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Abstract

The reaction of thioformaldehyde (H2CS) with OH radicals and assisted by a single water molecule 

have been investigated using high level ab initio quantum chemistry calculations. The H2CS + 

•OH reaction can in principle proceed through: (1) abstraction, and (2) addition pathways. The 

barrier height for the addition reaction in the absence of a catalyst was found to be -0.8 kcal mol-

1, relative to the separated reactants, which has a ~1.0 kcal mol-1 lower barrier than the abstraction 

channel. The H2CS + •OH reaction assisted by a single water molecule reduces the barrier heights 

significantly for both the addition and abstraction channels, to -5.5 and -6.7 kcal mol-1 respectively, 

compared to the un-catalyzed H2CS + •OH reaction. These values suggest that water lowers the 

barriers by ~6.0 kcal mol-1 for both reaction paths. The rate constants for the H2CS••H2O + •OH 

and OH••H2O + H2CS bimolecular reaction channels were calculated using Canonical Variational 

Transition state theory (CVT) in conjunction with the Small Curvature Tunneling (SCT) method 

over the atmospherically relevant temperatures between 200 and 400 K. Rate constants for the 

H2CS + •OH reaction paths for comparison with the H2CS + •OH + H2O reaction in the same 

temperature range were also computed. The results suggest that the rate of the H2CS + •OH + H2O 

reaction is slower than that of the H2CS + •OH reaction by ~1 – 4 orders of magnitude in the 

temperatures between 200 and 400 K. For example, at 300 K, the rates of the H2CS + •OH + H2O 

and H2CS + •OH reactions were found to be 2.2 х 10-8 s-1 and 6.4 х 10-6 s-1, respectively, calculated 

using [OH] = 1.0×106 molecules cm-3, and [H2O] = 8.2 × 1017 molecules cm-3 (300 K, RH 100%) 

atmospheric conditions. Electronic structure calculations on the H2C(OH)S• product in the 

presence of 3O2 were also performed. The results show that H2CS removed from the atmosphere 

primarily by reacting with •OH and O2 to form thioformic acid, HO2, formaldehyde, and SO2 as 

the main end products.
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1. Introduction:

Compounds that contain carbon—sulfur bonds are commonly observed in atmospheric, 

combustion, and biological chemistry. Thioformaldehyde (H2CS) is the simplest thiocarbonyl-

containing volatile organosulfur compound (VOSC). While it is highly unstable with a short 

lifetime of only few minutes at low pressures,1 and readily polymerizes into a cyclic trimer, it is 

of significant importance.2-5 Several astrochemistry research groups have reported the detection of 

monomeric thioformaldehyde in dark and interstellar clouds.6-8 For example, it was detected for 

the first time in the circumstellar envelope around an asymptotic giant branch (AGB) star.9 Spectral 

bands representative of H2CS were detected in the Orion KL nebula10 and in the atmosphere of the 

comet Hale–Bopp.11 It is also believed that H2CS can play a significant role in the photochemical 

evolution growth of sulfur containing molecules in the Earth's atmosphere and other astronomical 

systems.6-12 Several experimental studies13, 14 have been performed on monomeric H2CS to 

investigate the vibrational15-24 and rotational spectra1, 19-21, 23 of its ground and excited electronic 

states.24, 25 The observations of these studies have been complemented with the results of quantum 

chemistry investigations of H2CS.26-29 The data obtained have provided fundamental insights into 

the physical chemistry of thioformyl and similar sulfur-containing molecules. The high 

polarizability and reactivity of the thioformyl functional group in H2CS facilitates the formation 

of new C—C bonds.30 Various experimental and theoretical studies of the CH3S• + O2 reaction 

suggest that H2CS is formed as a final byproduct,31-33 and it is currently believed that formation of 

thiocarbonyl compounds in the atmosphere occurs via nucleophilic addition of HS— to the 

carbonyl group.34 However, the results of recent theoretical calculations indicate that the gas phase 

reaction of the simplest criegee intermediate (CH2OO) or formaldehyde (CH2O), with hydrogen 

sulfide (H2S) catalyzed by water or organic acids, also can lead to the formation of H2CS in the 

atmosphere.34, 35 These studies suggest that the formation of H2CS under acidic conditions is more 

energetically favorable.34 They also support the gas phase existence of H2CS in the atmosphere via 

release from various sources. Therefore, it is important to study the reactivity of H2CS towards 

environmentally relevant free radicals such as •OH, in order to reveal information about its fate in 

the atmosphere.   

To date, there are no reports on the atmospheric oxidation of H2CS, even though it can 

react rapidly with major atmospheric oxidants such as OH radical. The H2CS + •OH reaction can 
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proceed via two reaction pathways: (1) direct hydrogen abstraction from H2CS by the OH radical 

to form HC•S + H2O; and (2) OH radical attack on the sp2-hybridized C atom to form the 

H2C(OH)S• radical (Eqs. 1 and 2)

H2CS + •OH → HC•S + H2O           (1)

H2CS + •OH → H2C(OH)S•            (2)

However, it has recently been suggested that water, being the third most abundant species 

present in the atmosphere, is capable of catalyzing various atmospheric reactions.34 Over the last 

few years, several research groups have been studying the catalytic effect of a single water 

molecule on various atmospheric reactions.36-40 For example, it has been reported that a single 

water molecule acts as a catalyst in •OH + H2CO, •OH + CH2CH2, •OH + CH2NH, and HNCO + 

(CH3)2NH2 reactions.36, 38, 40 The data from these studies suggest that a single water molecule 

significantly reduces the reaction barrier, and does not increase the rate of reaction at 

atmospherically relevant temperatures.37, 38, 40 There are no previous reports of investigations of 

the reaction mechanism, energetics and kinetics of the H2CS + •OH reaction assisted by single 

water molecule. In this work, we have studied this reaction to reveal these details using high level 

computational methods. The possible abstraction and addition channels for the H2CS + •OH 

reaction assisted by a single water molecule are presented below as Eqs 3 and 4 respectively.      

                              H2CS + •OH + H2O → HC•S + 2 H2O                           (3)

                  H2CS + •OH + H2O → H2C(OH)S• + H2O                    (4)

We investigated the H2CS + •OH reaction in the presence of a single water molecule by 

calculating the energies with high level computational methods. We also explored, by the small 

curvature tunneling (SCT) method,41 the reaction kinetics using canonical variational transition 

state theory (CVT).42, 43 The observed results were then compared to the energetics and kinetic 

results obtained from analysis of the H2CS + •OH reaction in the absence of the water catalyst (i.e. 

Eq. 1 and 2). It was found that the addition reaction to form the H2C(OH)S radical is more 

dominant than abstraction. We then determined the atmospheric fate of the H2C(OH)S radical in 

the presence of molecular oxygen (3O2). This reaction leads to the formation of thioformic acid, 

HO2, SO2, and formaldehyde as final products in the atmosphere.
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2. Computational Methods:

Quantum chemistry calculations on the gas phase reactions of H2CS with •OH alone and with H2O 

as a catalyst were carried out using the Gaussian-16 program suite.44 All of the stationary points 

on the potential energy surface (PES) were optimized using both density functional theory (DFT) 

and second order Møller-Plesset perturbation theory (MP2).45 The DFT method calculations were 

performed using the M06-2X hybrid meta density functional,46 which has been shown to produce 

good results for developing reaction mechanisms and for conducting rate constant calculations.33, 

47, 48 A large Pople type basis set 6-311++G(3df,3pd) was used at the M06-2X theory level, and 

the cc-pVTZ basis set was used at the MP2 level of theory. No basis set superposition error (BSSE) 

corrections were done in this work by the counterpoise (CP) correction method. This is because of 

the difficulty of applying BSSE corrections in a uniform manner to all the molecules involved 

throughout the reaction mechanism. The keyword OPT=TS, CALCFC commands developed in 

Gaussian-16 was used to optimize all of the transition states (TSs) observed in this work. The 

existence of TSs, reactant complexes (RCs) and product complexes (PCs) on the PESs was further 

validated by intrinsic reaction coordinate (IRC) calculations49, 50 carried out at the M06-2X/6-

311++G(3df,3pd) level for the TSs optimized at the same theory level. The reactants, RCs, PCs, 

dimers, and trimers labelled as pre-reactive complexes (PRCs), and products were identified with 

no imaginary frequencies and all the TSs were identified with one imaginary vibrational frequency. 

The energies of all the calculated stationary points were further developed by calculating the single 

point energies using the coupled cluster single and double substitution method with a perturbative 

treatment of triple excitation (CCSD(T))51 coupled with the aug-cc-pVTZ basis set on the 

optimized geometries at both the M06-2X/6-311++G(3df,3pd), and MP2/cc-pVTZ levels. This 

combination was used because these methods have been previously employed in a number of 

studies involving reactions of sulfur compounds with OH radicals.52-56 

The CCSD(T)/aug-cc-pVTZ//M06-2X/6-311++G(3df,3pd) (designated as 

CCSD(T)//M06-2X) and CCSD(T)/aug-cc-pVTZ//MP2/cc-pVTZ (designated as 

CCSD(T)//MP2)) levels of theory typically give energy values accurate to ~1.6 kcal mol-1 and ~1.4 

kcal mol-1, respectively. This was predicted by calculating the enthalpy of the reaction H2CS + 

•OH → HC•S + H2O, which was found to be -24.6 kcal mol-1 and -21.6 kcal mol-1 computed at the 

CCSD(T)//M062X and CCSD(T)//MP2 levels respectively. These two values agree with the 
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experimentally measured57, 58 enthalpy of reaction, which was calculated to be ~-23±0.5 kcal mol-1. 

Therefore, the computed and experimentally measured values are within ∼1.6 and ∼1.4 kcal mol-1, 

respectively at both levels. This gives greater confidence in the energy calculations for all the 

reaction paths involving H2CS + •OH in the presence and absence of the water catalyst. The spin 

expectation value <S2> for each species at the M06-2X and MP2 levels were found to be ~0.75-

0.79 and ~0.75-0.95, respectively. These values indicate that the spin contamination predicted at 

the MP2 level is higher than that obtained by M06-2X calculations, which leads to the zero-point 

energy calculated at the MP2 level having more uncertainty.59 Therefore, we used energies 

computed at the CCSD(T)//M06-2X level in all the PESs and rate constant calculations, unless 

otherwise stated. The calculated total electronic energies (Etotal) together with the zero-point 

energies (ZPE) and the corrected electronic energies [Etotal(ZPE)] for all the reactants, 

intermediates, TSs, and products  obtained at the various levels  (M06-2X, MP2, and CCSD(T)) 

are presented in Tables S1-S3. The optimized geometries, relative energies of the stationary points 

obtained at the various levels of theory, vibrational frequencies, rotational constants, and 

imaginary frequencies of all the transition states are also provided in the supporting information 

section (Tables S4-S11).

3. Results and Discussion:

3.1. Energies and Stationary Points on the Potential Energy Surface.

Electronic structure calculations of all the stationary points on the potential energy surfaces 

(PESs) involved in the water-free and water-assisted H2CS + •OH reactions through abstraction 

and addition channels were performed with high level CCSD(T)//M06-2X and CCSD(T)//MP2 

computational methods. The relative energies of all the stationary points present on the PESs at 

both levels are given in Table S4 of the supporting information. The relative energy data in Table 

S4 for the CH2S + •OH reaction alone and in the presence of water clearly show that the range of 

the deviation from one another of the energies between the M06-2X and MP2 levels is ~1 to 5.0 

kcal mol-1. However, the energies obtained by the CCSD(T)//M06-2X and CCSD(T)//MP2 

methods were in good agreement with one another, with a maximum deviation ~3 kcal mol-1 for 

the HCS radical and up to 5 kcal mol-1 for some complexes for the two reaction systems (see Table 

S4). Therefore, we used the energies computed at the CCSD(T)//M06-2X level throughout this 

work. First, we investigated the water-free H2CS + •OH reaction pathways computed at the 
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CCSD(T)//M06-2X level, as shown in Figure 1. The zero-point corrected energies of all the 

stationary points are given with respect to the starting reactants in Figure 1. The optimized 

reactants, reactant complexes (RCs), transition states (TSs), product complexes (PCs) and products 

involved in the H2CS + •OH reaction are given in Figure 2.  

Figure 1. Potential energy surface diagram for the H2CS + •OH reaction without the water catalyst 

at CCSD(T)/aug-cc-pVTZ//M06-2X/6-311++G(3df,3pd) level. The symbols are defined as 

follows: PRC1 (H2CS••OH dimer), TS1, TS2 (transition states), and PC1 (product complex).

In Figure 1, the reaction starts by forming a barrierless dimer complex (PRC1) with a binding 

energy of 3.0 kcal mol-1 relative to the separated reactants, and in which the O and H atoms of OH 

are involved in hydrogen bonding interactions with the H and S atoms of H2CS (see Figure 2), 

respectively. The O atom of OH in PRC1 approaches an H atom of H2CS for abstraction to form 

TS1. The calculated barrier height for the hydrogen abstraction transition state (TS1) was 

computed to be 0.2 kcal mol-1 above the separated reactants at the CCSD(T)//M06-2X level. The 

formed TS1 passes through the product complex (PC1), which then leads to the formation of H•CS 

+ H2O as products. The addition channel also proceeds through PRC1 to form a new C-O bond 

between the O atom of •OH and the C atom of H2CS, passing through TS2 as shown in Figures 1 
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and 2. The computed barrier height for TS2 was found to be -0.8 kcal mol-1 below the starting 

reactants (H2CS + •OH). Therefore, the addition reaction barrier height is ~1.0 kcal mol-1 lower 

compared to that of the abstraction pathway. This reaction then proceeds to form H2C(OH)S• as 

the final product. From the barrier height data, we concluded that the addition pathway is more 

dominant when compared to the abstraction path. The barrier height for the addition path was 

computed to be -0.8 kcal mol-1 at the CCSD(T)//M06-2X level. This barrier height is ~5.4 kcal 

mol-1 and ~1.6 kcal mol-1 lower than the values for the H2CO + •OH and H2CNH + •OH addition 

reaction barrier heights respectively, and it has a comparable barrier height to the CH2CH2 + •OH 

addition reaction computed at the CCSD(T)/aug-ccpVTZ//BH&HLYP/aug-ccpVTZ level.60 

Similarly, the H atom abstraction barrier height for the H2CS + •OH reaction is ~2.3 kcal mol-1, 

and ~2.5 kcal mol-1 above, and ~4.5 kcal mol-1 below the values for the H2CO + •OH, H2CNH + 

•OH, and CH2CH2 + •OH reactions respectively.60
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Figure 2. Optimized geometries of the reactants, reactant complex (PRC1), transition states (TSs), 

product complex (PC), and products for the H2CS + •OH reaction obtained at the M06-2X/6-

311++G(3df,3pd) level of theory. The yellow, black, and blue colors denote sulfur, carbon, and 

hydrogen atoms, respectively.

We then investigated the effect of a single water molecule on the H2CS + •OH reaction. 

The simultaneous collision of isolated •OH, H2CS and H2O molecules is unlikely in the 

atmosphere. Instead, the reaction occurs first through the formation of dimer complexes, which 

then collide with a third isolated reactant species, leading to the following three possible 

bimolecular water assisted H-abstraction reaction pathways 5a-5c: 

                                H2CS••H2O + •OH → H•CS + 2 H2O                           (5a)

                                H2CS + OH••H2O → H•CS + 2 H2O                            (5b)

                                H2CS••OH + H2O → H•CS + 2 H2O                            (5c)

The PESs involving all the stationary points for the abstraction and addition paths of H2CS + •OH 

assisted by a single water molecule are shown in Figure 3, and all the optimized structures are 

presented in Figure 4. The energies of all the stationary points on the PESs were calculated at the 

CCSD(T)//M06-2X level. We found three possible dimer complexes with H2CS, •OH, and H2O as 

reactants, all of which are stabilized by hydrogen bonding interactions. The optimized most stable 

structures and the relative stabilities of the dimer complexes such as H2CS••OH (PRC1), 

H2CS••H2O (PRC2), and HO••H2O (PRC3) are shown in Figure 2, Figure 4, and Table S4 of the 

supporting information. The binding energies of PRC1, PRC2 and PRC3 were calculated to be 3.0, 

3.1 and 3.9 kcal mol-1 at the CCSD(T)//M06-2X level, which agrees well with previously reported 

values.34, 37 The formed dimer complexes can react by colliding with the other isolated reactant 

molecule as shown in Eqs 5a-c, and these are presented as entrance channels in Figure 3. The 

reactions, starting from H2CS + •OH + H2O separated reagents, and the bimolecular collisions 

such as H2CS••OH + H2O,  H2CS••H2O + •OH and H2CS + OH••H2O, lead to the formation of a 

three-body reactant complex (RC1) which is -9.5  kcal mol-1 below the energy of the starting 

reactants as shown in Figure 3. The impact of each elementary reaction given in Eq 5a-5c depends 

on the atmospheric concentration of the respective dimer complex. Based on the binding energies 

of the H2CS••OH, H2CS••H2O, and OH••H2O dimers and the average atmospheric concentrations 

of each reactant species involved in their formation, RC1 via the H2CS••OH + H2O reaction 
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pathway may be negligible. This is because •OH and H2CS are present in lower amounts in the 

atmosphere when compared to water, and hence formation of the H2CS••OH dimer may not occur 

to a significant degree when compared to other possible dimers in the atmosphere. Therefore, we 

considered the H2CS••H2O + •OH and H2CS + OH••H2O pathways only. The reaction then 

proceeds from RC1 through a seven membered ring transition state (TS3) to product complex 

(PC2) formation, which undergoes unimolecular decomposition to form H•CS + 2 H2O as 

separated products. Interestingly, the barrier height for this reaction was found to be -5.5 kcal mol-1 

below the H2CS + •OH + H2O separated reactants. This value suggests that H atom abstraction 

from H2CS by •OH in the presence of a single water molecule reduces the barrier height by ~5.7 

kcal mol-1 compared to the H2CS + •OH reaction in the absence of water. We also found another 

transition state (TS3a) for the H abstraction reaction corresponding to an alternative arrangement 

in which the water and OH radical positions are interchanged compared to that in TS3, as shown 

in Figure 4. The alternative arrangement TS3a barrier height was found to be 0.8 kcal mol-1 above 

the starting reagents. The structure of TS3a is shown in Figure 4. This alternative configuration 

has a 6.3 kcal mol-1 higher barrier compared to that of TS3. Therefore, it was not considered in the 

rate constant calculations.
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Figure 3. Potential energy surface diagram for the H2CS + •OH reaction assisted by a single water 

molecule obtained at CCSD(T)/aug-cc-pVTZ//M06-2X/6-311++G(3df,3pd) level. The symbols 

are defined as follows: PRC2 (H2CS••H2O dimer), PRC3 (HO••H2O dimer), RC1, RC2, RC3 

(reactant complexes), TS3, TS4, TS5 (transition states), and PC1 (product complex). 

  

Figure 4. Optimized geometries of the dimer complexes (PRCs), reactant complexes (RCs), 

transition states (TSs), and product complexes (PCs) for the H2CS + •OH reaction assisted by a 

single water molecule obtained at the M06-2X/6-311++G(3df,3pd) level of theory. The yellow, 

black, and blue colors denote sulfur, carbon, and hydrogen atoms, respectively. 
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As shown in Figure 3, the aforementioned abstraction channel is also possible by collision of the 

H2CS••H2O dimer with OH radical to form a barrierless reactant complex (RC2). The OH and H2O 

moieties are separated from each other in RC2, while in RC1, the OH and H2O moieties are held 

together by hydrogen bonds in a ring-like formation (see Figure. 4). The present 

CCSD(T)//M062X calculations indicate that the binding energy of RC2 is 6.0 kcal mol-1 below 

that of the separated reagents. This value suggests that RC2 is higher in energy than RC1 by 3.5 

kcal mol-1. RC2 passes through TS4 with a barrier height of -2.5 kcal mol-1 relative to the energy 

of the starting reactants, to form product complex PC3. This indicates that TS4 lies 3.0 kcal mol-1 

above the energy of TS3. As a result, the reaction channel through RC2 and TS4 will not be 

competitive compared with that of the reaction channel through RC1 and TS3 at normal 

atmospheric temperatures.

From Figure 3, it can be concluded that for the hydrogen abstraction reaction of H2CS + 

•OH catalyzed by H2O, the reaction channel through OH••H2O + H2CS should be more dominant 

due to the larger binding energy of the dimer complex compared to other possible channels. 

Therefore, the OH••H2O + H2CS reaction via RC1, TS3, and PC2 to form H•CS + 2 H2O as final 

products, will be the major channel. The remaining H2CS••OH + H2O and H2CS••H2O + •OH 

reaction channels may be significant only at higher concentrations of H2CS in the atmosphere. 

We also performed calculations on OH radical addition to the sp2 C-atom of H2CS in the 

presence of a single water molecule. Similar to the water assisted H-abstraction pathways 5a-5c, 

the addition reaction also proceeds by forming dimer complexes from the three reagents H2CS, 

•OH, and H2O. The formed dimer complexes then collide with the other remaining reactant 

through the bimolecular encounters shown in Eqs 6a-6b: 

                                H2CS••H2O + •OH → H2C(OH)S• + H2O                   (6a)

H2CS + OH••H2O → H2C(OH)S• + H2O                    (6b)

The PESs involving various stationary points for the addition of OH radical to the C-atom 

of H2CS assisted by a single H2O molecule are also shown in Figure 3. Similar to the abstraction 

channel, the addition pathway also proceeds via dimer complexes that collide with the isolated 

monomer reactant shown in the entrance channels in Figure 3. This results in a reactant complex 

(RC3) with a binding energy of 7.2 kcal mol-1 below that of the separated reactants, which then 

passes through a transition state (TS5) with a barrier height of -6.7 kcal mol-1 relative to that of the 

separated H2CS + •OH + H2O reagents. This value suggests that the •OH addition pathway has a 
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~6 kcal mol-1 lower barrier compared to the H2CS + •OH reaction in the absence of water. The 

formed TS5 then proceeds via a product complex (PC4) to form the final products (OH)CH2S• + 

H2O. The barrier height for this reaction is 1.2 kcal mol-1 lower compared to the barrier for the 

abstraction channel (TS3). Therefore, based on the energetics of the various possible reactions 

involved in the H2CS + •OH + H2O reaction, the addition channel will be the more dominant 

reaction when compared to the abstraction channel.

The concentration of water dimer present in the atmosphere is ~9 × 1014 molecule cm-3 at 

298 K.61 Various studies have been reported that the water dimer also plays an important role in 

H-atom abstraction reactions.62-64 Therefore, as an example, we only investigated the H-atom 

abstraction channel for the H2CS + •OH reaction catalyzed by the water dimer in order to compare 

the results to those observed with the uncatalyzed and water catalyzed channels. The H2CS + •OH 

reaction catalyzed by the water dimer proceeds by the following reaction pathways 7 and 8.

•OH••(H2O)2  + H2CS → H•CS + 3 H2O                            (7)

H2CS••(H2O)2 + •OH  → H•CS + 3 H2O                           (8)

In the presence of the water dimer both H2CS and •OH interact via forming hydrogen 

bonding to form the corresponding trimer complexes •OH••(H2O)2 (PRC4), and H2CS••(H2O)2 

(PRC5) at the entrance channels on the PES shown in Figure 5. The energies for all the minima 

with respect to the starting reactants on the PES were calculated at the CCSD(T)//M06-2X level. 

The optimized geometries for all the stationary points on the PES are given in Figure S1. The 

formed PRC4 and PRC5 collide with the other isolated reactant (i.e. PRC4 + H2CS and PRC5 + 

•OH) to form their corresponding reactant complexes RC4 and RC5, with binding energies of -

14.1 and -13.5 kcal mol-1, respectively. The reaction proceeds from RC4 via the formation of 

transition state (TS6) with a barrier height of -12.2 kcal mol-1 relative to the starting reagents. This 

then proceed to form product complex (PC5) and then to the formation of H•CS + 3 H2O separated 

products. This barrier height value suggests that the water dimer reduces the barrier for the H-atom 

abstraction channel by ~12.4 and ~6.7 kcal mol-1 compared to the values for the uncatalyzed and 

water catalyzed reactions respectively. An alternative transition state (TS7) was also found for this 

reaction with a barrier height of -0.8 kcal mol-1 relative to the separated reactants. In TS7, the 

position of the OH radical is interchanged when compared to the arrangement observed in TS6 

(see Figure S1). We did not consider this alternative transition state arrangement (i.e. TS7) in the 
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kinetic calculations because it has a ~11.4 kcal mol-1 higher barrier compared to transition state 

TS6. The other H-abstraction channel was also found to proceed via the bimolecular collision 

between PRC5 and •OH by forming a reactant complex RC6, with a binding energy of -12.3 kcal 

mol-1. The •OH and water dimer in RC6 are separated from each other, whereas in RC4 and RC5, 

both OH and the water dimer are held together in a ring-like configuration. The reaction then 

continues via transition state TS8 with a barrier height of -8.2 kcal mol-1 relative to the separated 

reactants. TS8 leads to the formation of PC7 and then to the same H•CS + 3 H2O separated products 

(see Figure. 5). The barrier height via TS8 for this reaction is also ~4 kcal mol-1 higher compared 

to the value of TS6. Therefore, we did not consider the transition state TS8 in the rate constant 

calculations.                            

   

Figure 5. Potential energy surface diagram for the H-atom abstraction channel involving the H2CS 

+ •OH reaction assisted by the water dimer obtained at the CCSD(T)/aug-cc-pVTZ//M06-2X/6-

311++G(3df,3pd) level. PRC4 and PRC5 correspond to the (HO••(H2O)2 and PRC5 

(H2CS••(H2O)2 trimers respectively, RC4, RC5, RC6 denote reactant complexes, TS6, TS7, TS8 

correspond to transition states, and PC5, PC6, PC7 refer to product complexes.
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3.2. Theoretical Kinetic Analysis:

We performed rate constant calculations using the energies obtained from the 

aforementioned electronic structure calculations, to determine the potential impact of a single 

water molecule as a catalyst on the H2CS + •OH reaction. Here, we followed a procedure analogous 

to that reported in several previously published articles.36-40, 48 As mentioned earlier, the 

bimolecular reactions associated with the H2CS + •OH + H2O reaction occur through a dimer (R1) 

that reacts by colliding with a monomer (R2) leading to the formation of a barrierless RC. The 

formed RC then undergoes unimolecular isomerization to form final products (Eq 9):

In Eq 9, R1, R2, and RC represent a two body complex (reactant-1), isolated monomer 

(reactant-2), and a reactant complex, respectively. The rate constants k1 and k-1 are the forward and 

reverse rate constants for the formation of RC from the reactants R1 and R2, and the rate constant 

k2 corresponds to the product formation step. A steady-state analysis leads to a rate constant for 

the overall reaction (e.g. 10) that can be defined as:

𝑘 =
𝑘1𝑘2

𝑘 ―1 +  𝑘2
                                              (10)

Although the energy barrier for the k-1 and k2 are comparable, the rate constant k-1 is considerably 

larger than that of the k2 (i.e. k-1 >> k2 ), because the entropy change is much larger in the reverse 

reaction due to its very loose transition state for this reaction step compared to that for the 

formation of the products. With this assumption, the overall bimolecular rate constant (k) can be 

given as Eq 11, which is derived by assuming the reactant complex (RC) is in equilibrium with 

reactants and that RC exists under steady state conditions.

𝑘 = ( 𝑘1

𝑘 ―1)𝑘2 = 𝐾𝑅𝐶
𝑒𝑞 𝑘2                                               (11)
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In Eq 11, the equilibrium constant ( ) represents the formation of a reactant complex (RC) from 𝐾𝑅𝐶
𝑒𝑞

the two reactants (R1 (dimer) and R2 (monomer)) shown in the first step of the Eq 9. The 

temperature dependent equilibrium constant ( ) value was calculated using partition functions 𝐾𝑅𝐶
𝑒𝑞

associated with R1, R2, and RC. The partition functions of these species were calculated using 

basic equations from statistical mechanics.65 For the calculations, the required vibrational 

frequencies and rotational constants were computed at the M06-2X/6-311++G(3df,3pd) level of 

theory. The association of two reactants (R1 and R2) to form RC at the entrance channel is a 

barrierless reaction. The TS for this reaction step is not fixed and varies with energy along the 

reaction coordinate. Therefore, we used the equilibrium approach to account for the presence of 

the forward and backward reactions. The rate constants calculated using this kinetic model are 

reasonably correct under high pressure limit conditions. This kinetic approach using the single  TS 

model has been applied by various research groups for water catalyzed reactions.36, 38, 40, 66, 67 The 

obtained rate constants using this kinetic method are in very good agreement with the 

experimentally measured values.67 The rate constants were reported for the water catalyzed 

CH3CHO + •OH, H2CO + •OH, CH2CH2 + •OH, and CH2NH + •OH reactions using the present 

kinetic model, and the results with the single transition approach are in good agreement with 

theoretically calculated and experimentally measured values.38, 40, 67 Ali and Barker also studied 

the H2CO + •OH reaction using the two TS model, and the rate constants were compared with the 

single-TS model for the same reaction.60, 66 The reported rate constants using both approaches were 

in reasonably good agreement with each other (within a factor of ~2 at 298 K).60, 66 Based on these 

studies, we used the single TS approach in the rate constant calculation for the H2CS + •OH 

reaction assisted by a water molecule, and we believe it to be accurate based on the aforementioned 

considerations. In addition to these calculations, the unimolecular rate constant (k2) was calculated 

using the canonical variational transition state theory (CVT)42, 43 with the small curvature tunneling 

(SCT) method41 developed in Polyrate (2016)68 (presented in Eq 12 below):

𝑘2(CVT SCT) = 𝜅SCT
𝑘BT

ℎ
QGT(𝑠 ∗ )

QRC
𝑒

―𝑉(𝑆 ∗ )
𝑘𝐵𝑇                       (12)

In Eq 12,  is the SCT parameter, s* is the value of the reaction coordinate at the free 𝜅SCT

energy maximum along the reaction path, kB is Boltzmann’s constant, h is Planck’s constant, V(s*) 
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is the potential energy at the barrier maximum, QRC and QGT(s*) are the partition functions of the 

reactant complex and transition state, respectively, and T is the temperature in Kelvin.

The forward isomerization barrier for RC3 is only 0.5 kcal mol-1 (see Figure 3). However, 

the reaction scheme and kinetic model employed in this work for the rate constant calculation 

using RC3 is still valid, because the transition state (TS5) formed through RC3 lies ~5.7 kcal mol-1 

and ~8.1 kcal mol-1 higher in terms of free energy, relative to the H2CS••H2O + •OH and OH••H2O 

+ H2CS separated reactants respectively. Therefore, this reaction scheme and kinetic approach is 

valid for the reaction involving RC3.

As discussed in the previous section, the H2CS + •OH + H2O reaction proceeds via a dimer 

complex that collides with the left-out monomer reactant. As an example, the H2CS + •OH + H2O 

reaction can proceed in principle through four possible reaction paths (two each for addition and 

abstraction pathways) including H2CS••H2O + •OH, and H2CS + HO••H2O as illustrated in 

reactions 5a-5b and 6a-6b. These reaction pathways lead to the formation of a RC , which is in 

equilibrium with the reactants. This RC then undergoes unimolecular isomerization by passing 

through a TS to form the corresponding products (shown in Eq 9). The calculation of the 

equilibrium constant (  for reactant complex formation from the reaction of a dimer complex 𝐾𝑅𝐶
𝑒𝑞 )

and a monomer can be accomplished using Eq 13.       

                            (13)𝐾𝑅𝐶
𝑒𝑞 =

𝑄𝑅𝐶

𝑄𝑅1𝑄𝑅2
exp( ―

𝐸𝑅𝐶 ― 𝐸𝑅

𝑘𝐵𝑇 )
In Eq 13, the partition functions of a RC formed from the corresponding dimer complex (reactant-

1) and monomer (reactant-2) are labelled , , and  respectively. ER and ERC are the zero-𝑄𝑅𝐶 𝑄𝑅1 𝑄𝑅2

point corrected total energies of the reactants and reactant complex respectively, computed at the 

CCSD(T)//M06-2X level. The bimolecular rate constants (in units of cm3 molecule-1 s-1) for the 

H2CS••H2O + •OH and H2CS + HO••H2O reaction paths through Eqs 5a-5b and 6a-6b were 

calculated using the expressions: k5a = Keq1k2 , k5b = Keq2k2 , k6a = Keq1k3 , and k6b = Keq2k3, 

respectively and are provided in Table S12-S14. In these expressions, the equilibrium constants 

Keq1 and Keq2 are associated with the reaction of a dimer and monomer combination to form the 

corresponding RC. The temperature dependent unimolecular rate constant (k2 and k3 are in s-1) and 

the bimolecular rate constants (kn (n = 5a, 5b, 6a, and 6b) in cm3 molecule-1 s-1) calculated using 
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the CVT/SCT method at temperatures between 200 and 400 K are displayed in Table S13 and 

Table S14 for the two possible reaction paths. The total bimolecular rate constant (cm3 molecule−1 

s−1) for the addition reaction of H2CS + •OH + H2O is ~3 to ~9 times smaller than that of the 

abstraction reaction in the temperature range from 200 to 250 K, and above this temperature (>260 

K) were found to be ~1 order of magnitude smaller. For example, the overall bimolecular rate 

constants for the addition and abstraction reactions at 300 K were calculated to be 5.8 х 10-11 cm3 

molecule-1 s-1 and 9.7 х 10-10 cm3 molecule-1 s-1, respectively. The distinction between the two is a 

consequence mainly of the following important differences between the addition and abstraction 

reactions: (1) the equilibrium constants involved in RC1 formation (abstraction reaction) from the 

dimers and the isolated reactant, are larger by ~3 orders of magnitude at 300 K, compared to the 

equilibrium constants involved in the formation of RC3 (addition reaction). For example, the 

equilibrium constant involved in the formation of RC3 (addition path), and RC1 (abstraction 

reaction) from the CH2S + OH••H2O reaction was calculated to be 6.4 х 10-23 cm3 molecule-1 and 

9.6 х 10-20 cm3 molecule-1 respectively at 300 K; (2) the CVT/SCT calculated unimolecular rate 

constant for the addition reaction was found to be ~2 orders of magnitude higher than for the 

abstraction reaction. For example, at 300 K, the unimolecular rate constants for the addition and 

abstraction reactions were calculated to be 5.4 х 1011 s-1 and 6.0 х 109 s-1, respectively. Therefore, 

the resultant bimolecular rate constant for the addition reaction is ~1 order of magnitude smaller 

than that for the abstraction reaction. In addition, the tunneling contributions calculated using the 

SCT method were included in the rate constants for both the addition and abstraction reactions, 

and the values are displayed in Table S15. The data from the table show that between 200 – 250 

K, the rate constants are increased by ~2 - 3 times due to tunneling. Beyond these temperatures, 

tunneling was found to be insignificant.

Based on the calculated energy results, the reaction of OH radical with H2CS molecules is 

also an important atmospheric removal process. Therefore, we performed rate constant 

calculations for the H2CS + •OH reaction without water through Eqs 1 and 2 using the CVT/SCT 

method at the atmospherically relevant temperature range between 200 and 400 K, to compare it 

with that of the H2CS + •OH + H2O reaction. The unimolecular rate constants (s-1), equilibrium 

constants (Keq), and bimolecular rate constants (cm3 molcule-1 s-1) for the H2CS + •OH reaction 

were calculated for both reaction pathways 1 and 2 and the values are displayed in Table S12 and 

Table S16. The data from Table S16 suggest that the addition reaction rate constants are ~3 – 8 
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times larger than those for the abstraction reactions. These results are also consistent with barrier 

heights for the abstraction reaction which were found to be ~1.0 kcal mol-1 higher than for the 

addition channel. For example, the bimolecular rate constant for the H2CS + •OH addition and 

abstraction reactions at 300 K were found to be 4.9 х 10-12 cm3 molecule-1 s-1 and 1.5 х 10-12 cm3 

molecule-1 s-1, respectively. 

The total bimolecular rate constants (kOH = kR1 + kR2) for the H2CS + •OH reaction given 

in Table S16 were compared with the values of previously reported isoelectronic systems.60 The 

total bimolecular rate constant for the H2CS + •OH reaction was found to be 6.41 x 10-12 cm3 

molecule-1 s-1 at 300 K, and the values reported by Ali and Barker60 for the H2CO + •OH, H2CNH 

+ •OH, and CH2CH2 + •OH reaction systems were 5.77 x 10-12 cm3 molecule-1 s-1, 4.00 x 10-12 cm3 

molecule-1 s-1, and 5.76 x 10-12 cm3 molecule-1 s-1 , respectively at the same temperature. These 

data suggest that the H2CS + •OH reaction rate constant agrees well with the values of the other 

three isoelectronic systems.

We also calculated the atmospheric life time of H2CS with respect to its reaction with OH 

radical, using the formula33 , where  represents the total bimolecular rate 𝜏 = 1 𝑘OH[OH] 𝑘OH

constant for the H2CS + •OH reaction and [OH] is the average concentration of the OH radical (~ 

1.0 x 106 molecules cm-3) in the atmosphere.33 The atmospheric lifetime of H2CS in the 

atmospherically relevant temperatures between 200 – 400 K is estimated to be 1-2 days. These 

values were calculated by using the total bimolecular rate constants given in Table S16 and the 

average concentration of OH radical in the atmosphere. 

The addition and abstraction reaction rate constants were compared for the H2CS + •OH 

reaction in the presence and absence of water in the temperatures between 200 and 400 K, and are 

shown in Figure 6. The data suggest that the rate constants for the OH addition to the sp2 carbon 

atom to form H2C(OH)S• + H2O are ~ 2 – 8 times higher than those for the H atom abstraction 

reaction in the studied temperature range. This is primarily because the barrier height of the OH 

addition is ~1.0 kcal mol-1 lower than that for the H atom abstraction path. The bimolecular rate 

constants for the water catalyzed reactions 5a-5b and 6a-6b were calculated in the same 

temperature range. The total effective bimolecular rate constant data for the abstraction (  ) 𝑘𝑒𝑓𝑓
total

and addition ( ) reactions were calculated and plotted in the same figure and the values are 𝑘𝑒𝑓𝑓
total
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displayed in Table S13 and S14. The results suggest that the total effective bimolecular rate 

constants for the abstraction reaction are ~1-2 orders of magnitude higher than for the addition 

reaction. For example, at 300 K, the total bimolecular abstraction and addition reaction rate 

constants were found to be 2.0 х 10-14 cm3 molecule-1 s-1 and 1.3 х 10-15 cm3 molecule-1 s-1, 

respectively.  Thus, the rate constant data in Figure 6 and Tables S13-S14 and S16 suggest that the 

addition reaction is ~2-9 times more dominanant than the abstraction path in the absence of water. 

Conversely, in the water assisted reaction, the abstraction channel is ~3-37 times more dominant 

than the addition channel.
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Figure 6. The calculated rate constants (in cm3 molcule-1 s-1) for the H2CS + •OH reaction in the 

presence and absence of water in the temperatures between 200 and 400 K. 

To determine the potential impact of a single water molecule on the H2CS + •OH reaction in 

comparison with that of the same reaction in the absence of the catalyst, it is essential to compare 

the rates of these two reactions. We estimated the corresponding effective first order rate constants 
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(s-1) for both H2CS + •OH + H2O and H2CS + •OH reactions using the approach outlined below. 

For example, the rate for the H2CS••H2O + •OH reaction can be written as: 

 = [H2CS••H2O][•OH]                       (14)ν5a k5a

In Eq 14, the H2CS••H2O dimer (PRC2) concentration can be written in terms of the corresponding 

isolated reactant concentrations, and the dimer formation step equilibrium constant  is given  ĸ𝑒𝑞2

as: 

 = k5a [H2O][•OH][H2CS]              (15)ν5a  ĸ𝑒𝑞2

In Eq 15, combining the first four terms (i.e. k5a [H2O][•OH]), the rate can be written in  ĸ𝑒𝑞2

terms of the effective first order rate constant (  for the atmospheric removal of H2CS 𝑘𝑒𝑓𝑓
5a )

molecules, as given in Eq 16.

= [H2CS]                               (16)ν5a 𝑘𝑒𝑓𝑓
5a

Using a similar approach for the other possible elementary reactions of the CH2S + •OH + H2O 

and CH2S + •OH pathways through Eqs 5b, 6a-6b and 1-2, gives:   

= [H2O••OH][H2CS] = k5b [H2O][•OH][H2CS] = [H2CS]                         (17)ν5b k5b  ĸ𝑒𝑞3 𝑘𝑒𝑓𝑓
5b

= [H2CS••H2O][•OH] = k6a [H2O][•OH][H2CS] = [H2CS]                        (18)ν6a k6a  ĸ𝑒𝑞2 𝑘𝑒𝑓𝑓
6a

= [H2O••OH][H2CS] = k6b [H2O][•OH][H2CS] = [H2CS]                         (19)ν6b k6b  ĸ𝑒𝑞3 𝑘𝑒𝑓𝑓
6b

 = [H2CS][•OH] = [H2CS]                                                                                     (20)ν1 k1 𝑘𝑒𝑓𝑓
1

 = [H2CS][•OH] = [H2CS]                                                                                     (21)ν2 k2 𝑘𝑒𝑓𝑓
2

The equilibrium constants (  and ) for the formation of dimers such as H2CS••H2O ĸ𝑒𝑞2,  ĸ𝑒𝑞3

and H2O••OH respectively, are given in Table S12 of the supporting information. The effective 

first order rate constants for the addition and abstraction channels involving H2CS••H2O + •OH, 

H2O••OH + H2CS, and H2CS + •OH reactions were calculated using the expressions given in Eq 

16-21. The total effective first order rate constant for the abstraction (  and addition 𝑘𝑒𝑓𝑓
abs) (𝑘𝑒𝑓𝑓

add) 

pathways through H2CS••H2O + •OH and OH••H2O + H2CS reactions were calculated using Eqs. 

22 and 23.

(H2CS + •OH + H2O) =  +                        (22)𝑘𝑒𝑓𝑓
abs 𝑘𝑒𝑓𝑓

5a 𝑘𝑒𝑓𝑓
5b

(H2CS + •OH + H2O) =  +                        (23)𝑘𝑒𝑓𝑓
add 𝑘𝑒𝑓𝑓

6a 𝑘𝑒𝑓𝑓
6b
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Then the total effective first order rate constant (  for the overall reaction was calculated by 𝑘𝑒𝑓𝑓
total)

summing the individual effective first order rate constants for each reaction pathway for both H2CS 

+ •OH + H2O and H2CS + •OH reactions (presented below):

(H2CS + •OH + H2O) =  +  +  +                        (24)𝑘𝑒𝑓𝑓
total 𝑘𝑒𝑓𝑓

5a 𝑘𝑒𝑓𝑓
5b 𝑘𝑒𝑓𝑓

6a 𝑘𝑒𝑓𝑓
6b

(H2CS + •OH) =  +                                                            (25)𝑘𝑒𝑓𝑓
total 𝑘𝑒𝑓𝑓

1 𝑘𝑒𝑓𝑓
2

Using Eqs 22, 23, 24, and 25, the total effective rate constants for the addition and abstraction 

channels, and the total effective first order rate constants (in s-1) for the H2CS + •OH + H2O and 

H2CS + •OH reactions were calculated in the temperature range of 200-400 K, and the values are 

displayed in Tables 1 and 2. The effective rate constant values in Tables 1 and 2 were generated 

by using the average atmospheric concentration of OH ([OH] = 1×106 molecule cm-3), and the 

water concentration at the corresponding temperature. The temperature dependent water 

concentrations from 200 to 400 K are given in Table 2, and were calculated based on using a 

typical water concentration, which corresponds to 10%–100% relative humidity.38 These water 

concentrations were taken from ground level to higher altitudes (typically between the 0-15 km 

range) in the atmosphere. The concentration of [H2O] decreases with increasing altitude. The rate 

data from Table 2 suggests that the H-atom abstraction and addition channels involving the via 

H2CS••H2O + •OH reaction are ~2 times higher than the values for the OH••H2O + H2CS reaction 

pathway. The total effective first order rate constant for the abstraction channel (  involving 𝑘𝑒𝑓𝑓
abs)

the H2CS + •OH + H2O reaction is ~3 - 35 times higher than the addition channel rate constant (𝑘𝑒𝑓𝑓
add

) in the studied temperature range. We have also compared the effective rate constants for the 

abstraction and addition channels involving H2CS + •OH + H2O and H2CS + •OH reaction. The 

effective rate constants for the abstraction channel involving the H2CS + •OH reaction assisted by 

water is ~1-3 orders of magnitude lower than in the absence of a catalyst. As in the case of the 

addition channel, the H2CS + •OH reaction assisted by water is ~2-5 orders of magnitude lower 

than for the H2CS + •OH reaction in the absence of a catalyst.        

The total effective first order rate constants for the H2CS + •OH + H2O and H2CS + •OH 

reactions were compared at the atmospherically relevant temperatures between 200 and 400 K as 

shown in Figure. 7. The trends in Figure 7 suggest that the effective first order rate constants 

increase linearly with temperature in the case of H2CS + •OH + H2O, and in the case of the H2CS 

+ •OH reaction, they were found to be almost independent of temperature. It is apparent that the 

H2CS + •OH reaction is faster than the H2CS + •OH + H2O reaction by about ~1 - 4 orders of 
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magnitude in the studied temperatures between 200 and 400 K. For example, at 300 K, the effective 

first order rate constant for the H2CS + •OH + H2O and H2CS + •OH reactions were 2.2 х 10-8 s-1 

and 6.4 х 10-6 s-1, respectively.

Table 1: The effective first order rate constants (  in s-1) for the gas phase 𝑘𝑒𝑓𝑓
𝑛 (𝑛 = 1, 2,𝑡𝑜𝑡𝑎𝑙)

reaction of H2CS + •OH over the temperatures between 200 and 300 K.

T (K) 𝒌𝒆𝒇𝒇
𝟏 𝒌𝒆𝒇𝒇

𝟐 =𝒌𝒆𝒇𝒇
𝒕𝒐𝒕𝒂𝒍  𝒌𝒆𝒇𝒇

𝟏 + 𝒌𝒆𝒇𝒇
𝟐

200 1.26 x 10-6 9.82 x 10-6 1.11 x 10-5

210 1.27 x 10-6 8.80 x 10-6 1.01 x 10-5

220 1.29 x 10-6 7.98 x 10-6 9.27 x 10-6

230 1.31 x 10-6 7.32 x 10-6 8.62 x 10-6

240 1.32 x 10-6 6.77 x 10-6 8.09 x 10-6

250 1.35 x 10-6 6.32 x 10-6 7.67 x 10-6

260 1.38 x 10-6 5.93 x 10-6 7.31 x 10-6

270 1.41 x 10-6 5.61 x 10-6 7.02 x 10-6

280 1.44 x 10-6 5.34 x 10-6 6.78 x 10-6

290 1.47 x 10-6 5.11 x 10-6 6.58 x 10-6

298 1.50 x 10-6 4.94 x 10-6 6.45 x 10-6

300 1.50 x 10-6 4.91 x 10-6 6.41 x 10-6

400 1.94 x 10-6 3.95 x 10-6 5.90 x 10-6

   

The total effective first order rate constants for H2CS + •OH, and the same reaction assisted by a 

single water molecule, were also compared with the previously reported38, 60 three isoelectronic 

reaction systems H2CO + •OH, CH2CH2 + •OH, and CH2NH + •OH, both in the absence and 

presence of a single water molecule in the temperatures between 200 and 400 K. The results are 

plotted in Figure 7. For comparison with the H2CS + •OH reaction, the total effective first order 

rate constant (s-1) data in Figure 7 were generated by multiplying the [OH] = 1.0 х 106 molecules 

cm-3 with the previously reported total bimolecular60 rate constant (cm3 molecule-1 s-1) and total 

effective bimolecular rate constants38 (cm3 molecule-1 s-1) for H2CO + •OH, CH2CH2 + •OH, and 

CH2NH + •OH, with and without a single water molecule. The results in Figure 7 suggest that the 

total effective first order rate constant for the H2CS + •OH reaction is in excellent agreement with 

the corresponding values for the H2CO + •OH, CH2CH2 + •OH, and CH2NH + •OH reactions in 

the studied temperature range. However, the H2CS + •OH + H2O total effective first order rate 

constants are ~1 order of magnitude higher than the values for the CH2NH + •OH + H2O and H2CO 
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+ •OH + H2O reactions in the temperatures between 200 and 250 K. Above this temperature (>250 

K) these values become ~2-4 times smaller. In addition, the total effective first order rate constants 

for H2CS + •OH + H2O were also compared with the CH2CH2 + •OH + H2O reaction in the same 

temperature range. Figure 7 clearly shows that the effective first order rate constant values are 

~1-2 orders of magnitude larger than the values for the CH2CH2 + •OH + H2O reaction at 

temperatures between 200 and 400 K. The large difference in the effective rate constant values 

between the H2CS + •OH + H2O and CH2CH2 + •OH + H2O reactions in the studied temperature 

range is due to the fact that the single water molecule did not decrease the barrier heights in the 

CH2CH2 + •OH reaction compared to the H2CS + •OH reaction at atmospherically relevant 

temperatures.38 From Figure 7, it can also be concluded that the total effective rate constants for 

the H2O + •OH + CH2X reactions (where X=S, O, NH, CH2), are ∼2–4 orders of magnitude smaller 

than the corresponding reactions in the absence of a water molecule. Overall, the present results 

indicate that the catalytic effect of a single water molecule on the •OH + H2CS reaction make only 

a negligible contribution to the gas phase removal of H2CS from the atmosphere.

In the water assisted H2CS + •OH reaction, the hydrogen abstraction pathway is more 

dominant, which is similar to the case of the water assisted H2CO + •OH and CH2NH + •OH 

reactions. However, in the case of the water assisted CH2CH2 + •OH reaction, the OH addition 

pathway is major. This situation is due to the geometries of the RCs and TSs in the water assisted 

H2CS + •OH reaction being more or less similar to those of the water assisted •OH + CH2O and 

•OH + CH2NH reactions, but clearly different from the •OH + CH2CH2 reaction system.

The results in the present work predict that the rate of the H2O + •OH + CH2S reaction is 

∼1-4 orders of magnitude lower than the rate of the naked reaction. However, it is interesting to 

see that the rate of formation of the HCS radical that occurs through the H abstraction pathway, is 

larger than the rate of formation of the H2C(OH)S radical that occurs from OH addition to the sp2-

carbon atom of thioformaldehyde. This is not true in the case of the bare reaction, where the rate 

of formation of the H2C(OH)S radical is larger compared to the rate of formation of the HCS 

radical. Therefore, our results reveal that while water does not catalyze the H2CS + •OH reaction, 

it still influences its chemistry by changing the branching ratios of the addition and abstraction 

paths. A second important element of the water assisted H2CS + •OH reaction in the atmosphere 

is that the presence of high concentrations of water results in most of the thioformaldehyde being 

complexed with water to form the dimer complex H2CS••H2O.

Page 25 of 39 Physical Chemistry Chemical Physics



26

10-17

10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

k e
ff

 (s
-1

)

5.04.54.03.53.02.5

1000/T (K-1)

400 300 250 200
T (K)

 H2CS + OH
 H2CO + OH
 CH2CH2 + OH
CH2NH + OH
 H2CS + OH + H2O
 H2CO + OH + H2O
 CH2CH2 + OH + H2O
CH2NH + OH + H2O

Figure 7. Comparison of the effective reaction rate constants (keff in s-1) in the absence and 

presence of water for four isoelectronic reaction systems: CH2S + •OH, CH2O + •OH, CH2CH2 + 

•OH, and CH2NH + •OH in the temperature range between 200 - 400 K.
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Table 2. The effective reaction rate constants (keff in s-1) for the H2CS••H2O + •OH and OH••H2O + H2CS reaction paths involved in the 

H2CS + H2O + •OH reaction in the temperature range between 200 and 300 K.

Abstraction channels Addition channels

T (K) [H2O••H2O]a

 (molecule cm-3)
H2CS••H2O 

+ •OH 
( )𝑘𝑒𝑓𝑓

5𝑎

OH••H2O 
+ H2CS 
(𝑘𝑒𝑓𝑓

5𝑏 )

𝒌𝒆𝒇𝒇
𝒂𝒃𝒔 =

𝑘𝑒𝑓𝑓
5𝑎 + 𝑘𝑒𝑓𝑓

5𝑏

H2CS••H2O 
+ •OH
(𝑘𝑒𝑓𝑓

6𝑎 )

OH••H2O 
+ H2CS
( )𝑘𝑒𝑓𝑓

6𝑏

=𝒌𝒆𝒇𝒇
𝒂𝒅𝒅

𝑘𝑒𝑓𝑓
6𝑎 + 𝑘𝑒𝑓𝑓

6𝑏

= 𝒌𝒆𝒇𝒇
𝒕𝒐𝒕𝒂𝒍 𝑘𝑒𝑓𝑓

5𝑎 + 𝑘𝑒𝑓𝑓
5𝑏

+ 𝑘𝑒𝑓𝑓
6𝑎 + 𝑘𝑒𝑓𝑓

6𝑏

200 1.09 х 1014 2.03 х 10-10 1.01 х 10-10 3.04 х 10-10 5.73 х 10-11 2.86 х 10-11 8.59 х 10-11 3.90 х 10-10

210 6.00 х 1014 5.56 х 10-10 2.66 х 10-10 8.21 х 10-10 1.26 х 10-10 6.29 х 10-11 1.89 х 10-10 1.01 х 10-9

220 1.15 х 1015 5.70 х 10-10 2.73 х 10-10 8.42 х 10-10 1.05 х 10-10 5.26 х 10-11 1.58 х 10-10 1.00 х 10-9

230 5.80 х 1015 1.63 х 10-9 7.82 х 10-10 2.41 х 10-9 2.50 х 10-10 1.25 х 10-10 3.75 х 10-10 2.78 х 10-9

240 8.29 х 1015 1.40 х 10-9 6.71 х 10-10 2.07 х 10-9  1.80 х 10-10  9.01 х 10-11 2.70 х 10-10  2.34 х 10-9

250 2.21 х 1016 2.32 х 10-9 1.12 х 10-9 3.43 х 10-9  1.57 х 10-10  1.28 х 10-10  3.85 х 10-10  3.82 х 10-9

260 6.00 х 1016 4.13 х 10-9 1.99 х 10-9 6.12 х 10-9 3.93 х 10-10  1.96 х 10-10  5.89 х 10-10  6.70 х 10-9

270 1.50 х 1017 6.97 х 10-9 3.37 х 10-9 1.03 х 10-8  5.80 х 10-10  2.90 х 10-10  8.71 х 10-10  1.12 х 10-8

280 2.70 х 1017 8.77 х 10-9 4.24 х 10-9 1.30 х 10-8  6.43 х 10-10  3.22 х 10-10  9.65 х 10-10  1.40 х 10-8

290 5.20 х 1017 1.22 х 10-8 5.88 х 10-9 1.80 х 10-8  7.92 х 10-10  3.96 х 10-10  1.19 х 10-9  1.92 х 10-8

298 7.64 х 1017 1.39 х 10-8 6.75 х 10-9 2.07 х 10-8  8.29 х 10-10  4.15 х 10-10  1.24 х 10-9  2.19 х 10-8

300 8.24 х 1017  1.42 х 10-8  6.90 х 10-9  2.11 х 10-8   8.31 х 10-10   4.15 х 10-10   1.25 х 10-9   2.24 х 10-8

400 5.72 х 1019  1.29 х 10-7 6.29 х 10-8 1.92 х 10-7 3.41 х 10-9 1.70 х 10-9   5.11 х 10-9 1.97 х 10-7

aValues of water concentration calculated based on using a typical temperature-dependent water concentration, which corresponds to 

10%–100% relative humidity.
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We also calculated the rate constants for the H-atom abstraction channel involving the 

CH2S + •OH reaction assisted by the water dimer. The calculated bimolecular rate constants for 

the •OH••(H2O)2  + H2CS (k7), and H2CS••(H2O)2 + •OH (k8)  reaction paths in the temperature 

range between 200 and 400 K are displayed in Table S17 of the supporting information. These 

bimolecular rate constants were obtained by using the expressions: k7 = Keq4k2 and k8 = Keq5k2. 

Here the equilibrium constants Keq4 and Keq5 corresponds to the reaction of a trimer and monomer 

combination to form the corresponding RC. The unimolecular rate constant is represented by k2. 

The bimolecular rate constant data in Table S17 suggest that the rate constants for the 

H2CS••(H2O)2 + •OH reaction channel are ~1 order of magnitude higher than the values for the 

•OH••(H2O)2  + H2CS reaction. For example, the rate constant for the H2CS••(H2O)2 + •OH and 

•OH••(H2O)2  + H2CS reaction channels at 298 K were found to be 1.73 х 10-11 and 1.78 х 10-12 

cm3 molecule-1 s-1. This is mainly due to the H2CS••(H2O)2 + •OH reaction barrier height being ~1 

kcal mol-1 lower than the •OH••(H2O)2  + H2CS reaction barrier.     

To assess the relative impact of the water dimer on the H-atom abstraction channel for the 

H2CS + •OH reaction in comparison with that of the same reaction in the absence and presence of 

a single water molecule, we also estimated the corresponding effective first order rate constants (s-

1) for both H2CS + •OH reaction assisted by the water dimer as follows: the rate for the 

•OH••(H2O)2 + H2CS and H2CS••(H2O)2 + •OH reaction can be written as: 

 = [•OH••(H2O)2][H2CS]                        (26)ν7 k7

 =  [H2CS••(H2O)2][•OH]                       (27)ν8 k8

In Eq 26 and 27, k7 and k8 represent rate constants for the bimolecular •OH••(H2O)2 + H2CS and 

H2CS••(H2O)2 + •OH reactions, respectively. The H2CS••(H2O)2, and •OH••(H2O)2 trimer 

concentrations can be written in terms of the monomer and [H2O••H2O] dimer concentrations. The 

equilibrium for the three body formation step is given in Eqs 28, and 29.

 = k7 [H2O••H2O][•OH][H2CS] = [H2CS]               (28)ν7  ĸ𝑒𝑞6 𝑘𝑒𝑓𝑓
7

 = k8 [H2O••H2O][•OH][H2CS] = [H2CS]               (29)ν8  ĸ𝑒𝑞7 𝑘𝑒𝑓𝑓
8

The = k7 [H2O••H2O][•OH] and = k8 [H2O••H2O][•OH] represent the effective 𝑘𝑒𝑓𝑓
7  ĸ𝑒𝑞6 𝑘𝑒𝑓𝑓

8  ĸ𝑒𝑞7

first order rate constants for the •OH••(H2O)2 + H2CS and H2CS••(H2O)2 + •OH reaction paths, 

respectively. The effective rate constant values for these two reaction pathways are given in Table 
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S18. To determine these effective rate constants, we used the temperature dependent water dimer 

concentration (see Table S18), the average atmospheric concentration of OH radical (106 

molecules cm-3), and the equilibrium constants (  for the formation of •OH••(H2O)2 ĸ𝑒𝑞6, 𝑎𝑛𝑑 ĸ𝑒𝑞7)

and H2CS••(H2O)2) trimer complexes from the interaction of the water dimer and a monomer 

reactant. The obtained effective first order rate constants (  and ) for both reaction pathways 𝑘𝑒𝑓𝑓
7 𝑘𝑒𝑓𝑓

8

are given in Table S18. The total effective rate constants for the H2CS + •OH + 2H2O reaction 

were calculated by adding the effective rate constants of the individual channels and these are also 

presented in Table S18. With the increase in altitude from 0-15 km, there is a corresponding 

decrease in temperature, there is a decrease in the rate constants when the concentrations of the 

water dimer is decrease. The concentration of the water dimer is more sensitive to the temperature, 

and decreases by ten orders of magnitude as the temperature drops from 400 K to 200 K (see from 

Table S18). The data from the table clearly suggest that the total effective rate constants for the H-

abstraction channel of H2CS + •OH assisted by the water dimer are ~4-5 and ~5-9 orders of 

magnitude smaller than the H2CS + •OH assisted by the water, and unassisted reaction, 

respectively in the temperature range studied here. For example, the total effective rate constants 

for the H-abstraction channel of H2CS + •OH assisted by the water dimer, a single water molecule, 

and in the absence of a catalyst at 298 K were found to be 2.06 х 10-12, 2.07 х 10-8, and 1.50 х 10-

6  s-1  respectively. The rate of the H-abstraction channel for the H2CS + •OH reaction catalyzed by 

the water dimer is slower, even though the barrier height of this reaction is significantly lower 

(~6.7 kcal mol-1) compared to the water catalyzed reaction. For to this reason, we did not perform 

any further calculations on the addition channel of the •OH + H2CS reaction assisted by the water 

dimer. The reason for the slower rate for the water dimer assisted H2CS + •OH reaction is mainly 

due to the lower concentration levels of the water dimer, as its levels are smaller at lower 

temperatures (i.e. higher altitudes) in the atmosphere compared to the values for single water 

molecules. Therefore, we used only the single water molecule as the catalyst for the atmospheric 

removal of thioformaldehyde in the presence of OH radical, rather than the water dimer.

3.3. Reaction of H2C(OH)S∙ with 3O2:
Based on the results of the present calculations, the H2CS + •OH addition reaction was 

found to be a major channel for the formation of the H2C(OH)S• radical product. Once formed, 

this radical would be anticipated to undergo further reaction with ground state oxygen (3O2) 
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molecules which are present in large concentrations in the atmosphere.47 We carried out detailed 

calculations on the H2C(OH)S• + 3O2 reaction. The geometries of the molecules involved in this 

reaction were optimized at the M06-2X level in conjunction with the 6-311++G(2d,2p) basis set. 

The single point energy calculations were performed at the CCSD(T)/aug-cc-pVTZ//M06-2X/6-

311++G(2d,2p) level of theory. The T1 diagnostic values for the reactants, intermediates, TSs, and 

products involved in the H2C(OH)S• + 3O2 reaction were calculated at the CCSD(T)/aug-cc-pVTZ 

level and the values are displayed in Table S19. The data from the table suggest that the T1 

diagnostic values of all the species are smaller than 0.044. This indicates that multi-reference 

character in the CCSD(T) wave functions was negligible.69 The potential energy profile involving 

all the stationary points for the H2C(OH)S• + 3O2 reaction system is shown in Figure 8. The relative 

energies provided in the figure were calculated at the CCSD(T)/aug-cc-pVTZ//M06-2X/6-

311++G(2d,2p) level of theory with respect to the starting reactants ((OH)CH2S• + 3O2). The 

optimized structures of all TSs, intermediates, and their corresponding products are shown in 

Figure 9. This reaction mainly proceeds by association and direct hydrogen abstraction pathways 

as illustrated in Figure 8. From the figure, it can be seen that the barrier height for abstraction of 

an H-atom by 3O2 from the -CH2 moiety of the (OH)CH2S• radical via TS9 is found to be 21.5 

kcal mol-1 above that of the separated reactants. TS9 leads to the formation of PC8, which then 

proceeds to form HC(=S)OH + HO2 as separated products. Similarly, the barrier height for the 

abstraction of an H-atom by an atmospheric oxygen molecule from the OH moiety of the 

(OH)CH2S• radical, followed by simultaneous formation of a single bond between the S- and O- 

atoms via TS10 (see Figure 8) was calculated to be 54.4 kcal mol-1 relative to that of the starting 

(OH)CH2S• + O2 reactants. This then proceeds to form PC9, which undergoes decomposition to 

yield (CH2SO) + HO2. Therefore, direct hydrogen abstractions through TS9 and TS10 are not 

feasible under atmospheric conditions, because these two channels involve high barriers that are 

accessible only under high temperature conditions.

The association of (OH)CH2S• with 3O2 is barrierless and forms a (OH)CH2SOO• adduct 

(RO2) with an energy of -13.9 kcal mol-1 relative to that of the starting reactants. The formed RO2 

can decompose via three pathways: (1) Elimination of HO2 with a barrier height of 6.4 kcal mol-1 

above that of the separated reactants through transition state (TS11). The peroxy group terminal 

oxygen atom in RO2 forms a bond with the H atom followed by simultaneous cleavage of the S-

O single bond and formation of the C=S double bond via a five membered ring transition state (see 
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Figure 9). TS11 leads via PC10 to the formation of HC(=S)OH + HO•2 products; (2) Transfer of 

the H atom of the -OH group to the peroxy group O-atom, followed by C-S single bond cleavage 

via transition state (TS12), with a barrier height of 10.6 kcal mol-1. The CH2(=O) + •SOOH 

products are formed from the decomposition of PC11, which is formed from TS12; (3) Attack by 

the terminal oxygen of the peroxyl radical on the sulfur atom, forming a three membered SOO ring 

with simultaneous cleavage of the S-C single bond (see Figure 8) via a transition state (TS13), 

with a barrier height of 13.6 kcal mol-1 above the reactants. The initial attack by the peroxyl radical 

leads to the formation of the more stable RSO2 (PC12) with an energy of 64.7 kcal mol-1 below 

the separated reactants (H2C(OH)S• + 3O2). The formed PC12 undergoes unimolecular 

decomposition to yield •CH2OH + SO2 as final products. Based on the barrier heights, 

unimolecular elimination of HO2 through formation of HC(=S)OH is the major channel under 

atmospheric conditions. The feasibility of the other two possible channels depends on the amount 

of energy required to overcome the barrier heights to produce the corresponding reaction products.
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Figure 8. Potential energy surface diagram for the H2C(OH)S• + 3O2 reaction to form various 

products, obtained at CCSD(T)/aug-cc-pVTZ//M06-2X/6-311++G(2d,2p) level.
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Figure 9. Optimized geometries of the reactants, intermediates, transition states (TSs), product 

complexes (PCs), and products for the H2C(OH)S• + 3O2 reaction obtained at the M06-2X/6-

311++G(2d,2p) level of theory. The yellow, red, black, and blue colors denote sulfur, oxygen, 

carbon, and hydrogen atoms, respectively.   

The concerted elimination of HO2 from the RO2 radical (i.e. H2C(OH)SOO), has a barrier 

of ~20.3 kcal mol-1 (see Figure 8). The rate constant for the elimination was found to be 7.56 × 

10-3 s-1 at 300 K, using the Inverse Laplace Transform (ILT) approach for handling the association 

reactions connected with entrance and exit channels on the PES, and RRKM theory in conjunction 

with the Eckart tunneling method with Mesmer kinetic code.70 These RO2 radicals also undergo 

reactions with other important atmospheric trace species such as NO and HO2 radicals, which 

compete with the unimolecular HO2 elimination reaction. The bimolecular rate constants for the 

RO2 + NO and RO2 + HO2 reactions are reported to be 8.5 × 10-12 cm3 molecule-1 s-1 and 2.0 × 

10-11 cm3 molecule-1 s-1, respectively.71, 72 Under ambient conditions, the effective rate constants 

for RO2 + NO and RO2 + HO2 reactions were calculated to be ~0.7 s-1 and ~0.014 s-1 respectively. 

Page 34 of 39Physical Chemistry Chemical Physics



35

These values were calculated using estimates of NO and HO2 concentrations in polluted urban 

areas (i.e. ~9.0 × 1010 molecules cm-3 and ~7.0 × 108 molecules cm-3, respectively).72 Based on 

these values, RO2 + NO and RO2 + HO2 reactions are more dominant than the HO2 elimination 

reaction in polluted urban areas. The HO2 elimination reaction is dominant only at lower 

concentrations of NO and HO2 radicals in the atmosphere.

4. Conclusions: 
The atmospheric chemistry of the gas phase reaction of thioformaldehyde is of high 

importance due to its potential role as a precursor of secondary pollutants such as SO2, thioformic 

acid, HO2, and formaldehyde. We investigated the H2CS + •OH reaction alone and assisted by a 

single water molecule using CCSD(T)//M06-2X and CCSD(T)//MP2 level electronic structure 

calculations. Based on the reaction barrier heights, the dominant reaction pathway was found to 

be the addition of OH radical to the sp2 C-atom of H2CS in the presence and absence of a H2O 

molecule (in contrast to the abstraction channel). The rate constants for water-free and water-

assisted H2CS + •OH reactions were computed using the CVT/SCT method in the temperature 

range of 200 and 400 K. The rate constant data suggest that the addition reaction is ~2-9 times 

more dominant than the abstraction path in the absence of water. Conversely, in the water assisted 

reaction, the abstraction channel is ~3-37 times more dominant than the addition path in the studied 

temperature range. Nevertheless, our kinetic results indicate that a single water molecule does not 

exert a rate enhancement effect on the gas phase reaction of H2CS + •OH in the temperature range 

between 200 – 400 K. We also investigated the H-atom abstraction pathway for the H2CS + •OH 

reaction assisted by water dimer using CCSD(T)//M06-2X level. The computed barrier height 

suggests that water dimer reduces the barrier predominantly than the uncatalyzed and water 

catalyzed reactions. However, the kinetic results suggests that the rate of H-atom abstraction 

pathway for the H2CS + •OH reaction assisted by water dimer are ~4 - 5 and ~5 - 9 orders of 

magnitude smaller than the H2CS + •OH assisted by the water, and unassisted reaction, 

respectively in the temperature range of 200 and 400 K. This is because the concentration of water 

dimer in the gas phase is negligibly small under these conditions. In addition, the atmospheric 

oxidation of the dominant reaction product H2C(OH)S• with molecular oxygen (3O2) computed at 

the CCSD(T)/aug-cc-pVTZ//M06-2X/6-311++G(2d,2p) level was investigated. The major 

reaction sequence is OH radical addition to the sp2 C-atom of H2CS, followed by addition of 3O2 
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to furnish the H2C(OH)S(OO) radical. Under atmospheric conditions, the important step in the 

unimolecular reaction of H2C(OH)S(OO) was found to be elimination of the HO2 radical through 

formation of thioformic acid. Other possible reaction channels for the unimolecular isomerization 

of the H2C(OH)S(OO) radical yielded SO2 and formaldehyde. The results provide further insights 

and improved understanding of the gas phase catalytic effect of single water molecules on 

important atmospheric reactions involving organosulfur compounds.

Supporting Information:

Tables S1-S19, which present the optimized geometries of all the stationary points, their 

vibrational frequencies and rotational constants, relative energies with respect to starting reactants, 

calculated total electronic energies including zero-point energy corrections, and imaginary 

frequencies of various TSs as discussed in the text at different levels of theory, temperature 

dependent unimolecular and bimolecular rate constants using CVT/SCT method, equilibrium 

constants, tunneling contributions for each reaction paths, T1 diagnostic values for all the 

stationary points in the H2C(OH)S• + 3O2 reaction, and the optimized geometries of the 

Thioformaldehyde + ∙OH reaction catalyzed by the water dimer molecule.
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