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The kinetics of the thermal reaction of FS(O2)OO(O2)SF with SO2 have been theoretically studied.
Experimental investigations performed at 293–323 K indicate that the FSO3 radical, in equilibrium with
the peroxide FS(O2)OO(O2)SF ¢ 2 FSO3 (1, -1), initially attacks the SO2 forming the FS(O2)OSO2 radical
which afterwardsmaydissociate back, FSO3 + SO2 ¢ FS(O2)OSO2 (2, -2), or recombinewith FSO3generating
thefinal product, FSO3 + FS(O2)OSO2 ? (FS(O2)O)2SO2 (3). SeveralDFT formulations and composite ab initio
models were employed to characterize FS(O2)OSO2molecular properties and to determine relevant poten-
tial energy surfaces features of reactions (2), (-2) and (3). Transition state theory calculations lead to
the high pressure rate coefficients k1;2 ¼ 9:1� 10�14 expð�5:2 kcal mol�1

= RTÞ cm3 molecule�1 s�1 and
k1;�2 ¼ 4:9� 1015 expð�13:9 kcal mol�1

=RTÞ s�1 while statistical adiabatic channel model (SACM/CT)
calculations predict for the barrierless reaction (3) the expression k1;3 ¼ 2:9� 10�11ðT=300Þ0:4 cm3

molecule�1 s�1. The experimental phenomenological rate coefficients are very well reproduced by these
rate coefficients.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The knowledge of the thermal stability and the kinetics of small
radicals formed from atmospheric species deserves considerable
interest. In particular, a set of RSO2 radicals are formed by associ-
ation of R radicals with the important pollutant SO2, such as
HSO2, SO3 or HOSO2. Among these, the HOSO2 radical is probably
the most important compound [1,2]. In addition to these termolec-
ular processes, metastable excited adducts RSO2

⁄ generated by reac-
tion of SO2 with other atmospheric radicals such as ClO, HO2 or
NO2, could participate as intermediates in relevant complex-
forming bimolecular reactions [1,2]. The molecular properties of
other SO2-containing radicals such as FSO2 [3–6], ClSO2 [7] and
CF3OSO2 [8] have been estimated. Species of varied stability have
been postulated to participate in the reaction mechanisms, in
which the fluorosulphate radical, FSO3, is involved. In fact, the
stable species FS(O2)ONO [9], FS(O2)ONO2 [10,11] and the labile
complexes FS(O2)OOO [12,13], FS(O2)OSF4 [14,15] and FS(O2)
OSO2 [15,16] have been reported.

The FSO3 is an interesting radical formed by direct association
of F atoms with SO3 [17]. Under pseudo-first order conditions,
the FS(O2)OO(O2)SF ¢ 2 FSO3 equilibrium is established [14,18–
20]. This equilibrium plays a relevant role in the synthesis of
numerous inorganic and organic substances realized with the per-
oxide FS(O2)OO(O2)SF, because the system reactivity is exclusively
accounted for by the FSO3 [21]. In addition, this system has been
found particularly appropriate for studies of light-induced bistabil-
ity [22], stabilization of unstable states [23] and oscillatory behav-
ior [24].

Kinetic studies of FSO3 reactions have received considerable
attention. Pioneering kinetic and mechanistic investigations were
performed by Schumacher and coworkers employing manometric
methods [9–11,14–17,24–31]. More recently direct laser flash-
photolysis studies have been reported [12,20,32–38]. On the other
hand, early systematic spectroscopic studies of FSO3 [39–46] have
been improved by detailed infrared [47] and microwave [48]
investigations.

Cady and Roberts [49] and Castellano and Schumacher [16]
found that the (FS(O2)O)2SO2 is formed as only product in the ther-
mal reaction between FS(O2)OO(O2)SF and SO2. In a subsequent
study, Castellano and Schumacher postulated the participation of
the FS(O2)OSO2 radical to explain the (FS(O2)O)2SO2 formation at
293–323 K [15],

FSðO2ÞOOðO2ÞSF¢2FSO3 ð1; -1Þ
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FSO3 þ SO2 ¢ FSðO2ÞOSO2 ð2; -2Þ
FSO3 þ FSðO2ÞOSO2 ! ðFSðO2ÞOÞ2SO2 ð3Þ
As aforementioned, the equilibrium constant for (1, -1), KC,1, has

been precisely determined [14,18–20]. In addition, the high pres-
sure rate coefficients for the individual dissociation k1,1

[10,33,50] and the recombination k1,-1 processes have also been
determined experimentally between 293 and 525 K and inter-
preted theoretically [20,34]. However, no studies for reactions
(2), (-2) and (3) have been reported so far. Assuming that at the
stationary state the equilibria (1, -1) (KC;1 ¼ k1=k�1) and (2, -2)
(KC;2 ¼ k�2=k2) are established, the phenomenological rate coeffi-

cient kI ¼ k3 KC;1=KC;2 ¼ 2:1� 10�13 expð�15:7kcal mol�1
=RTÞ

cm3 molecule�1 s�1 was determined [15]. From this analysis, and
assuming that reaction (3) is barrierless, a dissociation energy for
the FS(O2)O-SO2 bond of 7.7 ± 1 kcal mol�1 was obtained [16].

The aim of the present study is to predict relevant molecular
properties of FS(O2)OSO2 and to test the above reaction mecha-
nism. For this, a large number of methods of the density functional
theory (DFT) along high-level ab initio composite models were
employed. Besides, rate coefficients for reaction (2), (-2) and (3)
were derived using suitable reaction rate theories.
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Fig. 1. Potential energy barriers for internal rotation around FS(O2)-OSO2 (d) and
FS(O2)O-SO2 bonds (s) computed at the G4MP2 level. ( ) and ( ) correspond to
full optimized geometries at the same level.
2. Computational methods

Due to the elusive nature of the exchange-correlation functional
and to the difficulty to establish a priori the best DFT model, the
following hybrid functionals were employed: B3LYP [50,51], B98
[52], B97-2 [53], mPW1PW91 [54], PBE1PBE [55], O3LYP [56],
X3LYP [57], BMK [58], M05-2X [59], M06 [60], M06HF [61], M06-
2X [60], mPW1LYP [54], mPW1PBE [54], mPW3PBE [54], TPSSh
[62], s-HCTHhyb [63], PBEh1PBE [64], LC-xPBE [65], CAM-B3LYP
[66],xB97X-D [67] and HSEh1PBE [68]. All of themwere combined
with the Pople’s 6-311++G(3df,3pd) triple split valence basis set
[69]. The valence electrons of FS(O2)OSO2 were accommodated in
molecular orbitals which comprise 328 basis functions based on
492 primitive Gaussians.

The correlation energy was more accurately accounted for by
using ab initio multilevel models. The employed CBS-QB3 model
relies on projected MP2 energies in the limit of a complete basis
set [70,71]. The computed energies with the G3B3 [72] and G4
[73] model chemistries approach very well to those obtained at
the QCISD(T, full)/G3Large//B3LYP/6-31G(d) and CCSD(T, full)/
CBS//B3LYP/6-31G(2df,p) levels with a strong reduction in the
computational resources. Besides, the G4MP2 model which uses
a reduced order perturbation theory was employed in the calcula-
tions [74]. The average absolute deviations of these composite
models from well-known experimental heats of formation values
are close to the considered chemical accuracy of ±1 kcal mol�1

[70–74]. An additional improvement to the predictive capability
of the G3B3 method was carried out by using the bond additivity
correction (BAC) procedure [75]. This empirical model applies
atomic, molecular and pairwise bond corrections to the theoretical
G3B3 enthalpies of formation reducing the mean absolute devia-
tion to about 0.4 kcal mol�1.

The geometries of the molecules were fully optimized using
analytical gradient methods without symmetry constraints. Har-
monic vibrational frequencies employed to estimate zero-point
energy corrections (ZPE) were calculated with analytical second
derivative methods. In all cases, real vibrational frequencies were
obtained assuring that computed structures correspond to stable
species. Standard enthalpies of formation (DH�

f ) for FS(O2)OSO2 at
298 K were derived from atomization and isodesmic energies.
These values, in combination with the enthalpies of formation of
FSO3 and SO2 molecules of �120.9 [37,76] and �70.94 kcal mol�1

[1] were afterwards employed to calculate the FS(O2)O-SO2 bond
dissociation enthalpies.

The UV/Vis absorption spectrum of FS(O2)OSO2 was predicted
employing the time-dependent density functional theory (TD-
DFT) [77] with the 6-311+G(3df) basis set. To cover the relevant
part of the spectrum, the first fifteen electronic states of the radical
were calculated.

All electronic structure calculations were performed using the
Gaussian set of computer codes with default integration grids
[78]. Increasing the integration grid to tight limits, such that carte-
sian coordinates converge to 10�4 Å or better, does not improve the
results.

The kinetic calculations for reaction (2) were performed using
the canonical version of the transition state theory (CTST) [79].
The rate coefficients for the barrierless reaction (3) were carried
out with the statistical adiabatic channel model/classical trajectory
(SACM/CT) formulation developed for linear rotor + linear rotor
type of reactions [80,81]. For both cases, the molecular information
was provided by the quantum chemical calculations. All calcula-
tions were performed within the rigid rotor/harmonic oscillator
approximation.
3. Results and conclusions

3.1. Molecular conformers and harmonic vibrational frequencies of FS
(O2)OSO2

The FS(O2)OSO2 radical exhibits internal rotations around the FS
(O2)-OSO2 (dihedral angle FSOS) and FS(O2)O-SO2 (dihedral angle
SOSO) bonds. To investigate the hindrance degree of the conform-
ers, the corresponding electronic barriers were calculated. To this
end, the total energy as a function of the dihedral angles was com-
puted, allowing the remaining molecular structural parameters to
be fully optimized. The resulting torsional potentials for the six
conformers derived at the G4MP2 level of theory are depicted in
Fig. 1. The FS(O2)-OSO2 potential energy curve presents a global
minimum at a FSOS dihedral angle of 79.1� and a transition state
for total rotation located at 5.9�. These structures are connected
by an electronic barrier of 4.3 kcal mol�1. On the other hand, the
more stable conformer obtained from rotation around the FS(O2)
O-SO2 bond lies at 174.8�. The corresponding critical configuration
is located at 272� and presents a barrier height of 3.6 kcal mol�1.
The imaginary vibrational frequencies for these transition states
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Fig. 2. Molecular structures for FS(O2)OSO2, (FS(O2)O)2SO2 and for the TS1 and TS2 transition states optimized at the B3LYP/6-311+G(3df) level.

Table 1
Average structural parameters of FS(O2)OSO2 (bond lengths in Angstroms and angles
in degrees) derived from the DFT calculations.

Parameter Average value

r(SAF) 1.548 ± 0.005
r(S1@O)m 1.406 ± 0.003
r(S1AO) 1.593 ± 0.004
r(S2AO) 1.701 ± 0.010
r(S2@O)m 1.429 ± 0.003
\(FS1@O)m 107.4 ± 0.1
\(FS1AO) 98.4 ± 0.1
\(S1OS2) 121.1 ± 0.5
\(OS2@O) 105.1 ± 0.1
DIH(FS1(O)2) �136.2 ± 0.1
DIH(FS1OS2) 81.8 ± 0.5
DIH(S1OS2@O) 172.8 ± 0.5
DIH(OS2(O)2) 132.0 ± 0.2

Table 2
Average vibrational frequencies of FS(O2)OSO2 (in cm�1) derived from the DFT
calculations.

Assignments Average
value

Assignments Average
value

Asym. stretch FSO2 1520 ± 20 Bend OSO2 509 ± 6
Asym. stretch OSO2 1371 ± 17 Bend SO2 486 ± 7
Sym. stretch FSO2 1276 ± 18 Bend FS@O 435 ± 6
Sym. stretch OSO2 1150 ± 16 Wagg FS@O 371 ± 5
Stretch SF 853 ± 16 Wagg OSO2 292 ± 6
Stretch FS(O2)AOSO2 813 ± 18 Deformation 283 ± 6
Stretch FS(O2)OASO2 667 ± 20 Deformation 136 ± 4
Bend FSO2 592 ± 7 Torsion FS(O2)AOSO2 80 ± 4
Umbrella FS(O2)O 546 ± 8 Torsion FS(O2)OASO2 52 ± 3
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are very low, 59 and 36 cm�1. The equilibrium FS(O2)OSO2 struc-
ture is shown in Fig. 2.

Fully optimized DFT molecular structures and harmonic vibra-
tional frequencies for the most stable FS(O2)OSO2 conformer were
computed. The molecular parameters resulting from the average of
all DFT calculations are listed in Table 1. Individual values are pre-
sented in Table S1 (see Supporting Information). Harmonic vibra-
tional frequencies with their respective approximate assignments
are consigned in Table S2 (see Supporting Information). The aver-
age values employed in the kinetic calculations are given in Table 2.
The relatively small uncertainties in all derived properties confer
reliability to the present predictions.

3.2. Thermochemistry of FS(O2)OSO2

The prediction of thermodynamic properties of molecules is a
central objective of most electronic structure calculations. One of
these properties is the standard enthalpy of formation, which mea-
sures the molecular stability. The value at 298 K (DH0

f ;298) corre-
sponding to FS(O2)OSO2 was determined from total atomization
energies (RD0) and from the isodesmic energies of the following
reaction
FSðO2ÞOSO2 þH2O ! HFSO3 þHOSO2 ð4Þ
RD0 was calculated by subtraction of the total energy of the mole-
cule from those of the component atoms at 0 K. Afterwards DH0

f;0

was derived by subtracting RD0 from the experimental enthalpies
of formation of the constituent elements. Thermal corrections are
applied a posteriori to convert DH0

f;0 to DH0
f ;298. In the second proce-

dure, DH0
f;298 for a given molecule is obtained by combining the

computed isodesmic enthalpy change with reliable enthalpies of
formation of the other molecules present in the isodesmic reaction
[82]. The enthalpy values of �57.798 ± 0.010 kcal mol�1 [1], �180 ±
2 kcal mol�1 [83] (for a comparison a value of �181.0 kcal mol�1

results from G4 calculations) and �89 ± 1.5 kcal mol�1 [1] were
employed for H2O, HFSO3 and HOSO2. The resulting DH0

f ;298 values

and the bond dissociation enthalpies (DH0
298) for the FS(O2)OSO2

? FSO3 + SO2 reaction, estimated using the abovementioned
enthalpy of formation values for FSO3 and SO2, are given in Table 3.
As can be seen, the DFT models lead to a large dispersion in DH0

f ;298

and DH0
298 when the atomization method is employed. In fact, a

value of �188.0 ± 7.4 kcal mol�1 was obtained for DH0
f;298, while

an unrealistic value of �3.8 ± 7.4 kcal mol�1 was derived for
DH0

298. Thirteen DFT models led to negative DH0
298 values, while



Table 3
Calculated standard formation enthalpies for FS(O2)OSO2 and bond dissociation enthalpies for FS(O2)OSO2 ? FSO3 + SO2 (in kcal mol�1).

Level of theory DH0
f;298

a DH0
298

a DH0
f;298

b DH0
298

b

B3LYP �178.3 �13.5 �199.8 8.0
B98 �192.0 0.17 �199.4 7.4
B97-2 �196.7 4.9 �199.0 8.0
mPW1PW91 �181.6 �10.2 �198.6 6.8
PBE1PBE �193.8 2.0 �198.7 6.9
O3LYP �185.6 �6.2 �199.5 7.7
X3LYP �177.8 �14.1 �199.7 7.9
BMK �198.1 6.3 �198.1 6.7
M05-2X �189.4 �2.5 �199.3 7.5
M06 �206.3 14.7 �200.1 8.3
M06HF �159.6 �32.3 �196.6 4.8
M06-2X �189.9 �2.0 �199.5 7.7
mPW1LYP �160.4 �31.4 �201.9 10.1
mPW1PBE �184.3 �7.5 �200.9 9.1
mPW3PBE �202.5 10.7 �201.4 9.6
TPSSh �177.1 �14.7 �200.2 8.4
s-HCTHhyb �205.2 13.4 �200.0 8.2
PBEh1PBE �189.3 �2.5 �198.8 7.0
LC-xPBE �198.0 6.2 �197.7 5.9
CAM-B3LYP �187.3 �4.5 �198.6 6.8
xB97X-D �194.0 2.1 �198.8 7.0
HSEh1PBE �189.7 �2.1 �198.9 7.1
CBS-QB3 �198.9 7.1 �200.5 8.7
G3B3 �189.7 �2.1 �201.7 9.8
G4MP2 �201.1 9.2 �203.3 11.5
G4 �199.8 8.0 �202.7 10.9

a From total atomization energies.
b Form isodesmic energies (reaction (4)).
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the B97-2, BMK, M06, mPW3PBE, s-HCTHhyb and LC-xPBE
approaches predict values ranging from 5 to 15 kcal mol�1. It is
well-known that this method requires an accurate determination
of the energetics of the molecule and its constituent atoms and,
therefore, places a rigorous test to the quantum chemical models.
It should be noted that the very low value of �2.1 kcal mol�1 calcu-
lated with the G3B3 model is notably increased to 6.3 kcal mol�1 by
using the BAC-G3B3 procedure [75].

By contrast, due to the fact that the number of chemical bonds
of each formal type does not change for the isodesmic reactions,
systematic errors mostly attributable to both deficiencies in
the treatment of the electron correlation energy and the
Table 4
Standard formation enthalpies for FS(O2)OSO2 and bond dissociation enthalpies for FS(O2)

DFT level of optimization DH0
f ;298

(CBS-Q//DFT)
DH0

298

(CBS-Q//DFT)
D

(

B3LYP �201.2 9.4 �
B98 �201.4 9.6 �
B97-2 �201.2 9.4 �
mPW1PW91 �201.2 9.4 �
PBE1PBE �201.2 9.4 �
O3LYP �201.1 9.3 �
X3LYP �201.3 9.5 �
BMK �200.0 8.2 �
M05-2X �201.0 9.2 �
M06 �200.8 9.0 �
M06HF �199.8 8.0 �
M06-2X �200.8 9.0 �
mPW1LYP �201.3 9.5 �
mPW1PBE �201.2 9.4 �
mPW3PBE �201.4 9.6 �
TPSSh �201.4 9.6 �
s-HCTHhyb �201.4 9.6 �
PBEh1PBE �201.2 9.4 �
LC-xPBE �200.3 8.5 �
CAM-B3LYP �201.0 9.2 �
xB97X-D �200.9 9.1 �
HSEh1PBE �201.2 9.4 �
incompleteness of the basis sets, mostly cancel [82]. As a conse-
quence, more reliable thermodynamic values are clearly derived
employing the working reaction (4). Average values of DH0

f ;298 =

�199.3 ± 0.7 kcal mol�1 and DH0
298 = 7.6 ± 0.7 kcal mol�1 were

determined from DFT isodesmic energies. As Table 4 shows, a very
good agreement with these data is obtained by using the atomiza-
tion method with the CBS-Q//DFT/6-311+G(3df), G4MP2//DFT/6-
311+G(3df) and G4//DFT/6-311+G(3df) composite models, which
are based on optimized DFT/6-311+G(3df) structures. The average
values derived from these models, respectively, for DH0

f ;298 are

�201.0 ± 0.3, �201.0 ± 0.2 and �200.0 ± 0.3 kcal, and for DH0
298
OSO2 ? FSO3 + SO2 (in kcal mol�1) obtained from total atomization energies.

H0
f;298

G4MP2//DFT)
DH0

298

(G4MP2//DFT)
DH0

f;298

(G4//DFT)
DH0

298

(G4//DFT)

201.1 9.3 �200.0 8.2
201.3 9.5 �200.3 8.5
201.2 9.4 �200.2 8.4
201.1 9.3 �200.2 8.4
201.1 9.3 �200.3 8.5
201.1 9.3 �199.9 8.1
201.2 9.4 �200.1 8.3
200.1 8.3 �199.4 7.6
200.9 9.1 �200.0 8.2
200.8 9.0 �200.0 8.2
199.8 8.0 �199.2 7.4
200.7 8.9 �199.9 8.1
201.2 9.4 �200.2 8.4
201.1 9.3 �200.2 8.4
201.3 9.5 �200.3 8.5
201.2 9.4 �200.0 8.2
201.3 9.5 �200.2 8.4
201.2 9.4 �200.3 8.5
200.4 8.6 �199.6 7.8
201.0 9.2 �200.1 8.3
200.9 9.1 �200.1 8.3
201.2 9.4 �200.3 8.5
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are 9.2 ± 0.3, 9.2 ± 0.2 and 8.2 ± 0.2 kcal mol�1. Concluding, the
DFT-isodesmic approach and the high-level composite models pre-
dict a value of DH0

f ;298 = �200.3 kcal mol�1 for FS(O2)OSO2 and a FS
(O2)O-SO2 bond dissociation enthalpy of 8.5 ± 1 kcal mol�1 which
is in very good agreement with the reported one of 7.7 ± 1 kcal
mol�1 [15]. This value is similar to the predicted for the FS(O2)O-
OO bond, � 10 kcal mol�1 [12,13,76] but it is somewhat smaller
than the estimated for CF3O-SO2 at the BAC-G3MP2//B3LYP/6-
311+G(3df) level, 19.1 kcal mol�1 [8].
3.3. Absorption spectrum of FS(O2)OSO2

To compare with probable future experimental studies, the UV/
Vis absorption spectrum of FS(O2)OSO2 was predicted by TD-DFT
calculations [81]. This approach has emerged as the most widely-
employed theoretical approach to simulate transition energies of
valence excited states of molecules or open-shell species such as
radicals, which can be described by combinations of single one
electron transitions [84,85]. Problems related to the multi-
determinantal character and spin contamination are often not
important in the TD-DFT. The computed wavelengths of the band
maxima (km) (associated to the electronic transition energies
(Em) km ¼ Em=�hc) and the oscillator strengths (f) for the first fifteen
electronic transitions of FS(O2)OSO2 are listed in Table S3 (see Sup-
porting Information). As before, despite the different variety of
exchange and correlation functional employed, a similar trend is
observed and no hybrid functional can be considered superior to
the rest. Thus, the km and f data of all of them were employed to
calculate the FS(O2)OSO2 spectrum. Due to the fact that the shape
of the electronic peaks with vibronic progressions normally resem-
bles Gaussian functions, the decadic absorption coefficients (in
M�1 cm�1) were obtained by summing over all band forms,

approached by em;i exp½�ð1=2r2
i Þ ðEi � Em;iÞ2� functions centered

at the individual Em,i values,

e ffi P
i
em;i exp � 1

2r2
i

� �
ðEi � Em;iÞ2

� �
ð5Þ

Here em;i ¼ 1:15� 104ðf i=riÞ are suitable weight factors for each
electronic transition. For the full width of the band at 1/e, a standard
value of r = 0.4 eV was assumed for all transitions. The simulated
UV–Vis spectrum shown in Fig. 3, exhibits a strong band located at
about 195 nm (e � 1840 M�1 cm�1) and a broad absorption band at
about 345 nm (e � 600 M�1 cm�1). It is interesting to note that the
first band lies in the wavelengths region where the SO2 exhibits a
strong absorption, near 200 nm [86], while the second one resembles
the band observed near 360 nm for the weakly bonded FS(O2)OOO
radical isolated a 6 K in an Ne matrix [13].

3.4. Kinetics of the formation and decomposition of FS(O2)OSO2

(FS(O2)O)2SO2 is the only product formed in the thermal reac-
tion between FS(O2)OO(O2)SF and SO2 [49]. At 293–323 K this is
a homogeneous reaction, independent of the total pressure (8–
60 Torr FS(O2)OO(O2)SF and 10–100 Torr SO2) and of the presence
of O2 [16]. The rates of the FS(O2)OO(O2)SF and SO2 consumption
and of the (FS(O2)O)2SO2 formation are directly proportional to
the reagents concentrations: �d½FSðO2ÞOOðO2ÞSF�=dt ¼ �d½SO2�=
dt ¼ d½ðFSðO2ÞOÞ2SO2�=dt ¼ kI½FSðO2ÞOOðO2ÞSF� ½SO2�. This was ini-
tially interpreted assuming that the reaction proceeds through
either a single reaction step FS(O2)OO(O2)SF + SO2 ? (FS(O2)
O)2SO2, or following the successive processes FS(O2)OO(O2)SF +
SO2 ? FS(O2)OSO2 + FSO3 and FS(O2)OSO2 + FSO3 ? (FS(O2)O)2SO2

[16]. A more plausible explanation was proposed a few years later
by Castellano and Schumacher [15]. They postulated that the reac-
tion mechanism is initiated by the attack of the FSO3 radical (pre-
sent in the FS(O2)OO(O2)SF¢ 2 FSO3 equilibrium) to SO2.
Afterwards, the generated FS(O2)OSO2 radical either dissociates
backwards to the reagents or reacts with FSO3 forming the very
stable product (FS(O2)O)2SO2 [16,79]. Therefore, the mechanism
which allows to interpret all of the experimental observations is
formed by reactions (1, -1), (2, -2) and (3). If the equilibrium (2, -2)
is not established at the stationary state, the consumption and
formation rates are proportional to [FS(O2)OO(O2)SF]1/2[SO2],
against the experimental reaction rate equation. The postulated
mechanism leads to the global rate coefficient kI ¼ k3 KC;1=KC;2 ¼
2:1� 10�13 expð�15:7 kcal mol�1

=RTÞ cm3 molecule�1 s�1 [15].
With the aim of testing this mechanism and to obtain the complete
kinetic information of the system, a theoretical study of the ele-
mentary processes (2), (-2) and (3) was carried out.

3.4.1. Equilibrium constants for FS(O2)OO(O2)SF¢ 2 FSO3 and FSO3 +
SO2 ¢ FS(O2)OSO2

The equilibrium (1, -1) has been the subject of several experi-
mental studies [14,18–20]. We used here the equilibrium constant
values derived at 321–381 K from direct laser flash photolysis
determinations of k1,1 and k1,-1 (Eq. (6)) [20], which are in very
good agreement with those obtained previously at higher temper-
atures (see Fig. S1 of Supporting Information) [14,18,19],

KC;1 ¼ 1:45� 1027 expð�21:3

� 0:8 kcal mol�1
=RTÞmolecule cm�3 ð6Þ

Reported standard reaction enthalpy and entropy (DS0298)
changes at 298 K are listed in Table S4 (see Supporting
Information).

To calculate KC,2, the average of FS(O2)OSO2 vibrational frequen-
cies given in Table 1 and the average rotational constants derived
from the individual DFT molecular structures: A = 0.114 ± 0.001,
B = 0.036 ± 0.003 and C = 0.033 ± 0.003 cm�1 were employed. The
FS(O2)O-SO2 and FS(O2)-OSO2 torsional motions with frequencies
of 52 and 80 cm�1, barriers heights of 3.6 and 4.3 kcal mol�1 and
reduced moments of inertia of 37.0 and 66.2 amu Å2 were consid-
ered as hindered internal rotors. The corresponding partition func-
tions were estimated using the Troe’s approach of Ref. [87].
Experimental vibrational frequencies for FSO3 (161.6 (2), 426.2
(2), 531.0, 832.6, 931.5 (2) and 1052.4 cm�1 [47]) and SO2

(517.69, 1151.38 and 1361.76 cm�1 [88]) were employed. In addi-
tion, rotational constants for FSO3 (0.173, 0.173 [48] and 0.181
cm�1 from B3LYP/6-311+G(3df) calculations) and for SO2 (2.028,
0.344 and 0.294 cm�1 [89]) were used. The value DH0

0 = 7.9 ± 0.6
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kcal mol�1 obtained from CBS-QB3//B3LYP/6-311+G(3df), G3//
B3LYP/6-311+G(3df) and G4//B3LYP/6-311+G(3df) atomization
values at 298 K (Table 4) was employed for the enthalpy change
at 0 K. The resulting KC,2 values are very well reproduced by the fol-
lowing expression

KC;2 ¼ 5:4� 1028 expð�8:7 kcal mol�1
=RTÞ molecule cm�3 ð7Þ

The standard reaction enthalpy and entropy changes derived
from the temperature dependence of Kp;C;2 ¼ KC;2 ðRTÞ over the
293–323 K range are respectively 9.3 kcal mol�1 and 44.8 cal
mol�1 K�1.

3.4.2. High pressure rate coefficients for FSO3 + FS(O2)OSO2 ? (FS(O2)
O)2SO2

To estimate the phenomenological rate coefficient kI ¼
k3 KC;1=KC;2 to compare with the experimental one, the knowledge
of k3 is required. This is a single bond formation reaction between
two radicals for which no activation barrier was found. At the total
pressures of Ref. [16], the system is surely very close to the high
pressure regime and can be interpreted by the SACM/CT formula-
tion development for two interacting linear rotors [80,81]. This
model is based on a Morse potential for the formed bond

V ¼ De ½1� expð�bðr� reÞÞ� 2 where De is the bond dissociation
energy and re is the distance between the center of mass of the
two combining species. The range parameter b determines the iso-
tropy of the potential energy surface. The evolution of the transi-
tional modes m(r) along the minimum energy path (the
anisotropic potential) is modelled by mðrÞ ¼ mðreÞ exp½�aðr� reÞ�
functions, being a the so-called losseness parameter [90].

The limiting high pressure rate coefficients can be factorized as

follow: k1 ¼ kPST
1 f rigid [91]. Here k1PST is the high pressure rate coef-

ficient at the phase space limit, which determinates the upper
bound of k1. The rigidity factor frigid accounts for the contributions
of the degrees of freedom orthogonal to the reaction coordinate, i.e.
the transitional modes. In the frame of the SACM/CT, k1PST is given
by

kPST
1 ¼ fsim fel

ð8 p k T=lÞ1=2
b2 ð31:153� 18:158 Xþ 0:8685 X2Þ ð8Þ

where X ¼ lnðkT=DeÞ � bre þ 4. For the present case, the stoichio-
metric coefficient fsim is 1, the electronic degeneracy factor fel is
0.25, the collisional reduced mass l is 10.7 g mol�1, re = 3.4 Å and
De = 77.3 kcal mol�1 (derived, after B3LYP/6-311+G(3df) zero-point
energy corrections (see Table S5 of Supporting Information), from
the value DH0

f;298 = �395.0 kcal mol�1 obtained at the G4MP2 level
for (FS(O2)O)2SO2 from the isodesmic reaction (FS(O2)O)2SO2 + 2
H2O ? 2 HFSO3 + HOSO2). The Morse parameter b ¼
ðFO—S=2DeÞ1=2 ¼ 2:38 Å

�1
was estimated from the FS(O2)O-SO2

stretching force constant of FO-S = 6.10 mdyn Å�1. As Table 5 shows,
the resulting k1,3

PST values obtained at the experimental temperatures
of 293, 303 and 323 K [15,16] are close to 2.8 � 10�10 cm3

molecule�1 s�1.
The rigidity factor is approached as

f rigid ¼ 1� 2:31CeffðbreÞ1=2exp ðX� 4Þ
2:044

� �� �
ð1þ 0:75Zþ Z4Þ�1=4

ð9Þ
Table 5
k1,3
PST , k1,3 (in cm3 molecule�1 s�1) and frigid,3 values computed with the SACM/CT.

T (K) k1,3
PST frigid,3 k1,3

293 2.79 � 10�10 0.105 2.92 � 10�11

303 2.82 � 10�10 0.105 2.96 � 10�11

323 2.89 � 10�10 0.105 3.03 � 10�11
where Z ¼ ðdCeffÞn with Ceff ¼ ½1þ 0:42ð2a=b� 1Þþ ð2a=b� 1Þ2�
f2e2t e2se2a=½B1B2ðB1 þ B2Þ�g1=3=2De. Here, et, es and ea are the vibra-
tional frequencies for the torsion, symmetrical and asymmetrical
deformations modes of the formed molecule, while B1 and B2 are
the reagents rotational constants. The parameter n depends on
the angle h formed between both rotor axes and molecular axis:

n ¼ 1� 0:5sin2hþ sin4h, while d is a complex function of et, es, ea
and h.

In the SACM/CT calculations of reaction (3), the following
molecular data (in cm�1) where used: et = 104, es = 138, ea = 137,
B1 = 0.173 and B2 = 0.0338. The last two values correspond, respec-
tively, to the average of the smallest rotational constants of FSO3

and FS(O2)OSO2 radicals. For h a value of 76� was employed. As
aforementioned, the anisotropic part of the potential is accounted
for by the a parameters. In contrast to other reactions in which a
has been obtained from quantum-chemical calculations [92–94],
the large mixture of vibrational modes in (FS(O2)O)2SO2 precludes
a similar determination of the transitional modes evolution along
the MEP. As a consequence, the standard value a = (0.5 ± 0.1) b
Ǻ�1 was employed here [91]. This value has been found to repro-
duce satisfactorily the SACM rate coefficients of a large number of
recombination/dissociation reactions. The resulting frigid and k1,3

values are listed in Table 5. They can be very well fitted with the
expression

k1;3 ¼ 2:9� 10�11 T
300

� �0:4

cm3 molecule�1 s�1 ð10Þ

These values are close to the measured at 298 K for the related
radical - radical reaction FSO2 + FSO3 ? FS(O2)O(O2)SF of 6.5 �
10�11 cm3 molecule�1 s�1 [37] for which a reaction enthalpy of
�75.0 kcal mol�1 was estimated at the G3MP2B3 level. By con-
trast, a much smaller high pressure rate coefficient of 4.5 �
10�14 cm3 molecule�1 s�1 has been experimentally determined
for reaction (-1) at room temperature (reaction enthalpy of
�22.1 kcal mol�1) [20].
3.4.3. High pressure rate coefficients for FSO3 + SO2 ? FS(O2)OSO2

Appears interesting at this time to predict the rate coefficient
for reaction (2) at the high pressure limit. As the calculations of
the electronic potential along MEP show, by contrast to reactions
(-1) and (3), this process exhibits a small electronic barrier.
The molecular structures of the involved transition states,
FS(O2)O---SO2

# (TS1) and FS(O2)---OSO2
# (TS2), are shown in Fig. 1.

The energetics for both reactions are listed in Table 6 and Fig. 4.
The high electronic barrier computed for the FSO3 + SO2 ? FSO2

+ SO3 reaction indicates that this is an extremely slow process.
Therefore, it does not play any role in the present mechanism.

As observed in Table 6, the G4 energies are quite sensitive to the
FS(O2)O---SO2

# molecular structures. In fact, using B3LYP/6-311+G
(3df) geometries instead of the original ones, B3LYP/6-31G(2df,p),
a significant larger activation enthalpy is recovered. However, only
minor differences are observed by employing the CBS-QB3 (struc-
tures based on B3LYP/6-311G(2d,d,p) calculations) and G3B3
(structures based on B3LYP/6-31G(d) calculations) models. The
average value of 5.0 kcal mol�1 obtained from the CBS-QB3//
B3LYP/6-311+G(3df), G3//B3LYP/6-311+G(3df) and G4//B3LYP/6-
311+G(3df) results was selected to estimate the CTST rate coeffi-
cient of reaction (2). For this, the above FSO3 and SO2 molecular
parameters, the B3LYP/6-311+G(3df) vibrational frequencies for
FS(O2)O---SO2

# of 137i, 25, 57, 82, 147, 207, 368, 369, 481, 499,
509, 532, 779, 855, 1154, 1168, 1351 and 1371 cm�1 and the TS1
rotational constants values of 0.110, 0.0286 and 0.0267 cm�1 were
used. The vibrational mode associated to the O-SO2 moiety (25
cm�1) was considered as a free rotor with a reduced moment of



Table 6
Reaction and activation enthalpies (in kcal mol�1) for reactions FSO3 + SO2 ? FS(O2)
OSO2 and FS(O2)OSO2 ? FSO2 + SO3.

Level of theory FSO3 + SO2 ? FS
(O2)OSO2

FS(O2)OSO2 ?
FSO2+SO3

DH0
0 DH#

0

(TS1)
DH0

0 DH#
0

(TS2)

CBS-QB3 �8.0 6.4 11.3 29.8
G3B3 �7.2 5.3 11.2 29.9
G4MP2 �10.9 0.55 13.8 32.6
G4 �9.9 1.9 13.8 31.9
CBS-Q//B3LYP/6-311+G(3df) �9.1 6.1 12.1 31.0
G3//B3LYP/6-311+G(3df) �8.5 4.7 12.1 30.7
G4MP2//B3LYP/6-311+G(3df) �11.1 3.4 13.8 32.6
G4//B3LYP/6-311+G(3df) �10.1 4.1 13.9 31.9

FSO3 + SO2

FS(O2)OSO2

FSO2 + SO3TS1

TS2

4.1

0.0

-10.1

21.8

3.8

Fig. 4. Schematic diagram of the potential energy surface (in kcal mol�1) of the
reaction between FSO3 and SO2 at the G4//B3LYP/6-311+G(3df) level.
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inertia of 35.3 amu Å2. The resulting rate coefficients for reaction
(2) at 293–323 K are very well represented by the expression

k1;2 ¼ 9:1� 10�14 expð�5:2 kcal mol�1
=RTÞ cm3 molecule�1 s�1

ð11Þ
Although reaction (2) exhibits small rate coefficients, the large

SO2 concentration employed (10–100 Torr) in Ref. [16] leads to
the rapid establishment of equilibrium (2, -2).

The Arrhenius equation derived for k1,-2 from Eqs. (6) and (7)

k1;�2 ¼ 4:9� 1015 expð�13:9 kcal mol�1
=RTÞ s�1 ð12Þ

exhibits a normal preexponential factor.

3.4.4. Phenomenological rate coefficient kI
A comparison between the experimental and calculated kI values

is presented in this last section. The relevant equilibrium constants
and rate coefficients required to evaluate kI ¼ k3 KC;1=KC;2 are given
inTable 7. Theexperimental valueswereobtained fromtheequation
Table 7
Comparison between experimental and calculated kI values. KC,1 and KC,2 in molecule
cm�3, k1,3 and kI in cm3 molecule�1 s�1.

T (K) KC,1 KC,2 k3 kIa kIb

293 1.9 � 1011 1.8 � 1022 2.9 � 10�11 3.1 � 10�22 3.9 � 10�22

303 6.3 � 1011 2.9 � 1022 3.0 � 10�11 6.5 � 10�22 9.6 � 10�22

323 5.6 � 1012 7.0 � 1022 3.0 � 10�11 2.4 � 10�21 4.8 � 10�21

a Calculated.
b Experimental.
kI ¼2:1�10�13 expð�15:7kcalmol�1
=RTÞ cm3 molecule�1 s�1. As

observed, the theoretical values are a factor of�1.3–2.0 smaller than
the experimental ones. These differences can be reconciled by
reducing the employed DH0

0 = 7.9 ± 0.6 kcal mol�1 for the
equilibrium (2, -2) in only �0.2–0.4 kcal mol�1. Besides, it should
be noted that an uncertainty of about a factor of two in k3 may be
expected on the basis of the potential energy surface uncertainty

(a¼ð0:5�0:1ÞbÅ�1
). Taking into account the inherent experimen-

tal and theoretical uncertainties, the agreement between the exper-
imental and theoretical kI values is certainly very good.
4. Conclusions

A quantum chemical and theoretical kinetic study of the thermal
reaction between FS(O2)OO(O2)SF and SO2 over the 293–323 K
range was carried out. Previous investigations show that the mech-
anism formed by two equilibria (reactions (1, -1) and (2, -2)) and
reaction (3) explain all of the experimental data [15]. Theoretical
calculations performed with twenty-two hybrid functionals and
the CBS-QB3, G3B3, BAC-G3B3, G4MP2 and G4 model chemistries
allowed to characterize the relevant structural, spectroscopic and
thermodynamic properties of the FS(O2)OSO2 radical. The enthalpy
dissociation obtained at 0 K for the FS(O2)OASO2 bond of 8.5 ± 1
kcal mol�1 agrees very well the experimental value of 7.7 ± 1 kcal
mol�1 [15]. Rate coefficients values of k1;2 ¼ 9:1� 10�14

expð�5:2kcal mol�1
=RTÞ cm3 molecule�1 s�1, k1;�2 ¼ 4:9� 1015

expð�13:9 kcal mol�1
=RTÞ s�1and k1;3 ¼ 2:9� 10�11ðT=300Þ0:4

cm3 molecule�1 s�1 were calculated. Employing these rate coeffi-
cients and those experimentally measured for the equilibrium
(1, -1) [20], phenomenological rate coefficients only about a factor
of two smaller than those experimentally determined were
obtained, confirming the mechanism early proposed by Castellano
and Schumacher, our unforgettable mentors.
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