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Perhemiacetal formation and Cl/NOz-initiated
chemistry of hydroperoxymethylthioformate
(HPMTF) in atmospheric DMS oxidationt

L. Vereecken, ©@* A. Novelli, D. Taraborrelli and A. Wahner

The emission of dimethylsulfide (DMS) is an important source of sulfur in the atmosphere. Its oxidation
leads to enhanced particle formation, where OCS is a critical reaction intermediate as it can reach
the stratosphere and oxidize to low-volatility H,SO4 acting as a condensation nucleus. The mechanism
for OCS formation from DMS is currently wunderstood to proceed through the
hydroperoxymethylthioformate intermediate (HOOCH,SCH=0O, HPMTF), and experimental data indicate
that the OH-initiated HPMTF oxidation generates high yields of OCS. The total atmospheric OCS
formation is assumed to remain limited due to competition by phase transfer of the soluble HPMTF to
water droplets, but the fate of HPMTF, once it transitions to the aqueous phase, remains unclear. In this
work, we theoretically study the formation of cyclic thioperhemiacetal isomers of HPMTF both in the gas
phase and in acidic aqueous phase, finding that formation of thioperhemiacetal can be rapid when
catalyzed by acids. The subsequent oxidation of thioperhemiacetal is shown not to form OCS, but rather
lead to formic and thioformic acid, HCOOH + HCOSH. Based on these theoretical predictions we
propose that thioperhemiacetal formation is the main loss process blocking OCS formation from HPMTF
in the aqueous phase. To complement the models incorporating the OH-initiated HPMTF oxidation, we
also theoretically predict the rate coefficients of HPMTF with Cl atoms and NOs radicals. The reaction
with Cl is found to be fast and leads primarily to OCS, while the reaction with NOs is slow and does not
contribute appreciably to HPMTF loss.

Atmospheric sulfur compounds have an important environmental impact. One of the key sulfuric species is H,SO,, which leads to aerosol formation, affecting
the Earth's radiative budget and air quality. OCS, a sulfur equivalent of CO,, can be transported to the stratosphere and enhance formation of stratospheric
clouds. Hydroperoxymethylthioformate (HPMTF), formed from dimethyl sulfide in marine emissions, has been shown to decompose forming over 9% of OCS,

which leads to OCS overestimations in models. We show that HPMTF can convert to a thioperhemiacetal molecule in the aqueous phase, blocking formation of
OCS and providing a rationale how HPMTF uptake in aqueous phase can help close the atmospheric OCS budget.

1. Introduction

transporting sulfur to the stratosphere, ultimately forming
H,S0, as a nucleus for formation of stratospheric clouds.* In

Atmospheric sulfur has an important impact on climate and air
quality.*”® The formation of low-volatility H,SO, is of particular
importance, as it has a large influence on the formation and
growth of organic particulate matter, where formation of high-
albedo atmospheric particles has a distinct influence on the
Earth's radiative budget while particles in the lower troposphere
have important health and air quality effects. Another sulfur
compound of significant interest is the OCS molecule formed
from organo-sulfur molecules, as it is the primary compound

Institute of Climate and Energy Systems, ICE-3: Troposphere, Forschungszentrum
Jiilich GmbH, Jiilich, Germany. E-mail: l.vereecken@jfz-juelich.de
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ea00134f

© 2025 The Author(s). Published by the Royal Society of Chemistry

the troposphere, a wide range of organo-sulfur compounds is
present, originating either from direct emissions or from in situ
transformation of primary emitted sulfur-bearing compounds.
Particulate matter also often contains sulfonated compounds.
Stratospheric sulfur injection is also proposed as a viable way of
geo-engineering global warming e.g. ref. 5.

The sources, sinks, and transformation chemistry of these
sulfur compounds are not well known, with regular updates to
estimated emission inventories and reports of novel chemical
pathways for transformation.®* Among the directly emitted
organic sulfur-sources, dimethyl sulfide (DMS, CH3;SCH3) is the
most extensively studied molecule, but even for this compound
its atmospheric oxidation mechanism is not clearly
characterized.>">**' Recent literature showed that the dominant
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H-abstraction channel in the OH-initiated oxidation of DMS leads
to the formation of hydroperoxymethylthioformate (HPMTF,
HOOCH,SCH=0). Subsequent oxidation of this compound by
OH radicals leads to the formation of SO, and OCS, where the
yield of the latter is found to be significantly larger (=9%) than
used in earlier atmospheric kinetic models (~0.7%).>***” Data on
rates and product yields of other loss processes of HPMTF, such
as reaction with NOj;, Cl-atoms, Oz, SOj3, or its photolysis or
deposition, remains very limited.

+ OH, + 02, - H02

CH3SCH; DMSO, MSIA, MSEA (A)

+ OH/CIINO3, + O,

k(298 K) = 6.8x10"" s
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Recently, Jacob et al.** proposed a generalized oxidation
mechanism for atmospheric DMS oxidation, based on the
available literature data. For the critical HPMTF oxidation, the
study draws on our extensive mechanism for the OH-based
degradation of HPMTF recently proposed in Jernigan et al.>
incorporating experimental observations and theoretical
calculations (see Fig. 1). Many uncertainties regarding the fate
of HPMTF remain. The direct gas-phase yield of OCS from
HPMTF obtained in current experiments is incompatible with
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Fig.1 Hydroperoxymethylthioformate (HPMTF) formation from DMS, and subsequent OH-, Cl-, and NOs-initiated oxidation steps based on the
theoretical work by Jernigan et al.2* and this work. (A) For a discussion of chemistry forming dimethylsulfoxide (DMSO), methanesulfinic acid
(MSIA), and methane sulfenic acid (MSEA) we refer to Cala et al.,*® Chen et al.,*® Jacob et al.,* and references therein. (B) Theoretical work by
Chen et al.?° suggests that formation of HOOCH,SO, is dominant instead of HOOCH==S formation.
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the measured OCS atmospheric concentration. However, in
addition to chemical losses, HPMTF was found to be highly
soluble and is expected to readily transition to the aqueous
phase (surface water and cloud droplets) in the marine envi-
ronment where DMS is predominantly emitted."* It is
assumed that this phase transition is irreversible and thus
prevents further formation of OCS; this has been confirmed by
recent experiments by Jernigan et al,** but the chemical
mechanism preventing OCS formation has not been elucidated.
Formation of a perhemiacetal was proposed,®*>**?** but such an
isomerisation is reversible, and furthermore the aqueous phase
decomposition pathways of thioperhemiacetal (TPHAC) have
not been characterized.

o-o-H 0-0
HOOCH,SCH=0 <—— -
2 Ls)t% Ls)\OH
hydroperoxythioformate thioperhemiacetal
HPMTF TPHAC

In addition, it should be noted that TPHAC may be released
back to the gas phase, e.g. by phase-transfer, or by evaporation
of the containing droplets as proposed recently for meth-
anediol.*” Its subsequent gas phase chemistry, i.e. kinetics and
product yields, may thus also be of importance.

In this work, we further explore the fate of HPMTF in the
atmosphere using theoretical methodologies, examining its
reaction with NO; and Cl oxidants of importance in the atmo-
sphere and used in experimental studies. We also examine the
interaction of HPMTF with the aqueous phase, where we focus
on the formation and degradation pathways of the thio-
perhemiacetal TPHAC, an isomer of HPMTF.

2. Methodologies

The theoretical analysis extends the potential energy surfaces
reported earlier by Jernigan et al.,>® using the same methodol-
ogies. Briefly, for all intermediates and transition states (TSs) an
exhaustive characterisation of all conformers was done first at
the M06-2X/cc-pVDZ level of theory,*®**® where TSs were verified
by running IRC calculations at this level. A further optimization
was then done for all conformers at the M06-2X-D3/aug-cc-
pV(T+d)Z level of theory, suitable for compounds containing the
3rd row sulfur atom.**** The vibrational wavenumbers were
likewise characterized at this level, using a scaling factor of
0.971.**** The relative energies between the lowest energy
reactant and transition state conformers was then refined at the
CCSD(T)/aug-cc-pV(Q+d)Z level of theory.”** The expected
uncertainty on the reaction barrier heights at this level of theory
is 0.5 kcal mol . All T1 diagnostics are below the 0.044 cut-off
suggested by Rienstra-Kiracofe et al.,*® except those for catalyzed
TPHAC unimolecular dissociation. In those -calculations,
formation of singlet biradicals from a closed shell species uses
the broken symmetry approach along the pathway,*” but future
work should consider multi-reference calculations to improve
the characterization of these channels. All calculations were
performed using the Gaussian-16 software suite.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The high-pressure thermal rate coefficients were calculated
using multi-conformer transition state theory, MC-TST, incorpo-
rating all conformers characterized as above using a rigid rotor
harmonic oscillator (RRHO) model for each conformer.*
Tunneling is included using asymmetric Eckart tunneling rate
corrections,’®** while for bimolecular reactions with the OH and
Cl radicals the spin orbit splitting of 27.95 cm ™" and 882.4 cm ™,
respectively,®** is accounted for, assuming negligible spin orbit
splitting in the TS. The reactions characterized in this work are
not expected to be pressure-dependent under atmospheric
conditions, and the estimated accuracy of the rate coefficients is
a factor 2 to 3, except for the bimolecular reactions involving NO;,
which are less reliable due to the internal rotations of the NO;
moiety in the TS, which have low barriers and high moments of
inertia, and are less accurately represented in the RRHO multi-
conformer paradigm (estimated uncertainty factor 3 to 4).

The updated mechanism was implemented in a 0D kinetic
box model (available in EASY format in Section ESI-Ct) where
rate coefficients for the reactions of species added in this work
and in Jernigan et al.>®> were used as calculated by theory. For the
new RO, radicals in the scheme, bimolecular reactions with
HO,, RO,, NO, and NO; were added following the rate coeffi-
cients in the Master Chemical Mechanism MCMv3.3.1,>** i.e.
analogous to CH3;SCH,O0O". The subsequent fate of the alkoxy
radicals derived from those RO, intermediates is not imple-
mented as they constitute only a small fraction of the sulfur
budget (less than 5%). For S-based radicals where no theoretical
data is available, we applied analogies to the chemistry of S-
radicals described in the literature.>***” The DMSO chemistry
following OH-addition on DMS was implemented as in the
available literature,>** but has little bearing on the chemistry
studied here, and it is not shown in Section ESI-C.T The model
there likewise does not include photochemistry or heteroge-
neous chemistry of the stable intermediates, nor bimolecular
reactions of the longer-lived radical intermediates with poten-
tial reaction partners such as Oz, NO, or other reactive species
that might be present in higher concentrations in experiments.

3. Reactions of HPMTF with Cl and
NOs

We calculated the rate coefficients of the reactions of HPMTF
with Cl and NO; oxidants; the site-specific and total rate coef-
ficients are listed in Table 1 for a range of temperatures. For
both reactants the dominant channel is abstraction of the thi-
oformate H-atom, -SCH=O0 (see Fig. 1), similar as for an OH co-
reactant.”® However, the abstraction of the hydroperoxide, -
OOH, or methylene hydrogen, -CH,-, by Cl and NO; have minor
contributions of less than 5% at 298 K, compared to =40% with
OH, such that the HOOCH,SC'=O radical will be the sole
product of importance. The theoretically predicted total rate
coefficient with Cl atoms is similar to that with OH radicals at
298 K, while that with NO; is a factor ~6000 slower. For atmo-
spherically relevant NOj; radical concentrations, loss of HPMTF
to this radical is thus negligible. The rate coefficients for the
O=CHSCH=0O0 thioformic anhydride, likewise of importance

Environ. Sci.. Atmos., 2025, 5, 181-190 | 183
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Table 1 Kinetic information on reactions in the Cl- and NOs-initiated oxidation of hydroperoxymethylthioformate (HPMTF), the HPMTF «
TPHAC isomerisation, and the OH-initiated oxidation of thioperhemiacetal (TPHAC). Indicated are the reaction barrier heights E,, relative to the
free reactants (kcal mol™) at the ZPE-corrected CCSD(T)//M06-2X-D3 level of theory, the rate coefficient at 298 K, and a temperature-
dependent rate k(200-450 K) = A x (T/K)" x exp(—E,/T), with k(298 K) and A in s~ or cm® molecule ™ s, as appropriate for the reaction
molecularity, and £, in K

Reaction Products Ep k(298 K) A n E,
HOOCH,SCH=0O0 + 'Cl — HOOCH,SC =0 + HClI —0.1¢ 8.0 x 102 1.22 x 107 1.09 —88
— HOOC'HSCH=0 + HCI 1.14° 1.5 x 1073 1.88 x 1078 2.38 672
— "O0CH,SCH=O0 + HCl 2.44 7.4 x 1071 2.37 x 1074 3.19 277
— All products (total rate) 8.2 x 107 *? 7.58 x 107 ° 1.52 —182
O=CHSCH=0 + "Cl — O=CHSC =0 + HCl 0.58 3.4 x 10712 7.16 x 10~ '° 1.49 7
HOOCH,SCH=0 + ‘NOj; — HOOCH,SC =0 + HNO, 1.9 1.1 x10°%° 1.01 x 1072 2.89 767
— HOOC"HSCH=O0 + HNOj; 3.4 31x107"8 4.72 x 107* 6.93 920
— ‘O0CH,SCH=O0 + HNO, 3.6 5.8 x 1018 4.36 x 10°% 4.00 534
— All products (total rate) 1.1 x 107" 5.51 x 10722 2.99 745
O=CHSCH=O0 + ‘NO; — O=CHSC'=O0 + HNO, 2.6 6.7 x 10*¢ 3.65 x 1074 3.87 904
HOOCH,SCH=O0 + H,0 — TPHAC + H,0 20.1 3.4 x10°° 3.14 x 10°Y 10.03 5340
HOOCH,SCH=0 + HCOOH — TPHAC + HCOOH 7.2 5.1 x 10722 5.22 x 107*8 9.99 —873
HOOCH,SCH=O0 + HNO; — TPHAC + HNO, 10.6 6.2 x 10°%° 1.13 x 1072 1.06 4721
HOOCH,SCH=0 — TPHAC 40.6 3.13 x 10 '° 3.13 x 10 182 62.97 —6788
HOOCH,SCH=0-H,0 — TPHAC-H,O 26.2 2.9 x 1078 3.47 x 1078 9.20 8825
TPHAC-H,0O — HOOCH,SCH=0-H,0 27.3 31 x10°® 1.79 x 10°2° 10.48 9401
— HCOOH + 'OCH,S"-H,0 (singlet) 26.7 4.7 x 1077 2.25 x 107* 5.70 11509
HOOCH,SCH=0-H;0" — TPHAC-H;0" 13.7 7.4 x 10" 1.34 x 10 0.24 6760
TPHAC-H;0" — HOOCH,SCH=0-H;0" 2.6 4.2 x 10" 3.72 x 108 1.97 1243
— HCOOH + "OCH,S"-H;0" (singlet) 16.5 6.2 x 10" 1.13 x 10° 4.81 6979
HOOCH,SCH=0-H,0-H;0" — TPHAC-H,0-H;0" 9.7 2.6 x 10* 3.75 x 10" —0.12 4711
TPHAC-H,0-H;0" — HOOCH,SCH=0-H,0-H;0" 9.4 2.7 x 10° 2.15 x 10° 1.57 4662
HOOCH,SCH=0-HCOOH — TPHAC-HCOOH 17.8 2.0 x 107" 2.79 x 107%° 9.80 4397
TPHAC-HCOOH — HOOCH,SCH=0-HCOOH 17.0 1.6 x 10° 4.85 x 1072 11.03 3960
HOOCH,SCH=0-HNO, — TPHAC-HNO; 19.9 1.8 x10° 6.52 x 10! —0.19 9671
TPHAC-HNO; — HOOCH,SCH=0-HNOj; 20.0 31x107° 9.50 x 10° 1.05 9662
TPHAC + "OH — O=CHOOCH,S" + H,0 —10.6 =1x10" =1x10"
— HCOOH + "SCH=O0 + H,0 —0.3 1.2 x 1072 8.90 x 10 2° 4.03 —1475
— O=C(OH)SCH,0" + H,0 2.1 6.6 x 107 1.52 x 10 7.22 -1215
— ¢yc-SCH,00CH(O’)- + H,0 3.9 4.4 x 107" 1.56 x 1072 13.06 —3520
TPHAC — HOOCH,SCH=0 41.4 8.4 x 107 2.79 x 1078 64.82 —6269
— HCOOH + "OCH,S" (singlet) 31.7 1.4 x 107 2.10 x 10° 1.66 15982
— O=CHOOCH,SH 37.4 47 x10° ¥ 1.16 x 10" 3.97 17311
— HOCOOCH,SH (carbene) 49.5 5.7 x 107 5.63 x 1022 11.59 20370
— HC(=O0)OOH + CH,=$ 41.4 1.9 x 107" 1.01 x 10" 1.12 20930
O=CHOOCH,S’ — 0=C'0OOCH,SH 20.9 6.7 x 1074 1.83 x 1072 7.60 7025
— OCHOO + CH,=S 31.2 1.4 x 107 4.62 x 107 1.97 15368
— OCHO + "OCH,S" 38.3 6.9 x 10 *° 3.17 x 10%° 1.43 19 349
— CO + "SCH,O(O)H (oxide) 49.8 4.7 x 107 5.65 x 10" 3.74 23553
— ‘O0OCH,SCH=0 34.5 21 x 1071 2.76 x 108 31.52 4894
0=C"'0OOCH,SH — O=CHOOCH,S’ 10.4 2.0 x 10° 1.03 x 10" 0.98 4908
— CO, + "OCH,SH 5.3 1.3 x 10 3.59 x 107! 4.41 243
— CO + "O0CH,SH 9.4 1.8 x 10° 2.89 x 10°° 6.42 1442
O=CHOOCH,S" + O, — 0=CHOOCH,SO0" 1.7 2.5 x 10718 1.14 x 10** 3.20 393
0=CHOOCH,S00’ — O=CHOOCH,S" + O, 7.7 1.5 x 107 3.40 x 10" 0.89 3812
— 0=C"0OOCH,SOOH 21.6 1.0 x 1072 6.98 x 102° 14.05 1785
— O=CHOOCH=S + HO, (16.5) (6.8 x 10%?
— O=CHOOCH,S(=0)0’ (21.2)° (1.1 x 1073
0=C"'00CH,SOOH — 0=CHOOCH,S00" 13.4 1.6 x 10* 4.04 x 1072 13.08 —2230
— CO, + "OCH,SOOH ~5.8° ~1 x 10°°

“ Corrected by 0.84 keal mol ™" for spin orbit splitting. > Assumed to be similar to HOOCH,SOO'. However, the CCSD(T)//M06-2X-D3 results shown
here are likely unreliable, as discussed in ref. 20 and 25. ¢ No distinct transition state geometry was localized. Geometry scans along the constrained
0-0 bond show a sudden collapse to the CO, product at an O-O bond length just beyond 1.58 A; the barrier height and estimated rate coefficient
reported are based on the energetics at this point.

in atmospheric HPMTF oxidation, present similar ratios against The theoretical work by Jernigan et al.>® extensively looked at
the loss with OH, with the NO; reaction again being negligibly the OCS formation channels, finding that the HOOCH,SC'=0
slow, k(298 K) = 1 x 10~ ** ecm® molecule ' s intermediate from HPMTF, and the O=CHSC'=O0 radical from
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thioformic anhydride, are the main pathways to OCS formation,
either directly from prompt decomposition or after further
radical chemistry. Given the low rate coefficient for NO; radicals
with HPMTF and the anhydride, it is expected that the OCS yield
with this oxidant will be negligible. In contrast, the fast reaction
of Cl radicals, combined with the higher yield of H-abstraction
from DMS and higher yield of HOOCH,SC =0 radicals from
HPMTF compared to the OH-based oxidation, suggests that Cl
radicals may be more effective in producing OCS from DMS.
The remainder of the HPMTF oxidation scheme as it was
derived for OH radicals (Fig. 1) is not expected to require
changes for the Cl and NO; oxidants.

4. Formation and destruction of
thioperhemiacetal (TPHAC)

Quantum chemical calculations show that the energy barrier for
TPHAC formation from HPMTF, 40.6 kcal mol ™!, is a few-
kecal mol ! lower than OH elimination, 42.8 kcal mol™*, both of
which are lower than the energy release from formation of
HPMTF (see Fig. 1St). Jernigan et al.*>® discuss the possibility of
OH elimination from chemically activated HPMTF as a source
of OCS. Updated RRKM master equation analysis analogous to
those performed in that work indicate that the cyclisation
required for TPHAC formation is entropically too unfavorable to
contribute against prompt OH loss, and has negligible yield.
Similarly, photoenergization of HPMTF could lead to TPHAC,
where the required photon energy is only ~700 nm (red light).
Without enhanced energy content, however, the thermal rate of
conversion of HPMTF to TPHAC is very slow, k(298 K) ~10'°
s ' (see Table 1). Perhemiacetal formation can be readily cata-
lysed by molecules with a mobile H-atom, such as water and
acids, where more acidic molecules are more effective. In the
gas phase, this requires a collision with one such molecule,
where Table 1 lists the catalyzed rate coefficients for conversion
with water and the common volatile acids HCOOH and HNO;.
With predicted bimolecular rate coefficients =10~ cm?
molecule™" s™', atmospheric concentrations of these catalytic
co-reactants are too low to make these reactions viable. Overall,
thermal formation of TPHAC in the gas phase seems to be non-
competitive against bimolecular or physical loss processes of
HPMTEF.

In the aqueous phase, in contrast, HPMTF can be complexed
with a co-reactant. Table 1 lists rate coefficients for isomer-
isation for HPMTF and TPHAC complexes with H,0, HCOOH,
HNO;, H;0" and H,0-H;O". The results suggest that in an
acidic aqueous phase where H,0 and H;0" are present, HPMTF
and TPHAC could interconvert fast enough to instate a (near)
equilibrium. The gas phase equilibrium constant of TPHAC
over HPMTF was calculated as Keo(7) = 1.12 x 10° T "%
exp(519K/T), favoring the linear HPMTF over the cyclic TPHAC
by a factor of 5.7 at 298 K.

Interconversion of HPMTF and TPHAC may thus be impor-
tant in cloud droplets in the marine environment, which
constitutes a major loss process for HPMTEF.'*?>?*?¢ Franco
et al.*” proposed that cloud droplets with dissolved carbonyl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds may efficiently release their hydrated forms - typi-
cally only formed in the aqueous phase - to the gas phase.
Similar to this, TPHAC could be released to the gas phase from
the cloud droplets, by outgassing or droplet evaporation. Hence,
atmospheric DMS oxidation in the marine environment might
yield gas phase TPHAC despite the lack of viable gas phase
formation pathways. All current observations of HPMTF, both
in experiments and in the field, were performed by mass-
spectrometric instruments, which may be incapable of dis-
tinguishing these isobaric compounds. At this time, we are thus
unable to quantify TPHAC formation in such heterogeneous
processes and, given that the TPHAC vapor pressure and Henry
constant are also unknown, it is also not clear to what extent
TPHAC will reside in the aqueous phase or gas phase, or even
what the relative importance would be relative to HPMTF.
Henry constants estimated using the Bond contribution
method®® and VP/WSOL* as implemented in the EPI Suite 4.11
(ref. 60) suggest that the accommodation of TPHAC (H = 4.4 X
10* (VP/WSOL method) to 3.5 x 10° (bond contribution
method) M atm ) is less favorable than for HPMTF (H = 1.3 x
10* (VP/WSOL) to 1.3 x 10° (bond) M atm "), which could allow
some TPHAC to be released to the gas phase.

Once formed, TPHAC can unimolecularly dissociate more
easily than HPMTF (see Fig. 2), with a barrier of only 30.7 kcal-
mol~" for breaking the O-O double bond (compared to
~43 kecal mol~" for HPMTF).

0-0 o O spont. o 0
ks)\OH_’ ks)\OH ~HCOOH QS- - QSH

The singlet bisoxy radical formed spontaneously eliminates
formic acid, such that the products formed are HCOOH and the
'OCH,S’ singlet biradical, where the latter is expected to rear-
range readily to thioformic acid similar to the singlet bisoxy to
acid rearrangement known from ozonolysis reactions.®* As the
HC(=O)SH thioformic acid isomer is calculated to be
3.5 keal mol™" more stable than HC(=S)OH, we assume here
the former isomer will be formed predominantly. Formation of
formic and thioformic acid was already proposed earlier e.g. ref.
30. Other decomposition and isomerisation pathways exist but
have barriers that are higher by =6 kcal mol " and are unlikely
to be competitive under atmospheric conditions (see Fig. 2).
Complexation with H,O or H;O" reduces the barrier height for
dissociation by several kcal mol™' (see Table 1), greatly
enhancing the rate of reaction. In the aqueous phase, we thus
expect the decomposition of TPHAC to HCOOH + HCOSH to be
comparatively fast, with a 298 K lifetime of less than a second
(see Table 1). We did not examine the further fate of the sulfur-
bearing products, nor any competing reactions such as (cata-
lyzed) concerted dissociation and H-migration leading directly
to thioformic acid, or bimolecular reactions with other reaction
partners or catalysts. The recent experiments by Jernigan et al.*>°
suggest that at least in some environments the products are
converted near-exclusively to sulphates.

TPHAC, once formed in the aqueous phase, can be released to
the gas phase. There, the reaction of TPHAC with OH radicals
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Fig. 2 Potential energy surfaces for the chemistry of thioperhemiacetal (TPHAC), calculated at the CCSD(T)//M06-2X-D3 level of theory. (Top)
Unimolecular decomposition channels. (Bottom) Reaction with OH radicals and subsequent reactions.

can proceed by either H-abstraction or addition (see Fig. 2 and
Table 1). The H-abstraction reactions are a bit slower, k(298 K) =
1 x 107*? cm® molecule™ s7*, than for HPMTF, 7 x 10~ ** cm?
molecule ! s', as no suitable H-bonding is possible in the
abstraction TS due to geometric constraints. In contrast, the
addition process is barrierless, forming an >S-OH adduct with an
energy —11.7 kcal mol " below the free reactants. From there,
a rapid migration of the hydroxy-H-atom is possible with a deeply
submerged barrier —10.6 kcal mol " below the reactants, form-
ing O=CHOOCH,S" radicals with an overall rate coefficient
nearing the collision limit, ~10™'® cm® molecule " s™*. These
theory-based rate estimates deviate from SAR predictions based
on Kwok and Atkinson®> as implemented in the AOP program,®
where H-abstraction is estimated at k(298 K) = 4 x 10~ "' cm®
molecule ™’ s with negligible addition reaction with the
heteroatom. Fig. 3 shows an extensive theoretical characteriza-
tion of the subsequent chemistry, which is analogous to that for
HOOCH,S" characterized earlier,” though the kinetics are rather
different (see Table 1). In particular, the formate-H migrations in

186 | Environ. Sci.. Atmos., 2025, 5, 181-190

O=CHOOCH,S’ and O=CHOOCH,SOO" are slower by many
orders of magnitude compared to the hydroperoxide-H migra-
tions in the HPMTF-derived HOOCH,S' and HOOCH,SOO*
intermediates (see Fig. 1), making formation of O=C'OOCH,SH
and OC’OOCH,SOOH minor channels. For environments with
O; concentration similar to or above the global background
concentration (=10 ppb), the reaction of O=CHOOCH,S" with
O; will be the dominant subsequent reaction, leading to SO,
formation. In conditions with less O, the chemistry shifts to
unimolecular reactions of the equilibrated HOOCH,SOO" inter-
mediate. The work of Chen et al.>* for CH3SOO" suggests our level
of theory may be less suited to calculate the ratio of HO, elimi-
nation versus O=CHOOCH,S(=0)O" formation. As higher-level
theoretical calculations are prohibitively expensive, we refrain
from calculating these pathways and instead adopt the rear-
rangement to O=CHOOCH,S(=0)O" and subsequent SO,
formation as the dominant unimolecular loss process, by
analogy with our earlier work and Chen et al. for HOOCH,SOO"
and for CH;S'.2***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thioperhemiacetal (TPHAC) formation from HPMTF, and subsequent OH-initiated oxidation steps based on the CCSD(T)//M06-2X-D3

theoretical calculations. Rate coefficients shown are for 298 K, in s~ or cm® molecule

~1s71as appropriate for the reaction molecularity. See text

for more details on the O=CHOOCH,SOO" chemistry; here both the rates from ?Jernigan et al.2> and *Chen et al.?° are shown.

TPHAC is not expected to react with O3, as it contains no
double bonds, and the very fast addition channel is not acces-
sible for Cl or NO; co-reactants, making their reaction rates
slower than with OH. Overall, the atmospheric gas phase life-
time of TPHAC is thus expected to be of the order of 3 hours,
governed mostly by the reaction with OH, where none of the
oxidation channels leads to OCS formation.

5. Chemical kinetic model

Based on the current work, we propose an extension of the
kinetic model derived by theoretical methodologies in Jernigan
et al.* (see ESI sections S8 and S97t in that work for a detailed
description). Here, we extend the model with the Cl and NO;
initiated chemistry for HPMTF, with formation of TPHAC from
HPMTF, either directly or after water/acid-based catalysis, as
well as with the unimolecular chemistry and OH-initiated
oxidation of TPHAC.

To identify the dominant gas phase products following
TPHAC formation, a chemical box model run was performed
using fixed concentrations of reagents comparable to those in
the atmosphere over the ocean (OH = 1.2 x 10° cm ™3, 0; = 20
ppbv, NO = 50 pptv, NO, = 70 pptv) and initiated with an
arbitrary starting concentration of TPHAC of 1.5 x 10'® cm ™.
In these reaction conditions TPHAC reacts with OH with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

majority of the reaction flux evenly distributed between
formation of O=CHOOCH=S (after HO, elimination from O=
CHOOCH,S00") and the sum of SO,, CO, and HO, (formed
after O; reaction of O=CHOOCH,S’). A test run performed
using the slower HO, elimination and faster isomerisation rates
for O=CHOOCH,SOO" as proposed by Chen et al** shows
formation of ~30% O=CHOOCH=S and 70% SO, + CO, + HO,.
Neither scenario allows for direct OCS formation; photolysis of
O=CHOOCH=S products might lead to "OCH=S radicals that
convert to secondary OCS. If a fast TPHAC unimolecular loss is
added with a rate constant comparable to those found for H;O"-
catalyzed TPHAC dissociation, k = 1 s™*, this channel becomes
the sole loss process and formic + thioformic acid are the sole
products from TPHAC.

The aqueous chemistry of HPMTF is currently not known,
but given that all of its H-abstraction channels as well as the
breaking of the weak O-O hydroperoxide bond allow for
chemistry that leads to OCS formation, the uptake of HPMTF
from gas to aqueous phase is by itself likely not sufficient to
prevent OCS formation. Considering that the TPHAC chem-
istry does not show viable direct routes to OCS formation,
conversion of HPTMF to TPHAC could block OCS formation
compared to direct HPMTF chemistry, even if TPHAC is
released back to the gas phase. The reduction in OCS yield is
then directly proportional to the fraction of HPMTF converted
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to TPHAC; note that a sizable fraction of HPMTF needs to be
removed, as direct HPMTF oxidation leads to =9% OCS
formation®**” while atmospheric models only support about
1% of OCS formation to close the OCS budget. The gas phase
equilibrium constant for TPHAC over HPMTF favors the linear
HPMTF molecule, with a ~1: 6 ratio at 298 K, but the lifetime
of TPHAC is shorter than that of HPMTF. Overall, this favors
subsequent reactions through the TPHAC isomer. The chem-
ical box model allows visiting scenarios of varying HPMTF to
TPHAC conversion rates and ratios. For example, a modeling
run where HPMTF and TPHAC are allowed to rapidly reach gas
phase equilibrium ratios results in a 1.7 times higher loss
reaction flux through TPHAC than through HPMTF, despite
the higher prevalence of HPMTF. This in turn leads to an OCS
yield reduction by 15% compared to a scenario without TPHAC
formation. The limited OCS yield reduction is mostly due to
prompt OCS formation from hot nascent HPMTF which occurs
before isomerisation to TPHAC; our theoretical work suggests
hot formation of TPHAC is not competitive (see above). If a fast
loss process for TPHAC is added, e.g. with a rate =1 s~ " as for
H;O'-catalyzed HPMTF dissociation, OCS formation is
reduced by a factor 2, i.e. leaving only prompt OCS formation
from nascent hot HPMTF. This suggests that HPMTF, once in
the aqueous phase, will no longer yield OCS due to conversion
to (thio)formic acid.

The theory-based model includes several OCS-forming
reactions from HPMTF but each of these carries a significant
uncertainty, leading to large uncertainties in the predicted
reduction in OCS yield by TPHAC formation. In realistic atmo-
spheric conditions the contribution of TPHAC formation and
loss also strongly depends on the multi-phase chemistry,
including the impact of the composition of the aqueous drop-
lets on the TPHAC formation and destruction rates, and its
equilibrium with HPMTF. While the current study probes this
chemistry and suggest very fast channels converting HPMTF
over TPHAC to thioformic acid, it does not constitute an in-
depth study able to describe the ultimate fate of HPMTF once
it reaches the aqueous phase. The atmospheric impact can only
be quantified in a full earth system model including the
multiphase chemistry, which is beyond the scope of the
current work.

6. Conclusions

Based on our theoretical calculations, we find that hydro-
peroxymethylthioformate, HPMTF, and thioformic anhydride,
O=CHSCH=O0, react readily with Cl atoms, which can be
a significant loss process especially in the marine environment
where DMS processing is critical. The ultimate yield of OCS is
expected to be higher than for OH-based chemistry. In contrast,
the reaction of HPMTF and thioformic anhydride with NO; is
slow, making this a negligible loss process and not a gas phase
source of OCS.

It was shown theoretically that HPMTF can be converted to
thioperhemiacetal, TPHAC. In the gas phase, the thermal iso-
merisation reaction is slow, but can be aided by photo-
absorption or by chemical activation from HPMTF formation

188 | Environ. Sci.: Atmos., 2025, 5, 181-190

View Article Online

Paper

processes. While the gas phase isomerisation can be catalyzed
by water and acids, the concentration of these catalysts is too
low in the atmosphere to allow efficient thermal TPHAC
formation through these routes. In contrast, in acidic aqueous
solutions, the isomerisation between HPMTF and TPHAC is
expected to be fast. This might also affect chamber studies,
where the walls often have a slight film of water and acids;
photo-energization in the aqueous phase may further enhance
isomerisation.

The unimolecular decomposition of TPHAC is slow in the
gas phase, but becomes fast upon catalysis with water and
H,;0" present in the acidic aqueous phase where TPHAC is
likely formed. Importantly, this decomposition leads to for-
mic and thioformic acid, neither of which are expected to be
converted to OCS rapidly. If TPHAC were to be released to the
gas phase, e.g. by droplet evaporation or outgassing, the
reaction with OH radicals is expected to be very fast, with rate
coefficients close to the collision limit, and proceeds
predominantly by OH-addition and H,O elimination with
spontaneous ring breaking. The dominant route proceeds
over the O=CHOOCH,S" radical, but extensive characteriza-
tion of the subsequent radical chemistry does not reveal first
generation pathways yielding OCS. The isomerisation of
HPMTF to TPHAC, and the subsequent decomposition of
TPHAC may thus explain the lack of OCS formation once
HPMTF transitions to the aqueous phase. The main sulfur
product is predicted to be thioformic acid, though in oxidative
conditions other products may arise, such as the sulphates
observed by Jernigan et al.*

The theoretical predictions in this work yield a mechanistic
view on the HPMTF fate that is compatible with the current
experimental data, but needs direct experimental validation as
well as further theoretical work. In particular the gas phase/
aqueous phase exchange of HPMTF and TPHAC, their
aqueous phase chemistry, as well as the role of chemical acti-
vation, catalysis, and photolysis on the subsequent fate of these
intermediates remains ill-characterized.
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