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The possible reactions of HO, radical with the intermediates of the C1,SO photolysis (CISO and SO) were
studied using G3MP2//B3LYP/cc-pVTZ+d level of theory and Martin’s W1U method. For the reaction between
HO, and CISO radicals, the following mechanisms are supposed to be the main reaction pathways

HO, + CISO — *HOO x CISO — HOO(C1)SO — OH + CISO, — HO + Cl + SO,

HO, + CISO — *HOO x CISO — HOO(CI)SO — OH + CISO, — HO(C1)SO,

On the basis of G3MP2//B3LYP/cc-pVTZ+d and highly accurate W1U calculations, the reaction of HOO
with SO species has also been explored, and the following dominant consecutive reactions may describe the
fast oxygen transfer

HO, + SO — *HOO x SO — *HOOSO — OH + SO,

In both reaction mechanisms, the first step is a barrierless formation of relatively stable van der Waals complexes
that lead via intersystem crossing to intermediate adducts. Thermodynamically favored decomposition products of
HOOSO are OH radical and SO,. In the case of the CISO and HO, reaction, the dissociation of HOO(C)SO
resulted in OH and CISO,. Further decomposition of CISO, to Cl atom and SO, competes with formation of
HO(CI)SO, via OH addition reaction to CISO,. We also report on high-level quantum chemical calculation (W1U)
to predict values for the heat of formation of HSOj;, 2HOOSO, and >00S(H)O radicals using the most reliable
thermodynamic data of OH and SOz: Ag?*#PX(HSO;3) = —256.2 kl/mol, AiH?3PK(?HOOSO) = —152.6 kJ/
mol, and A% SXCO0S(H)O) = —8.3 kJ/mol. On the basis of W1U standard reaction enthalpy for the reaction
CISO + HOO — HCI + SO, the heat of formation for the CISO radical was also computed to be A% 5¥(CISO)
= 102.6 kJ/mol within 4 kJ mol~' error.

1. Introduction

Thionyl chloride, C1,SO, is a potentially good Cl-atom precursor
for laser photolysis studies because of its two chlorine atoms and
its high absorption cross section in the UV spectral range below
300 nm. At classical laser wavelengths (193, 248, or 266 nm), the
cross sections of thionyl chloride are more than one order of
magnitude higher than those of other commonly used chlorine atom
precursors such as Cl,, phosgene COCl,, or oxalyl chloride (COCI),.!

Many studies have been published on the photodissociation of

CLL,SO>7 and there is a general agreement on the important
dissociation channels
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molecular channel
CL,SO + hv — SO + Cl, A, = 557.1 nm (1a)

radical channel
— CISO + CI/CFF Ay, = 499.8 nm

(Ib)

three body channel
— SO + 2CI/CKF Ay, = 263.5nm

(1o

The threshold wavelengths, Ay, are taken from Chichinin et al.”
Chlorine atoms can be formed in two electronic states, namely,
CI(*P3p) and CI*¥(*Pyj). The photolysis of CL,SO at 248 nm also
simultaneously excites the species to two states, 2'A” and 2'A”,
the latter being the main pathway and generating internally excited
CISO radicals and CI(*P,,,) atoms. Excitation to the A’ state is a
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minor path and leads to the formation of ground-state SO and two
Cl-atoms. Depending on the total pressure, excited CISO radical
can be stabilized by collision,® and it is also able to undergo
unimolecular decay into SO and Cl atoms.’

Chlorine atoms produced by the above-mentioned photodis-
sociation processes are able to generate the hydroperoxyl radical
rapidly in the presence of CH;0OH and O, via the following
mechanism

Cl + CH,OH — CH,0OH + HCl K™ =55x 107"
)

CH,OH + O, — CH,0 + HO, K =97x10""
(©)

The rate constants, k, and k3 (in cm® molecule™! s™!) are taken
from the work of Atkinson et al.'” To use C1,SO laser photolysis
in the presence of methanol, CH;0H, and O as a suitable HO,
source, other possibly obscure reactions need to be explored.
In a recent work, we have investigated the formation of CH,O
following the photolysis of CL,SO in the presence of CH;OH
and O,: a very fast primary formation of CH,O was followed
by a slow, secondary formation of CH,0, depending in rate
and yield on the concentrations of the different species. These
findings have been interpreted by reactions of the byproduct of
the C1,SO photolysis, SO and CISO, with HO,.! To the best of
our knowledge, there is no information available on the fate
and reactivity of these stabilized photodissociation products. This
was the motivation for us to investigate the following two
reaction systems by means of ab initio calculation

HO, + CISO — products 4)

HO, + SO — products )

2. Computational Methods

All the geometries are obtained at the B3LYP/cc-pVTZ+d
level of theory,''™!3 where +d indicates the addition to all
second-row atoms of a single high-exponent d-type inner
polarization function. For all transition states, an intrinsic
reaction coordinate (IRC) calculation was performed to confirm
that the transition state did indeed approach the correct minima.
The calculated B3LYP/cc-pVTZ+d harmonic frequencies were
scaled using a factor of 0.985, and then these scaled frequencies
were used in the calculations of thermochemical properties.
Furthermore, the modified G3MP2B3 scheme'* (indicated as
G3MP2//B3TZd) was computed using the optimized B3LYP/
cc-pVTZ+d geometries. At this point, frequency calculation was
also replaced by B3LYP/cc-pVTZ+d. Additionally, single-point
quadratic configuration interaction calculations were performed
in the frozen core approximation (FC) for the correlation
calculation, QCISD(T,FC)/6-31G(d). Then, second-order
Moeller—Plesset perturbation theory, MP2(FC), was performed
with the basis sets 6-31G(d) and 6-311+G(2df,2p) on oxygen
and 6-3114G(3d2f,2p) on sulfur and chlorine atoms, designated
as G3MP2Large. (For the open shell species, the values of <S?>
obtained at MP2(FC)/G3MP2Large are reported in the Sup-
porting Information. They are only slightly affected by spin
contamination, except for TS2 and TS5, where the effect is
considerably high.) A spin—orbit correction is included for
single atomic species. Last but not least, the higher level
correction (HLC) takes into account remaining deficiencies in
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the energy calculations. Basically, G3AMP2//B3TZd differs from
G3MP2B3'* in the replacement of B3LYP/6-31G(d) with the
B3LYP/cc-pVTZ+d level of theory for geometry optimizations
and for harmonic frequency calculations. Then, the standard
G3MP2//B3TZd enthalpy (H*3'5¥) can be given as follows

298.15K
H —

EQCISD(T)/6—3lG(d) + EMPZ/G3MP2Large -

298.15K
EMP2/6*31G(d) + HCOI‘I‘,B:;LYP/CC*[)VTZ‘Fd + EHLC

G3MP2//B3TZd calculations were carried out in the case of
both reaction systems studied. To estimate the accuracy of the
G3MP2//B3TZd calculations, we also used Martin’s W1U
composite method'® to approximate infinite-basis-set CCSD(T)
calculations, and it was used as a reference method for G3MP2//
B3TZd.

The standard W1U procedure also uses B3ALYP/cc-pVTZ+d-
optimized geometries. CCSD and CCSD(T) calculations are then
performed with basis sets of systematically increasing size (aug’-
cc-pVDZ+2d and aug’-cc-pVnZ+2d1f, where n = T, Q; the
characters of +2d1f indicate the addition of high exponent d
and f functions to all second-row atoms).'> We performed
separate extrapolations to determine the SCF, CCSD valence
correlation, and triple-excitation components of the total atomi-
zation energy at the basis-set limit. A two-point SCF extrapola-
tion was used for W1U, as was recently proposed.'¢ The W1U
procedure includes contributions from core correlation, scaled
ZPVE, scalar relativistic effects, and first-order spin—orbit
coupling on molecules and atoms.

The relative energies of the intersystem crossings (ISCs) were
estimated from a series of partial optimizations (1D scan) at
the B3LYP/cc-pVTZ+d level of theory, where the distance
between the terminal oxygen of HOO and the sulfur was kept
fixed during the optimizations. The distance was systematically
varied between 1.6 and 3.2 A. These calculations were carried
out on the singlet and the triplet potential surfaces in the case
of HOO + CISO as well as on the doublet and the quartet
potential surfaces in the case of HOO + 3SO. Additionally, not
only was the energy corresponding to the electronic state used
for the geometry optimization computed, but so was the other
state’s as a single-point calculation. For instance, this means
that the energy of the lowest singlet state was also characterized
on the geometry obtained by optimization in the triplet state in
the case of HOO + CISO. Although this methodology is not
that accurate, it is able to estimate the necessary values for ISCs
instead of having to obtain them via extremely computer-
demanding multireference calculations.

A comparison of G3MP2//B3TZd, W1U, and experimental
values was also made for the estimation of the reliability of
G3MP2//B3TZd. All calculations have been performed using
the Gaussian03 computer program.!”

3. Results and Discussion

The possible reactions of HOO and CISO are almost
unknown, and only the dissociation and isomerization channels
of ZHOSO, have been previously discussed.'®2? In addition,
calculations of thermochemical properties for sulfur- and
oxygen-containing species are still challenges for computational
methods.?* However, the W1U method is limited only for either
small molecules or highly symmetric species, but it is known
as one of the most accurate (mean absolute deviation is ~2 kJ
mol™!) composite methods.?* Accordingly, this seems to be a
reliable reference method for estimating the accuracy of the
much faster G3MP2//B3TZd method. To do this, we had
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TABLE 1: Comparison of Experimental Reaction
Enthalpies in kJ mol ! (A H*?%15X) with Those of W1U and
G3MP2//B3TZd Methods*

AHZSS  AHRTY AHE M marza
reaction kJ mol™! kJ mol ™! kJ mol™!

HCI + SO; — 115.5 115.0 (0.5) 111.1 (4.4)
HOCI + SO,

HCI + SO; — 349.8 353.2(—3.4) 336.3 (13.5)
SO, + OH + Cl

HCI + SO; — 398.1 (—) 379.2 (—)
CISO + HOO

HCI + SO; — 236.4 237.7 (—1.3) 232.8 (3.6)
HOSO, + Cl

“Deviations from the experimental data are listed in the
parentheses.

compared G3MP2//B3TZd, W1U, and the available experi-
mental heats of reaction in the case of HO, + CISO reaction
(Table 1).

The W1U method performs quite well; the maximum absolute
deviation is only 3.4 kJ mol~!. The G3MP2//B3TZd results have
larger maximum deviations (13.5 kJ mol™!), but it still gives
the possibility for fairly good enthalpy data for all reactions
studied. The comparison of calculated and experimental heats
of formation can also test the reliability of the computational
methods.

Heat of Formation. On the basis of our theoretical results,
the heats of formation of 2HSOs3, 2HOOSO, 200S(H)O, and
2HOSO, can be calculated, and they are also compared with
the available literature data.

Because the enthalpies of formation for hydrogen and sulfur
trioxide are experimentally well known, they have been used
as references in the calculation of the sulfuric compounds

H + SO, — X (6)

where X can be 2HOSO,, 2HOOSO, 2HSO;, or 200S(H)O
molecule.

The heat of formation of molecule X, AHGSPK(X), is
calculated as follows

AfH298.15K(X) — {H298.15K(X) _ 298 lSK(H) +

theor theor theor

29815K(SO})]} + A H298]5K(H) + AH298]5K(SO3)]

theor exptl exptl

where HRSPK(X), HREEPKH), and Hi%PX(SOs5) are either
G3MP2//B3TZd or W1U enthalpy values. AHZu5"N(H) =
217.998 kJ mol " and the A¢H25{°*(SO3) = —395.753 kJ mol
are the experimental heat of formation values from the ATcT
database.” The thermochemical properties obtained from W1U
and G3MP2//B3TZd as well as the literature data are listed in
Table 2.

The heat of formation for 2HOSO, based on our W1U
calculation (—376.6 kJ mol™!) is in quite good agreement with
experimental results recommended by Pilling and coworkers
(—373.0 kJ mol 1! (Table 2). A value of —374.1 kJ mol™!
recently published by Klopper et al.'® is also consistent with
our results. Whereas Somnitz?® suggested a slightly less
exothermic value of —368.8 kJ mol ™! from his G3X calculations,
both Burcat® and Fulle*! recommended a much more exother-
mic formation (—385.0 and —391.0 kJ mol ™!, respectively). As
is shown in Table 2, the G2 enthalpy of 2HOSO;%? is almost
identical to the value of Burcat (—386.7 kJ mol™").
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TABLE 2: Calculated Thermochemical Properties for HSO;
Isomers Using W1U and G3MP2//B3TZd Methods

AfHZ‘)S.lSK SZ‘)X.ISK
species kJ mol™'  J mol ! K™! ref

HOSO,  —374.1+3 Klopper'®
—376.6 288.8 this work (W1U)
—373+6 Pilling et al. (3rd Law)"
—367.9 288.8 this work (G3MP2//B3TZd)
~368.8 Somnitz (G3X)2
—385.0 294.061  Burcat et al.”
—391.0 Fulle et al.?!
~386.7 Li et al. (G2)2

HOOSO —152.6 305.1 This work (W1U)
—154.5 305.1 this work (G3MP2//B3TZd)
~173.8 Lietal. (G2)2

2HSO4 —256.2 284.5 this work (W1U)
—241.6 284.5 this work (G3MP2//B3TZd)
—2453 Lietal. (G2)2

200S(H)O —8.3 306.5 this work (W1U)
—124 306.5 this work (G3MP2//B3TZd)

To the best of our knowledge, there are no experimental
heat of formation data available for 2HSO;, 2HOOSO, and
200S(H)O radicals. G3MP2//B3TZd and W1U heat of
formation values are consistent with each other in the case
of ZHOOSO; however, the G2 result suggested by Li?? is
significantly smaller (by 21.2 kJ mol™!). For the *HSOs
species, the G2 heat of formation is close to our G3MP2//
B3TZd value, but the largest deviation of G3MP2//B3TZd
(—241.6 kJ mol™!) results from the W1U value (—256.2 kJ
mol™!) is found in this case (13.6 kJ mol™!). In general, the
G2 method overestimates the exothermicity of AgH*% 15K,

Although the experimental heat of formation is still
unknown for CISO radical, a combination of the well-known
experimental heat of formation data with our accurate W1U
result can provide a possibility for its estimation. First of
all, W1U reaction enthalpy, AH%${°%, can be calculated for
the following reaction

CISO + HOO — HCl + SO, AHy>" =
398.1kImol™" (7)

Because the experimental heats of formation are available
with relatively small uncertainties for HOO radical, HCI,

. = ©14.0H+50,
Z oﬂ +CiS so (44.9)
5 ;| .[.rasr (429
2 ‘nootcuso
= (-157.3)
M ‘emst
?5: (499 ?)
g 50
: ' HCl + 50,
? : —" 173081
‘Hocso,; (3529 o)
(-426.1) S (-379.2)

Reaction Coordinate

Figure 1. Enthalpy profile of the most important channel in the HOO
+ CISO reaction system calculated using the G3MP2//B3TZd level of
theory (italic). Available W1U energies are also given (bold).
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Figure 2. B3LYP/cc-pVTZ+d structures of the relevant stationary point on the potential energy surface of the HOO + CISO reaction system.
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Figure 3. Relative enthalpy values (in kJ mol™!) of relevant channel
in the case of HOO + 3SO reaction system calculated using W1U
methods (bold). The G3MP2//B3TZd results are also shown (italic).

and SO; molecules (12.552, —92.31, and —395.753 kJ
mol~!,% respectively), the heat of formation for CISO is

A. 298A15K(CISO) — AfH298A15K(HCl) + A

theor exptl
A

39&151((803) _

xptl
298.15K

fH298.15K(HOO) — AHZB

exptl

AHZPK(CISO) = 102.6 kI mol ™'

theor

Dominant Channels. Both reaction systems exhibit a very
large number of intermediate species on their complex potential
surfaces, which are explored in detail. (See Figures S1-2 and
Tables Sla,b in the Supporting Information.) Here only rela-
tively low-lying and therefore kinetically important species are
shown in Figures 1 and 2 for CISO + HOO and in Figures 3
and 4 for *SO + HOO. The numeral assigned to the transition
state (TSx) is the order of the energy level (e.g., TSI is the
lowest lying transition state on the given potential surface). The

rotational constants and harmonic vibrational frequencies as well
as the optimized geometries are listed for every species in Tables
S3—S6 in the Supporting Information.

Reaction System of HOO and CISO. The first possible step
in the HOO + CISO reaction system is a barrierless formation
of a triplet van der Waals complex (vdW complex), *HOO x
S(CDHO, as shown in Figure 1. The geometrical parameters of
the vdW complex seem to be very similar to those of the
reactants, as presented in Figure 2. Note that the S—CI bond
(2.087 A) in CISO is close to the experimental values of the
CLSO species (2.074 A).20 In this planar complex (C, sym-
metry), the terminal oxygen of the hydroperoxyl radical is
orientated 2.852 A away from the S atom of the S—O bond.
The hydrogen is very close (1.826 A) to the oxygen of the CISO
residue, which explains the stability of the complex (—21.8 kJ
mol™!) related to the enthalpy level of the reactants. The singlet
state of the van der Waals complex was also calculated, but its
enthalpy is found to be above the level of the reactants;
therefore, it is excluded from further discussion because of its
small stability.

Another possible channel is the abstraction of the hydrogen
atom from the hydroperoxyl radical, but the barrier height
seems to be high (73.0 kJ mol™!), so it is a minor channel
compared with the vdW-complex formation reaction. Con-
sequently, this channel is also neglected from further
discussions. Therefore, the unpaired spins of the vdW
complex recombine via ISC to form the HOO(CI)SO species,
as presented in Figure 1. The relevant difference in enthalpy
(—135.5 kJ mol™") could be caused by the formed O—S bond
(1.647 A). The orientation of the HOO is also changed
significantly, and the O—O bond is expanded in the HOO-
(C1HSO molecule (1.446 A) compared with the vdW complex
(1.321 A). Consequently, the dissociation of hydroxyl radical
may be the lowest-lying reaction channel. However, the
dissociation enthalpy of HOO(CI)SO to CISO, and OH
radicals through a loose transition state seems to be high (78.4
kJ mol™!), but it is still under the enthalpy level of the
entrance channel with a value of 78.9 kJ mol~!. Another
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Figure 4. B3LYP/cc-pVTZ+d structures of the important stationary points on potential energy surface of the HOO + 3SO.

TABLE 3: Standard Thermochemical Properties of Initial, Transition, Intermediate, and Final States for the Reaction of the

HOO + CISO*

§298.15K AE,y kJ mol™! AHP315K kT mol ! AG® 315K KT mol !
HOO + CISO — J mol™! K™! A B A B A B
2HOO* 228.8
2CISO 279.0 0.0 0.0 0.0 0.0 0.0 0.0
SHOO x S(CHO 372.8 —213 —21.8 18.5 (-)
'THOO(C1HSO 330.5 —154.0 —157.3 —104.5
20H* 178.2
2CISO, 299.5 —79.7 —78.9 —69.9
It 158.8
1SO,* 248.2
20H 178.2 —46.6 —48.6 —42.9 —44.9 —66.0 —68.0
HO(CDHSO, 311.1 —420.6 —426.1 —367.5
!CITS1 311.6 —293.6 —299.7 —241.2
'HCI x SO; 367.5 —392.5 —392.9 —351.1
HCI* 186.5
1SO; 262.6 —377.9 —396.8 —379.2 —398.1 —361.7 —380.6
'cITs2 331.4 —18.5 —22.5 30.1

“A: G3MP2//B3TZd; B: W1U levels of theory. Superscripts stand for the multiplicity of the species.

potential channel is the HCI elimination reaction, which might
take place on a relatively high-lying, tight CITS2 transition
state. (See Figure 1 and Table 3.) The entropy difference
between CITS2 and OH + CISO, is 146.3 I mol™! K™!, and
the enthalpy of the loose transition state is reasonably lower-
lying compared with CITS2 (56.4 kJ mol™"). Accordingly,
the dissociation to OH and CISO, can be the dominant
channel. As one may see in Figure 2, the C1—S bond (2.133
A) seems to be longer in CISO, compared with that in CISO
(2.087 A), which shows its weakness. The small dissociation
enthalpy (36.0 kJ mol™") also confirms this. Perhaps, the CI
atom formed can be responsible for further hydroperoxyl
radical formation (via reactions 2 and 3). In this case, the
relative W1U (—44.9 kJ mol™") and G3MP2//B3TZd (—42.9
kJ mol~!) enthalpies are in quite good agreement with each
other (Table 3). An alternative reaction channel is the
recombination of OH and CISO, to give HO(C1)SO, mol-
ecule, which is actually the global minimum on this potential
surface. Even though this bimolecular reaction is energetically
preferable [AH*%15%= —347.2 kJ mol™!], its rate depends
on the concentration of the reactants as well as on other
conditions (e.g., pressure). Only one additional low-lying

reaction channel starts from the HO(C1)SO», which is also a
HCI elimination (CITS1). However, the G3MP2//B3TZd
result shows that the activation enthalpy is relatively high
(126.4 kJ mol™"). Interestingly enough, a product complex
(HCl x SO;3) can also be formed in this reaction. The
stabilization enthalpy is 13.7 kJ mol~! relative to the product
level (HC1 + SOj3). Geometrical parameters and rotational
constants of this complex were also characterized by
microwave spectroscopy.?’ The distance of S and Cl was
found to be 3.133 A, which is in good agreement with our
calculated result (3.208 A).

Reaction System of HOO and 3SO. As one can see in
Figure 3, the triplet electronic state of the sulfur monoxide,
380, is the ground state, which is more stable by 93.3 kJ
mol~! compared with its singlet state; however, the two S—O
bond lengths do not significantly differ from each other
(Figure 4). The H-abstraction reaction from HOO by 3SO is
unfavored because of its high barrier height (66.6 kJ mol™!
using the W1U method; more details in the Supporting
Information). Consequently, the reactants can be stabilized
only via a barrierless vdW-complex formation reaction
(*HOO x SO). In the quartet vdW complex, the geometrical
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TABLE 4: Standard Thermochemical Properties of Initial, Transition, Intermediate, and Final States for the Reaction of the

HOO + 380¢
S298.15K AErcl KJ 1’1’10171 AHZ‘)S.]SK kJ molfl AGZ‘)S.ISK kJ 1’1’10171

HOO + SO — J mol ! K™! A B A B A B
HOO™ 228.8
SO 212.7 92.0 93.3 92.0 93.3 94.7 96.0
HOO 228.8
350 221.8 0.0 0.0 0.0 0.0 0.0 0.0
“HOO x SO 331.0 —18.0 —17.8 —19.6 —18.7 16.1 17.0
2HOOSO 305.1 —160.0 —166.5 —163.1 —169.7 —119.7 —126.3
’TS2 303.3 —154.4 —159.7 —157.9 —163.2 —114.0 —119.2
20H* 178.2
SO, 248.2 —273.6 —277.9 —273.1 —277.4 —265.8 —270.2
2TS1 320.8 —225.6 —279.4 —227.6 —281.5 —188.9 —242.7
2HOSO, 288.8 —371.4 —388.6 —376.6 —393.7 —328.3 —345.5

“A: G3MP2//B3TZd; B: W1U levels of theory. Superscripts stand for the multiplicity of the species.

parameters of HOO and *SO residues are close to those of
the reactants, as may be seen in Figure 4. The O—O bond of
the hydroperoxyl radical is parallel to the SO bond involving
a 3.067 A separation, and the hydrogen is orientated close
to the SO oxygen (1.761 A). The complex stabilization energy
is about —19 kJ mol~! (—18.7 and —19.5 kJ mol~! calculated
using W1U and G3MP2//B3TZd methods, respectively). The
transition from the vdW complex to the 2ZHOOSO species
involves an ISC, where the quartet surface crossed the doublet
one. The energy level of the formed 2HOOSO species is
lower, with —169.7 kJ mol™! compared with the vdW
complex. If one compares the structure of a >ZHOOSO radical
with the vdW complex, as shown in the Figure 4, only two
bond parameters are significantly changed: the distance
between the sulfur and the terminal oxygen of the HOO
radical (from 3.067 to 1.635 A) and the distance between
the two oxygens in the hydroperoxyl group (from 1.319 to
1.484 A). The latter deviation can indicate the favored
forward reaction, which is the dissociation via a low-lying
transition state (TS2) to hydroxyl radical and sulfur dioxide.
The activation enthalpy of TS2 is only 6.5 kJ mol™! (W1U)
with respect to the level of the ZHOOSO (—169.7 kJ mol™1).
Furthermore, depending on the reaction condition (e.g., the
concentration of the OH and SO, as well as the pressure),
the OH + SO, products can form 2HOSO,. For the OH
addition to SO, (TS1), the W1U method predicts a nearly
barrierless reaction because a negative barrier height was
found here (—4.1 kJ mol™'). In contrast with this, the
activation enthalpy of TS1 is estimated to be high by
G3MP2//B3TZd method (45.5 kJ mol™'). The 2HOSO,
species is the global minimum on the ZHSO; potential energy
surface (A H,>%"% = —393.7 kJ mol™!). The standard
thermochemical properties of the above-mentioned molecules
and transition states are collected in Table 4.

Role of the van der Waals Complexes. As was mentioned
before, the reactants can be stabilized via barrierless vdW-
complex formation reactions in both systems studied theoreti-
cally in this work. These stabilization enthalpies of prereactant
complexes are about 20 kJ mol~!. Note that a similar stabiliza-
tion of the prereaction complex was also found in the H-
abstraction reaction of OOH with unsaturated hydrocarbons.?®
This similarity tells us that the stabilization may be due to the
m— interaction between the bonds of O—O and S—O as well
as the H bonding. In these systems, the key reactions may
proceed in all cases via vdW-complex formation, which is
responsible for the possible low-lying transition to the adduct
formation as well as for the ability of subsequent fast reactions.

4. Conclusions

Reactions of HO, radical with CISO as well as SO were
studied using the G3MP2//B3LYP/cc-pVTZ+d level of theory
as well as the W1U method. The following mechanisms were
supposed to be the main reaction channels

HO, + CISO — *HOO x S(C1)O — HOO(C1)SO —
HO + CISO, — HO + CI + SO,

HO, + CISO — *HOO x S(C)O — HOO(C)SO —
HO + CISO, — HO(C1)SO,

HO,+’SO — *HOO x SO — *HOOSO — HO + SO,

In both reaction mechanisms, the first step is a barrierless
formation of relatively stable van der Waals complexes, which
lead to the formation of intermediate adducts via ISC. Ther-
modynamically favored decomposition of HOOSO product
results in OH radical and SO,. In the case of CISO and HO,
reaction, after dissociation of OH from HOO(CI)SO, OH
addition reaction to CISO; (resulted HO(CI)SO,) competes with
further decomposition of CISO, to Cl atom and SO,. Cl atoms
and OH radicals formed this way are able to generate further
HO; via Cl + CH;0H — CH,0H + HCI and OH + CH;OH
— CH,0H + H,0, followed by CH,OH + O, — CH,0 + HO,.
However, the formation of HO(C1)SO, can be preferred in the
high-pressure regime. Therefore, the theoretical results obtained
in this part of the work support very well the experimental
observations of secondary CH,O formations following the C1,SO
photolysis in the presence of CH;OH and O, as well as the
observed dependence on the experimental conditions. Heats of
formation of ZHSO;, 2HOOSO, and 200S(H)O as well as CISO
radicals were also estimated using high-level quantum chemical
calculations.
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