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Abstract: A quantum-chemistry and kinetics study of key chemical reactions in-
volved in the ClCO radical cycle of the Venus atmosphere: Cl + CO + 𝑀 →

ClCO +𝑀 (1);ClCO + O
2
+ 𝑀 → ClC(O)OO + 𝑀 (2) andClC(O)OO + Cl →

CO
2
+ClO+Cl (3) (𝑀 = CO

2
), has been performed at 150–300 K. Unimolecular

reaction rate theories on potential energy features derived at the G4//B3LYP/6-
311+G(3df) ab initio composite level were employed. Limiting low pressure rate
coefficients calculated for Reaction (1) are in good agreement with recommended
experimental values. The present results validate rate coefficient values mea-
sured for Reaction (2) over relevant strato-mesosphere Venusian conditions. Rate
coefficients calculated by the SACM/CT for Reaction (3) are given by 𝑘

3
= 2.5 ×

10
−11

(𝑇/300)
0.5

cm
3
molecule

−1
s
−1. In the absence of experimental data, these

values provide the first reliable prediction for 𝑘
3
.

Keywords: ClCO Cycle, Venus Atmospheric Chemistry, Ab Initio Calculations,
SACM/CT Calculations.
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1 Introduction
TheVenus atmosphere ismostly composed byCO

2
(96.5%), small concentrations

ofN
2
and only traces of theHCl,CO,H

2
O, SO, SO

2
,OCS andO

2
molecules [1–

9]. At the surface the pressure is close to 96 bar and, due to strong greenhouse
effects, the temperature is close to 735 K. A particular characteristic of the atmo-
sphere is the thick sulfuric acid clouds with concentration close to 85% located at
about 40–60 km which divide the low to the middle atmosphere and deplete the
H
2
O above this height. In this last region, the strato-mesosphere (60–100 km),

the CO
2
is photodissociated by the <227 nm solar radiation generating CO and

O atoms. The reverse recombination process is spin forbidden and consequently
slow. Therefore, in the absence of other loss processes, the O atoms finally com-
bine to formO

2
. This mechanism leads toCO andO

2
column abundances orders

of magnitude larger than the observed [6, 10]. For this reason, chlorine catalytic
cycles of chlorine containing compounds have been proposed to explain the CO

andO
2
measured abundances and to account for the small extent ofCO

2
decom-

position [2, 3]. The cycle driven by the chloroformyl radicals, ClCO, is assumed
the mainmechanism forCO andO

2
consumption andCO

2
balance in the Venu-

sian chemistry

Cl + CO + 𝑀 → ClCO + 𝑀 (1)
ClCO + O

2
+ 𝑀 → ClC(O)OO + 𝑀 (2)

ClC(O)OO + Cl → CO
2
+ ClO + Cl (3)

ClO + O → Cl + O
2
, (4)

being the net reaction O + CO → CO
2
. The third-body species 𝑀 is predomi-

nantly CO
2
. The peroxychloroformyl radical,ClC(O)OO, formed in Reaction (2)

and subsequently depleted in Reaction (3), has been isolated and characterized
in cryogenic matrix studies [10]. Reaction (4) is the most studied kinetic process
of the cycle, being over the 200–300 K range the recommended rate coefficient
𝑘
4
= 2.8 × 10

−11
exp(85 K/T) cm

3
molecule

−1
s
−1 [11]. It should be noted that, al-

though this cycle has been considered for several years, none of the chlorine bear-
ing species has yet been observed in the Venus atmosphere.

The recombination Reaction (1) and the reverse dissociation process ClCO+

𝑀 → Cl + CO + 𝑀(−1) are central to establish the ClCO concentra-
tion of this labile radical (the Cl–CO bond dissociation enthalpy at 0 K is
6.9 ± 0.7 kcal mol

−1 [12]) in the Venus stratosphere. The measured low pres-
sure rate coefficients for CO/N

2
mixtures at 185–260 K are 𝑘

1,0
= [CO/N

2
]

1.05 × 10
−34

exp[810 K/T] cm
3
molecule

−1
s
−1 and 𝑘

−1,0
= [CO/N

2
]4.1 × 10

−10

exp[−2960 K/T] s
−1 [12]. The 𝑘

1,0
value agrees very well with more recent room
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temperature determinations [13]. The recommended equilibrium constant at
200–300 K, 𝐾C = 𝑘

−1,0
/𝑘
1,0

= 2.9 × 10
24

exp[−3730 K/T]molecule cm
−3 [11] is

based on the results of Ref. [12].
Reaction (2) is a key process of the Venus chemistry. A room temperature rate

coefficient value of 4.3 × 10
−13

cm
3
molecule

−1
s
−1 has been determined by a rel-

ative rate technique at 760 Torr [13]. This value is somewhat smaller than the de-
rived at [CO

2
] = 2.46 × 10

19
molecule cm

−3 with the empiric Equation (5)

𝑘
2
= [CO

2
]5.7 × 10

−15
exp (500 K/T)/(1 × 10

17

+ 0.05 cm
3
molecule

−1
[CO
2
]) cm

3
molecule

−1
s
−1 (5)

of 5.6 × 10
−13

cm
3
molecule

−1
s
−1 [3]. However, neither validity ranges of tem-

perature and pressure for Equation (5), nor experimental details have been re-
ported. Nevertheless, this expression has been amply used by the Venus model-
ers [8, 9]. The oxidation pathway (2), instead of the originally suggested process
ClCO+O

2
→ CO

2
+ClO [1], has been confirmed by steady-state photochemical

studies ofCl
2
/CO/O

2
/N
2
mixtures at 300 K [14]. Verification of Equation (5) and

the assessment of its uncertainties have been claimed [6].
In addition to Reaction (3), alternative bimolecular reactions of ClC(O)OO

withH,O, SO and SO
2
species have been included inmodeling simulations [8, 9].

However, a sensitivity analysis indicates that Reaction (3) is the most important
process. In the absence of experimental or theoretical information, a temperature
independent rate coefficient of 1 × 10

−11
cm
3
molecule

−1
s
−1 has been assumed

for 𝑘
3
[3, 8, 9]. It should be noted that the concerted process (3) or the sequential

process formed by reaction ClC(O)OO + Cl → ClCO
2
+ ClO followed by the

decomposition of the vibrationally excited ClCO
2
radical, ClCO

2
→ Cl + CO

2

might play a role.
The importance of the subject for understanding the dynamics of the Venus

stratosphere, and the limited kinetic information for the elemental processes in-
volved in the ClCO catalytic cycle, motivate the present theoretical investigation
of Reactions (1)–(3). To our knowledge, this is the first quantum-chemical and ki-
netics study for these processes.

2 Computational details
The hybrid functional B3LYP [15–17] combined with the extended 6-311+G(3df)
triple split valence basis set [18] was employed to derive optimized molecular
structures andharmonic vibrational frequencies along theminimumenergy path-
waysof the studied reactions. At the calculated structures, potential energy curves
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were then obtained using the CBS-Q//B3LYP/6-311+G(3df) [19] and G4//B3LYP/6-
311+G(3df) quantum-chemical models [20]. In addition, the composite W1BD
model was used to study Reaction (1) [21, 22]. Because all models lead to similar
potentials curves, for a sake of simplicity, only the kinetic results derived with the
best model, G4//B3LYP/6-311+G(3df), are reported here.

The Synchronous Transit-Guided Quasi-Newton (STQN) method was em-
ployed to locate transition structures [23, 24], and the Intrinsic Reaction Coordi-
nate (IRC)method to verify their connectivity with reactants andproducts [25, 26].
All calculations were performed using the Gaussian 09 software package [27].

Well-established models developed by Troe have been employed in this pa-
per. Limiting low and high pressure rate coefficients and falloff curves were cal-
culated employing the unimolecular reaction rate theory. Strong collision low
pressure rate coefficients, 𝑘

SC
0
, were estimated using a factorized model [28,

29], For the high pressure rate coefficients, 𝑘
∞
, the statistical adiabatic chan-

nel model/classical trajectory (SACM/CT) formulation for the atom+ linear ro-
tor reaction type was employed [30]. The pressure dependence of the associa-
tion rate coefficients was modeled with the recently formulated reduced falloff
curves method [31]. In all these calculations, theoretical molecular information
provided by the present quantum-chemical results was employed. Finally, en-
ergy resolved microcanonical rate coefficients for tight processes involved in
the analysis of Reaction (3) were estimated using the inverse Laplace transform
method [32].

3 Quantum-chemical calculations
Specific rotational effects relevant in both the low and the high pressure re-
gions of barrierless recombination reactions depend significantly on the shape
(interfragment separation range) and the well depth of the isotropic/radial elec-
tronic potential. On the other hand, the anisotropic part of the potential energy
surface accounts for the hindrance in the rate coefficients. These last effects,
mostly manifest in 𝑘

∞
, are exclusively attributed to the evolution of the degrees

of freedom orthogonal to the reaction coordinate along the minimumenergy path
(MEP). For these reasons, quantum-chemical calculations of these regions of the
electronic potential were performed. The close relationship between some se-
lected gas-phase reactions and their potential energy surfaces has been recently
exemplified [33].

Figure 1 shows the potential energy curves computed along the MEP for the
ClCO→Cl+COprocess at theG4//B3LYP/6-311+G(3df) composite level. The cal-
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Figure 1: Potential energy curves for ClCO → Cl + CO (), ClC(O)OO → ClCO + O
2
(◼), and

ClC(O)OOCl → ClC(O)OO + Cl (∙) calculated along the MEP at the G4//B3LYP/6-311+G(3df)
level. The solid lines are fits with Morse functions using the parameters given in Table 1.

Table 1: Morse parameters employed to fit the ab initio potential energy curves.
a B3LYP/cc-PVTZ+d calculations.

Level of theory 𝐷e (kcal mol−1) 𝑟e (Å) 𝛽 (Å−1)

ClCO→ Cl+CO
CBS-Q//B3LYP/6-311+G(3df) 7.7 1.807 4.28

G4//B3LYP/6-311+G(3df) 6.5 1.807 5.03

W1BD 6.9 1.818
a

4.76

ClC(O)OO→ClCO+O
2

CBS-Q//B3LYP/6-311+G(3df) 29.3 1.421 3.65 − 4.96(𝑟 − 𝑟e) + 12.45(𝑟 − 𝑟e)
2

G4//B3LYP/6-311+G(3df) 29.5 1.421 4.68 − 13.55(𝑟 − 𝑟e) + 28.57(𝑟 − 𝑟e)
2

ClC(O)OOCl→ClC(O)OO +Cl
CBS-Q//B3LYP/6-311+G(3df) 39.9 1.703 2.38

G4//B3LYP/6-311+G(3df) 37.8 1.703 2.52

culated values can be very well fitted using the standardMorse expression𝑉(𝑟) =

𝐷e[1− exp(−𝛽(𝑟 − 𝑟e))]
2 with a bond dissociation energy of𝐷e = 6.5 kcal mol

−1,
a range parameter of 𝛽 = 5.03 Å−1, and an equilibrium bond length for Cl–CO

of 𝑟e = 1.807 Å. A similar fit quality was obtained with the CBS-Q//B3LYP/6-
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Figure 2: Effective rotational constants for ClCO → Cl + CO (), ClC(O)OO → ClCO + O
2
(◼),

and ClC(O)OOCl → ClC(O)OO + Cl (∙) calculated along the MEP at the B3LYP/6-311+G(3df)
level. The solid lines are fits with the function 𝐵eff(𝑟) = 𝑎0/[1 + 𝑎1(𝑟 − 𝑟e) + 𝑎2(𝑟 − 𝑟e)2] using the
𝑎i parameters given in the text.

311+G(3df) and W1BD composite models. The resulting Morse parameters are
listed in Table 1. In a similar way, the potentials for the Reactions (2) and (3) were
investigated. The results are depicted in Figure 1 and Table 1. The shape of the
potential profile along the MEP for theClC(O)–OO bond can only be well repro-
duced with a C–O bond length-dependent Morse parameter, 𝛽(𝑟) = 𝛽

0
+ 𝛽
1
(𝑟 −

𝑟e) + 𝛽
2
(𝑟 − 𝑟e)

2. A similar behavior has been found for the related FC(O)–OO

radial potential [34].
To characterize the centrifugal barriers, effective rotational constants,

𝐵eff(𝑟) = [𝐵(𝑟) + 𝐶(𝑟)]/2, along the MEP obtained from computed B3LYP/6-
311+G(3df) structureswere derived and fitted with the expression𝐵eff(𝑟) = 𝑎

0
/[1+

𝑎
1
(𝑟 − 𝑟e) + 𝑎

2
(𝑟 − 𝑟e)

2
] [35]. The results for the ClCO, ClC(O)OO, and

ClC(O)OOCl species are illustrated in Figure 2. The 𝑎i parameters are given be-
low.

As mentioned above, the anisotropy of the potential accounts for the evolu-
tion of the transitional vibrational frequencies with the interfragment distance.
The data corresponding to the ClCO bending mode (Reaction 1) and to the tor-
sional and bending modes assigned to the ClC(O)OO–Cl bond (Reaction 3) are
depicted in Figure 3. The observed exponential decays of these vibrationalmodes
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Figure 3: Harmonic vibrational frequencies for ClCO → Cl + CO (: bending) and
ClC(O)OOCl → ClC(O)OO + Cl (∘: torsion; ∙: bending) calculated along the MEP at the
B3LYP/6-311+G(3df) level. Δ𝑟 = 𝑟 − 𝑟e, with equilibrium bond distances of 1.807 Å (Cl–CO) and
1.703 Å (ClC(O)OO–Cl). The looseness parameters 𝛼 derived from linear regressions, from top
to bottom, are 1.59, 0.85, and 0.70 Å−1.

agree with the simple functional dependence, 𝜈 ≈ exp[−𝛼(𝑟 − 𝑟e)], proposed by
Quack andTroe forty years ago [36]. For the bending ofClCO, a value𝛼 = 1.59 Å−1

was obtained while for the torsional and bendingmodes ofClC(O)OOCl, values
of 0.85 and 0.70 Å−1 were found. These anisotropy parameters are in reasonable
agreement with those derived by fitting experimental 𝑘

∞
values with a simplified

SACM [37]. The harmonic vibrational frequencies and rotational constants for the
molecules involved in the kinetic modeling are given in Table 2.

Manybimolecular reactionsproceed via complex-formingprocesses [38].Well
known examples are the important O + OH → HO

∗

2
→ H + O

2
and OH +

CO → HOCO
∗
→ H + CO

2
reactions [38–40]. As Figures 1 and 4 show, a bar-

rierless capture process initially generates a ground-state vibrationally excited
bound complex ClC(O)OOCl

∗ in Reaction (3). Afterwards, it can be either colli-
sionally stabilized by the bath gas forming a thermalized ClC(O)OOCl adduct
(the G4//B3LYP/6-311+G(3df) trans→ cis electronic barrier for isomerization is
0.7 kcal mol

−1) or, alternatively decompose to the final Cl + CO
2
+ ClO prod-
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Table 2: Harmonic wavenumbers and rotational constants calculated for the species in
Reactions (1) to (3) at the B3LYP/6-311+G(3df) level.

Species Harmonic wavenumbers (cm−1) Rotational constants (cm−1)

O
2

1645 1.456

CO 2170 1.930

ClO 861 0.619

CO
2

679, 679, 1374, 2414 0.392

ClCO 355, 592, 1944 5.310, 0.194, 0.187
ClC(O)O 280, 427, 642, 655, 1123, 1389 0.459, 0.175, 0.127
ClC(O)OO (trans) 133, 288, 405, 498, 621, 800, 918, 0.327, 0.0950, 0.0736

1128, 1913
ClC(O)OOCl (trans) 72, 90, 274, 323, 447, 489, 661, 0.219, 0.0374, 0.0353

697, 821, 862, 1003, 1895
TS1 125i, 14, 63, 106, 121, 223, 336, 0.151, 0.0287, 0.0241

480, 643, 860, 1320, 2323
TS2 207i, 17, 142, 229, 290, 455, 475, 0.259, 0.0376, 0.0329

693, 717, 970, 1284, 1522

0.0

-41.5

-32.3

     TS2

TS1

Cl+CO2+ClO

-17.9

ClC(O)O+ClO

ClC(O)OO+Cl

-13.6

-36.5

ClC(O)OOCl

Figure 4: Schematic energy diagram for Reaction (3) obtained at 0 K from
G4//B3LYP/6-311+G(3df) calculations. Energy values in kcalmol−1.

ucts through the TS1 or TS2 transition states. These species were characterized
by STQN and IRC calculations. Their molecular properties are listed in Table 2.
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4 Kinetic calculations
To characterize the influence of a given chemical reaction on the species concen-
tration profiles, the so called column reaction rate, CR = ∫ 𝑘(ℎ)(1 + ℎ/𝑅

0
)
2dℎ

(where𝑘(ℎ) is the rate coefficient as a function of the altitudeℎ, and𝑅
0
= 6052 km

is the Venus surface radius), and the mean altitude, ℎm = (1/CR) ∫ 𝑘(ℎ)(1 +

ℎ/𝑅
0
)
2
ℎdℎ, are frequently employed by the modelers [9]. These are useful magni-

tudes to investigate the balance of species andprovide quantitative evaluations of
chemical processes. As can be observed, both quantities are directly proportional
to the reaction rate coefficient values, and, therefore, reliable kinetic information
as a function of the altitude (i.e., as a function of the temperature, and eventually
total pressure) is required for their estimation. The CR and ℎm values reported in
the present study have been computed by Krasnopolsky [9] using the 47.5 and
111.5 km values for the integration limits.

4.1 Limiting rate coefficients for Reaction (1)

Reaction (1) is expected to be close to the third-order regime over all Venu-
sian conditions. The low pressure rate coefficients reported at 185–260 K, 𝑘

1,0
=

[CO/N
2
]1.05×10

−34
exp[810 K/T] cm

3
molecule

−1, have beenmostly employed
by the modelers [12]. The estimated CR values for this process are between 4.1 ×

10
12 and 5.1 × 10

15
cm
−2

s
−1 and the mean altitude lies in the strato-mesosphere,

ℎm = 71 km [9]. To illustrate the importance of Reaction (1), it should be noted
than only 12 of the 153 reactions (photochemical and thermal) proposed tomodel
the Venus atmosphere between 47 and 112 km, exhibit CR values larger than the
above lower limit, and only the reverse dissociation process (−1) has a value iden-
tical to this upper limit [9].

Here we have compared the experimental kinetic data [12] with predicted
strong collision low pressure rate coefficients evaluated as in Refs. [28] and [29]

𝑘
SC
0

= (1/𝐾c)[𝑀]𝑍LJ(𝜌vib,h(𝐸0)𝑘𝑇/𝑄vib) exp(−𝐸0/𝑘𝑇)𝐹E𝐹anh𝐹rot (6)

These rate coefficients account for the established equilibrium populations of
metastable molecular configurations below the reaction threshold energy 𝐸

0
=

6.9 kcal mol
−1 [12]. We have obtained a similar value of 7.1 kcal mol

−1 with the
W1BD composite model [21, 22].

Here𝑍LJ is the Lennard–Jones collision frequency between the excited adduct
ClCO and𝑀 = CO

2
, 𝜌vib,h(𝐸0) is the harmonic vibrational density of states, 𝐹E

takes into consideration the energy dependence of 𝜌vib,h(𝐸0), 𝐹anh accounts for
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anharmonicity, 𝐹rot for rotational effects, 𝑄vib is the ClCO vibrational partition
function and 𝐾c is the equilibrium constant. The mathematical expressions for
the different factors in Equation (6) are given elsewhere [28, 29]

The molecular parameters for the ClCO Lennard–Jones potential were es-
timated from molecular critical properties [41]. The resulting values based on
the Cl

2
CO molecule are 𝜎 = 4.1 Å and 𝜀/𝑘 = 340 K. For CO

2
, the parameters

𝜎 = 3.943 Å and 𝜀/𝑘 = 200.9 K were employed [42]. To compute 𝐹rot, the thresh-
old 𝐸

0
(𝐽) energies were derived from the maxima of the centrifugal potentials

𝑉cent(𝑟) = 𝑉(𝑟) + 𝐵eff(𝑟)[𝐽(𝐽 + 1)], where 𝐵eff(𝑟) = 0.190/[1 + 0.658(𝑟 − 1.807) +

0.489(𝑟 − 1.807)
2
] cm
−1 with 𝑟 in Å, and𝑉(𝑟) is the expression obtained from the

G4//B3LYP/6-311+G(3df) quantum-chemical calculations (Table 1). The derived
centrifugal barriers depend on the rotational quantumnumber 𝐽 and can be fitted
using the two-parameter formula𝐸

0
(𝐽) ≈ 𝐸

0
(𝐽 = 0)+𝐶

𝜈
[𝐽(𝐽+1)]

1/𝜈 [29, 35] with
𝐶
𝜈
= 2.29 × 10

−2
cm
−1 and 𝜈 = 1.16. The 𝐾C values of Nicovich et al. were em-

ployed in Equation (6) [11, 12]. The resulting 𝑘
SC
0

values are very well reproduced
by the Equation (7)

𝑘
SC
0,1

= [CO
2
]4.6 × 10

−31
(𝑇/300)

−4.0
exp(−584 K/T) cm

3
molecule

−1
s
−1 (7)

over the 150–300 K range. Employing the experimental value determined for
𝑀 = CO

2
at 214 K (which is a factor of 3.2 larger than those measured for

𝑀 = CO/N
2
), 𝑘
0,1

= 1.5 × 10
−32

cm
3
molecule

−1
s
−1 [12] and our predicted 𝑘

SC
0

of 1.2 × 10
−31

cm
3
molecule

−1
s
−1, a collisional efficiency of 𝛽c(CO

2
) = 𝑘
0,1

/

𝑘
SC
0,1

≈ 0.13 results. Following now the simple expression which connects 𝛽c with
the average energy transferred (in all up anddown transitions) between energized
ClCO radicals and CO

2
, −⟨Δ𝐸⟩ ≈ 𝐹E𝑘𝑇𝛽c/(1 − 𝛽

1/2
c ) [43], we roughly estimate

−⟨Δ𝐸⟩ ≈ 33 cm
−1. This small value is consistent with those measured in direct

collisional energy transfer experiments for triatomic molecules at low excitation
energy levels [44–46]. Assuming, as usual, an almost temperature independent
−⟨Δ𝐸⟩, 𝛽c values ranging from about 0.18 and 0.10 are calculated between 150

and 300 K. Then, the predicted 𝑘
0,1

results,

𝑘
0,1

= [CO
2
]5.4 × 10

−32
(𝑇/300)

−5.1
exp(−645 K/T) cm

3
molecule

−1
s
−1 (8)

The ClCO cycle operates efficiently in the 67–90 km altitude region, where the
CO
2
photolysis is the largest and the temperature decreases from about 240 to

170 K. At 240 K, the calculated rate coefficient is almost 30% larger than the ex-
perimental value which is based on the temperature independent scaling ratio
between the CO

2
and CO/N

2
colliders of 3.2. On the other hand, at 170 K the

theoretical value is 50% smaller than the experimental one. Considering the the-
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oretical and, in less extension, the experimental uncertainties, the agreement is
reasonably good.

The kinetics at the high pressure regime is dominated by the intramolecu-
lar time evolution of molecules excited above the reaction threshold. The present
reaction exhibits a potential energy curve with a smooth transition between the
CO rotational motion of the reagent and the ClCO bending mode. The SACM/CT
is an appropriate tool to predict 𝑘

∞
for this kind of reactions [30]. It has been

demonstrated that the high pressure rate coefficients can be factorized as 𝑘
∞

=

𝑓rigid𝑘
PST
∞

[37]. Here 𝑘PST
∞

is the phase space theory rate coefficient computed with
the isotropic part of the potential, and 𝑓rigid is a rigidity factor that accounts for
dynamical constraints arising from the anisotropy of the potential energy surface.
The first factor is given by

𝑘
PST
∞

= (𝑘𝑇/ℎ)(ℎ
2
/2𝜋𝜇𝑘𝑇)

3/2
𝑓el𝑄cent (9)

where 𝜇 denotes the reduced mass of the collision pair for the A+B+→C re-
action, 𝑓el = 𝑄el,C/𝑄el,A𝑄el,B the electronic degeneracy factor and𝑄cent = 𝛤(1 +

1/𝜈)(𝑘𝑇/𝐶
𝜈
)
1/𝜈 the centrifugal pseudo-partition function [35].

In the SACM/CT framework, the rigidity factor for a reaction between an atom
and a linear molecule forming a nonlinear adduct is given by [30]

𝑓rigid(𝑇 → 0) ≈ (1 + 𝑍
2
+ 𝑍
8
)
−1/8 (10)

𝑍 = (𝐶/3 sin
2
𝛾e)
𝑛
/𝛾
1

(11)

and

𝐶 = [𝜀(𝑟e)]
2
/2𝐵𝐷e (12)

Here, 𝑛 and 𝛾
1
are parameters which depend on 𝛾e, the angle of the molecule

at the potential minimum. Anisotropy effects are accounted for by Equation (12),
where 𝜀(𝑟e) is the vibrational frequency of the bending mode of the adduct and
𝐵 the rotational constant of the reactant fragment. This expression is valid for
a potential parameter ratio of 𝛼/𝛽 = 0.5 [37]. For other cases, as the present
𝛼/𝛽 = 0.32, a modified equation for𝐶 applies:𝐶eff = 𝐶𝐹(𝑘𝑇/𝐷𝑒)

2𝛼/𝛽−1 with 𝐹 =

1 − 0.7(2𝛼/𝛽 − 1) + (2𝛼/𝛽 − 1)
2. After transforming the computed 𝑓rigid(𝑇 → 0)

into center-of-mass coordinates and correcting by small temperature dependen-
cies the rigidity factor𝑓rigid is obtained [30]. The resulting𝑘

PST
∞

and𝑓rigid values for
Reaction (1) were found almost temperature independent between 150 and 300 K.
In fact,𝑘PST

∞
values between 9.87×10

−11 and1.25 × 10
−10

cm
3
molecule

−1
s
−1 and

𝑓rigid values between 0.10 and 0.11 were calculated. Finally, the computed high
pressure rate coefficients can be represented as

𝑘
∞,1

= 1.4 × 10
−11

(𝑇/300)
0.5

cm
3
molecule

−1
s
−1 (13)
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The magnitude of 𝑘
∞,1

and its temperature dependence is typical for this type of
reactions [11, 40].

The limiting rate coefficients allow to characterize the center of the falloff
curve, [𝑀]c = 𝑘

∞
/𝑘
0
. This corresponds to the bath gas concentration for

which the extrapolated 𝑘
0
would be equal to 𝑘

∞
. At relevant atmospheric

temperatures, between 170 and 240 K, the concentration derived from Equa-
tions (8) and (13) is between [CO

2
]c = 4.8 × 10

20
molecule cm

−3 (11 bar) and
1.1 × 10

21
molecule cm

−3 (36 bar). These pressures are much higher than those
prevailing in the region where the ClCO cycle is more important, 4 × 10

−4 and
0.1 bar and, therefore, the termolecular process is the only one of importance.

4.2 Rate coefficients for Reaction (2)

The dominant pathway for CO
2
production in the Venus atmosphere is Reac-

tion (2) followed by Reaction (3). Based on rate coefficients estimated with Equa-
tion (5), the values CR = 3.5 × 10

12
cm
−2

s
−1 and ℎm = 74 km have been esti-

mated [9]. Due to the fact that the applicability ranges of Equation (5) are not clear,
a confrontation against theoretical results seems to be interesting.

TheClC(O)OO radical exhibits more vibrational modes and a larger thresh-
old energy than the ClCO radical. Therefore, falloff effects are expected to be
present in the recombination Reaction (2) at the prevailing Venus atmosphere.
To analyse this reaction, the above formulation for 𝑘

0
was applied [28, 29]. For

the present case, an additional factor that takes into account the ClC(O)–OO

torsional mode (the G4//B3LYP/6-311+G(3df) rotational barrier is 5.6 kcal mol
−1),

𝐹rot int, must be included in Equation (6). For the 𝜎 and 𝜀/𝑘 parameters of
ClC(O)OO, estimated values of 4.7 Å and 340 K were used [41]. The centrifugal
barriers employed to calculate 𝐹rot were derived using the expression 𝐵eff(𝑟) =

0.0843/[1 + 0.198(𝑟 − 1.421) + 0.295(𝑟 − 1.421)
2
] cm
−1. The remaining input

data are listed in Tables 1 and 2. For these calculations the computed equilibrium
constant 𝐾C = 9.4 × 10

26
exp(−13 400 K/T)molecule cm

−3 was employed. The
resulting 𝑘

SC
0

rate coefficients are very well represented between 150 and 300 K

by the following expression,

𝑘
SC
0,2

= [CO
2
]8.4 × 10

−31
(𝑇/300)

−2.5
exp(−40 K/T) cm

3
molecule

−1
s
−1 (14)

The collisional efficiency obtained at 300 K from the ratio between the ex-
perimental value 𝑘0,2 = 3.0 × 10

−31
cm
3
molecule

−1
s
−1 [3] and 𝑘

SC
0,2

= [CO
2
]

7.3 × 10
31

cm
3
molecule

−1
s
−1 is 𝛽c = 0.41. This efficiency leads to −⟨Δ𝐸⟩ =

275 cm
−1. This appears to be a reasonable value, and comparable to those ob-
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tained in direct measurements of molecules more complex than triatomics [46].
Then, as in Section 4.1, 𝛽c values of 0.58, 0.51, 0.46 and 0.41 were calculated at
150, 200, 250 and 300 K, respectively. The expression that represents the derived
low pressure rate coefficients is

𝑘
0,2

= [CO
2
]4.2 × 10

−31
(𝑇/300)

−3.3
exp(−100 K/T) cm

3
molecule

−1
s
−1 (15)

To explore the pressure and temperature dependencies of Reaction (2) and com-
pare the resulting theoretical predictions with 𝑘0,2 values obtained from expres-
sion (5), the knowledge of 𝑘

∞,2
is required. Unfortunately, the present B3LYP/6-

311+G(3df) calculations indicate that, along the MEP the four transitional modes
are strongly mixed. This fact precludes a reliable estimation of their anisotropic 𝛼
parameterswhich affects enormously the quality of the predicted𝑓rigid. Therefore,
an alternative strategy was followed. To this end, the rate coefficient measured at
1 atm and 300 K by Yung and DeMore of 𝑘 = 5.6 × 10

−13
cm
3
molecule

−1
s
−1 [3]

was fitted using the most recent formulation of the falloff curves method given by
Troe and Ushakov [31]

𝑘 = [𝑘
0
/(1 + 𝑘

0
/𝑘
∞
)]/[1 + (𝑘

0
/𝑘
∞
)
n
]
1/n (16)

Here, 𝑛 = [ln 2/ ln(2/𝐹cent)][0.8+ 0.2(𝑘
0
/𝑘
∞
)
q
], 𝑞 = (𝐹cent −1)/ ln(𝐹cent/10) and

𝐹cent = 𝐹(𝑘
0
/𝑘
∞

= 1) = 𝐹
SC
cent𝐹

WC
cent. The strong collision component of the cen-

ter broadening factor 𝐹SC
cent was calculated with the computed ClC(O)OO vibra-

tional frequencies, while the weak collision component is simply estimated as
𝐹
WC
cent = 𝛽

0.14

c [29]. In this way, using 𝑘
0,2

= 3.0 × 10
−31

cm
3
molecule

−1
s
−1 [3] and

𝛽c = 0.4, the high pressure rate coefficient 𝑘
∞,2

= 8.3 × 10
−13

cm
3
molecule

−1
s
−1

results. This value is comparable with those measured for the related reaction
FCO + O

2
→ FC(O)OO of 8.5 × 10

−13
cm
3
molecule

−1
s
−1 (at 300mbar of CO

and 213–358 K) [47] and 1.2 × 10
−12

cm
3
molecule

−1
s
−1 (at 1000mbar of SF

6

and 296 K) [48]. On the other hand, photochemical studies of Cl
2
/CO/O

2
/N
2

mixtures performed at 300 K, suggest that Reaction (2) is almost pressure
independent between 300 and 755 Torr. Thus, a temperature independent
𝑘
∞,2

= 8.3 × 10
−13

cm
3
molecule

−1
s
−1 and the 𝑘

0,2
values given by Equation (15)

were employed to get the falloff curves depicted in Figure 5. As can be
noted, a good agreement was found between the rate coefficients at [CO

2
] ≤

10
17

molecule cm
−3. However, at larger concentrations, a pronounced divergence

between both sets of rate data is apparent. This fact is attributable to the marked
negative temperature dependence of 𝑘

∞
, ≈ 𝑇
−2.4, predicted by Equation (5). Nev-

ertheless, as Figure 6 shows, a reasonably good agreement is observed when the
rate coefficients are represented as a function of the altitude (where the temper-

Brought to you by | McMaster University
Authenticated

Download Date | 10/16/15 2:07 PM



1554 | C. J. Cobos and A. E. Croce

1015 1016 1017 1018 1019 1020
10-16

10-15

10-14

10-13

10-12

10-11
 k

2 /
 c

m
3

m
ol

ec
ul

e-
1  s

-1

[CO2] / molecule cm-3

Figure 5: Falloff curves for
the reaction
ClCO + O

2
+ CO

2
→

ClC(O)OO + CO
2
. (-- -- --):

Equation (5) [3];
(--------): present study.
Calculations, from top to
bottom, at 150, 200, 250, and
300 K.
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Figure 6: Rate coefficients for the reaction ClCO + O
2
+ CO

2
→ ClC(O)OO + CO

2
as a function

of the altitude above the surface of Venus. (-- -- --): Equation (5) [3]; (--------): present study.
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ature and the pressure change respectively from 300 to 160 K and from 0.5 to
3 × 10

−5
bar). At 67 and 90 km our 𝑘

2
values are nearly 60% smaller and 20%

larger, respectively, than those reported inRef. [3]. This is a quite reasonable agree-
ment that supports the 𝑘

2
values obtained with Equation (5).

4.3 Rate coefficients for Reaction (3)

According to the quantum-chemical calculations, Reaction (3) evolves on the
ground-state potential energy surface of theClC(O)OOClmolecule. From the en-
ergetic point of view, the most favored pathway for the unimolecular decomposi-
tion of this initially highly energized species is through the TS1 configuration. This
is also the most feasible channel from kinetic grounds. In fact, due to the strong
dependence of the specific rate coefficients, 𝑘(𝐸), on total energy 𝐸, larger 𝑘(𝐸)
values are expected for the decomposition through TS1 than via TS2. Assuming
that these reactions follow a simple Arrhenius behavior at the high pressure limit,
a rough estimation of 𝑘(𝐸) can be done by using the inverse Laplace transform
method [32] combinedwith theWhitten–Rabinovitchapproximation for the vibra-
tional density of states [49], 𝑘(𝐸) ≈ 𝐴

∞
[(𝐸−𝐸

∞
+𝑎(𝐸−𝐸

∞
)𝐸Z)/(𝐸+𝑎(𝐸)𝐸Z)]

s-1.
The zero-point vibrational energies 𝐸Z and the 𝑎(𝐸 − 𝐸

∞
) and 𝑎(𝐸) correction

factors were calculated with the vibrational frequencies listed in Table 2. The
𝐸 values were taken from Figure 4. For both tight decomposition channels a pre-
exponential factor of𝐴

∞
= 1 × 10

14
s
−1 was assumed. The resulting microscopic

rate coefficients for TS1 and TS2 are predicted to be 3 × 10
13 and 5 × 10

10
s
−1.

A similar calculation indicates that the back ClC(O)OOCl redissociation to the
reactants is a negligible contributing channel. Therefore, the collisional deacti-
vation of the vibrationally excited molecules is the only competing channel. To
estimate this, the deactivation rate coefficient was approached as 𝑘d ≈ 𝛽c𝑍LJ ≈

0.4×2×10
−10

cm
3
molecule

−1
s
−1

≈ 8 × 10
−11

cm
3
molecule

−1
s
−1. At average at-

mospheric pressures of 4×10
−4 to 0.1 bar (1.7×10

16 to 3.0 × 10
18

molecule cm
−3

at 170 and 240 K respectively) the resulting quenching rates of 1.4 × 10
6 and

2.4 × 10
8
s
−1 are much smaller than the specific rate coefficients for decompo-

sition through channel TS1 of 3 × 10
13

s
−1. Therefore, under all practical condi-

tions, the quasi-concerted process givingCO
2
+ ClO + Cl is dominant. As a con-

sequence, the reaction is exclusively determined by the initial capture process,
and 𝑘

3
= 𝑘
∞,3

.
The rate coefficients were calculated with the SACM/CT [30] using the

G4//B3LYP/6-311+G(3df) results. The potential energy surface for this reaction is
characterized by a ratio𝛼/𝛽 = 0.31±0.03. Here the average of the 𝛼 values found
for the torsion, 0.85 Å−1, and for the bending, 0.70 Å−1, modes in ClC(O)OOCl
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was employed (see Figure 3). As for other atom+polyatomic reactions [50–53],
theClC(O)OO radicalwas assumedquasi-linearwith a rotational constant given
by the arithmetic mean of the two smaller ClC(O)OO rotational constants, 𝐵 =

0.0843 cm
−1. A 𝛾e angle of 44

∘ was obtained from the equilibrium structure of
ClC(O)OOCl. The adduct transitional frequency 𝜀(𝑟e) was taken as the geomet-
rical mean of the two smaller ClC(O)OOCl vibration frequencies, 80 cm

−1.
Employing the rotational constants 𝐶

𝜈
= 4.89 × 10

−3
cm
−1 and 𝜈 = 1.13 cal-

culated from the centrifugal barriers computed with the expression 𝐵eff(𝑟) =

0.0363/[1 + 0.139(𝑟 − 1.703) + 0.0778(𝑟 − 1.703)
2
] cm
−1, upper bound rate co-

efficients of 𝑘PST
∞,3

= 7.4 × 10
−11

(𝑇/300)
0.4

cm
3
molecule

−1
s
−1 were obtained at

150–300 K. After multiplication by 𝑓rigid values of 0.31, 0.33, 0.34 and 0.35, the
following equation for 𝑘

3
is obtained

𝑘
3
= 2.5 × 10

−11
(𝑇/300)

0.5
cm
3
molecule

−1
s
−1 (17)

The above stated uncertainty of ±0.03 units in 𝛼/𝛽 leads to an uncertainty in 𝑘
3

of about ±12%.
The present is the first theoretical study of Reaction (3), and no experimental

data are available for comparison. However, the calculated 𝑘
3
can be compared

with the measured for the related reaction FC(O)OO + F → FC(O)O + FO [54].
Similar to Reaction (3), this process proceeds through an energized peroxide
FC(O)OOFwhich afterwards dissociates to products. By contrastwithReaction(3),
the large electronic barrier for the F–CO

2
bond fission of about 21 kcalmol

−1 [55]
combined with the low endothermicity of the global process, precludes its uni-
molecular dissociation. The measured bimolecular rate coefficient at 295 K of
4.5 × 10

−12
cm
3
molecule

−1
s
−1, is about a factor of five smaller than the predicted

for Reaction (3). This fact suggests that the motions of FC(O)O and F confined by
a less attractive radial potential (𝛽 = 3.5 Å−1, from B3LYP/6-311+G(2d) calcula-
tions [54]) lead to more hindered activated complexes.

Over the temperature of interest, the predicted 𝑘
3
values are 1.8 to 2.5 larger

than the value normally employed in the modeling of the Venus´chemistry, of
1 × 10

−11
cm
3
molecule

−1
s
1. This fact indicates that the estimated CR factor of

3.1 × 10
12

cm
−2

s
−1 [9] should be increased in about a factor of two.

5 Conclusions
The present quantum-chemical and kinetics calculations support the important
ClCO catalytic cycle of the Venus middle atmosphere. Reaction rate coefficients
obtained for Reactions (1) and (2) arewithin a factor of two of the values employed
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in recent modeling studies [8, 9]. In particular, the data reported for 𝑘
2
are rea-

sonably well reproduced by the present calculations for an wide range of temper-
atures and pressures. Finally, a SACM/CT study based on an ab initio potential
energy surface provides the first reliable estimation for 𝑘

3
.
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