for the O('D) + H; reaction. (red open circles) 296 K experiments;

(blue open squares) 50 K experiments. Error bars represent the statistical uncertainties on the



pseudo-first-order rate constants derived from single-exponential fits to the individual O('D)
decays. Second-order rate constants were determined by weighted fits (solid red and blue lines)

to the data.

Non-linear least squares fits to the data (weighted by the uncertainties of the exponential fits to
each O('D) decay) yielded the second-order rate constants from the slopes.

The measured second-order rate constants for the O('D) + H, reaction are shown in Figure 3 as
a function of temperature alongside the present RPMD rate constants and previous experimental

and theoretical studies.
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Figure 3 Temperature dependence of the second-order rate constants for the O('D) + Ha
reaction. Experimental values: (Blue solid squares) Davidson et al.*; (light blue solid diamonds)

Blitz et al.'*; (green solid triangles) Vranckx et al."”; (Red solid circles) this work. Theoretical
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values: (sold black line) Lin & Guo®’; (dashed blue line) Statistical Quantum Mechanical
method (SQM) Rivero-Santamaria et al.*®; (dashed purple line) Mean Potential Phase Space
Theory (MPPST) Rivero-Santamaria et al.*®; (open red squares) Li et al.*®; (open red circles)
this work RPMD.

The current experimental results are also presented in Table 1 alongside other relevant
information. The experimental error bars contain contributions from the statistical uncertainty
of second-order fits such as those shown in Figure 2 in addition to an estimated systematic
uncertainty of 10 % of the nominal second-order rate constant. In a similar manner to earlier
experimental kinetic studies of the title reaction, we find that the measured rate constants
display very little variation as a function of temperature with an average value for ko(ipy2 =
(1.38 = 0.14) x 10" cm’ s™, although this is approximately 15 % larger than the currently
recommended value.' In common with our previous studies of the C('D) + H, and C('D) + D,
reactions, it is expected that the H, used in these experiments is non-equilibrated at low
temperatures due to inefficient nuclear-spin conversion in the gas-phase between its ortho and
para forms. Indeed, this effect results in an order of magnitude increase in the ortho/para ratio
for H, at 50 K with respect to the equilibrium value, which might lead to a significant deviation
of the reaction rate at low temperature. Earlier dynamics experiments investigating the effect
of H; rotational excitation on the integral cross sections (o) for the O('D) + H, (J = 1) (ortho)
and O('D) + H, (J = 0) (para) reactions determined a ratio o(J=1)/0(J=0) = 0.95 = 0.02 at a
collision energy of 5.4 kJ mol™, indicating only a small reactivity difference towards O('D)
between these two forms of H,.'"® Consequently, it is expected that the present kinetic
experiments should yield similar rate constants to those conducted at equilibrium. Interestingly
however, the reactions of ortho and para H, with O('D) were seen to lead to quite different
quantum state distributions for both forward and backward scattered OH products, indicating

potential mechanistic differences for these two processes.
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3 Theoretical Methods and Results
The RPMD calculations were performed using the RPMDrate code.” The
computational procedure is documented in the RPMDrate manual available online

(http://rpmdrate.cyi.ac.cy/) and in Suleimanov et al. (2013).” RPMD rate theory is well-

described in references (36) and (41) and will not be repeated here. In the present calculations,
we employed the highly accurate Dobbyn-Knowles potential energy surfaces (PESs).” The
simulation parameters were taken from the previous studies of insertion type (for the 1'A’
surface) and thermally activated (for the 1'A” surface) chemical reactions and are given in
Table 2. The main difference between these two sets of parameters is the length of child
trajectories in the RPMD transmission coefficient calculations which is ten times longer for the
1'A" state (2 ps versus 0.2 ps for 1'A’) due to the long real-time insertion dynamics.>**' The

intermediate results are summarized in Figures 4 and 5.
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Figure 4 Ring polymer potentials of mean force (W (&)) along the reaction coordinate for the

O('D) + H, chemical reaction on the 'A' (top panel) and 'A" (bottom panel) PESs at 50, 77, 128

and 300 K.
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Figure 5 Ring polymer recrossing factors (k(¢)) along the reaction coordinate for the O('D) +

H, chemical reaction on the 'A' (top panel) and 'A" (bottom panel) PESs at 50, 77, 128 and 300

K.

They show that the ring polymer dynamics is quite different on the 1'A’ and 1'A”

surfaces. As expected, due to the different energy profiles of these PESs, the free energy
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counterparts exhibit similar distinctions though the insertion channel (1'A’) also exhibits a free
energy barrier (tiny barrier before entering the deep well) due to a decrease in the entropy when
damping from unreactive coordinates of the system. The transmission coefficients exhibit a
more noticeable distinction with opposite temperature dependences observed for these PESs.
These observations are in line with several previous RPMD studies of insertion type and
thermally activated chemical reactions.*

The final RPMD rate constants are given in Table 3. They show the dominant
contribution of the 1' A’ ground state to the overall thermal rate constants. The rate constant for
the excited state 1'A"” rapidly decreases at low temperature due thermal deactivation which is
apparently not compensated by quantum tunneling of the light-mass hydrogen atom in this
reaction. As a result, the contribution of the 1'A" surface to the overall reactivity decreases to
negligible values at the lower temperatures of the present study. We also note that the present
result on the 1'A’ ground surface at 300 K agrees with the previous RPMD calculations at this
temperature.’

4 Discussion and Conclusions

In this work, we present a joint experimental and theoretical study of the O('D) + H, gas-phase
reaction at low temperatures (300-50 K). Experiments were performed using a continuous
supersonic flow reactor coupled with pulsed laser photolysis and pulsed laser induced
fluorescence for the production and detection of O('D) atoms respectively. Theoretical results
were obtained using the recently proposed, though already well-established,” ring polymer
molecular dynamics (RPMD) method. Calculations were performed for the two lowest
adiabatically uncoupled potential energy surfaces (PESs) - the ground 1'A’ channel of insertion
type and the first excited 1'A” channel which is thermally activated (presenting an energy
barrier). The present RPMD calculations confirm the dominant contribution of the barrierless

ground 1'A’ insertion channel at low temperatures and are in agreement with the experimental
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values to within 25 %. However, the RPMD rate constants are seen to decrease below room
temperature while the experimental values remain relatively constant. There are several
possible explanations for the observed discrepancies. These include the use of non-equilibrated
mixtures of H, in the present experiments, possible inaccuracies of the underlying PESs which
become more important at lower energies, or the adiabatic limit used in the present simulations.
Because similar issues appeared in our previous study of the C('D) + H, reaction,” we argue
that non-adiabatic generalization of RPMD rate theory and the proper treatment of non-
adiabatic couplings is extremely important and may improve agreement with the experiment.
Indeed, an earlier QM wavepacket investigation®’ of the title reaction adiabatically over the
1'A" and 1'A” states, including a non-adiabatic pathway through coupling between the 1'A’
and 2'A’ states found that the non-adiabatic channel contributes approximately 10 % to the total
rate constant over the entire temperature range. Such an increase in the present RPMD rate
constants would clearly bring these values into line with the measured ones (considering the
experimental error bars and typical errors of the RPMDrate computational procedure).*' Several
non-adiabatic generalizations of the RPMD theory have been already proposed, e.g., using the
mapping approach,” such as non-adiabatic RPMD’' and mapping-variable RPMD.”* Due to a
lack of realistic prototype benchmark systems and comparative analysis with rigorous quantum
mechanical results, application of such approaches to the title process will therefore facilitate

practical extension of non-adiabatic RPMD rate theory in future.
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Table 1 Measured second-order rate constants for the O('D) + H, reaction.

T/K N [Hy]/10"cm’ ko2 / cm’ s™
296 40 0-14.5 (1.5+02)°x 10"
127 + 2° 42 0-98 (13+0.1)x 10"
75+2 41 0-80 (14+0.1)x 10"
50+ 1 42  0-112 (14+0.1)x 10"

*Uncertainties on the calculated temperatures represent the statistical (10) errors obtained from
Pitot tube measurements of the impact pressure. ®Number of individual measurements.
‘Uncertainties on the measured rate constants represent the combined statistical and systematic
errors as explained in the text.
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Table 2 Input parameters for the RPMDrate calculations on the O('D) +H,. The explanation of
the format of the input file can be found in the RPMDrate code manual (see
http://rpmdrate.cyi.ac.cy ).

Parameter Potential Energy Surface Explanation
IA ’ IA "
Command line parameters
Temp 300 Temperature (K)
128
77
50

Nbeads 128 (300 K); 196 (128 K); 256 (77 K); 296 (50 K) Number of Beads

Dividing surface parameters

Re 15 a, 15 a, Dividing surface parameter
(distance)

Noond 1 1 Number of forming and
breaking bonds

Nehannel 2 2 Number of equivalent product
channels

Thermostat ‘Andersen’ ‘Andersen’ Thermostat option

Biased sampling parameters

Nuwindows 111 111 Number of Windows

¢l -0.05 -0.05 Center of the first window

dé 0.01 0.01 Window spacing step

éN 1.05 1.05 (0.85 at 50 K) Center of the last window

dt 0.0001 0.0001 Time step (ps)

ki 2.72 2.72 Umbrella force constant ((T/K)
eV)

Ntrajectory 200 200 Number of trajectories

tequilibration 20 20 Equilibration period (ps)

fsampling 100 100 Sampling period in each
trajectory (ps)

Ni 2% 10° 2% 10° Total number of sampling
points

Potential of mean force

calculation

& 0.00 0.00 Start of umbrella integration

& 0.570 (300 K) 0.922 (300 K)* End of umbrella integration

0.549 (128 K)* 0.896 (128 K)*
0.494 (77 K)* 0.860 (77 K)*
0.430 (50 K)* 0.819 (50 K)*

Nbins 5000 5000 Number of bins

Recrossing factor calculation

dt 0.0001 0.0001 Time step (ps)

tequilibration 20 20 Equilibration period (ps) in the
constrained (parent) trajectory

Niotalchild 200000 200000 Total number of unconstrained
(child) trajectories

fehildsampling 2 2 Sampling increment along the
parent trajectory (ps)

Nehild 100 100 Number of child trajectories
per one initially constrained
configuration

tehild 2 0.2 Length of child trajectories

(ps)

*Detected automatically by RPMDrate;
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Table 3 The results of RPMD calculations for the O('D) + H, reaction over the '4’ and '4”

PESs at 50, 77, 128 and 300 K: ring polymer transmission coefficient (Kplatcau) and final RPMD
rate coefficients (krpmp). All rate coefficients are given in cm’s™.

T (K) Kplateau krpmp no correction (with
correction)”
PES 1'4’
300 0.297° 5.64 x 1070 (1.13x 10%)
128 0.400 5.62 x 10" (1.12x 10
77 0.456 5.42 x 10" (1.08% 107
50 0.537 5.46 x 10" (1.09% 107
PES 1'4"
300 0.331 1.54 x 107% (3.08 x 107")
128 0.324 3.48 x 107(6.96 x 107)
77 0.098 5.41 x 1077 (1.08 x 107)
50 0.011 2.66 x 107°(5.32 x 107'%)

* corrected by electronic partition functions Q. = 5. ® calculated at not optimal position of the
dividing surface (§ = 0.57) in order to compare with the previous results from Ref. (36) and to
verify the independence of RPMD rates from &.
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