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Kinetics of the Gas-Phase O(‘D) + CO, and C('D) + CO, Reactions Over the 50 - 296 K

Range

Dianailys Nufiez-Reyes™” and Kevin M. Hickson, **"

“Université de Bordeaux, Institut des Sciences Moléculaires, F-33400 Talence, France

bCNRS, Institut des Sciences Moléculaires, F-33400 Talence, France

Abstract: The kinetics of the reactions of CO, with atomic oxygen and atomic carbon in their
first excited singlet states have been studied at room temperature and below using the Laval
nozzle reactor method. O('D) and C('D) atoms were created in-situ by the 266 nm pulsed laser
photolysis of O3 and CBry4 precursor molecules respectively. While O('D) atoms were detected
directly by vacuum ultra violet laser induced fluorescence at 115 nm, C('D) atoms were
followed indirectly through a chemical tracer method. The measured rate constants for the
O('D) + CO, reaction are found to be in excellent agreement with earlier work and extend the
available kinetic data for this process down to 50 K. The present work represents the first
kinetics study of the C('D) + CO, reaction below room temperature. Both reactions display rate
constants that increase as the temperature falls, with a more substantial rate increase observed
for the O('D) + CO, reaction. This finding could be due to the increasing lifetimes of the

intermediate species involved at lower temperatures.

1 Introduction
Neutral 'radical' atoms are considered to play important roles in the chemistry of a range of
astrophysical environments'. In particular, the reactions of ground state atoms C(C'P), N(*S) and

O(C*P) with cations such as H;" are important processes in the formation of neutral hydrides®



and other reactions with small molecules and molecular radicals lead to an overall increase in
the chemical complexity of dense interstellar clouds.* Although reactions involving atoms in
excited electronic states C('D), N(*D) and O('D) are unlikely to contribute to the gas-phase
chemistry of the interstellar medium given the short radiative lifetimes of these species and the
low molecular densities involved, there is evidence to suggest that these processes could occur
in interstellar ices, leading to complex organic molecule formation.™ In planetary atmospheres,
the short wavelength photodissociation of simple molecules such as O,, CO and N, generates
neutral atoms in both the ground and excited electronic states. As the atmospheric densities are
many orders of magnitude higher than those found in the interstellar medium, excited state
atoms make important contributions to the overall gas-phase chemistry. In these environments,
the reactive removal of excited state atoms competes with non-reactive quenching losses that
lead to ground state atom formation.

In the Martian atmosphere, O('D) atoms are produced with high quantum yields by the
photodissociation of CO, below 170 nm.” Similarly, the photodissociation of CO molecules
below 100 nm has been shown to produce significant quantities of C('D) atoms® which could
also play a small role in Mars atmospheric chemistry. Indeed, both CO, and CO possess highly
structured absorption features in the 90 - 100 nm range so that CO might not be entirely shielded
by CO; in this spectral region. To quantify the importance of excited state atoms to the
chemistry requires an accurate knowledge of the rate constants for the most important reactive
and non-reactive removal processes in any particular environment. In the case of O('D), these
atoms will either react with species present in the Martian atmosphere such as H, or H,O or be
removed by non-reactive collisions with the major atmospheric constituent CO, (95 %) through
the formation of an intermediate CO; species.9 Rate constants have been measured for this
process over a combined range of temperatures 139 K - 673 K in three separate studies'®'? in

addition to measurements at room temperature.”>” These earlier studies clearly show that the



quenching rate is large and increases further as the temperature falls, reaching a value of (1.2
0.1) x 10" cm’ s at 139 K.

In contrast to the O('D) + CO, reaction, the removal of C('D) atoms by CO; is considered to
be a reactive process leading adiabatically over the 'A' potential energy surface (in Cs
symmetry) to yield two CO molecules in the ground electronic 'S" state with an exothermicity
of approximately 420 kJ mol™."® The only previous experimental kinetic study of this process
was performed at room temperature yielding a value of (3.7 £ 1.7) x 107" cm® s for the rate
constant."’

Here we report the results of an experimental investigation of the O('D) + CO, and C('D) +
CO; reactions in the gas-phase over the 50 - 296 K temperature range using a Laval nozzle
reactor coupled with pulsed laser photolysis to generate O('D) and C('D) atoms. To examine
the reaction kinetics, O('D) atoms were probed directly by vacuum ultraviolet laser induced
fluorescence whereas C('D) atoms were followed indirectly using a chemical tracer method.
Section 2 describes the experimental methods used to perform this study and the results
obtained are discussed in section 3. The conclusions are presented in Section 4.

2 Experimental Methods

The experiments reported here were carried out using a supersonic flow reactor’’ operating in
continuous mode. The apparatus has been described in detail in our earliest publications,*'**
with further modifications that allowed the kinetics of atom + molecule reactions to be
investigated reported in more recent work.”>® The key element of this instrument is the
axisymmetric Laval nozzle, allowing uniform supersonic flows with a known low temperature
to be generated through the isentropic expansion of a specified carrier gas into a vacuum
chamber. In these experiments, argon was exclusively used as the carrier gas due to the fast
electronic quenching of both O('D) and C('D) atoms by other potential carrier gases such as

N, 2%° Supersonic flows with characteristic temperatures of 50 K, 75 K and 127 K could be



created using three different Ar based Laval nozzles with the calculated and measured
properties presented in Table 1. To extend the temperature range of the experiments to 296 K,
measurements were also performed without a nozzle, effectively using the apparatus as a
conventional slow-flow flash photolysis system.

Table 1 Characteristics of the supersonic flows

Mach number 2.0 +0.03" 3.0£0.1 39+0.1
Carrier gas Ar Ar Ar
Density (x10'° cm™) 12.6+0.3 14.7+0.6 259409
Impact pressure (Torr) 10.5+£0.2 153+£0.5 29.6£1.0
Stagnation pressure (Torr) 13.9 349 113
Temperature (K) 127+2 7512 50+ 1
Mean flow velocity (ms™) 419 +3 479 £3 505+1
Chamber pressure (Torr) 1.5 1.2 1.4

* The errors on the Match number, density, temperature and mean flow velocity (1) are
calculated from separate measurements of the impact pressure using a Pitot tube as a function

of distance from the Laval nozzle and the stagnation pressure within the reservoir.

For the study of the O('D) + CO, reaction, O('D) atoms were created in situ in the cold flow
by the 10 Hz pulsed laser photolysis of ozone (Os) at 266 nm with an energy of ~23 mJ. This
process is known to have a high quantum yield in the UV wavelength range.’” Although OC’P)
is also produced in low yields by the photolysis and as a quenching product, the OCP) + CO,
reaction does not occur at these temperatures. Precursor O; molecules were generated upstream
of the Laval nozzle through the termolecular OCP) + O, + M(O,) reaction in a separate cell
maintained at pressures around 700 Torr. OC’P) atoms were produced by the continuous
irradiation of O; in the cell by the UV output of a pen ray mercury lamp. O3 concentrations
were estimated to be in the range (5-7) x 10'? cm™ assuming that 5% of the initial O, was
photodissociated. O('D) atoms were detected through resonant pulsed vacuum ultraviolet laser

induced fluorescence (VUV LIF) at 115.215 nm via the 3s 'D — 2p 'D transition of O('D). The



procedure to generate tunable light at this wavelength by frequency tripling has already been
described in earlier work.*2¢3*

For the study of the C('D) + CO; reaction, C('D) atoms were produced through the multiphoton
dissociation of carbon tetrabromide (CBrs), which was introduced into the reactor by passing
argon over solid CBry4 held in a flask at a known pressure and temperature. CBr4 concentrations
in the range (0.4 - 1.7) x 10" cm™ were used in the present investigation.

The main atomic products of CBr4 photolysis at 266 nm are C(°P) atoms®’ although these do
not interfere as the CCP) + COy(X'Z,") = COX'T") + CO(X'L") reaction is spin-forbidden
and very slow at room temperature'® while the formation of the spin-allowed products
CO(X'E") + CO(a’T) is endothermic. CBr, CBr, and CBr; are also expected to be formed by
the photodissociation of CBry. C('D) atoms were not detected directly during this study due to
the absence of strong electronic transitions in accessible wavelength ranges. To circumvent this
problem, H, or CH4 was added to the flow in a fixed low concentration. As both H, and CH4
react rapidly with C('D) atoms (C(’P) atoms are unreactive towards both H, and CH,) to yield
atomic hydrogen as major products,”*** it was possible to follow H-atom production by VUV
LIF detection at 121.567 nm via the 1s °S — 2p “P° Lyman-a transition, effectively employing
H-atoms to track the progress of the competing C('D) + CO, reaction. The kinetic analysis used
is explained in more detail in the results section. The frequency tripling method used to produce
tunable light around 121.567 nm has been well described in previous papers.”*>>2%33-

The tripling cell was attached to the reactor at the level of the detection region by a 75 cm long
sidearm containing baffles. This ensured that most of the divergent UV radiation from the
tripling cell was eliminated before it reached the reactor and significantly reduced the level of
the scattered light signal. For both studies, it was necessary to constantly flush the sidearm to

prevent secondary absorption of the VUV radiation by residual gases. The VUV beam was

directed into the reactor, at 90 degrees to both the cold supersonic flow and the detector. On



resonance VUV emission from excited state atoms within the flow was detected by a solar blind
photomultiplier tube (PMT) which was protected from reactive gases within the chamber by a
LiF window. The region between the LiF window and the PMT was evacuated, allowing the
atomic fluorescence to reach the detector. This zone also contained a LiF lens to focus the VUV
emission onto the photocathode of the PMT. The output of the PMT was connected to a boxcar
integration system for processing. The fluorescence signal was averaged over 30 probe laser
shots at any given time delay between the photolysis and probe lasers. At least 75 time points
were acquired for any single decay profile with at least 15 time points recorded at negative
delays to obtain the baseline level.
The gases used in the experiments (reactive gases, carrier gases, flush gases and rare gases for
frequency tripling) were all controlled by digital mass flow controllers connected directly to
the cylinders themselves. These devices were calibrated by recording the pressure rise brought
about by flowing a specified gas into a known fixed volume. The suppliers and purities of the
individual gases used are (Linde Ar 99.999%, O, 99.999%, Kr 99.999% Xe 99.999%, CO,
99.998%, CH4 99.9995 %, Air Liquide N, 99.999%, H, 99.9999%).
3 Results and Discussion
Kinetics of the O('D) + CO, reaction
Excess concentrations of coreagent CO, were used for all experiments. Consequently, the
pseudo-first-order approximation was assumed to be valid, so that a single exponential function
of the form

Ioapy = loapy,exp(—k't) (1
could be used to describe the variation of the O('D) VUV LIF signal, I o(ip)> as a function of
time between the photolysis and probe lasers. k' is the pseudo-first-order O('D) loss rate and

Io@apy, 1s the O('D) VUV LIF signal when time t = 0. In these experiments, k" has two major

Contrlbutlons; ko(lD) +Ar[AI‘] + ko(lD) +CO, [COz] Where ko(lD) + Ar and ko(lD)+ Co, are the



second-order rate constants for O('D) removal by Ar and CO, respectively. As kocipy + ar[Ar]

is large due to the large carrier gas density, O('D) decays are seen to be rapid even in the absence

of CO; as shown in Figure 1.
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Figure 1 Variation of the O('D) VUV LIF signal as a function of time recorded at 296 K. (Red
open circles) [CO,] = 1.57 x 10" cm™; (blue open squares) without CO, (O('D) decay due to

non-reactive quenching collisions with the carrier gas argon).

Kinetics decays similar to those shown in Figure 1 were recorded for a range of [CO,] allowing
k' values to be derived from the fits. The k' values determined at any given temperature were
plotted against the corresponding CO; concentration. A weighted linear least-squares fit to these
data yielded ko(1p) 4 co,- Typical plots of this type obtained at 296 K and 50 K are shown in
Figure 2 where the large y-axis intercept value of the straight-line plots results from quenching

losses through O('D) collisions with the carrier gas Ar, koctpy + ar[Ar].
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Figure 2 Measured pseudo-first-order rate constants for the O('D) + CO, reaction as a function
of [CO,]. (Red solid squares) data recorded at 296 K; (blue solid triangles) data recorded at 50
K. The solid red and blue lines represent linear least-squares fits to the datasets, weighted by
the statistical uncertainties of the individual datapoints (obtained through exponential fits of

expression (1) to curves similar to those shown in Figure 1).

The y-axis intercept is larger for measurements recorded at 50 K due to the higher Ar carrier
gas density in these experiments ([Ar] =2.6 x 10" cm™ at 50 K, whereas [Ar] = 1.6 x 10" cm”
3 at 296 K) while the O('D) + Ar quenching rate constant increases slightly as the temperature
falls.*

Figure 3 shows ko (1p) 4 co, plotted as a function of temperature alongside earlier experimental

and theoretical results. The measured rate constants are summarized in Table 2.



Table 2 Temperature dependent rate constants for the O('D) + CO, and C('D) + CO, reactions

T/K N° | [CO/10™ em™ | koapycor / cm’ s | N* | [CO,1/10™ em™ | kcpyecor / cm’ s™!
296 42 10-15.7 (1.3£0.1)°x 10|42 |0-15.7 (42+04)x 10"
127 +2* |42 ]0-11.5 (14+0.1)x 10" |41 |0-11.6 4.6 +0.5) x 10!
75+2 42|05 (15+02)x 10 |42 |0-5.7 (54+0.6) x 10"
42 |0-2.4 (58+0.8) x 10"
5041 |42|0-78 (16+02) x 10™
18 |0-24 (53%£0.9)x 10™

*Uncertainties on the calculated temperatures represent the statistical (1c) errors obtained from

Pitot tube measurements of the impact pressure. ®Number of individual measurements.

‘Uncertainties on the measured rate constants represent the combined statistical (1) and

estimated systematic (10%) errors.
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Figure 3 Temperature dependence of the rate constant for the O('D) + CO, reaction.
Experimental studies (solid red circles) this work; (open blue diamonds) Streit et al.'’; (open
purple triangles) Blitz et al.'*; (open green squares) Dunlea and Ravishankara''; (open yellow
circle) Amimoto et al.'’; (solid black square) Davidson et al."’; (solid green star) Wine and
Ravishankara'®; (red cross) Shi and Barker.'® Theoretical studies (dashed green line) Mebel et
al.’ using a TS energy of -1.26 kJ/mol; (solid green line) Mebel et al.” using a TS energy of -
2.51 kJ/mol. Error bars on the present results represent the combined statistical (1) and

systematic (10 %) uncertainties.

The error bars on these values contain contributions from both statistical and systematic
uncertainties. Systematic errors, which are estimated to be around 10%, could have arisen from
several sources including uncertainties in the calibration of the mass-flow controllers and the
subsequent determinations of the concentrations of the reactants and the supersonic flow
density as well as possible errors in pressure gauges and other instruments.

The measured rate constant at 296 K, kg 1p)1co,(296 K) = (1.3 £ 0.1) X 10" em® s is in

excellent agreement with previous absolute determinations of the rate constant at room

10141617 which are all in the range (1.0-1.4) x 107" cm® s using a variety of direct

temperature
and indirect methods to follow the progress of the reaction. In terms of the temperature
dependence of the O('D) + CO, reaction, there are three earlier experimental studies covering
a combined temperature range of 139 - 673 K by Streit et al.,'” Blitz et al.'* and Dunlea et al."’
These studies found that the rate constant increases with decreasing temperature, with all three
datasets displaying similar dependences. The present results are seen to be entirely consistent

with earlier work both in terms of the magnitude and temperature dependence of the derived

rate constant values, and extend the available kinetic data down to 50 K.



Mebel and coworkers’ used ab-initio multireference configuration interaction methods to
provide more detail on the mechanism of the O('D) + CO, reaction and its kinetics. They
calculated the geometries and energies of the various intermediates and transition states (TSs)
over the lowest singlet and triplet potential energy surfaces of CO;. They showed that reaction
occurs through the formation of an initial O-CO, van de Waals complex which could then
isomerize to form a strongly bound cyclic COs intermediate over a submerged barrier on the
singlet PES calculated to be 1.26 kJ/mol lower than the reagent asymptote as a best estimate.
As the exit channel to form CO + O, products is thought to be characterized by a barrier,*® loss
of singlet COs is dominated by quenching through intersystem crossing to the triplet CO;
potential energy surface followed by dissociation to O(’P) and CO,. Using standard RRKM
theory®® Mebel et al.’ calculated rate constants for the various isomerization and dissociation
steps on the singlet and triplet CO; PESs in addition to intersystem crossing rate constants and
radiationless transitions between the triplet and singlet surfaces. This allowed the authors to
derive the overall rate constant for the O('D) + CO, reaction as a function of temperature. These
values are presented alongside the experimental ones in Figure 3 for two different energy values
of the submerged barrier on the singlet CO3; PES. It can be seen that the best estimate value of
-1.26 kJ/mol for this transition state leads to calculated rate constants which are half as large as
the experimental ones. The agreement is significantly improved however when a lower value
of -2.51 kJ/mol is used instead. With regard to the derived temperature dependence of the
reaction rate, Mebel et al.” found that this quantity was mostly dependent on the energy
dependence of the unimolecular dissociation rate for the cyclic ]C03 intermediate. Indeed, the
triplet state quenching products were found to be primarily formed through a radiationless
transition from a planar 1C03 structure with D3z, symmetry to a 3C03 structure with C,,
symmetry, with only a weak dependence on the initial energy rather than through a minimum

on the seam of crossing between singlet and triplet surfaces. Consequently, as the initial



collision energy (temperature) decreases, a slower redissociation rate for the cyclic 'CO;

intermediate leads to an enhanced rate of formation of O(’P) + CO, products.

Kinetics of the C('D) + CO, reaction
In a similar manner to the experiments on the O('D) + CO, reaction, The pseudo-first-order
approximation was applied to investigate the kinetics of the C('D) + CO, reaction. In this case,
CO, and H; (or CHy) (used to trace the kinetics of C('D) loss through the C('D) + H, — CH +
H or C('D) + CH4 — C,H; + H/ C,H, + H, reactions) were maintained in excess with respect
to C('D) atoms, although only the CO, concentration was varied for any series of
measurements. Under these conditions, the H-atom fluorescence signal was well described by
a biexponential function of the form

Iy = Afexp(—k'Lt) — exp(—Kk'rt)} (2)
where k', and k'p are the pseudo-first-order rate constants for H-atom loss and formation
respectively and A is the amplitude of the H-atom fluorescence signal. In the absence of
competing secondary reactions, k', represents the diffusional loss of atomic hydrogen from the
probe volume. k'y potentially contains contributions from several processes in the present
experiments including
k'sr = Y kcapy+co,[CO2] + kcapyinycn,) [H21([CH4D) + kc@py+car, [CBral +
kcapy+arlAr] + Kaieecpy (3)
where k¢(1py,x represents the second-order rate constant for C('D) removal with species X and

kaitrcipy is the first-order diffusional loss of C('D) atoms. The last four terms in expression

(3) are constant for any single series of measurements, so that k'y varies only as a function of
[CO,]. Two typical temporal profiles are displayed in Figure 4, obtained at 296 K for high (1.57

x 10" cm™) [CO,] and without [CO,].
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Figure 4 H-atom VUV LIF signal measured at 296 K as a function of time, effectively
following the variation of the C('D) atom concentration through a chemical tracer method with
[Hy] = 6.76 x 10" cm™. (Red solid circles) without CO,; (blue open circles) [CO,] = 1.57 x

10" em™; (green solid triangles) [CO,] = 3.17 X 10" cm™.

Once the values of k' were extracted from biexponential fits to temporal profiles such as those
shown in Figure 4, an identical procedure to the one used for the O('D) + CO, measurements
was used to derive the temperature dependent second-order rate constants. Typical plots of the
pseudo-first-order rate constant versus [CO,] are presented in Figure 5 and the second-order

rate constants are plotted as a function of temperature in Figure 6.
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Figure 5 Measured pseudo-first-order rate constants for the C('D) + CO, reaction as a function
of [CO;]. (Red solid circles) data recorded at 296 K; (blue solid squares) data recorded at 75 K.
The solid red and blue lines represent linear least-squares fits to the datasets, weighted by the
statistical uncertainties of the individual datapoints (obtained through biexponential fits of

expression (2) to curves similar to those shown in Figure 4).
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Figure 6 Temperature dependence of the rate constant for the C('D) + CO, reaction. (Black
solid square) Husain and Kirsch'’; (blue solid circles) this work using H, as the H-atom source;
(blue open circle) this work using CHy4 as the H-atom source. Error bars on the present results

represent the combined statistical (1) and systematic (10 %) uncertainties.

The y-axis intercept values of the second-order curves shown in Figure 5 correspond essentially
to the terms Kcepyyn,[Ha2] + kc@py+cpr, [CBra] (relaxation of C('D) by Ar is slow in this
case). Values of [H;] and [CBry4] are chosen to provide good signal-to-noise levels for H-atom
detection.

The rate constant measured in the present study at 296 K of (4.2 + 0.4) x 10" cm’ s using H,
as the H-atom source is in excellent agreement with the value obtained at 300 K by the only
3

other previous investigation of this reaction by Husain and Kirsch' of (3.7 + 1.7) x 10" cm

s”. These authors used the vacuum ultraviolet flash photolysis of carbon suboxide, C30,, as the



source of C('D) atoms in their experiments, which were followed by time resolved atomic
absorption spectroscopy. The present study represents the only measurements of the C('D) +
CO; reaction below room temperature and clearly show that the rate constant increases as the
temperature decreases reaching a value of (5.8 = 0.8) x 10" em® s at 50 K. Supplementary
measurements were performed at this temperature using CHy as the H-atom source, to check
for possible effects of additional H-atom production induced by any subsequent reactions of
highly reactive CH radicals produced in the C('D) + H, — CH + H reaction during the main

experiments. In this instance, the measured rate constant (k¢1pyico, = (5.3 +0.9) x 10" cm’

s7) is seen to be very similar to the one obtained using H, as the H-atom source. While this
observation does not entirely rule out potential interferences from secondary chemistry, such
processes are likely to play only a minor role in the present experiments.

The reaction of C('D) with CO, is expected to occur through the insertion of C('D) into one of
the C=0 bonds of CO,, forming a transient ethylenedione molecule in an excited singlet state

'C,0,. According to previous theoretical work on the OCCO molecule, !

the likely products
of the C('D) + CO, reaction are two CO molecules in the ground 'S" state as the 'C,0,
intermediate is highly unstable. The formation of CO(X'Z") + CO(a’IT) through a non-adiabatic
transition to the 3Zg' state of C,0; is not possible in this instance as these products are
approximately 160 kJ mol" above the reagent level. One other possible outcome of the reaction
is quenching to form ground state C(°P) atoms and CO, in a quenching pathway. Nevertheless,
as these products are higher in energy than the crossing point of the 3Zg' and ]Ag surfaces of the
OCCO molecule according to the calculations of Schroder et al. (-122 kJ mol™ for the former
and -134 kJ mol™ for the latter), the more likely outcome is CO('=") formation from the 'OCCO
intermediate species. Other potential products such as C, + O, are also highly endothermic and

should therefore be unimportant in the present experiments.

4 Conclusions



This work presents an experimental investigation of the temperature dependent kinetics of the
reactions of oxygen and carbon atoms in the first excited singlet states with carbon dioxide. A
supersonic (Laval nozzle) flow reactor was used to perform measurements of the rate constants
for these processes at temperatures as low as 50 K. O('D) and C('D) atoms were generated
directly in the supersonic flow through the pulsed laser photolysis of suitable precursor
molecules introduced in low concentrations. O('D) atoms were detected directly by vacuum
ultraviolet laser induced fluorescence. In contrast, C('D) atoms were followed indirectly
through a chemical tracer method, using the C('D) + H, or CHy reactions as a source of atomic
hydrogen which was followed by vacuum ultraviolet laser induced fluorescence. The derived
rate constants for the O('D) + CO, quenching reaction are in excellent agreement with earlier
work at higher temperature, displaying a negative temperature dependence over the entire
range. The measured rate constants for the C'D) + CO, reaction are in excellent agreement with
the only other study of this process at room temperature. The reaction rate is seen to increase

by almost 50 % as the temperature falls to 50 K.
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