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The kinetics of elementary reactions of H, H2, and H2O species with electronically excited CO (triplet II state) was theoretically studied

using the multireference second-order perturbation theory. The corresponding thermodynamically and kinetically favored reaction pathways

were identified. It was found that the reactivity of the CO(a>Il,.) molecule to the above small H-containing species was much higher than

that of the ground-state CO(X*X") molecule. Appropriate thermal rate constants for the specified reaction channels with CO(a>I1,.) were

obtained using the Rice-Ramsperger-Kassel-Marcus/master equation calculations and adiabatic approximation. The obtained temperature-

dependent rate coefficients can be incorporated into the future kinetic sub-mechanisms aimed to describe the ultraviolet CO (a®Il, — X1Z%)

flame chemiluminescence. The corresponding Arrhenius-type expressions are reported for a wide temperature range (7 =200-3000 K),

relevant to both atmospheric and combustion chemistry.
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INTRODUCTION

It is generally accepted that visible and ultraviolet (UV)
flame chemiluminescence, as optical signatures of the
combustion process [1-2], can readily be used for non-
combustion Since  the

intrusive diagnostics [3-6].

spectrometry of spontaneous emission from
chemiluminescent species does not require an external
radiation source and hence not expensive laser
instrumentation, the analysis of emission spectra from
reacting flows is somehow a cheap and practical alternative
to the laser-based flame diagnostics tools [4-8]. It must be
noted that for hydrocarbon-air flames, the major emitters are
the electronically excited radicals OH*, CH*, and C,*
(hereafter, the asterisk denotes an electronically excited
state).
Although chemiluminescence, arising from minor
*Corresponding author. E-mail: aleksandr.sharipov@

phystech.edu

excited-state species, per se does not directly provide basic
information on flame chemistry, the kinetics of formation and
consumption of radiating components is closely related to the
abundance of key atomic species and radicals that govern the
combustion chemistry (so-called chain carriers [9]).
Therefore, proper quantitative interpretation of spatially and
spectrally resolved chemiluminescence can provide insight
into the flame structure [3-8].

Whereas chemiluminescence diagnostics of combustion
is usually focused on the emission spectra of OH*, CH*, and
Cy* excited species [3-8], for a number of carbonaceous
combustible mixtures characterized by excess atomic oxygen
during the ignition period, the data on the flame structure can
be significantly supplemented by analyzing the middle and
far UV Cameron band emission [10] from an electronically
excited CO* molecule [11-16] (specifically, metastable a>I1,.
state with energy relative to the ground XZ* state
T.=6.01 eV [17] and a radiative lifetime of 4 + 5 ms [16,
18]). It is worth noting in this connection that, the intensity
of CO* chemiluminescence increases with the temperature

of the gas mixture; thus, the analysis of the corresponding
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emission spectra can provide important information on not
only the kinetics of high-temperature combustion of various
carbonaceous fuels [14,16] but also the processes involved in
high-enthalpy gas flows containing CO [19-22].

In fact, to arrive at a reliable quantitative interpretation of
CO* emission measurements, it is necessary to develop
kinetic models that can describe the production and
consumption of excited CO* molecules (mainly a®Il,, and,
to a lesser extent, Al state [11-12]) under combustion
conditions, but until very recently, there have been actually
no such models. The development of such models is
obviously hampered by the fragmentary nature of the known
data on elementary processes involving CO*.

Nevertheless, in recent years, due to the advantages in
CO* chemiluminescence diagnostics of high-temperature
to further
understanding of the chemistry of excited electronic states

combustion [16] and in an attempt our
under strongly non-equilibrium conditions relevant to post-
shock flows [20-21,23] and electric discharge plasma [24-
30], more and more submodels have started to be developed
to describe electronically excited CO* molecules [16,28-30].
These sub-models can be incorporated into conventional
chemical reaction mechanisms describing the evolution of
the ground-state species. The design and further refinement
of such sub-mechanisms will increase the accuracy of non-
intrusive CO*
combustion diagnostics [16] and improve the prediction of
the radiation heat flux from shock- [20-21] and discharge-

heated [24,30] gas flows. In addition, these sub-mechanisms

emission spectroscopy techniques for

can be used to assess the effect of super-equilibrium CO*
abundance, maintained by means of electric discharge with a
relatively high reduced electric field [27,30],
intensification of chain processes in the CO-containing

on the

reactive mixtures with reference to the problems of plasma-
assisted combustion [31] and plasma processing [28-30].
the of CO*
chemiluminescence  in  extraterrestrial  atmospheric
photochemistry [32-35] and UV astronomy [34,36] has
encouraged more researchers to conduct theoretical (both

Finally, increasing  importance

semiempirical and ab initio) studies on the elementary
processes involving electronically excited CO molecules [16,
25,37-41]. Meanwhile, it should be recognized that the
treatment of the reactivity of excited electronic states
continues to be a challenge to the present quantum chemical
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methods [40,42-47].

While the basic reaction sub-mechanism (i.e., the set of
elementary reactions together with the corresponding rate
constants) describing the kinetics of CO(a®Il,) in the
thermal non-equilibrium CO-CO; mixture is now generally
established, mainly aiming at discharge chemistry [28-30], it
the CO*
chemiluminescence from hydrocarbon and CO-containing

is certainly insufficient to  describe
flames. In view of the fact that elementary chemical reactions
involving the simplest H-containing species (H, H», and H,O)
underlie the oxidation kinetics of any hydrocarbon and
synthetic fuels [8-9], the data on the reactivity of CO(a’IT,)
to such hydrogenous species are of paramount importance in
describing the accompanying CO* chemiluminescence due
to CO(a®Il, — X'X*) transitions in flames (at a wavelength
of around 216 nm) [16,31]. However, as far as the authors are
aware, there are no reliable estimates of the corresponding
rate constants, apart from those provided by Zanchet et al.
using the ab initio-based quasi-classical trajectory (QCT)
method [37] for some channels of the CO(a®M,)+H
reaction and those essentially semiempirical assessments
provided by the authors in their proceeding work for the
reaction of CO(a3I1,.) with molecular hydrogen [16].

In the absence of any relevant experimental observations,
the above points highlight the need for a detailed quantum
chemical analysis of kinetic processes involved in the
CO(a®M,) +H, CO(a®M,)+H,, and CO(a3M,) + H,O
reacting systems. The present study aimed at addressing this
gap in the literature.

METHODOLOGY

In the present study, a series ab initio quantum chemical
calculations were performed for the reactions of ground-state
H, H,, and H,O species with CO molecule, lying either in the
ground X'X* or the first excited a1, electronic state, to
examine the potential energy surfaces (PESs) and analyze the
relevant reaction pathways. As a preferred computational
workhorse, the state-averaged complete active space self-
consistent field (CASSCF) method [48] with flat weighting
for the states under investigation [43,49] was utilized,
by  the
quasi-degenerate  second-order  perturbation  theory
(XMCQDPT?2) [50] calculations based on the CASSCF wave

followed extended multi-configuration
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function as the reference state. This combination enabled the
researchers to explore both the ground and excited PESs of
interest on a unified basis and include dynamic electron
correlation, which is clearly missing in the CASSCF
calculations [45,51]. It is believed that the use of such
multireference electron correlation treatment can improve the
accuracy of reaction barrier heights [40,45,52-56] and
excited-state geometries [56-57] so that they are comparable
to those provided by highly correlated electronic structure
methods.

Following the literature [43,58], the so-called full-
valence active space was used for the CO + H and CO + H;
systems. That is, in the first case, the active space consisted
of 11 electrons distributed in 9 active orbitals [conventionally
denoted as (11,9)] while in the second case, it comprised 12
electrons and 10 orbitals [denoted as (12,10)]. At last, the
active space for the CO + H>O system was built with 14
electrons in 12 active orbitals (14,12).

The diffuse-augmented Dunning’s correlation consistent
quadruple-zeta basis set aug-cc-pVQZ [59], as a reasonable
approximation for the complete basis set limit on the excited
PESs of small and medium-sized reactive systems [60-61],
was applied throughout this study.

For ease of reference, hereafter, in the used ab initio
model denoted as XMCQDPT2(N,M)/aug-cc-pVQZ, N and
M refer to the numbers of electrons and orbitals in the active
space. All electronic structure calculations were performed
using the Firefly QC package [62] partially based on the
GAMESS (US) source code [63].

The spatial structures of the reactants, transition
states (TS), intermediates (IM), and reaction products on the
considered PESs were optimized using the XMCQDPT2
method and the numerical gradients based on equidistant
second-order central finite differences.

To verify the number of imaginary frequencies (the only
imaginary frequency indicates the TS) for all the located
critical points on the PES and, at the same time, compute the
zero-point energy (ZPE) contribution to their energetics, a
harmonic vibrational frequency analysis was employed using
the same computational model as applied for optimization.
For each of the TS identified, the corresponding minimum
energy (steepest descent) path (MEP) was calculated
reaction coordinates in

using mass- weighted intrinsic

both directions applying the Gonzalez-Schlegel integration
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method [64].

Finally, it should be noted that a systematic search for
intersystem crossings, responsible for the nonadiabatic and
electronic energy-transfer processes, remained outside the
scope of this work, yet it would be desirable if future studies
take this point into account for more accurate reaction rate
constant calculations.

RESULTS AND DISCUSSION

Potential Energy Surfaces and Reaction Pathways
The calculation results for reaction pathways, which
connect the reactants and products of CO(X1x*/a®Ml,) + H,
CO(X'z*/all,) + Hy, CO(X'z*/a%1l,) + H,O
processes, are schematically depicted in Figs. 1, 2, and 3,

and

respectively. Hereafter, the following designations are used
for critical points (TSs and IMs): The left superscript denotes
the spin multiplicity, and the right subscript refers to the order
number (within the specific PES diagram) of a given critical
point among those of the same spin multiplicity.

Energy values, spatial structures, harmonic frequencies
of normal vibrations, and rotational constants for reactants,
products, saddle points, and local minima are provided as
Supplementary material. The energies of critical points
corrected for corresponding ZPE values are summarized in
Tables 1, 2, and 3.

In what follows, each of the obtained reaction diagrams
is presented and explained in detail.

Interaction of CO(a3Il,) with H

The PES diagram for the two lowest electronic states
of  the CO+H system, obtained the
XMCQDPT2(11,9)/aug-cc-pVQZ of theory, is
displayed in Fig. 1. As can be seen in Fig. 1, the reaction
dynamics in this seemingly simple triatomic system (i.e., CO

at
level

+ H) is quite complex, even without considering the possible
electronic excitation of CO. In particular, the CO(X'Z%) + H
addition path on the lowest doublet (ground) PES produces
either the ground state formyl radical HCO(X24'") ((IMy, when
applying the notation adopted in Fig. 1), through a low-lying
transition state TSy, or its metastable isomer COH(’IM,) via
a higher-lying 2TS; structure. Then, the COH component
(isoformyl) can isomerize into HCO (via *TS;) or dissociate
toward C + OH with no potential energy barrier above the
reaction endoergicity.
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()3 —
coXzyH TS,

Fig. 1. The doublet and quartet electronic terms considered
for the CO + H system calculated with ZPE correction.

In general, the results presented in Fig. 1 for the non-
degenerate doublet PES correlating with the ground state
bimolecular reactants and HCO(X?24")
qualitatively and quantitatively consistent with those of

radical were
previous relevant studies [65-70], including those obtained
using high-level methods [67-70]. These results do not add
anything particularly new to the existing knowledge on the
subject. Moreover, the energies (relative to reactants)
obtained for critical points on the lowest doublet PES during
the multireference calculations were quite similar to those
obtained from the accurate ab initio calculations [67-69] and
Active Thermochemical Tables (ATcT) [71] (see Table 1),
which indicates the relevance of the selected methodology in
the present study. In particular, the entrance energy barrier
obtained for the CO(X1Z%) + H reaction (0.156 eV) was well
within the 0.06-0.20 eV range calculated elsewhere [67-69]
by MRCI and CCSD(T) methods.

The calculated endoergicity of the
CO(X'z*) + H - C + OH reaction (6.531 eV) was also in
reasonable accord with that recently found by Albernaz
et al. [68] at the CCSD(T)/aug-cc-pVQZ level of theory
(6.486 ¢V) and that estimated based on the ATcT [71]
(6.700 eV). Our findings regarding the two excited doublet
and two quartet PESs,
electronically excited reactants CO(a®Il,.) + H [originated

which correlated with the

from the twofold orbital degeneracy of CO in an II electronic
fourfold orbital degeneracy
of CO(a®M,)+ system], revealed something new. To

state and, respectively,

Going into detail, in Zanchet ef al.’s [37-38] studies, in
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Table 1. A Comparison of the Energy Values of Critical
Points with Respect to the Ground State Reagents for the
CO+H System Obtained in This Work and Elsewhere
(ineV)

This Previous

Structure . Method Ref.
work studies

TSy 0.156 0.197 MRCI+Q  [67]
0.058 CCSD(T) [68]
0.160 CCSD(T) [69]

Mo -0.596 -0.579 MRCI+Q  [67]
-0.833 CCSD(T) [68]
-0.625 CCSD(T) [69]
-0.631 ATcT [71]

TS, 1.425 1.389 CCSD(T) [68]

TS, 2.206 2.037 CCSD(T) [68]

M, 1.279 0.937 CCSD(T) [68]
1.192 ATcT [71]

C+OH 6.531 6.486 CCSD(T) [68]
6.700 ATcT [71]

CO(a®M,)+H 5.840 6.010 spectrosc.  [17]
6.050 MR-SDCI  [37]

M, 0.518 0.30 MR-SDCI  [37]

’TS; 3.292 3.25 MR-SDCI  [37]

2IM; 2.072 1.83 MR-SDCI  [37]

M4 4.3¢

2TS4 4.677

M 4.069

’TSs 7.476

2IMs 6.712

2TSe 7.233

4TSo 6.076 6.35 MR-SDCI  [37]

Mo 4.350 4.21 MR-SDCI  [37]

4TS, 5.971 6.13 MR-SDCI  [37]

M, 4.605 4.61 MR-SDCI  [37]

4TSy 6.234 6.49 MR-SDCI  [37]

4TS; 6.684

M, 4.441

4TS, 6.767

2The optimization did not converge using default

convergence criteria (see text); instead, the rough estimate
obtained with the relaxed convergence requirements is
provided.

which the above reaction system was investigated starting
from the exit channel to C+ OH products, the reaction
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pathways via the 2TS4->TSs-2TSe and “TS3-*TS4 cascades of
successive saddle points were not identified. In the present
study, however, we managed to identify the >TS, transition
state at the XMCQDPT2(11,9)/aug-cc-pVQZ level of theory,
but due to the divergence problem in CASSCF calculations
using the same method, we were unable to reliably locate the
2IM4 minimum.

Analogous with the ground PES, the relative energy
values obtained in this study for the critical points on the
excited PESs were quite similar to those reported by Zanchet
et al. [37] using multireference calculations and those of
spectroscopic data [17] (see Table 1). We note, in passing,
that the energy spacing between the excited and ground-state
PESs in the reactant region, which is nothing but the
electronic excitation energy T. of CO(a3Il,.) molecule, was
found to be less than 3% different from the spectroscopic
value of 6.01 eV [17]. In general, the dynamics of the
CO(a®M,) + H process were observed to be extremely
and,

complex, as our preliminary research of PES

intersections showed, the accurate evaluation of the
corresponding rate constants is impossible without allowance

for probable intersystem conversion.

Interaction of CO(a3Il,) with H,

The PES diagram for the two lowest electronic
states of the CO+H, system, obtained the
XMCQDPT2(12,10)/aug-cc-pVQZ of treatment,
is shown in Fig. 2. The relative energies with respect to

at
level

8 -
TS, ,
T H+COH(4°A")
CO(a' ) +H, .
6k H+COH(X4")
H+HCO(4°4")
% 41+
=
2L trans-HCOH cis-HCOH
p 1t C 2
Co'sHHH, *

Fig. 2. The singlet and triplet electronic terms considered for
the CO + H; system calculated with the ZPE correction.

reactants for the critical points on these PESs, compared to
the reference values based on the prior theoretical
calculations [72-75], ATcT thermochemical database [71],
and the compendium of electronic energy levels of
polyatomic transient molecules [76],
Table 2.

are presented in

Table 2. A Comparison of the Energy Values of Critical
Points with Respect to the Ground State Reagents for the
CO+H, System Obtained in the Present Work and
Elsewhere (in eV)

This Previous
Structure study studies Method Ref.
ITSo 3.730 3.553 CCSD(T) [72]
3.591 MRCI [73]
4.147 CASSCF [74]
3.581 CCSD(T) [75]
CH-.O 0.337 -0.239 CCSD(T) [72]
0.087 ATcT [71]
-0.150 MRCI [73]
1.049 CASSCF [74]
0.105 CCSD(T) [75]
H+HCOCA") 3.687 3.882 CCSD(T) [72]
3.848 ATcT [71]
3.968 MRCI [73]
3.973 CASSCF [74]
3.857 CCSD(T) [75]
ITS) 3.713 3.498 CCSD(T) [72]
3.671 CCSD(T) [75]
trans-HCOH 2.499 1.990 CCSD(T) [72]
2.105 MRCI [73]
2.352 CCSD(T) [75]
ITS, 3.760 3.150 CCSD(T) [72]
3.404 MRCI [73]
cis-HCOH 2.640 2.181 CCSD(T) [72]
2.305 MRCI [73]
H+ COH4') 5.510 5.671 ATcT [71]
5.668 CCSD(T) [75]
ITSs 4.002
CO(a®Ill,) + H, 5.644 6.010 Spectrosc. [17]
3TSo 5.752
H+HCO(A") 4.803 5.001 ATcT+spectr. [7761]’
3TS, 6.893
H+ COH(A") 6.379
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The PES obtained for the CO(X1Z*) + H, system in the
present study largely coincided with those of previous studies
[72-75,77]. Thus, it can be stated that the reaction of
CO(X'z*) with H, leads to the formation of a
monomolecular product, i.e., formaldehyde CH,O, through
the saddle point 'TSy (based on the notation used in Fig. 2),
with an energy barrier of about 3.6 + 4.2 eV [72-75]. It is
worth mentioning that the barrier height obtained for this
process in the present work (3.73 eV) was clearly within the
above range. The CH,O molecule, in turn, can alternatively
isomerize into cis and trans forms of HCOH or dissociate to
H and HCO(X?A") (formyl radical) with no energy barrier
above the reaction endothermicity. Moreover, the relative
energies obtained in the present study for critical points on
the singlet PES were quite similar to those reported in
previous studies [72-75] and calculated using the ATcT
thermochemical data [71].

As for the CO(a®Il,.) + H, reacting system, CO(a®Il,.)
directly interacts with H, (i.e., the reaction bypasses the
formation of an intermediate collision complex) via the
twofold orbital degeneracy of carbon monoxide in the triplet
IT state, along two different triplet PESs, resulting in the
formation of either ground-state bimolecular products
H + HCO(X?2A4’) or electronically excited H + HCO(A%24"")
(via *TSo) and H + COH(A%A") (via *TS) radical pairs. In
the first case, as can be seen in Fig. 2, the reaction pathway
is barrierless, as opposed to the counterpart process with the
ground state CO molecule. Therefore, this channel is
expected to prevail over other reactions with apparently little
(at least, at not very high temperatures) chemical
significance, leading to the formation of excited formyl and
isoformyl via 3TSy and *TS.

Our findings showed the absence of a direct minimum-
energy path, from the reactants to any monomolecular
product (e.g., formaldehyde in the triplet electronic state), on
the triplet PES, in contrast to the singlet PES, which is also
supported by the findings of previous studies [44].

Interaction of CO(a3Il,) with H,O

The PES diagram for the two lowest electronic states of
the CO+H,O system, based on the XMCQDPT2
(14,12)/aug-cc-pVQZ calculations, is plotted in Fig. 3. The
energies of the critical points on these PESs with respect
to reactants, compared to the reference values based on the

previous theoretical  studies [78-80] and available

databases [71,76], are listed in Table 3.

OH+HCO(A'4")

St
61.CO(@' N )+H.O s
s OH-+HCO(X4')
- 4 L
2_cis-C(OH),
2+
trans-C(OH),
0 B I
COX')+H,0 HCOOH

Fig. 3. The singlet and triplet electronic terms considered for
the CO + H,O system calculated with the ZPE correction.

Table 3. The Energy Values of Critical Points with Respect
to the Ground State Reagents for the CO + H,O System
Obtained in This Work and Elsewhere (in eV)

This  Previous

Structure . Method Ref.
study  studies

TSy 2.880 2919 CCSD(T) [78]

2.713 CCSD(T) [79]

2.754 CCSD [80]

HCOOH -0.003  -0.157 CCSD(T) [79]

-0.386 CCSD [80]

-0.190 ATcT [71]

ITS, 3.148  3.095 CCSD(T) [79]
trans-C(OH), 1.935
ITS, 2.571
cis-C(OH), 1.935

OH + HCO(%4") 4369  4.399 CCSD(T) [79]

4.471 ATeT  [71]

CO(a®M,) +H,0 5.677 6.010 Spectrosc.  [17]
3IMy 5.403
3TSo 5.412

A [71,

OH + HCO("4") 9314  8.319 ATcT+spectr. 76]
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The reaction of CO(X'Z*) with H,O was found to
proceed via the saddle point 'TS, (using the notation in
Fig. 3) on the singlet (ground) PES, leading to the formation
of formic acid HCOOH, which, in turn, can isomerize or
dissociate to OH + HCO(X2A"). These findings are basically
consistent with those reported in previous studies for this
singlet PES [78-80]. For instance, to initiate the reaction
between CO(XZ*) and H,O, at least 2.88 eV energy is
required, and the barrier height obtained in this study was in
good agreement with this data [78-80].

As for the CO(a®Il,)+H,O reacting system, the
interaction between CO(a3Il,.) with H,O occurred via the
twofold orbital degeneracy of carbon monoxide in the triplet
IT state, along two different triplet PESs, resulting in the
formation of either the ground-state [OH + HCO(?4")] or the
excited-state [OH + HCO(*A"")] bimolecular products. In the
former case, the reaction is initiated by a shallow pre-reaction
van der Waals complex *IM, without an entrance barrier.
However, since the subsequent 3TS, saddle point stands
lower than CO(a3I1,.) + H,O in terms of energy, the overall
reaction, as opposed to the counterpart route with the ground
state CO molecule, is barrier-free. Concerning the possibility
of OH + HCO(*A4") formation, it did not appear to be of
chemical significance for the title reaction due to the very
high excitation energy of the HCO(*A”) molecule
(T: =5.02 eV [37]). This pathway may be relevant only in the
kinetics of electronically excited HCO states per se.

Reaction Kinetics

As it follows from the above analysis, for the reacting
systems considered in this study, the following principal
reaction channels involving CO(a3I1,.) can be recommended
for inclusion in future sub-mechanisms aimed to describe the
CO(a®Il, — X12%) flame chemiluminescence:

CO(a®l,) +H — C+OH (R1)
CO(a®M,) + H. — H + HCO(X24") (R2)
CO(@®1l,) + H,0 — OH + HCO(X%4") (R3)

Other identified channels, in particular those leading to the
stabilization of electronically excited intermediates and
formation of electronically excited bimolecular products, can
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hardly be included in the kinetic models under development
due to the lack of data on other reactions with these energized
species.

Based on the diagrams provided above in Figs. 1, 2, and
3, it can be stated that the energy barriers of R1, R2, and R3
reaction channels were much lower than those of the
counterpart processes with the ground state carbon
monoxide. The CO(X'x*) + H — C+ OH process is
designated hereafter as RO for convenience; in addition, the
minus sign is used to indicate a backward reaction.
Accordingly, the excited CO(a®Il,) molecule must have
extremely high reactivity to H, H», and H»O species, which is
not particularly surprising given the rather high energy of the
a®I1, excited state relative to that of the ground X1X™* state
and the intuitive idea that electronic excitation basically
reduces the reaction barriers [81]. Despite the fact that the
analysis of PESs was quite detailed in the present study, the
reported barrier heights and TS properties (listed in
Supplementary material) alone are not enough for the kinetic
modeling of CO* evolution; therefore, it is recommended
that the corresponding rate constants be further evaluated.

Nevertheless, the precise calculation of rate constants
goes beyond the intent of the present work because, in
particular, it is very difficult to calculate such rate constants
for the complex-mediated R1 process due to the need for
consistent treatment of (i) the formation/decay of collision
complexes (2IMy, 2IMs, 2IMs, “IMy, “IM;, and “IM>) and (if)
nonadiabatic coupling between different PESs. Since the
second of the mentioned aspects was not considered in this
study, the best that could be done to estimate the R1 rate
constant  was Rice-Ramsperger-Kassel-
Marcus (RRKM) equation (ME)
analysis [82-83], neglecting the possibility of electronically

to  conduct

theory-based master

nonadiabatic transitions. Thus, based on the obtained
geometries, vibrational frequencies, and relative energies of
the reactants, products, intermediates, and transition states,
phenomenological rate constants were estimated for R1 and
R3 reactions at various temperatures (7'=200-3000 K) and
pressures (P = 10-2-10? bar) using the RRKM-ME theoretical
approach, as implemented in the MESS package [84,85]. In
doing so, the required densities of states and partition
functions for local minima and transition states were
conventionally calculated under the rigid-rotor/harmonic-
oscillator approximation [83]. Then, the simple exponential-
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down energy transfer model was applied to treat the
collisional stabilization of intermediates, and the parameter
(AEgown), governing the magnitude of average energy
transferred in deactivating collisions with the bath gas

particles, was described by a temperature-dependent
expression (AEgown) = AE(E(()))WH(T/TO)", where AE(E?WH is

the value of energy transfer parameter at the standard

temperature 7o = 300 K.
E©

down and n coefficients

The particular magnitudes of A
were chosen in such a way as to correctly describe, within the
RRKM-ME formalism, the kinetics of HCO dissociation in
N» (reported in Ref. [86]) and He (measured in Ref. [87]).
More specifically, AE(E?WH
n=0.65 for He and 56 cm™ with n = 0.8 for N,. It should be

noted that the very similar energy transfer parameters were

was obtained to be 41 cm™ with

adopted in the past for systems with comparable size and

atomic composition (AECE?Wn =80 cm” and n=10.85 for a
=100 cm™ and n = 0.65

HOCO complex in He [88]; AESY

for a HOO complex in N, [89]; AE(E((RNH =175 cm™ for a
C + H,0O system in N, [75]; AEég)wn =250+ 500 cm™ for
CH30 complex in N3 [90]). In this study, only N, and He
were considered since it was for these bath gases that the
energy transfer parameters were optimized.

The collision diameter (o) and the well depth of the
Lennard-Jones potential (¢) for intermediates and bath gas
particles required for RRKM-ME analysis were estimated
using the dipole-reduced formalism method (DRFM) [91] on
the basis of computed spatial structures and basic electric
properties (i.e., dipole moment and polarizability). It is also
worth mentioning that in the course of RRKM-ME
calculations, the radiative quenching of vibrationally
energized intermediate complexes was ignored because of its
minor importance in the RRKM-ME analysis in combustion-
related conditions [84,92].

To generate the high-pressure limit rate constants for the
barrierless entrance channels, phase space theory [92], as
implemented in the MESS package [84-85], was used with
an attractive isotropic long-range potential U = -CsR°. The
required values of the potential parameter Cs, in turn, were
evaluated within the DRFM framework [91].

Since the R1 reaction is endothermic, it was more
reasonable to analyze the rate coefficient for its reverse (-R1
process). In so doing, the -R1 rate constant at P =1 bar for
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Ny, as a bath gas, was found by summing over the separate
channels and is plotted as a function of temperature, together
with the previous results of QCT calculations by Zanchet et
al. [37] performed in a narrow range of temperatures (below
500 K), in Fig. 4. The -R1 rate constant obtained in this study
had a weak nonmonotonic temperature dependence and
coincided quite well with the low-temperature predictions
made by Zanchet et al. [37]. Some discrepancies observed in
the absolute rate constant values are not surprising due to the
differences in the approaches used and the fact that not all the
channels analyzed in the present study were considered in the
modeling [37].

Notably, the RRKM-ME calculations in the present study
showed that the -R1 (and, equivalently, R1) reaction rate
constant did not greatly depend on either pressure (up to 100
bar) or the kind of bath gas. This is also indirectly confirmed
by the proximity of the kri(7) dependence estimated in this
study to that obtained by Zanchet et al [37] without
considering third-body collisions. Therefore, in the range of
the
complex-forming nature of kri(7) dependence can be

practically important thermodynamic parameters,

ignored, and this rate constant dependence can be
recommended for the future kinetic modeling, as depicted in
Fig. 4, irrespective of the pressure and composition of the
bath gas. By considering the rate constant of an analogous
process toward co(xzh formation,
C+OH — CO(X'2™) + H (-R0), which we also calculated

1015_
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Fig. 4. Thermal rate coefficients for the -R1 and -R0 reaction

channels estimated in this study (curves) and reported
elsewhere [37,66,68] (symbols).
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for N, as a bath gas (at P =1 bar) and plotted in Fig. 4
together with the relevant results of QCT modeling by Jorfi
et al. [66] and RRKM-ME analysis by Albernaz et al. [68],
one may recognize that while the kri(7) and kro(7) rate
constants differ by about two to three times in magnitude,
they similarly depend on temperature. Meanwhile, just as for
the -R1 process, there was a slight discrepancy for the -R0
reaction (within 30%) between our estimates and those
predicted by other researchers [66,68] due to the differences
in the approaches used and the PESs employed.

Likewise, within the RRKM-ME framework, the kr3(7)
dependence was estimated, and pressure and diluent gas was
found to have no discernable effect on the bimolecular rate
constant, as was the case for the -R0 and -R1 reactions. As
can be seen in Fig. 5, where the obtained R3 rate constant is
depicted, the resulting constant, similar to that of the kri(7),
is nonmonotonic in temperature. This strongly non-Arrhenius
behavior of the kr3(7) dependence is typical for reactions that
proceed via the pre-reactive complex [93-95]. Indeed, it is not
difficult to show that for a reaction path of such type, when
the temperature is increased, the bottleneck to the reactive
flux moves from the so-called “outer” transition state,
associated with a long-range interaction between the
colliders, to the “inner” state, associated with the saddle point
on the PES), leading to the appearance of a minimum rate
constant in the transition region [93].

1015_-
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Fig. 5. Thermal rate coefficients for the reaction channels R2
and R3 estimated in this work.
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Lastly, the temperature-dependent rate constant of the
barrier-free direct bimolecular R2 process was obtained using
the capture model, as described in the authors’ previous
works [60,96]. For this purpose, the required electric
properties of CO(a®Il,) (dipole moment u=1.398 D and
static isotropic polarizability a.=2.451 A% were borrowed
from a previous study [97]. The resulting constant is depicted
in Figure 5 against the temperature. As can be expected for a
barrierless interaction of a polar particle with a nonpolar one,
the desired rate constant had a weak positive temperature
dependence: kro(T) ~ T'°.

For convenience, the calculated temperature-dependent
rate constants for -R1, R2, and R3 processes (in cm® mol!' s°
1) should preferably be fitted over a broad temperature range
by a standard three-parameter Arrhenius formula
kK(T) = AT'exp(-E/T). However, as can be seen in Fig. 4
and 5, where the obtained rate constants for the -R1 and R3
processes exhibit distinct non-Arrhenius temperature
behavior, the kri(7) and kr3(7) dependences cannot be
approximated by a single Arrhenius expression with
reasonable accuracy in the temperature interval under study
(T=200-3000 K). Hence, the resulting phenomenological
-R1 and R3 reaction rate coefficients were fitted to the double
Arrhenius equation. It should be remembered that the
pressure dependence of the obtained rate constants was found
to be insignificant. As for the R2 thermal rate constant with a
plain temperature behavior (Fig. 5), a simple Arrhenius form
can obviously be considered appropriate. The respective
fitted coefficients obtained in accordance with the above
values are given in Table 4.

Table 4. The Obtained Sets of Arrhenius Parameters for the
Reactions Under Study

A
Process (cm® mol” s n E., K
-R1¢ 2.139 x 10 -0.203 -42.7
5.778 x 10° 1.052 -105.9
R2 2.379 x 1013 0.167 0.0
R32 3.560 x 10" -1.606 81.0
2.105 x 107 1.608 -617.1

2The rate constant is given as the sum of two Arrhenius

expressions.
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CONCLUSIONS

This study aimed at conducting ab initio quantum
chemical calculations using a multireference second-order
the
configuration of the PESs and gain further insight into the
reaction kinetics of the CO(a3I1,) + H, CO(a3Il,) + Ha, and
CO(a®M,) + H,O reacting systems. Accordingly, the key

perturbation theory to comprehensively explore

energetically and kinetically favored reaction pathways were
identified. It was found that the carbon monoxide molecule
excited to the triplet II state, compared to the ground state
CO, reacted more favorably with H, H,, and H>O, along the
PESs of a basically different configuration, with the heights
of the rate-limiting energy barriers being close to zero. In this
study, the reactivity of CO(a®Ml,) to these small H-
containing species was observed to be extremely high.

In addition, the corresponding reaction rate coefficients
were calculated within the RRKM-ME approach or the
capture approximation. The RRKM-ME modeling did not
reveal an appreciable pressure dependence for rate constants
under study, at least in the practically interesting range of
thermodynamic parameters. The Arrhenius-type expressions
for thermal rate constants were elaborated for a broad
temperature range (7' = 200-3000 K) relevant to the analysis
of CO* chemiluminescence from chemically reacting gas
flows. To date, and to the best of our knowledge, there are no
available experimental data with which our results for the
reaction channels in question can be compared; however, our
estimates for the C + OH — CO(a®Il,) + H channel agree
reasonably well with those reported in previous studies.
Furthermore, the methodology applied in this work did not
account for possible nonadiabatic transitions, which are
apparently essential for the processes under study. Thus, the
methodology used in this study can provide only a rough idea
about the reaction rate constants. Accordingly, the elaborated
results are open for future theoretical refinement and,
importantly, experimental confirmation.
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