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A SACM/CT study of the CF,(OH)CF,00 + NO, — CF,(OH)CF,00NO, and CF3CF,00 + NO, — CF3CF,00NO,
recombination reactions and their reverse unimolecular decomposition process was performed. The
electronic energy along the reaction pathways was calculated at the G4(MP2) level. High-pressure rate
coefficients  of  1.53 x 10712 (T/300)°3” cm® molecule™'s™'  and  1.79 x 10'® (T/300)*° exp
(—24.4 kcal mol~/RT) s~! were derived at 200-300 K for the direct and backward reactions of CF,(OH)
CF,00NO,, while for CF3CF,00NO,, the expressions 1.01 x 1072 (T/300)%3° cm® molecule ' s~! and

ggg\:(orgist:rates 1.05 x 106 (T/300)%4* exp(—23.0 kcal mol~!/RT)s~! were obtained. A decomposition lifetime profile
CFZ(OyH)CFZOONOZ was derived for CF,(OH)CF,00NO,, indicating that it could act as transport and reservoir of CF,(OH)
CF5CF,00NO, CF,00 and NO, in the stratosphere.

Quantum-chemical calculations
SACM/CT calculations
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1. Introduction

Peroxynitrates (ROONO,) are formed in the atmospheric degra-
dation processes of hydrocarbons. Due to their thermal stability,
they act as temporary reservoirs of peroxy radicals, ROO, and
NO, [1-6]. Thus, they may contribute to the transport of the above
species over long distances from polluted to unpolluted areas [4,7].

In particular fluorinated peroxynitrates were postulated as
important intermediates in the degradation of fluorinated com-
pounds used as solvents, cleaning agents, etc. [8-13]. A new fluo-
rinated peroxynitrate, CF,(OH)CF,O0NO,, was proposed as a
product in the gas-phase reaction of C,F; with the radicals OH
[14]. This new compound was recently characterized from a struc-
tural and thermochemistry point of view [15]. However, no kinetic
information is available to date.

Atmospheric peroxynitrate reactions depend on reached alti-
tudes and nature of the involved peroxynitrate [16-18]. One possi-
ble loss process is the thermal unimolecular decomposition where
ROO-NO, bond fission occurs [9-11,18,19]. To date, a number of
kinetic information is available for both acyl and alkyl fluoroperox-
ynitrates [8,11,20-23]. These compounds are potentially important
intermediates in some atmospheric reactions [20].

In this work, a theoretical kinetics study of the temperature and
pressure dependence of the recombination reaction (1)
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CF,(OH)CF,00 + NO, — CF,(OH)CF,00NO,, (1)
and of the reverse thermal decomposition process (-1)
CF,(OH)CF,00NO; — CF,(OH)CF,00 + NOs. (-1)

for the first time is reported. Rate coefficients were derived employ-
ing the SACM/CT (statistical adiabatic channel model/classical tra-
jectory) approach [24,25] and unimolecular reaction rate theories
on quantum-chemical potentials. In addition, for comparative pur-
poses, similar high-pressure limit calculations were carried out for
the related peroxynitrate CF3CF,00NO,,

CF;CF,00 + NO, — CF3CF,00NO,, (2)
and
CF;CF,00NO, — CF3CF,00 + NO,. (—2)

2. Computational details

Potential energy curves for both peroxynitrates at different O-N
bond distances along the minimum energy path were derived from
quantum chemical calculations. To this end, the hybrid B3LYP den-
sity functional [26-28] coupled with the extended 6-311++G
(3df,3pd) basis set [29] and the model chemistries G3(MP2)B3
[30,31] and G4(MP2) [32] were employed. The G3(MP2)B3 model
is a variation of G3(MP2) method in which the optimized molecu-
lar structure and zero point energies (whose harmonic vibrational
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frequencies are scaled by a factor 0.96) are derived from B3LYP/6-
31G(d) instead of from MP2(FULL)/6-31G(d) and HF/6-31G(d) cal-
culations, respectively. This variation has an average absolute devi-
ation of 1.25 kcal mol~! [30,31]. The G4(MP2) method provides
results with an average absolute deviation slightly smaller,
1.04 kcal mol~! [32]. This method uses B3LYP/6-31G(2df,p) opti-
mized geometries and zero point energies (with a scale factor of
0.9854), and provides CCSD(T, full) energy values with an extrapo-
lated complete basis set [32].

The optimized molecular parameters, rotational constants, and
harmonic vibrational frequencies of the most stable conformations
of both peroxynitrates and the related peroxyradicals were esti-
mated in a previous work at the same levels of theory [15]. All cal-
culations were performed with the Gaussian 09 program package
[33].

3. Results and discussion
3.1. Potential energy curves and dissociation energies

Estimations of the high-pressure rate coefficients can be per-
formed from a quantum-chemical characterization of the isotropic
and anisotropic potential of the reactions. To evaluate the isotropic
part, the ROO-NO, potential along the reaction coordinate was cal-
culated by scanning the O-N bond distance from the equilibrium
value to 2.92 A, while all the remaining geometrical parameters
were fully optimized. Both peroxynitrates present similar equilib-
rium O-N bond distances of 1.538 and 1.547 A for CF,(OH)CF,-
OONO, and CF3CF,00NO,, respectively, at the B3LYP/6-311++G
(3df;3pd) level [15]. Different quantum-chemicals methods, such
as B3LYP/6-311++G(3df,3pd), G3(MP2)B3 and G4(MP2) were
employed for electronic potential calculations. In Figs. 1 and 2 a
comparison among the obtained results is presented. As can be
seen, B3LYP/6-311++G(3df,3pd) calculations give an unrealistic
approach with values much larger than ab initio methods when
the O-N distance increase. In fact, for O-N bond distances above
2.3 A, the calculated energies exceed the dissociation energy
derived from the values corresponding to the separated fragments.
A similar behavior has been observed for the FC(O)OOO(O)CF, FS
(02)000(0,)SF and FC(O)O00(0,)SF fluorinated trioxides [34]. By
contrast, G3(MP2)B3 and G4(MP2) results exhibit a more reason-
able shape. They show a smooth energy profile, as frequently
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Fig. 1. Dependence of the electronic potential of CF,(OH)CF,00NO, on the O-N
bond distance at different levels of theory. Triangles: B3LYP/6-311++G(3df,3pd).
Open circles: G3(MP2)B3. Filled circles: G4(MP2). Solid line: Morse potential with
B=2.67 A~'. Dashed line: Morse potential with §=2.49 A~'. Dotted line: Morse
potential with =2.37 A" (see text).
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Fig. 2. Dependence of the electronic potential of CF3CF,00NO; on the O-N bond
distance at different levels of theory. Triangles: B3LYP/6-311++G(3df,3pd). Open
circles: G3(MP2)B3. Filled circles: G4(MP2). Solid line: Morse potential with
B=3.19 A~'. Dashed line: Morse potential with p=2.70 A~". Dotted line: Morse
potential with p=2.49 A~ (see text).

observed in simple bond fission reactions. Because the G4(MP2)
method has average absolute deviation smaller than G3(MP2)B3,
it was selected for use in the kinetic calculations.

The SACM/CT approach uses the standard Morse function for
the minimum energy path of the reaction,

V = De[1 — exp(~B(r - re))*. 3)

In this expression, B is the Morse parameter, D, is the dissocia-
tion energy and r. is the equilibrium bond length. The Morse
parameter can be calculated from the D, values and the equilib-
rium force constants for the O-N stretching modes Fo_y, as B =
(Fo-n/2De)'?. Alternatively, the Morse parameter can be derived
from the ab initio potentials calculated here, when they are com-
pared with a representation by Eq. (3). The CF,(OH)CF,00-NO,
dissociation energy was derived from enthalpies of formation at
298 K of CF,(OH)CF,00NO, (—265.6+2 kcal mol~!) and CF,(OH)
CF,00 (—248.6+2 kcal mol~") species, such as estimated in a previ-
ous work at the G3(MP2)B3 and G4(MP2) levels of theory from bal-
anced isodesmic reactions [15]. For this, the above enthalpies were
transformed as usual to 0 K, using H°(298 K)-H°(0 K) contributions
of CF,(OH)CF,00NO, and CF,(OH)CF,00 calculated at the
B3LYP/6-311++G(3df,3pd) level of theory, and the H°(298 K)-H
°(0K) values corresponding to fluorine, carbon, oxygen, hydrogen
and nitrogen atoms of 1.05, 0.25, 1.04, 1.01 and 1.04 kcal mol™!
given in Ref. [35]. Thus, in combination with the enthalpy of forma-
tion at 0 K of NO, (8.79 + 0.02 kcal mol~! [36]), an enthalpy of dis-
sociation at 0 K, AHS,, of 24.4 kcal mol~! was obtained. Then, the
D. value was calculated as D = AH{, + AZPE = 27.6 kcal mol !,
employing ZPE values from the B3LYP/6-311++G(3df,3pd) har-
monic vibrational frequencies [15].

As Fig. 1 shows, the G4(MP2) potential can be acceptably fitted
with a Morse function with the described value for D, and a B value
of 2.49 A~! (dashed line). However, the more relevant part of the
radial potential corresponds to regions of high energy located at
long interfragment distances, where the Morse potential gives a
poorer approach. This part of the potential can be more satisfacto-
rily reproduced with a p parameter of 2.67 A~! for bond distances
above 2.4 A (solid line). As expected, a smaller p parameter of
2.37 A~ was derived with the D, value and the equilibrium force
constant for the O-N stretching mode (of 2.15 mdyn A" at the
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B3LYP/6-311++G(3df,3pd) level [15]). Fig. 1 shows that this poten-
tial departs markedly from the ab initio potentials.

A similar treatment was performed for the CF3CF,00-NO,
potential. An enthalpy of dissociation at 0K of 23.0 kcal mol™!
was derived from average enthalpies of formation at 298 K of CF5-
CF,00NO, (—268.2%2 kcal mol~!) and CF3;CF,00 (—252.6%2 kcal
mol~') at the G3(MP2)B3 and G4(MP2) levels [15]. Therefore,
D. = AHg + AZPE = 26.2 kcal mol~. Fig. 2 shows the fits carried
out according to the three above approaches. The G4(MP2) curve
exhibits similar shape that the calculated for CF,(OH)CF,O0NO,.
The region of large CF3CF,00-NO, bond distances is slightly
underestimated when it is completely fitted with p=2.70A"",
but it is appropriately reproduced above 2.4 A with a =3.19 A,

Unfortunately, the transitional modes of both peroxynitrates
are strongly coupled and it becomes impossible the calculation of
the single switching functions along the reaction coordinate.
Therefore, a standard value of 0.5 for the ratio between the aniso-
tropy and Morse parameters, o/B, was employed [37].

3.2. High-pressure limit recombination rate coefficients Krec

The high-pressure rate coefficients for the decomposition and
formation reactions were theoretically estimated employing
SACM/CT calculations on ab initio electronic potentials described
in the previous section [24,25]. This is an appropriate procedure
to treat bond forming reactions with potential energy profiles
without barriers, as calculated for CF,(OH)CF,00NO, and CF3CF,-
OONO, (Figs. 1 and 2). In this work, the combination between
two quasi-linear rotors (ROO and NO,; radicals) to form a nonlinear
adduct was considered.

The limiting high-pressure rate coefficient for the recombina-
tion reaction, Krec., can be expressed as the product between the
thermal rigidity factor, frigiq, and the phase space theory rate coef-

ficient, K [37,38]

TeC,00

PST
krecoc = frigid 1(rec.x‘ (4)

The anisotropy of the potential energy surface is taken into
account by the thermal rigidity factor, and the phase space theory
rate coefficient provides an upper bound to the rate coefficients.

T can be calculated using the expression [24]

krec .00

()

KT —ff (SnkT> v (0‘1 + X + oc3X2>
recoo sym .

U i

Here, X=In(kT/De)— Brcm+4 and the parameters oy =31.153,
o =—18.158 and o3 =0.8685 were taken from Table 3 of Ref.
[24]. In Eq. (5), 1 denotes the collisional reduced mass (35.15 and
35.26 gmol~! for CF,(OH)CF,00NO, and CF;CF,00NO,, respec-
tively), fo = 1/4 represents the electronic degeneracy factor, foym is
a stoichiometric coefficient (1/2 for identical rotors, or 1 if the rotors
are different) and r¢y; is the distance between the centers of mass of
the two combining radicals (4.11 and 4.03 A for CF,(OH)CF,00NO,
and CF3CF,00NO,, respectively). Using the above D. and B values,
rate coefficients of ko =15x10""" and 1.3 x10 '°cm?-
molecule™! s~! were obtained at 300 K for reactions (1) and (2).

Following the SACM/CT, figiq for a/p = 0.5, can be estimated as
[24]

X-4 ~1/4
- 1/2 4
Faga = |1 23C(ran)"exp (J o) |1+ 07524 27 @
where Z=(dC)* and C = {{2g2e2&2/[B;B,(B; + B,)]}"*}/2D, [25].
The angular dependence of fjgq is accounted for the parameters
n=1— 0.5 sin?0 + sin*0 and d (see below), where the angle between

the rotors is denoted by 0. As for other polyatomic + polyatomic

reactions [34,39-41], in reaction (1), the peroxynitrate CF,(OH)CF,-
OONO, was assumed formed by the quasi-linear rotors CF,(OH)CF,-
00 and NO,. For the CF,(OH)CF,00 radical one of the inertial axis
was considered as the axis of the rotor, while the C,, axis was
assimilated to the rotor axis for NO,. In that context, an average
angle 0 of 55° was determined. A similar treatment for CF3CF,-
OONO, leads to a value of 6 =54°,

In the above C expression, €, €, and &, are the adduct vibra-
tional frequencies for the symmetrical and asymmetrical deforma-
tion modes and for the torsion motion; and B; and B, are the
average of the smallest rotational constants of the rotors ROO
and NO, (listed in Table 1). For d the following equation was
employed [25]

C3

d=c; +csin®0+

sin? 0

2/3
+ KE) <E>] <c4+c5 sin® 0 + .Cg )
&) \ & sin” 6

&\° C
+ <—a> cosze<c7 +cgsin® 0+ —3 )
&t sin” 6

2
€ ) c
+ (—S) cos? e<cw ey sin® 0+ —2 ), (7)
&t sin“ 0

with ¢; parameters from Table A of the Supplementary Material
[25].

Using estimated values of d =3.22, n=1.50 and C = 6.58, a figia
value of 0.01 was obtained for reaction (1) at room temperature.
Analogously, with d=23.69, n=0.94 and C=7.24, a fiigq = 0.008
was calculated for reaction (2). As a consequence, according to
expression (4), SACM/CT values of 1.5 x 107'2 and 1.0 x 10712 -
cm? molecule™! s™! were, respectively, derived for K, for reac-
tions (1) and (2).

The obtained results between 200 and 300 K are summarized in
Table 2 and can be represented by the following expressions

037

Krec.oo (CF2 (OH)CF,00NO,) =1.53 x 107" (5805) cm? molecule 's-1

Krec. (CF3CF,00NO;) = 1.01 x 107" (55)**° cm? molecule " s~

To quantify the errors inherent in the present approach, similar
SACM/CT analysis of different recombination reactions were con-
fronted with their corresponding experimental rate coefficients.
For example, the ratio between calculated and experimental rate
coefficients for the reactions F+ FC(O)O+M — FC(O)OF+ M, Cl
+FC(0)0 +M — FC(0)OCl+M and FSO, + FS(0,)0 — FS(0,)0(0,)
SF, are of 1.2, 1/1.4 and 1.2, respectively [39,42,43,]. Consequently,
the estimated mean error of the present results is of about a factor
of 2.

3.3. High-pressure limit dissociation rate coefficients Kgiss

To compare the kinetic behavior of CF,(OH)CF,00NO, and CF5-
CF,00NO, with other peroxynitrates, their thermal decomposition
rate coefficients are required, Kgiss oo = Krec,oo/ K. The equilibrium
constant Kc was evaluated from calculated total partition functions
of ROONO,, ROO and NO, (R=CF,(OH)CF, and CF3CF,). The

Table 1

Parameters employed in C calculation (in cm™~!) for reactions (1) and (2) [15].
Parameter CF,(OH)CF,00NO, CF;CF,00NO,
€ 178.3 174.8
€ 225.1 248.1
& 74.8 73.8
By 0.044 0.044
B, 0.427 0.427
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Table 2

Calculated high-pressure rate coefficients for the recombination and dissociations reactions, Krec., and Kaiss~, and equilibrium constant, K¢, for ROO + NO, <> ROONO,

(R = CF5(OH)CF, and CF5CF,).

T/K KEST ./cm® molecule™ 57! frigid Krec..o/cm® molecule™" s~ Kc/cm® molecule™! Kaiss,cofS !
CF5(OH)CF,00 + NO, <> CF5(OH)CF,00NO,
200 132x10°1° 0.00997 131x 1012 404 x 1072 325x 10!
220 137 x 10710 0.00995 1.36 x 10712 1.49 x 1074 9.15 x 107°
240 1.41 x 10°1° 0.00994 1.40 x 1012 1.40 x 107 1.00 x 1076
260 1.46 x 10710 0.00993 145 x 10712 274 x 1078 527 x 107>
280 1.50 x 1071° 0.00992 1.49 x 10712 9.49 x 10710 157 x 1072
298 1.54 x 1071° 0.00991 1.52 x 10712 6.67 x 1071 228 x 1072
300 1.54 x 10°1° 0.00991 1.53 x 102 519 x 107" 2.94 x 1072
CF3CF,00 + NO, «> CF3CF,00NO,
200 1.11 x 107'° 0.00777 862 x 10713 1.35x 1073 6.37 x 10°1°
220 1.16 x 10710 0.00776 9.00 x 10713 6.85 x 10°° 131 x 107
240 1.20 x 1071° 0.00775 930 x 10713 8.45 x 1078 1.10 x 107°
260 1.24 x 10710 0.00775 9.61 x 10713 2.07 x 107° 465 x 1074
280 1.27 x 107'° 0.00775 9.84 x 10713 8.67 x 107" 113 x 1072
298 131 x 10710 0.00774 1.01 x 1072 7.11 x 10712 143 x 107!
300 131 x10°1° 0.00774 1.01 x 10712 5.60 x 10712 1.81 x 107!
Table 3 Kc(CF,(OH)CF,00NO,) = 8.54 x 1072 (51 *® exp (w)

Rotational constants for ROONO,, ROO and NO; calculated at the B3LYP/6-311++G
(3df,3pd) level (in cm™'). R = CF,(OH)CF, and CF5CF,.

Species Rotational constants

ROONO, 0.066 0.019 0.018
ROO 0.087 0.045 0.043
NO, 8.169 0.438 0.415

harmonic vibrational frequencies were taken from Ref. [15], the
rotational constants (listed in Table 3) were calculated at the
B3LYP/6-311++G(3df,3pd) level (obtained values are very similar
for R =CF,(OH)CF, and CF3CF;) and above values of AHg, were
employed (see Section 3.1).

The torsional modes were considered as internal hindered rota-
tions. However, due to the potential energy functions for internal
rotational around C-OH, C-C and C-O bonds in ROONO, and
ROO are very similar, the internal rotational partition functions
Quotint approximately cancel in Kc. Therefore, only the torsions
about 0-0 and O-N bonds in ROONO, were considered [15].

The Quoine functions were calculated using the approximated
Troe’s expression that interpolates between the partition functions
for totally restricted internal rotations, Qs and for completely
free rotors, Qfee, [37]

Qrotint = Qrors {eXp <— 5—:)} - + Qfree {1 —exp (— 5—:)} ]‘27 (8)

with Qrors = [1 — eXP(—hViors/RT)] ! and Qgee = (27Imk/h?)/2. The
required molecular input data (rotational barrier heights Vo,
reduced moments of inertia I, = Ialg/(Ia+Ig) and torsion values Vis)
were taken from Ref. [15] and they are listed in Tables B and C of
Supplementary Material.

In this way, the value 6.7 x 10~"" cm® molecule™! was derived
for Kc at 298K for CF,(OH)CF,00NO, and, consequently
Kaissoo = 2.3 x 1072571, If all internal rotational modes are treated
as harmonic oscillators, a K¢ value of about a factor of 2 smaller
is obtained. Analogously for CF5CF,00NO,, Kc=7.1 x 10~ cm? -
molecule™! and Kgiss . = 1.4 x 107! s~1 at 298 K. The complete set
of calculated Kgjss,-. and K¢ at 200-300 K, included in Table 2, are
very well represented by the following expressions

Kaiss (CF2 (OH)CF200NOz) = 1.79 x 10" (55) *“” exp (- 244 kegtmol-1) 51

Kaiss ~ (CF3CF,00NO,) = 1.05 x 10" (;15)*** exp <, W) 1

cm3 molecule™

Kc(CF3CF,00NO,) = 9.67 x 102 (55) *® exp (%) cm?

molecule™

It is interesting to note that the Ky o, value estimated from the
above Arrhenius expression for CF3CF,00NO, — CF3CF,00 + NO,
at 285K, 2.4 x 1072 s~!, compares very well with the experimental
value of 2.88 x 1072 s~!, determined from the 254-nm photolysis
of CF3CF,C(0)Cl in the presence of NO, and O, at 279-290K [9].
In addition, the results for both peroxynitrates can be compared
with the value of 4.2 x 1072 s~!, measured for CF300NO; — CF5-
00 + NO; at 298 K and near to the high-pressure limit [20].

3.4. Low-pressure limit rate coefficients and falloff curves

To extend the kinetic analysis of CF,(OH)CF,00NO, decomposi-
tion to the falloff region, the knowledge of the low-pressure limit
rate coefficient Kgissp is necessary. This rate coefficient was esti-
mated employing Troe’s factorized formalism [44,45],

Kaiss o = Be[M]Zy (M> exp (— 5) FannFe Frot Frotint- 9
Quib KT

In this expression, B. is the collision efficiency which depends
on intermolecular energy transfer properties, Z; is the Lennard-
Jones collision frequency between CF,(OH)CF,O0NO, and a given
bath gas M (assumed here to be He), pyipn(Eo)=2.38 x 10'°
(kcal mol~ 1)~ is the CF,(OH)CF,O0NO, harmonic vibrational den-
sity of states at the threshold energy Eq ~ AgH® = 24.4 kcal mol ',
and Qyp, is the vibrational partition function of this peroxynitrate.
On the other hand, the F,,;, = 1.099 takes into account the anhar-
monicity of the dissociating molecule, F; considers the energy
dependence of pyipn(Eo), while Fo¢ and Fyoine factors describe the
external and internal rotational effects. The evaluation of these fac-
tors was carried out employing the molecular data given in Ref.
[15]. Lennard-Jones collision parameters were calculated using
tabulated values of ¢ =2.55 A and €/k = 10 K for He [46] and esti-
mated values of ¢ =5.98 A and ¢/k = 266 K for CF,(OH)CF,00NO,,
in which additivity relationships for molar volumes and molecular
similitude to CF300NO, were considered [47]. The electronic
potential computed at the G4(MP2) level was used for the F;,; esti-
mations (see Section 3.1). CF,(OH)CF,00NO, presents five internal
rotations around the C-OH, C-0, 0-0, O-N, and C-C bonds, which
were studied in a previous work [15]. The barrier heights and its



72

Table 4
Contributing factors to Kg;ss o for reaction CF,(OH)CF,O0NO, + He — CF,(OH)CF,00 + NO, + He.

M.P. Badenes/Chemical Physics Letters 673 (2017) 68-73

-1 -1

T/K Zyy/em® molecule ™' s7! Fe Frot Frotint Quib Be Kaiss.o/[He] cm® molecule ™' s
200 5.93 x 10710 1.31 5.90 20.70 4.07 0.219 1.16 x 1072°
220 6.09 x 10710 1.36 5.24 16.25 5.58 0.200 1.66 x 1072
240 6.24 x 1071° 1.40 4,70 13.01 7.78 0.183 9.49 x 10722
260 6.39 x 10710 1.45 425 10.59 10.98 0.169 2.68 x 1072°
280 6.53 x 10710 1.50 3.87 8.74 15.68 0.156 433x10°1°
300 6.66 x 10710 1.55 3.54 7.31 22.59 0.144 448 x 10718
' ' ' ' ' ' ' ' ' (1 — BZ) [44], considering that the average energy transferred in
CF,(OH)CF,00NO,-He collisions, —(AE)=~75 cm~!, does not
10° change in the narrow range of studied temperatures [46]. The
obtained results can be depicted by the following expressions
(with a mean error no better than a factor of 2 when the input data
10- are sufficiently well-known [44,45])
g Kaiss o (CF2(OH)CF,00NO,) = [He]8.08 x 10> exp @%) cm?
>
S 102 molecule™' 5!
Krec.0(CF2(OH)CF,00NO,) = [He]2.45 x 102 (53) 7*’ cm® molecule 2 5!
10° where ko equation was derived from Kc(CF,(OH)CF,O0NO,)
calculated in the previous section.
4 \ \ \ \ \ \ \ \ Then, to explore the pressure dependence of the CF,(OH)CF,-

]0]2 1013 ]0]4 ]0]5 ]0]6 ]0]7 ]0]8 10]9 1020
[He] (molecule cm’a)

Fig. 3. Falloff curves for CF,(OH)CF,00NO, +He — CF,(OH)CF,00 + NO, + He at
(from left to right) 200, 220, 240, 260, 280, and 300 K.

Altitude / km

102 107! 10° 10! 102 103 10*
T/ days

Fig. 4. Thermal atmospheric lifetimes for CF,(OH)CF,O0NO,.

corresponding reduced moments of inertia were taken from Ref.
[15] and they are listed in Table B of Supplementary Material. As
can be seen, rotation about C-OH bond has a small barrier height
and, thus, it was considered as a free rotor. Therefore, only four
internal rotations were taken into account. They were approxi-
mated as equivalent hindered rotors with average barrier heights
of 8.4kcalmol~! and average reduced moments of inertia of
96.6 amu A% [15].

The estimation of the different factors contributing to Kgisso
derived between 200 and 300 K are presented in Table 4. The B.
values were calculated from the expression —(AE)~Fg kT B/

OONO, decomposition reaction, the falloff curve was calculated.
To this end, the Troe’s reduced method was employed [48,49]. In
this procedure, the rate coefficients are estimated as

k =~ Kaiss o F* (X)F(X). (10)

In above expression, X = Kgisso/Kdissoer F7(X)=X/(1+X) is the
result of the Lindemann-Hinshelwood mechanism, and the broad-
ening factor F(x) accounts for corrections due to the energy and
total angular momentum dependences of the energized adducts
and the multistep character of the collisional energy transfer. This
factor is represented by [49]

[1+4)
na1/m’

1+ ()]
where  n=[In  2/In(2/Feent)][1 — b +b(X/X0)'],  q=(Fcenc — 1)/
In(Feent/10), X0~ 1, b=~0.2, and Fcene=F(x=1) is the center
broadening factor. The last factor can be approximated as the

product between the weak and the strong collision broadening
factors, Feene = FWVC FSC where Fo< =p2" and logF%

cent” cent’ cent — cent =
—(1.06 logSr)*?/(1+C;S%), with C; =0.10exp(2.5B;" —0.22B; —
6x107'°BS), and C,=1.9+4.6x107°B2® [48]. The Kassel
parameters, St and By, were calculated from harmonic vibrational
frequencies given in Ref. [15] and AoH® =24.4 kcal mol~!
(Section 3.1.). Estimated F.e,: values ranged between 0.32 and
0.21 when temperature increases from 200 to 300K. In these
cases (Feent values below ~0.4), the broadening factors become
asymmetric and expressions (10) and (11) are preferred instead of
the usual approximate representation derived from rigid-activated
complex, strong-collision RRKM theory [49]. Fig. 3 shows the
resulting reduced falloff curves at 200-300K. The bath gas
concentration corresponding to the center of the falloff curves,
[Helc = Kaiss.oo/Kaisso [He], is located at the intersection of the
straight lines (drawn for simplicity only at 300K). As can be
observed, the CF,(OH)CF,00NO, decomposition reaction at
atmospheric pressure (about 3.7 x 10'® molecule cm > at 200 K and
2.5 x 10" molecule cm™> at 300K) is near to the high-pressure
limit. A small falloff behavior is apparent at lower pressures, as

F(x) = (11)
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those corresponding to high altitudes on the surface of the Earth. On
the other hand, for a given pressure a decrease in k/k_. is observed
when the temperature is increased.

3.5. Atmospheric implications

From Kgiss o Values presented in Section 3.3, lifetimes of about 7
and 40 s were respectively obtained for CF3CF,O00NO, and CF,(OH)
CF,00NO, at 298 K. The very short computed value for CF,(OH)
CF,00NO, is smaller than the rough estimate reported in a previ-
ous work [15]. However, it reaches up to more than 1 day at tem-
peratures close to 250 K. This value can be considered as a lower
bound to the lifetime at the temperatures and pressures of the tro-
popause [9,20].

A more realistic estimation of the thermal lifetimes can be
obtained from the unimolecular falloff curves of Section 3.4.
Fig. 4 shows the profile calculated for CF,(OH)CF,0O0NO,. The
resulting lifetimes are slightly larger than those obtained for CFs-
CF,00NO; [9]. As can be seen, the thermal lifetimes are longer than
100 days at stratospheric altitudes ranging from 9 to 30 km (where
the temperatures are lower than 250 K), just where the ozone layer
is located. Beyond 30 km, the thermal lifetimes decrease. There-
fore, the CF,(OH)CF,00NO, could act as transport and reservoir
of CF,(OH)CF,00 and NO, radicals. Finally, a comparison between
thermal and photochemical lifetimes would be required to decide
which of both processes controls the atmospheric lifetime.

4. Conclusions

SACM/CT kinetics calculations on an G4(MP2) electronic poten-
tial allowed to derive kinetic properties for the formation and ther-
mal decomposition reaction of the new peroxynitrate CF,(OH)
CF,00NO, for the first time. Additionally, kinetic information for
the related peroxynitrate CF3CF,00NO, are also reported. Values
of Krecoo Of 1.5 x 10712 and 1.0 x 107" cm® molecule ' s~ were
derived at room temperature for CFy(OH)CF,O0NO, and CF3CF;-
OONO,, respectively. While for Kgiss ., values of 2.3 x 1072 and
1.4 x 107! s7! were obtained at the same temperature. Last results
allow estimating thermal lifetimes of 40 and 7 s respectively, sug-
gesting that CF,(OH)CF,00NO, would be transported in the atmo-
sphere. Additionally, the kinetic analysis of CFy(OH)CF,OONO,
decomposition was extended to the falloff region.
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