
Point-by-point response to the reviewers' comments 

 

Editor 

Dear Editor, 

 

Thank you for allowing us to revise our manuscript. We also thank the reviewers for their helpful 

comments. We largely agree with the constructive advice of the reviewers, and have carefully revised 

our initial manuscript. In the following, the detailed response to comments of reviewers is listed. All 

changes in revised manuscript have been marked with green color. The marked-up manuscript version is 

also appended to the response file. 

 

In the responses below, responses are marked in purple color. And the corresponding content in revised 

manuscript still is shown in green in these responses. 

 

Yours sincerely,  

 

Guochun Lv 

On behalf of all co-authors 

 

 

Author Responses to Anonymous Referee #1 (RC1) 

 

Using quantum chemical calculations combined with high level ab initio method; the authors studied 

the catalytic ability of the most common dicarboxylic acid in the atmosphere - oxalic acid - for the 



hydration reaction of SO3. Further, taking the real atmosphere into consideration, they found that oxalic 

acid-catalyzed hydration reaction can compete with the water-catalyzed reaction in the upper 

troposphere, which has certain significance for the formation of H2SO4 in the atmosphere. The work is 

performed with care and I believe it can be published after the following concerns are fully addressed. 

 

Reply: We appreciate the reviewer for your comments and advice. We have revised the manuscript on 

the basis of your comments and advice. The detail replies are described below. 

 

Major comments: 

1. In previous paper (Hazra et al, J. Am. Chem. Soc. 2011, 133, 17444), hydrolysis of SO3 catalyzed by 

formic acid in the gas phase has been studied and the result shows a near barrierless mechanism for 

sulfuric acid formation. Moreover, we note that formic acid is considered to be the most abundant 

carboxylic acid, ubiquitous in the atmosphere (Millet et al. Atmos. Chem. Phys., 2015, 15, 6283; 

Bannan et al. J. Geophys. Res. - Atmos, 2017, 122, 488). Thus, to make this story more interesting, I 

think the authors should highlight the specific characteristic of oxalic acid compared with formic acid, 

and add more discussion about the advantages of oxalic acid acting as a catalyst. 

 

Reply: Thank you for your advice. Oxalic acid, as the prevalent dicarboxylic acid, really has some 

specific characteristic compared with formic acid. The studies have shown that dicarboxylic acid can 

enhance nucleation in two directions compared with momocarboxylic acid. Thus, in the oxalic 

acid-catalyzed SO3 hydration reaction, the post-reactive complex (PC) still has a free carboxylic group. 

The PC has the potential to continue to catalyze SO3 hydration by the free carboxylic group. In addition, 

the result of the manuscript shows that the PC is stable with respect to the isolate oxalic acid conformers 

and H2SO4. Thus, the PC also has the potential to promote nucleation.  



We also added more discussion about the advantages of oxalic acid acting as a catalyst. In this revised 

manuscript, we compared the catalytic effect of oxalic acid with the nitric acid, sulfuric acid, formic 

acid, ammonia. 

The added contents are shown in revised manuscript with the marked green color. We also put these 

contents below: 

In Introduction section, page 3, line 9 - 11: Opposite to monocarboxylic acids, dicarboxylic acids such 

as oxalic acid has been proved to enhance nucleation in two directions because of its two acid moieties 

(Xu and Zhang, 2012). 

Page 9, the last paragraph: In addition, compared to formic acid (Millet et al., 2015;Bannan et al., 2017), 

the SO3 hydration reaction catalyzed by oxalic acid display some specific characteristics. Both acids can 

obviously decrease the energy barrier of the hydration reaction. But because oxalic acid is a 

dicarboxylic acid, only one in the carboxylic groups participates in the hydration reaction, and the other 

is free. This characteristic indicates that post-reactive complexes (PCtTt and PCtCt) can serve as a catalyst 

to continue to promote the SO3 hydration. For these post-reactive complexes (PCcTt, PCtTt, PCtCt and 

PCcCt), the above result has shown that these complexes are stable compared to the isolate H2SO4 and 

oxalic acid conformers. The free carboxylic group in these complexes can also provide the interaction 

site when these complexes interact with other species. The free carboxylic group of these stable 

post-reactive complexes indicates that these complexes have the potential to participate in nucleation. 

Page 10 - 11, line 21 - 23 (page 10) and line 1 - 7 (page 11): As seen from Table2, at 298.15 K, the 

oxalic acid-catalyzed SO3 hydration reaction is 103 - 105 faster than the corresponding water-catalyzed 

reaction (kcTt1/kw1: 1.53 × 103; ktTt1/kw1: 5.50 × 104; ktCt1/kw1:  9.70 × 104; kcCt1/kw1: 3.31 × 105). In 

order to evaluate the catalytic effect of oxalic acid, we also list the rate constant ratio between other 

species and water catalyzed SO3 hydration reaction. At 298 K, the nitric acid catalyzed rate constant is 

just 1.19 times larger than water catalyzed rate constant (Long et al., 2013). When sulfuric acid 



functions as an autocatalyst, the value of rate constant ratio is around 102 (Torrent-Sucarrat et al., 2012). 

When the formic acid acts as a catalyst, its rate constant is 104 greater than that of water-catalyzed SO3 

hydration (Hazra and Sinha, 2011). The rate constant for ammonia catalyzed SO3 hydration is 7 orders 

of magnitude larger than that for water catalyzed rate constant at 298 K (Bandyopadhyay et al., 2017). 

These results indicate that the catalytic effect of oxalic acid in SO3 hydration reaction is better than 

nitric acid and sulfuric acid, and similar to formic acid, but weaker than ammonia. 

 

2. For method and basis set of the single point energy, the CCSD(T) method with the 6-311++G(3df,3pd) 

is not a good match, I think it is available using at least cc-pVTZ level. If the author prefer the 

6-311++G(3df,3pd) basis set when using CCSD(T) to perform the single point energy, please give the 

corresponding reasons. 

 

Reply: Thank you for your comment and advice. We have recalculated the single point energy at 

CCSD(T)/cc-pV(T+d)Z level. As the influence of single point energy is overall, the potential energy 

profile and the rate constant are changed after using the new theoretic level (CCSD(T)/cc-pV(T+d)Z). 

For potential energy, we do not mark the changed data in the manuscript because all data are changed. 

Although the changed data are not marked in the revised manuscript, old and new figures are put below 

for showing the change: 

The old Figure 1: 



 

Figure 1. Calculated potential energy profile for the hydration of SO3 with the second water as a catalyst at the 

CCSD(T)/6-311++G(3df,3pd)//M06-2X/6-311++G(3df,3pd) level. 

The new Figure 1: 

 
Figure 1. Calculated potential energy profile for the hydration of SO3 with the second water as a catalyst at the 

CCSD(T)/cc-pV(T+d)Z//M06-2X/6-311++G(3df,3pd) level. 

 



The old Figure 3: 

 

Figure 3. Calculated potential energy profile for the hydration of SO3 with oxalic acid conformers (cTt, tTt, tCt and cCt) as 

catalysts at the CCSD(T)/6-311++G(3df,3pd) //M06-2X/6-311++G(3df,3pd) level. 

 

The new Figure 3: 



 

Figure 3. Calculated potential energy profile for the hydration of SO3 with oxalic acid conformers (cTt, tTt, tCt and cCt) as 

catalysts at the CCSD(T)/cc-pV(T+d)Z //M06-2X/6-311++G(3df,3pd) level. 

 

For the kinetics analysis, to make the rate constant more meaningful, we adjusted the entrance for rate 

constant calculation from SO3 + H2O···H2O (or SO3···H2O + H2O) and SO3 + H2O···OA (or SO3···OA 

+ H2O) to SO3 + H2O + H2O and SO3 + H2O + OA. And the adjustment will not affect the result of the 

rate comparison. The adjustment caused the great changes for Table 1, which lists the rate constant. 

Using the new level of theory to calculate the single point energy, it can be found from the old and new 

Table 5 that the relative rate decreases from 6.78 to around 0.1 at 12 km altitude. It still indicates that 



the oxalic acid can play a significant role in enhancing SO3 hydration to H2SO4. The correspond content 

in revised manuscript also are described as follows: 

Page 12, line 1 - 5: When the altitude increases to 10 km, the oxalic acid-catalyzed reaction is just 2 

orders of magnitude slower than water-catalyzed reaction. At 12 km altitude, the water-catalyzed 

hydration reaction is approximately 10 times faster than the oxalic acid-catalyzed SO3 hydration. To 

sum up, the comparison of relative rate shows that, in the upper troposphere, the oxalic acid can play a 

significant role in enhancing SO3 hydration to H2SO4. 

We also put the changed tables as follows: 

The old Table 1: 

Table 1. Rate constants (in cm3 molecule-1 s-1) of SO3 hydration reaction catalyzed by water and by oxalic acid at different 

altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

kw1 1.51×10-12 2.01×10-12 2.99×10-12 4.62×10-12 7.44×10-12 1.27×10-11 2.26×10-11 3.13×10-11 

kw2 3.12×10-12 5.06×10-12 9.95×10-12 2.08×10-11 4.71×10-11 1.16×10-10 3.15×10-10 5.46×10-10 

kcTt1 5.87×10-8 1.26×10-7 3.67×10-7 1.19×10-6 4.39×10-6 1.86×10-5 9.33×10-5 2.29×10-4 

kcTt2 1.05×10-9 1.94×10-9 4.60×10-9 1.19×10-8 3.40×10-8 1.09×10-7 4.02×10-7 8.27×10-7 

ktTt1 1.99×10-6 4.84×10-6 1.69×10-5 6.70×10-5 3.07×10-4 1.66×10-3 1.10×10-2 3.12×10-2 

ktTt2 5.81×10-8 1.24×10-7 3.60×10-7 1.16×10-6 4.26×10-6 1.80×10-5 8.96×10-5 2.19×10-4 

ktCt1 3.10×10-6 7.83×10-6 2.88×10-5 1.21×10-4 5.88×10-4 3.40×10-3 2.42×10-2 7.18×10-2 

ktCt1 7.77×10-8 1.70×10-7 5.13×10-7 1.73×10-6 6.58×10-6 2.91×10-5 1.53×10-4 3.85×10-4 

kcCt1 1.02×10-5 2.65×10-5 1.02×10-4 4.49×10-4 2.32×10-3 1.43×10-2 1.09×10-1 3.35×10-1 

kcCt1 5.48×10-8 1.16×10-7 3.37×10-7 1.08×10-6 3.94×10-6 1.65×10-5 8.21×10-5 1.99×10-4 

 

The new Table 1: 

Table 1. Rate constants (in cm6 molecule-2 s-1) of SO3 hydration reaction catalyzed by water and by oxalic acid at different 

altitudes. 

altitude 0 0 2 4 6 8 10 12 



(km) 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

kw1 (kw2) 4.21×10-31 9.74×10-31 3.19×10-30 1.18×10-29 4.94×10-29 2.45×10-28 1.46×10-27 3.92×10-27 

kcTt1 (kcTt2) 6.45×10-28 2.16×10-27 1.18×10-26 7.67×10-26 6.09×10-25 6.09×10-24 8.00×10-23 3.35×10-22 

ktTt1 (ktTt2) 2.32×10-26 8.79×10-26 5.81×10-25 4.63×10-24 4.56×10-23 5.86×10-22 1.02×10-20 4.97×10-20 

ktCt1 (ktCt2) 4.08×10-26 1.62×10-25 1.13×10-24 9.55×10-24 1.01×10-22 1.40×10-21 2.64×10-20 1.35×10-19 

kcCt1 (kcCt2) 1.39×10-25 5.70×10-25 4.17×10-24 3.71×10-23 4.17×10-22 6.15×10-21 1.24×10-19 6.61×10-19 

 

 

The old Table 2: 

Table 2. Relative rate constants of oxalic acid catalyzed SO3 hydration with respect to water catalyzed SO3 hydration at 

different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

kcTt1/kw1 3.88×104 6.27×104 1.23×105 2.58×105 5.90×105 1.47×106 4.12×106 7.30×106 

kcTt2/kw2 3.36×102 3.83×102 4.63×102 5.70×102 7.22×102 9.41×102 1.28×103 1.52×103 

ktTt1/kw1 1.31×106 2.41×106 5.65×106 1.45×107 4.13×107 1.31×108 4.84×108 9.95×108 

ktTt2/kw2 1.86×104 2.45×104 3.62×104 5.58×104 9.04×104 1.55×105 2.85×105 4.00×105 

ktCt1/kw1 2.05×106 3.90×106 9.62×106 2.61×107 7.91×107 2.69×108 1.07×109 2.29×109 

ktCt2/kw2 2.49×104 3.37×104 5.16×104 8.26×104 1.40×105 2.51×105 4.88×105 7.06×105 

kcCt1/kw1 6.73×106 1.32×107 3.42×107 9.72×107 3.12×108 1.13×109 4.80×109 1.07×1010 

kcCt2/kw2 1.76×104 2.30×104 3.39×104 5.19×104 8.37×104 1.43×105 2.61×105 3.65×105 

 

The new Table 2: 

Table 2. Relative rate constants of oxalic acid catalyzed SO3 hydration with respect to water catalyzed SO3 hydration at 

different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

kcTt1/kw1 1.53×103 2.21×103 3.70×103 6.52×103 1.23×104 2.49×104 5.49×104 8.54×104 



ktTt1/kw1 5.50×104 9.03×104 1.82×105 3.94×105 9.24×105 2.40×106 6.98×106 1.27×107 

ktCt1/kw1 9.70×104 1.66×105 3.53×105 8.12×105 2.05×106 5.73×106 1.81×107 3.45×107 

kcCt1/kw1 3.31×105 5.86×105 1.31×106 3.16×106 8.44×106 2.51×107 8.54×107 1.69×108 

 

The old Table 5: 

Table 5. Relative rate of SO3 hydration reaction catalyzed by oxalic acid and by water at different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15 288.15 275.15 262.17 249.19 236.22 223.25 216.65 

aνSO3···H2O+

OA/νSO3···H2

O+H2O 

8.62×10-5 3.54×10-4 1.00×10-3 4.08×10-3 1.82×10-2 9.74×10-2 1.12 6.78 

aThe rate νSO3···H2O+OA represents the sum of reaction rate for SO3···H2O complex with four oxalic acid conformers (cTt, tTt, 

tCt, cCt). The rate (νSO3···H2O+cTt/νSO3···H2O+H2O, νSO3···H2O+tTt/νSO3···H2O+H2O, νSO3···H2O+tCt/νSO3···H2O+H2O, νSO3···H2O+cCt/νSO3···H2O+H2O) 

are shown in Table S10. 

 

The new Table 5: 

Table 5. Relative rate of SO3 hydration reaction catalyzed by oxalic acid and by water at different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15 288.15 275.15 262.17 249.19 236.22 223.25 216.65 

aνOA1/νw1 3.87×10-6 1.43×10-5 3.47×10-5 1.20×10-4 4.43×10-4 1.95×10-3 1.80×10-2 9.53×10-2 

aThe rate νOA1 represents the sum of reaction rate for Reaction X1 (X=cTt, tTt, tCt, cCt). The rate (νcTt1/νw1, νtTt1/νw1, νtCt1/νw1, 

νcCt1/νw1) are shown in Table S10. 

 

3. In Section 3.1: it is better to compare the results with previous studies to enrich the text.  

 

Reply: Thank you for your advice. We have added the discussion about the comparison of the results 

with literatures. The added contents are shown in the revised manuscript (Page 7, line 8 - 14), which 



also are put below: 

Page 7, line 9 - 13: Moreover, the binding energy of water dimer is consistent with its experimental 

value of 3.15 ± 0.03 kcal mol-1 (Rocher-Casterline et al., 2011), and with theoretical results of 2.90 

(Torrent-Sucarrat et al., 2012), 2.97 (Long et al., 2013), 3.14 (Hazra and Sinha, 2011) and 3.30 kcal 

mol-1 (Klopper et al., 2000). In SO3···H2O complex, the binding energy of 7.38 kcal mol-1 in our paper 

agrees with that from theoretical estimates in the literature: 7.60 (Torrent-Sucarrat et al., 2012), 7.42 

(Long et al., 2013), 7.25 (Hazra and Sinha, 2011) and 7.77 kcal mol-1 (Long  et al., 2012). 

Page 7, line 15 - 16: The RC1 has the binding energy of 14.12 kcal mol-1 relative to SO3+H2O···H2O, 

which is in accord with 13.60 (Torrent-Sucarrat et al., 2012) and 13.76 kcal mol-1 (Long et al., 2013). 

 

 

 

Minor comments: 

1. Page1, line 12(Abstract), "can involve in" should be "can be involved in". 

 

Reply: Thank you for pointing out our mistake. We have corrected this error. The corrected content can 

be seen from Abstract (Page 1, line 13), which also is shown as follows: 

Some atmospheric species can be involved in and facilitate the reaction. 

 

2. Page1, line 16 (Abstract), "the rate of SO3 hydration" should be "the rates of SO3 hydration". 

 

Reply: We have corrected this error in the revised manuscript (Page 1, line 16). The new content is 

listed below: 

Compared with the rates of SO3 hydration reaction catalyzed by oxalic acid and water, it can be found 



that, in the upper troposphere, the oxalic acid-catalyzed SO3 hydration can play an important role in 

promoting the SO3 hydration. 

 

3. Page 2, line 5: is it better to change the second "can" to "thus"? 

 

Reply: We have corrected this error in the revised manuscript (Page 2, line 5). The new content is listed 

below: 

These atmospheric HAT reactions display a main feature that two-point hydrogen bond can occur and 

thus facilitate hydrogen atom transfer 

 

4. Page 2, line 11: "firstly is" should be "is firstly". 

 

Reply: We have corrected this error in the revised manuscript (Page 2, line 11). The new content is 

listed below: 

For the reaction SO3+H2O→H2SO4, the pre-reactive SO3···H2O complex is firstly formed, and the 

complex is then rearranged to produce H2SO4, which was proposed by Castleman et al (Holland and 

Castleman, 1978;Hofmann-Sievert and Castleman, 1984). 

 

5. Page 2, line 11: "rearrange" should be "rearranges". 

 

Reply: We have corrected this error in the revised manuscript (Page 2, line 11). The new content is 

listed below: 

For the reaction SO3+H2O→H2SO4, the pre-reactive SO3···H2O complex is firstly formed, and the 

complex is then rearranged to produce H2SO4, which was proposed by Castleman et al (Holland and 



Castleman, 1978;Hofmann-Sievert and Castleman, 1984). 

 

6. Page 2, line 14:"takes" should be "take". 

 

Reply: We have corrected this error in the revised manuscript (Page 2, line 13). The new content is 

listed below: 

But the subsequent research found that this hydration reaction involving a single water molecule cannot 

take place in the atmosphere due to high energy barrier. 

 

7. Page 2, line 17: "reduce" should be "reduces" 

Reply: We have corrected this error in the revised manuscript (Page 2, line 17). The new content is 

listed below: 

The promoting effect can be mainly attributed to the formation of the two-point hydrogen bond, which 

reduces the ring strain... 

 

8. Page 3, line 15: "for" should be "of". 

 

Reply: We have corrected this error in the revised manuscript (Page 3, line 17). The new content is 

listed below: 

The rate constants of oxalic acid-catalyzed SO3 hydration were calculated using the kinetics analysis, 

and compared with that of water-catalyzed hydration reaction. 

 

9. Page 3, line 17: "... the hydration of SO3 in the second water ..." should be "... the hydration of SO3 

with the second water ...". 



 

Reply: We have corrected this error in the revised manuscript (Page 3, line 19). The new content is 

listed below: 

...we evaluated the importance of the hydration process involving the oxalic acid relative to the 

hydration of SO3 with the second water as a catalyst to form sulfuric acid 

 

10. Page 3, line 20: "reactant, complex, transition state" should be "reactants, complexes, transition 

states". 

 

Reply: We have corrected this error in the revised manuscript (Page 3, line 22). The new content is 

listed below: 

The geometric structures, including all reactants, complexes, transition states and products, were 

optimized using M06-2X method (Zhao and Truhlar, 2008) with 6-311++G(3df,3pd) basis set. 

 

11. Page 4, lines 9-10: "..., the electronic energies based on the ..., while the partition functions obtained 

from ..." should be "..., the electronic energies were based on the ..., while the partition functions were 

obtained from ...". 

 

Reply: We have corrected this error in the revised manuscript (Page 4, line 11 - 12). The new content is 

listed below: 

In the kinetics analysis, the electronic energies were based on the CCSD(T)/cc-pV(T+d)Z level of 

theory, while the partition functions were obtained from the M06-2X/6-311++G(3df,3pd) level of 

theory. 

 



12. Page 4, line 14: "..., it can conclude that the ..." should be "..., it can be concluded that the ...". 

 

Reply: We have corrected this error in the revised manuscript (Page 4, line 16). The new content is 

listed below: 

Base on the discussion in this paper, it can be concluded that the SO3 hydration reactions begin with the 

formation of pre-reactive complex... 

 

13. Page 5: "The corresponding rate constants are that" should be "The corresponding reaction rates are 

that". 

 

Reply: We have corrected this error in the revised manuscript (Page 5, line 7). The new content is listed 

below: 

The corresponding rates are that: ... 

 

14. Page 6, line 10: "react" should be "reacts". 

 

Reply: We have corrected this error in the revised manuscript (Page 7, line 2). The new content is listed 

below: 

One is that water dimer reacts with SO3 to obtain pre-reactive complex, then this complex is rearranged 

to form H2SO4···H2O complex (channel 1); the other begins with the reaction of SO3···H2O complex 

with water, the following rearrangement is the same as the channel 1 (channel 2). 

 

15. Page 6, line 11: "rearrange" should be "rearranges" and "begin" should be "begins". 

 



Reply: We have corrected this error in the revised manuscript (Page 7, line 3). The new content is listed 

below: 

One is that water dimer reacts with SO3 to obtain pre-reactive complex, then this complex is rearranged 

to form H2SO4···H2O complex (channel 1); the other begins with the reaction of SO3···H2O complex 

with water, the following rearrangement is the same as the channel 1 (channel 2). 

 

16. Page 7, line 10: "Table S2-S5" should be "Tables S2-S5". 

 

Reply: We have corrected this error in the revised manuscript (Page 8, line 4). The new content is listed 

below: 

Energies, enthalpies and free energies of all relevant species for oxalic acid catalyzed hydration of SO3 

are summarized in Supplement (Tables S2 - S5). 

 

17. Page 10, line 23: is it better to change "real" to "potential". 

 

Reply: We have corrected this error in the revised manuscript (Page 12, line 15). The new content is 

listed below: 

The main conclusion of this work is that oxalic acid, the most abundant dicarboxylic acid in the 

atmosphere, has the remarkable ability to catalyze SO3 hydration to H2SO4, and has the potential impact 

on the H2SO4 formation in the atmosphere. 

 

18. Page 11, line 3: is it better to change "The energy barrier of hydration reaction of SO3 is about or 

below 1 kcal mol-1" to "Other conformers can catalyze the hydration reaction and the corresponding 

energy barrier is a little higher or less than 1 kcal mol-1". 



 

Reply: Thank you for your advice. We have changed this sentence in the revised manuscript (Page 12, 

line 20). We also put is below: 

Other conformers can catalyze the hydration reaction and the corresponding energy barrier is a little 

higher or less than 1 kcal mol-1. 

 

19. Page 11, line 4: add "that" after "signify". 

 

Reply: We have corrected this error in the revised manuscript and changed the word "signify" to 

"demonstrate" (Page 12, line 21). The new content is listed below: 

The results demonstrate that oxalic acid has the higher catalytic ability than water for SO3 hydration to 

form H2SO4. 

 

20. Page 11, line 5: add "from the view of barrier" after "H2SO4". 

 

Reply: Thank you for your advice. We combined the sentence with the previous sentence into a new 

sentence, and mentioned the two factors (rate constant and concentration). Because the rate constant 

contains the meaning from the view of barrier, we did not add the content. The new sentence is shown 

as follows: 

Page 13, line 2 - 3: Based on the two factors, our calculation shows that, in the upper troposphere, the 

oxalic acid can play an important role in SO3 hydration to form H2SO4. 

 

21. Page 22, the caption of Figure 4. Please add the unit of hydrogen bond length. 

 



Reply: Thank you for your advice. We have added the unit in the caption of Figure 4. The new content 

is listed below: 

Figure 4. Optimized M06-2X/6-311++G(3df,3pd) structures of reactant complexes, pre-reactive 

complexes, transition states and post-reactive complexes for the oxalic acid-catalyzed SO3 hydration 

reaction (distance unit: angstrom). 

 

 



 

 

Author Responses to Anonymous Referee #3 (RC2) 

 

This paper presents quantum chemical calculations for the catalytic role of oxalic acid in the SO3 

hydration to form H2SO4. This topic is appropriate for the ACP journal, and the results of this study are 

somewhat interesting. However, this work is incomplete and the results are poorly presented. Thus, 

significant revision is needed before this paper can be considered for publication in ACP. 

 

Reply: We appreciate the reviewer for your comments and advice. We have revised the manuscript on 

the basis of your comments and advice. The detail replies are itemized below. 

 

From my perspective, the authors should strive to address the following points: 

1. The authors tried to state “the oxalic acid-catalyzed SO3 hydration can compete with water-catalyzed 

SO3 hydration”. To be frank, I cannot assess whether this is correct from the current results. The 

presence of oxalic acid exactly enhances the rate constants for the hydration of SO3, but I know that the 

concentration of water is much great larger than that of oxalic acid in the atmosphere. So I have reason 

to believe that the half-life of water-catalyzed SO3 hydration is much great smaller than that of the 

oxalic acid-catalyzed SO3 hydration. If so, maybe “the oxalic acid-catalyzed SO3 hydration can compete 

with water-catalyzed SO3 hydration” is not correct, except that the authors can prove it. 

 

Reply: The expression "the oxalic acid-catalyzed SO3 hydration can compete with water-catalyzed SO3 

hydration" is really inappropriate. We have changed the expression to "the oxalic acid-catalyzed SO3 

hydration can play an important role in promoting the SO3 hydration". In the oxalic acid or water 



catalyzed SO3 hydration reaction, two factors (rate constant and concentration) affect the reaction rate. 

As shown in Equation 11 and Equation 12 in the manuscript, the comparison of the rate for oxalic acid 

and water catalyzed SO3 hydration is equal to the product of rate constant ratio (kOA/kwater) and 

concentration ratio ([OA]/[water]). Although the concentration of water is great larger than that of 

oxalic acid, on certain conditions, the higher catalytic effect of oxalic acid for SO3 hydration (higher 

rate constant) can compensate for the highly concentration difference between water vapor and oxalic 

acid. According to the analysis about the two factors, it has shown that the oxalic acid-catalyzed 

reaction just is 2 orders of magnitude slower than water-catalyzed reaction at 10 km altitude, and at 12 

km altitude, the water-catalyzed hydration reaction is approximately 10 times faster than the oxalic 

acid-catalyzed SO3 hydration. These results indicate that the oxalic acid-catalyzed SO3 hydration can 

play an important role in promoting the SO3 hydration in the upper troposphere. However, the 

expression "the oxalic acid-catalyzed SO3 hydration can compete with water-catalyzed SO3 hydration", 

especially using the word "compete", is inappropriate. We have changed it in the revised manuscript, 

which also is put below: 

Abstract, Page 1, line 16 - 18: Compared with the rates of SO3 hydration reaction catalyzed by oxalic 

acid and water, it can be found that, in the upper troposphere, the oxalic acid-catalyzed SO3 hydration 

can play an important role in promoting the SO3 hydration. 

Conclusion, Page 13, line 2 - 3: Based on the two factors, our calculation shows that, in the upper 

troposphere, the oxalic acid can play an important role in SO3 hydration to form H2SO4. 

 

2. I remain unconvinced about whether the authors clearly know what the addition, decomposition, 

isomerization, and abstraction reactions are. p2: “Some addition, decomposition, isomerization, and 

abstraction reactions also are the important HAT reaction in the atmosphere.” These reactions are 

parallel, rather than a containment relationship! 



 

Reply: Thank you for your comments. Using the sentence, we want to express that the HAT process in 

the atmosphere can occur in some addition, decomposition, isomerization, and abstraction reactions. We 

know that these reactions are parallel. We express our thought unclearly, and we thank you for pointing 

out this. We have corrected the sentence in the revised manuscript. The new sentence is also shown 

below: 

Page 2, line 1 - 4: The hydrogen atom transfer process can also be found in some addition (Steudel, 

1995;Williams et al., 1983;Courmier et al., 2005;Zhang and Zhang, 2002), decomposition (Rayez et al., 

2002;Kumar and Francisco, 2015;Gutbrod et al., 1996), isomerization (Zheng and Truhlar, 

2010;Atkinson, 2007), and abstraction reactions (Ji et al., 2013;Ji et al., 2017). 

 

3. The authors gave the binding energies of water dimers, RC1, PC1, etc, but didn’t discuss them. I 

think they are not any function in this paper? So either the author add some discussion about the binding 

energies or delete the binding energies. Furthermore, the authors also define what is the binding 

energies. 

 

Reply: Thank you for your comments. We have added some contents to compare binding energies of 

water dimers, SO3···H2O complex and RC1 in our manuscript with that in the previous paper, and have 

deleted the content about the binding energies of PC1. For the binding energies, it always is used in the 

quantum chemical calculations to describe the reaction pathway. 

The added contents are as follows: 

Page 7, line 9 - 13: Moreover, the binding energy of water dimer is consistent with its experimental 

value of 3.15 ± 0.03 kcal mol-1 (Rocher-Casterline et al., 2011), and with theoretical results of 2.90 

(Torrent-Sucarrat et al., 2012), 2.97 (Long et al., 2013), 3.14 (Hazra and Sinha, 2011) and 3.30 kcal 



mol-1 (Klopper et al., 2000). In SO3···H2O complex, the binding energy of 7.38 kcal mol-1 in our paper 

agrees with that from theoretical estimates in the literature: 7.60 (Torrent-Sucarrat et al., 2012), 7.42 

(Long et al., 2013), 7.25 (Hazra and Sinha, 2011) and 7.77 kcal mol-1 (Long  et al., 2012). 

Page 7, line 15 - 16: The RC1 has the binding energy of 14.12 kcal mol-1 relative to SO3+H2O···H2O, 

which is in accord with 13.60 (Torrent-Sucarrat et al., 2012) and 13.76 kcal mol-1 (Long et al., 2013). 

For PC1, we have deleted the content about binding energies (old page 6, line 20, and old page 7 1 - 2). 

The deleted contents are list with strikethrough as follows: 

The post-reactive complex (PC1) which is the complex of sulfuric acid with water is 13.34 kcal mol-1 

below the RC1. In addition, the binding energy of PC1 is 11.02 kcal mol-1 compared to isolated sulfuric 

and water. 

 

 

 

4. In the paper, the authors named the title of each section as “Water-catalyzed hydration reaction of 

SO3”, “Oxalic acid-catalyzed hydration reaction of SO3” and so on. However, I cannot find any results 

about “catalyzed” in these sections. 

 

Reply: We have added the description about the catalyzed process. For water-catalyzed hydration 

reaction of SO3, the added content can be found in Page 7, line 4 - 6, which also is shown as follows: 

In the hydration process, the additional water molecule serves as a catalyst that can promote the reaction 

by making a bridge in the hydrogen atom transfer from water to SO3. 

For oxalic acid-catalyzed hydration reaction of SO3, we have written the new content to describe the 

catalyzed process (Page 8, line 10 - 11), which also is put below: 

In this process, oxalic acid serves as a catalyst to promote SO3 hydration reaction by making a bridge 



when the hydrogen atom transfers from H2O to SO3. 

 

5. The authors pointed out that oxalic acid as one of the hydrogen donors and/or acceptors could 

catalyze the hydration reaction of SO3, through the formation of twopoint hydrogen bond. Is it possible 

that all the hydration reaction of SO3 could be enhanced in the presence of any species with the 

formation the two-point hydrogen bond? So, the authors should summary the relationship with these 

species and the enhancement of the hydration reaction of SO3. 

 

Reply: Thank you for your comments and advice. All species, which can form the two-point hydrogen 

bond with SO3 and H2O, have the potential to catalyze SO3 hydration reaction. However, the 

enhancement effect of these species on SO3 hydration reaction in the atmosphere needs to evaluate. 

Although some species can catalyze SO3 hydration, the catalytic effect of the species is not enough to 

compensate for the very high difference in the concentration of water vapor and the species. For these 

species, it is of minor importance in the atmosphere for enhancing SO3 hydration.  

We accept your advice. We summarized the relationship with these species and the enhancement of the 

hydration reaction of SO3 in the revised manuscript. The corresponding contents also are shown as 

follows: 

Page 12, line 6 - 12: It has been shown that some species including nitric acid, sulfuric acid, formic acid, 

ammonia, hydroperoxy radical and oxalic acid in our study can catalyze the SO3 hydration reaction. By 

forming two-point hydrogen bond, these species can make a bridge to promote the hydration reaction. It 

may be concluded that, as long as the species can form two-point hydrogen bond with water molecule 

and SO3, it has the potential to promote the SO3 hydration reaction. However, the real atmospheric 

importance about the species-catalyzed SO3 hydration reaction needs to be evaluated. That is, compared 

to water catalyzed SO3 hydration reaction, the species must have the sufficient catalytic effect, leading 



to the increase of rate constants, so as to compensate for the highly concentration difference between 

water vapor and the species. 

 

6. I also cannot assess the key ingredient: whether the details of the kinetic calculations are correct. As 

we know, limit value of atmospheric gas phase rate constant should not be not more than 10-9 cm3 

molecule-1 s-1, especially for the reaction with barrier. However, the calculated rate constants in this 

work are only 10-5, 10-6, and 10-10 cm3 molecule-1 s-1 for some reactions. So, I think the authors should 

check their methods and results. 

 

Reply: For the rate constant, we will firstly explain the reason for the result and then describe how to 

adjust it. When a catalyst occurs, the process of SO3 hydration reaction can be formulated as (M 

represents H2O or oxalic acid conformers in this manuscript): 
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In the initial manuscript, rate calculation started from (1b) and (2b), and (1a) and (1b) are not 

considered. The reason is that the rate from (1b) can be described as ν = k[SO3···H2O][M]. And the 

relative rate between oxalic acid and water catalyzed SO3 hydration is νOA/νwater = 

kOA[SO3···H2O][OA]/kwater[SO3···H2O][H2O] = kOA[OA]/kwater[H2O]. The concentration of SO3···H2O 

complex can be eliminated.  

Using the method above, the calculated rate constant is not the rate constant of the whole hydration 



process. So, the rate constant is larger than the limit value. As we focus on the relative rate, when 

reaction processes (1b) and (2b) are selected as the entrance of rate calculation, we can also obtain the 

relative rate so as to evaluate the importance of oxalic acid. This is the reason that we select the (1b) and 

(2b) as the entrance of rate calculation, and that the rate constant is larger than the limit value. 

But for making the rate constant more meaningful, we recalculated rate constants of the whole 

hydration process (for channel 1, including (1a) and (1b); for channel, including (2a) and (2b)). The 

method has been adjusted in the revised manuscript. The changed content also is shown below: 

Page 4, line 18 - 19: 
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Page 5, line 5 - 10: 
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The corresponding rates are that: 



1 2

1

11 2

1 _ 3 2 2 _ 3 2 2 1 3 2 21

1 2

[ ][ ][ ] [ ][ ][ ] [ ][ ][ ]
eq eq

w

w

w uni w uni w ww

k k
k SO H O H O K K k SO H O H O k SO H O H O

k k
v

 

     (5) 

1 2

2 2

2 21 2

2 _ 3 2 2 _ 3 2 2 2 3 2 22 2

1 2

[ ][ ][ ] [ ][ ][ ] [ ][ ][ ]
eq eq

w w

w w

w uni w uni w ww w

k k
k SO H O H O K K k SO H O H O k SO H O H O

k k
v

 

     (6) 

Page 5, line 12 - 14 and Page 6, line 1 - 2: 
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Page 6, line 5 - 13: 
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To assess the importance of oxalic acid in SO3 hydration to H2SO4 in the atmosphere, the relative rate 

can be used as: 
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It can easily be inferred from these equations that the rate constants are same for Reaction 1 (kw1) and 



Reaction 2 (kw2), as well as for Reaction X1 (kX1) and Reaction X2 (kX2) (for proof, see Supplement, 

Text S1). Thus, the relative rate values in Equation 11 and Equation 12 are same. Base on these reasons, 

we will only compare the relative rate νX1/νw1 in this paper. 

In addition, we also recalculated the single point energy using the level of theory 

(CCSD(T)/cc-pV(T+d)Z) so as to obtain the more accurate result. By adjusting the method for the rate 

calculation and changing the energy calculation method, we can obtain more meaningful and accurate 

results. New tables about rate constants, relative rate constants and relative rate are shown in revised 

manuscript (Table 1, Table 2 and Table 5). We also put the old and new tables below: 

The old Table 1: 

Table 1. Rate constants (in cm3 molecule-1 s-1) of SO3 hydration reaction catalyzed by water and by oxalic acid at different 

altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

kw1 1.51×10-12 2.01×10-12 2.99×10-12 4.62×10-12 7.44×10-12 1.27×10-11 2.26×10-11 3.13×10-11 

kw2 3.12×10-12 5.06×10-12 9.95×10-12 2.08×10-11 4.71×10-11 1.16×10-10 3.15×10-10 5.46×10-10 

kcTt1 5.87×10-8 1.26×10-7 3.67×10-7 1.19×10-6 4.39×10-6 1.86×10-5 9.33×10-5 2.29×10-4 

kcTt2 1.05×10-9 1.94×10-9 4.60×10-9 1.19×10-8 3.40×10-8 1.09×10-7 4.02×10-7 8.27×10-7 

ktTt1 1.99×10-6 4.84×10-6 1.69×10-5 6.70×10-5 3.07×10-4 1.66×10-3 1.10×10-2 3.12×10-2 

ktTt2 5.81×10-8 1.24×10-7 3.60×10-7 1.16×10-6 4.26×10-6 1.80×10-5 8.96×10-5 2.19×10-4 

ktCt1 3.10×10-6 7.83×10-6 2.88×10-5 1.21×10-4 5.88×10-4 3.40×10-3 2.42×10-2 7.18×10-2 

ktCt1 7.77×10-8 1.70×10-7 5.13×10-7 1.73×10-6 6.58×10-6 2.91×10-5 1.53×10-4 3.85×10-4 

kcCt1 1.02×10-5 2.65×10-5 1.02×10-4 4.49×10-4 2.32×10-3 1.43×10-2 1.09×10-1 3.35×10-1 

kcCt1 5.48×10-8 1.16×10-7 3.37×10-7 1.08×10-6 3.94×10-6 1.65×10-5 8.21×10-5 1.99×10-4 

 

The new Table 1: 

Table 1. Rate constants (in cm6 molecule-2 s-1) of SO3 hydration reaction catalyzed by water and by oxalic acid at different 

altitudes. 

altitude 0 0 2 4 6 8 10 12 



(km) 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

kw1 (kw2) 4.21×10-31 9.74×10-31 3.19×10-30 1.18×10-29 4.94×10-29 2.45×10-28 1.46×10-27 3.92×10-27 

kcTt1 (kcTt2) 6.45×10-28 2.16×10-27 1.18×10-26 7.67×10-26 6.09×10-25 6.09×10-24 8.00×10-23 3.35×10-22 

ktTt1 (ktTt2) 2.32×10-26 8.79×10-26 5.81×10-25 4.63×10-24 4.56×10-23 5.86×10-22 1.02×10-20 4.97×10-20 

ktCt1 (ktCt2) 4.08×10-26 1.62×10-25 1.13×10-24 9.55×10-24 1.01×10-22 1.40×10-21 2.64×10-20 1.35×10-19 

kcCt1 (kcCt2) 1.39×10-25 5.70×10-25 4.17×10-24 3.71×10-23 4.17×10-22 6.15×10-21 1.24×10-19 6.61×10-19 

 

 

The old Table 2: 

Table 2. Relative rate constants of oxalic acid catalyzed SO3 hydration with respect to water catalyzed SO3 hydration at 

different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

kcTt1/kw1 3.88×104 6.27×104 1.23×105 2.58×105 5.90×105 1.47×106 4.12×106 7.30×106 

kcTt2/kw2 3.36×102 3.83×102 4.63×102 5.70×102 7.22×102 9.41×102 1.28×103 1.52×103 

ktTt1/kw1 1.31×106 2.41×106 5.65×106 1.45×107 4.13×107 1.31×108 4.84×108 9.95×108 

ktTt2/kw2 1.86×104 2.45×104 3.62×104 5.58×104 9.04×104 1.55×105 2.85×105 4.00×105 

ktCt1/kw1 2.05×106 3.90×106 9.62×106 2.61×107 7.91×107 2.69×108 1.07×109 2.29×109 

ktCt2/kw2 2.49×104 3.37×104 5.16×104 8.26×104 1.40×105 2.51×105 4.88×105 7.06×105 

kcCt1/kw1 6.73×106 1.32×107 3.42×107 9.72×107 3.12×108 1.13×109 4.80×109 1.07×1010 

kcCt2/kw2 1.76×104 2.30×104 3.39×104 5.19×104 8.37×104 1.43×105 2.61×105 3.65×105 

 

The new Table 2: 

Table 2. Relative rate constants of oxalic acid catalyzed SO3 hydration with respect to water catalyzed SO3 hydration at 

different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

kcTt1/kw1 1.53×103 2.21×103 3.70×103 6.52×103 1.23×104 2.49×104 5.49×104 8.54×104 



ktTt1/kw1 5.50×104 9.03×104 1.82×105 3.94×105 9.24×105 2.40×106 6.98×106 1.27×107 

ktCt1/kw1 9.70×104 1.66×105 3.53×105 8.12×105 2.05×106 5.73×106 1.81×107 3.45×107 

kcCt1/kw1 3.31×105 5.86×105 1.31×106 3.16×106 8.44×106 2.51×107 8.54×107 1.69×108 

 

The old Table 5: 

Table 5. Relative rate of SO3 hydration reaction catalyzed by oxalic acid and by water at different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15 288.15 275.15 262.17 249.19 236.22 223.25 216.65 

aνSO3···H2O+

OA/νSO3···H2

O+H2O 

8.62×10-5 3.54×10-4 1.00×10-3 4.08×10-3 1.82×10-2 9.74×10-2 1.12 6.78 

aThe rate νSO3···H2O+OA represents the sum of reaction rate for SO3···H2O complex with four oxalic acid conformers (cTt, tTt, 

tCt, cCt). The rate (νSO3···H2O+cTt/νSO3···H2O+H2O, νSO3···H2O+tTt/νSO3···H2O+H2O, νSO3···H2O+tCt/νSO3···H2O+H2O, νSO3···H2O+cCt/νSO3···H2O+H2O) 

are shown in Table S10. 

 

The new Table 5: 

Table 5. Relative rate of SO3 hydration reaction catalyzed by oxalic acid and by water at different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15 288.15 275.15 262.17 249.19 236.22 223.25 216.65 

aνOA1/νw1 3.87×10-6 1.43×10-5 3.47×10-5 1.20×10-4 4.43×10-4 1.95×10-3 1.80×10-2 9.53×10-2 

aThe rate νOA1 represents the sum of reaction rate for Reaction X1 (X=cTt, tTt, tCt, cCt). The rate (νcTt1/νw1, νtTt1/νw1, νtCt1/νw1, 

νcCt1/νw1) are shown in Table S10. 

 

As these data have been changed, the corresponding discussion is also different. We rewrote these 

corresponding contents in the revised manuscript. These new contents also are shown as follows: 

Page 10, line 13 - 16: As shown in Table 1, the rate constant of the Reaction 1 changes from 4.21 × 10-31 

cm6 molecule-2 s-1 (298.15 K at 0 km altitude) to 3.92 × 10-27 cm6 molecule-2 s-1 (216.15 K at 12 km 



altitude). For the Reaction X1, the transformation of rate constants in the range of altitudes can also be 

found (kcTt1: from 6.45 × 10-28 to 3.35 × 10-22; ktTt1: from 2.32 × 10-26 to 4.97 × 10-20; ktCt1: from 4.08 × 

10-26 to 1.35 × 10-19; kcCt1: from 1.39 × 10-25 to 6.61 × 10-19 cm6 molecule-2 s-1). 

Page 10, line 17 - 19: Obviously, the rate constant in the oxalic acid-catalyzed SO3 hydration reaction is 

about 103 - 108 times larger than that for water-catalyzed SO3 hydration reaction within the range of 

altitudes. 

Page 11, line 20 - 23: As shown in Table 5, reaction rate ratios between the SO3 hydration reactions 

catalyzed oxalic acid conformers (cTt, tTt, tCt and cCt) and the SO3 hydration reaction catalyzed by 

H2O are described. At an altitude of 0 km, the rate ratio for these two reactions is in the range of 10-5 - 

10-6 at two temperatures (298.15 K and 288.15 K), which indicates that the oxalic acid-catalyzed SO3 

hydration is of minor importance at 0 km with different temperatures. 

Page 12, line 1 - 5: When the altitude increases to 10 km, the oxalic acid-catalyzed reaction is just 2 

orders of magnitude slower than water-catalyzed reaction. At 12 km altitude, the water-catalyzed 

hydration reaction is approximately 10 times faster than the oxalic acid-catalyzed SO3 hydration. To 

sum up, the comparison of relative rate shows that, in the upper troposphere, the oxalic acid can play a 

significant role in enhancing SO3 hydration to H2SO4. 

 

 

7. The authors mentioned that “hydroperoxy radical, formic acid, sulfuric acid (TorrentSucarrat et al., 

2012), nitric acid and ammonia have been reported to replace the second water to catalyze the hydration 

reaction of SO3.” I think the authors should compare the catalytic effect of these species with oxalic 

acid? 

 

Reply: Thank you for your advice. We have compared the catalytic effect of these species with oxalic 



acid, and found that the oxalic acid has a good performance. That is, the catalytic effect of oxalic acid in 

SO3 hydration reaction is better than nitric acid, sulfuric acid, and similar to formic acid, but weaker 

than ammonia. The added content are shown in revised manuscript (Page 10, line 21 - 23 and Page 11, 

line 1 - 7), which also is put below: 

As seen from Table2, at 298.15 K, the oxalic acid-catalyzed SO3 hydration reaction is 103 - 105 faster 

than the corresponding water-catalyzed reaction (kcTt1/kw1: 1.53 × 103; ktTt1/kw1: 5.50 × 104; ktCt1/kw1:  

9.70 × 104; kcCt1/kw1: 3.31 × 105). In order to evaluate the catalytic effect of oxalic acid, we also list the 

rate constant ratio between other species and water catalyzed SO3 hydration reaction. At 298 K, the 

nitric acid catalyzed rate constant is just 1.19 times larger than water catalyzed rate constant (Long et al., 

2013). When sulfuric acid functions as autocatalyst, the value of rate constant ratio is around 102 

(Torrent-Sucarrat et al., 2012). When the formic acid acts as a catalyst, its rate constant is 104 greater 

than that of water-catalyzed SO3 hydration at 300 K (Hazra and Sinha, 2011). The rate constant for 

ammonia catalyzed SO3 hydration is 7 orders of magnitude larger than that for water catalyzed rate 

constant at 298 K (Bandyopadhyay et al., 2017). These results indicate that the catalytic effect of oxalic 

acid in SO3 hydration reaction is better than nitric acid, sulfuric acid, and similar to formic acid, but 

weaker than ammonia. 

 

8. The paper is required to be revised by native English speakers. 

 

Reply: Thank you for your advice. The English language is edited by an English teacher. The revision 

has been marked in green color in the revised manuscript. We also put these revisions below: 

 

Page 1, line 13: "Some atmospheric species can involve in and facilitate the reaction" is modified to 

"Some atmospheric species can be involved in and facilitate the reaction". 



 

Page 1, line 15: "The energy barrier of SO3 hydration reaction catalyzed by oxalic acid (cTt, tTt, tCt and 

cCt conformers) is about or below 1 kcal mol-1, ..." is modified to " The energy barrier of SO3 hydration 

reaction catalyzed by oxalic acid (cTt, tTt, tCt and cCt conformers) is a little higher or less than 1 kcal 

mol-1, ...". 

 

Page 2, line 4: "These atmospheric HAT reactions have a main feature that two-point hydrogen bond 

can occur ..." is modified to " These atmospheric HAT reactions display a main feature that two-point 

hydrogen bond can occur ...". 

 

Page 2, line 8: "Thus, the effect of catalysts on promoting atmospheric HAT reactions has attracted more 

attention of atmospheric scientists" is modified to "Thus, the effect of catalysts on promoting 

atmospheric HAT reactions has attracted more attention from atmospheric scientists". 

 

Page 2, line 11: "For the reaction SO3+H2O→H2SO4, the pre-reactive SO3···H2O complex firstly is 

formed, and the complex then rearrange to form H2SO4, which was proposed by Castleman et al" is 

modified to "For the reaction SO3 + H2O → H2SO4, the pre-reactive SO3···H2O complex is formed 

firstly, and the complex is then rearranged to produce H2SO4, which was proposed by Castleman et al". 

 

Page 2, line 19: "It has also been shown that some other atmosphere molecules can behave as a catalyst 

to promote the hydration of SO3" is modified to "It has also been shown that some other atmospheric 

molecules can serve as a catalyst to promote the hydration of SO3". 

 

Page 3, line 2: "In addition to accumulating in aerosols ..." is modified to "In addition to its 



accumulation in aerosols ...". 

 

Page 3, line 6: "... that it can form stable complexes with water ..." is modified to "... that it can generate 

stable complexes with water ...". 

 

Page 3, line 8: "The potential of oxalic acid for contributing to the NPF is mainly attributed to its 

capability of forming hydrogen bond with hydroxyl and/or carbonyl-type functional group" is modified 

to "For oxalic acid, its potential to promote the NPF is mainly attributed to its capability of forming 

hydrogen bond with hydroxyl and/or carbonyl-type functional group". 

 

Page 3, line 14: "As is known, oxalic acid can exist in several conformational forms ..." is modified to 

"It is known that oxalic acid can exist in several conformational forms ...". 

 

Page 3, line 22: "The geometric structures including all reactant, complex, transition state and products 

were optimized using M06-2X method (Zhao and Truhlar, 2008) with 6-311++G(3df,3pd) basis set" is 

modified to "The geometric structures, including all reactants, complexes, transition states and products, 

were optimized using M06-2X method (Zhao and Truhlar, 2008) with 6-311++G(3df,3pd) basis set". 

 

Page 4, line 2 - 3:"... through the criterion that no imaginary frequencies for the local minimum point 

and one imaginary frequency for transition states" is modified to "... through the criterion that there are 

no imaginary frequencies for the local minimum point and one imaginary frequency for transition 

states". 

 

Page 4, line 8: "To obtain the conformational population of oxalic acid in different temperature more 



accurately ..." is modified to "To obtain more accurate conformational population of oxalic acid in 

different temperature ...". 

 

Page 4, line 16 - 17: "On the basis of the discussion in this paper, it can conclude that the hydration 

reactions begin with the formation of pre-reactive complex, and then undergo a transition state to form 

post-reactive complex" is modified to "Base on the discussion in this paper, it can be concluded that 

SO3 hydration reactions begin with the formation of pre-reactive complex, and then pass by a transition 

state to form a post-reactive complex". 

 

Page 5, line 2: "... kuni is the rate constant for unimolecular reaction of pre-reactive complex to 

post-reactive complex" is modified to "... kuni is the rate constant for a unimolecular reaction from the 

pre-reactive complex to post-reactive complex". 

 

Page 5, line 10 - 11: "For oxalic acid-catalyzed hydration reaction of SO3, it also has two reaction 

channels and has the similar features as the water-assisted hydration process" is modified to "For oxalic 

acid-catalyzed hydration reaction of SO3, there are two reaction channels and the same features as in the 

water-assisted hydration process". 

 

Page 6, line 16 - 17: "Although the hydration of SO3 involving two water molecules has been talked 

about many times, we still include it in our paper so as to compare this reaction with ..." is modified to 

"Although the hydration of SO3 involving two water molecules has been discussed many times, we still 

include it in our paper so as to compare it with ...". 

 

Page 7, line 2 - 4: "The one is that water dimer react with SO3 to obtain pre-reactive complex, then this 



complex rearrange to form H2SO4···H2O complex (channel 1); the other begin with the reaction of 

SO3···H2O complex with water, the following rearrangement is the same as the channel 1 (channel 2)" 

is modified to "One is that water dimer reacts with SO3 to obtain the pre-reactive complex, then this 

complex is rearranged to form H2SO4···H2O complex (channel 1); the other begins with the reaction of 

SO3···H2O complex with water, the following reaction process is the same as the channel 1 (channel 

2)". 

 

Page 8, line 6: " The failure of this transfer is due to that the hydrogen and oxygen atom involving in 

two-point hydrogen bond do not come from the same carboxyl group" is modified to "The transfer 

failure is attributed to the fact that the hydrogen and oxygen atom involving in two-point hydrogen bond 

do not come from the same carboxyl group". 

 

Page 9, line 1 - 5: " In the two channels starting from the tCt···H2O + SO3 entry and SO3···H2O + tCt 

entry, the same pre-reactive complex (RCtCt) can be formed with the binding energy of 13.11 kcal mol-1, 

15.56 kcal mol-1, respectively, with respect to the two reactants. The RCtCt proceeds via the transition 

state (TStCt) lying above RCtCt by 0.28 kcal mol-1 into post-reactive complex (PCtCt), which is 14.01 kcal 

mol-1 more stable than the RCtCt complex. The PCtCt complex also can be formed from the H2SO4 and 

tTt conformer with the energy release of 17.73 kcal mol-1" is modified to "In the two channels, the same 

pre-reactive complex (RCtCt) can be formed with the binding energy of 12.92 kcal mol-1 relative to 

tCt···H2O + SO3, 15.63 kcal mol-1 with respect to SO3···H2O + tCt, respectively. The RCtCt proceeds via 

the transition state (TStCt) (with energy barrier of 0.05 kcal mol-1) into post-reactive complex (PCtCt). 

The PCtCt complex can also be generated from the H2SO4 and tTt conformer releasing 16.98 kcal mol-1 

of energy". 

 



Page 9, line 14: "Another thing we want to mention is that ..." is modified to "Another point worth 

mentioning is that ...". 

 

Page 11, line 8: " Based on the calculated Gibbs free energy at G4 level (see Table S8), and assuming a 

Boltzmann distribution, the mole fractions for oxalic acid conformers can be obtained (Table 3)" is 

modified to "Based on the calculated Gibbs free energy at G4 level (see Table S8) and an assumption of 

Boltzmann distribution, mole fractions for oxalic acid conformers can be obtained (Table 3)". 

 

Page 12, line 21: "The results signify oxalic acid has the higher catalytic ability than water for SO3 

hydration to form H2SO4" is modified to "The results demonstrate that oxalic acid has the stronger 

catalytic ability than water for SO3 hydration to form H2SO4". 
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Abstract: The hydration of SO3 plays an important role in atmospheric sulfuric acid formation. Some atmospheric species 

can be involved in and facilitate the reaction. In this work, using quantum chemical calculations, we show that oxalic acid, 

the most common dicarboxylic acid in the atmosphere, can effectively catalyze the hydration of SO3. The energy barrier of 

SO3 hydration reaction catalyzed by oxalic acid (cTt, tTt, tCt and cCt conformers) is a little higher or less than 1 kcal mol-1, 15 

which is lower than the energy barrier of 5.17 kcal mol-1 for water-catalyzed SO3 hydration. Compared with the rates of SO3 

hydration reaction catalyzed by oxalic acid and water, it can be found that, in the upper troposphere, the oxalic 

acid-catalyzed SO3 hydration can play an important role in promoting the SO3 hydration. It leads us to conclude that the 

involvement of oxalic acid in SO3 hydration to form H2SO4 is significant in the atmosphere. 

 20 

1. Introduction 

In the atmosphere, hydrogen atom transfer (HAT) reactions play a significant role in many processes. The radical 

reaction (R-H+OH→R+H2O), as the most traditional HAT reaction, can be widely found in the atmosphere (Alvarez-Idaboy 
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et al., 2001;Cameron et al., 2002;Steckler et al., 1997;Atkinson et al., 2006). The hydrogen atom transfer process can also be 

found in some addition (Steudel, 1995;Williams et al., 1983;Courmier et al., 2005;Zhang and Zhang, 2002), decomposition 

(Rayez et al., 2002;Kumar and Francisco, 2015;Gutbrod et al., 1996), isomerization (Zheng and Truhlar, 2010;Atkinson, 

2007), and abstraction reactions (Ji et al., 2013;Ji et al., 2017). These atmospheric HAT reactions display a main feature that 

two-point hydrogen bond can occur and thus facilitates hydrogen atom transfer (Kumar et al., 2016). Water molecules, acids 5 

and other catalysts, acting as hydrogen donors and acceptors, can contribute to the formation of two-point hydrogen bond 

(Vöhringer-Martinez et al., 2007;da Silva, 2010;Gonzalez et al., 2010;Bandyopadhyay et al., 2017). Thus, the effect of 

catalysts on promoting atmospheric HAT reactions has attracted more attention from atmospheric scientists. 

The hydration of SO3 to form sulfuric acid is a typical addition reaction involving the hydrogen atom transfer. In the 

atmosphere, this hydration reaction is regarded as the main source of gas-phase sulfuric acid. For the reaction SO3 + H2O → 10 

H2SO4, the pre-reactive SO3···H2O complex is formed firstly, and the complex is then rearranged to produce H2SO4, which 

was proposed by Castleman et al (Holland and Castleman, 1978;Hofmann-Sievert and Castleman, 1984). But the subsequent 

research found that this hydration reaction involving a single water molecule cannot take place in the atmosphere due to its 

high energy barrier (Hofmann and Schleyer, 1994;Morokuma and Muguruma, 1994;Steudel, 1995). The inclusion of a 

second water molecule in the above reaction has been proven to significantly reduce the hydration energy barrier (Morokuma 15 

and Muguruma, 1994;Loerting and Liedl, 2000;Larson et al., 2000). The promoting effect can be mainly attributed to the 

formation of the two-point hydrogen bond, which reduces the ring strain occurring in the pre-reactive complex, and 

facilitates the rearrangement of the pre-reactive complex via double hydrogen atom transfer. It has also been shown that 

some other atmospheric molecules can serve as a catalyst to promote the hydration of SO3. To the best of our knowledge, 

hydroperoxy radical (Gonzalez et al., 2010), formic acid (Hazra and Sinha, 2011;Long  et al., 2012), sulfuric acid 20 

(Torrent-Sucarrat et al., 2012), nitric acid (Long et al., 2013) and ammonia (Bandyopadhyay et al., 2017) have been reported 

to replace the second water molecule to catalyze the hydration reaction of SO3. 

Oxalic acid (OA), the most prevalent dicarboxylic acid in the atmosphere (Ho et al., 2015;Kawamura and Ikushima, 
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1993), is the water-soluble organic acid, so it has high concentration in aerosols (Kawamura et al., 2013;van Pinxteren et al., 

2014;Deshmukh et al., 2016;Wang et al., 2016). In addition to its accumulation in aerosols, oxalic acid, as an organic acid in 

the gas phase, has been found to enhance the new particle formation (NPF) (Xu et al., 2010;Weber et al., 2012;Xu and Zhang, 

2012;Weber et al., 2014;Peng et al., 2015;Miao et al., 2015;Zhao et al., 2016;Chen et al., 2017;Xu et al., 2017;Arquero et al., 

2017;Zhang, 2010). Theoretical studies about the effect of oxalic acid on atmospheric particle nucleation and growth have 5 

shown that it can generate stable complexes with water (Weber et al., 2012), sulfuric acid (Xu et al., 2010;Xu and Zhang, 

2012;Miao et al., 2015;Zhao et al., 2016), ammonia (Weber et al., 2014;Peng et al., 2015) and amines (Chen et al., 2017;Xu 

et al., 2017;Arquero et al., 2017) via intermolecular hydrogen bond. For oxalic acid, its potential to promote the NPF is 

mainly attributed to its capability of forming hydrogen bond with hydroxyl and/or carbonyl-type functional group. Opposite 

to monocarboxylic acids, dicarboxylic acids such as oxalic acid has been proved to enhance nucleation in two directions 10 

because of its two acid moieties (Xu and Zhang, 2012). Thus, it can be believed that oxalic acid is good candidate for 

catalyzing the hydrogen atom transfer reaction in the atmosphere. 

In this paper, we reported the hydration reaction of SO3 in the presence of oxalic acid, aiming to study the catalytic 

effect and importance of oxalic acid in the hydration of SO3. It is known that oxalic acid can exist in several conformational 

forms (Buemi, 2009), which can be identified through the nomenclature used by Niemen et al (Nieminen et al., 1992). Thus, 15 

five stable conformers of oxalic acid were considered in this work. The rate constants of oxalic acid-catalyzed SO3 hydration 

were calculated using the kinetics analysis, and compared with that of water-catalyzed hydration reaction. Finally, combining 

concentrations of reactants with the rate constants, we evaluated the importance of the hydration process involving the oxalic 

acid relative to the hydration of SO3 with the second water as a catalyst to form sulfuric acid. 

2. Computational details 20 

Gaussian 09 suite of software (Frisch et al., 2010) was used in this work to perform all electronic structure calculations. 

The geometric structures, including all reactants, complexes, transition states and products, were optimized using M06-2X 

method (Zhao and Truhlar, 2008) with 6-311++G(3df,3pd) basis set. For M06-2X method, the ultrafine integration grid was 
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chosen to enhance calculation accuracy at reasonable additional cost. The frequency calculations were carried out at the 

same level after geometric optimization to verify the local minimum points and transition states through the criterion that 

there are no imaginary frequencies for the local minimum point and one imaginary frequency for transition states. According 

to frequency calculations, the zero point energies (ZPE) and thermal corrections can also be obtained. The intrinsic reaction 

coordinate (IRC) calculation (Fukui, 1981;Hratchian and Schlegel, 2004;Hratchian and Schlegel, 2005) was performed to 5 

ensure that the transition states are connected with the corresponding reactants and products. A high level ab initio method, 

CCSD(T) method (Purvis and Bartlett, 1982;Pople et al., 1987), with the cc-pV(T+d)Z basis set was used to refine the 

single-point energies of these optimized species. To obtain more accurate conformational population of oxalic acid in 

different temperature, the quantum chemistry composite method, Gaussian 4 (G4) theory (Curtiss et al., 2007), also was 

performed for oxalic acid conformers. 10 

In the kinetics analysis, the electronic energies were based on the CCSD(T)/cc-pV(T+d)Z level of theory, while the 

partition functions were obtained from the M06-2X/6-311++G(3df,3pd) level of theory. The rate constants for the 

rearrangement process of SO3 hydration reaction was estimated using conventional transition-state theory (TST) (Truhlar et 

al., 1996) with Wigner tunneling correction. All kinetics analyses were executed in the KiSThelP program (Canneaux et al., 

2014). The kinetics analyses are summarized as follows. 15 

Base on the discussion in this paper, it can be concluded that SO3 hydration reactions begin with the formation of 

pre-reactive complex, and then pass by a transition state to form a post-reactive complex. This process can be characterized 

by the following equation: 
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Assuming that the complexes are in equilibrium with their reactants and that the steady state approximation is applied to 20 

the pre-reactive complex, the reaction rate can be formulated as  
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where Keq1 , Keq2 are the equilibrium constants and kuni is the rate constant for a unimolecular reaction from the pre-reactive 

complex to post-reactive complex. 

In the water-catalyzed hydration process, two channels can be written as: 
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The corresponding rates are: 
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For oxalic acid-catalyzed hydration reaction of SO3, there are two reaction channels and the same features as in the 10 

water-assisted hydration process. The two channels can be shown as follows: 

1

1

3 2 3 2

3 2 3 2 2 4

1

1

2 _

2

1 :

'
X

X

uni Xk

k

k

k

k

SO H O SO H O

SO H O X SO H O X H

Reaction X

SO X











 



   

        (7) 



6 
 

2

2

2

2

2 2

3 2 3 2 2 4

1

1

2 _

2

'

2 :

X

X

X

X

uni Xk

k

k

k

k

Reaction

H O X H O X

SO H O X SO H O X H S

X

O X











 



   

        (8) 

Here, the symbol X in these two equations represents the different conformers of oxalic acid (namely, cTt, tTt, tCt and 

cCt conformer). 

The corresponding rate of SO3 hydration involving in oxalic acid can be obtained from the following equations: 
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To assess the importance of oxalic acid in SO3 hydration to H2SO4 in the atmosphere, the relative rate can be used as 
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It can be easily inferred from these equations that rate constants are the same for Reaction 1 (kw1) and Reaction 2 (kw2), 10 

as well as for Reaction X1 (kX1) and Reaction X2 (kX2) (for proof, see Supplement, Text S1). Thus, the relative rate values in 

Equation 11 and Equation 12 are the same. On account of these reasons, we will only compare the relative rate νX1/νw1 in this 

paper. 

3. Results and discussion 

3.1. Water-catalyzed hydration reaction of SO3 15 

Although the hydration of SO3 involving two water molecules has been discussed many times, we still include it in our 

paper so as to compare it with the following SO3 hydration reactions catalyzed by oxalic acid at the same theoretical level, 
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that is, at CCSD(T)/cc-pV(T+d)Z//M06-2X/6-311++G(3df,3pd) level. For the reaction SO3+2H2O, the existence of two 

pathways has become a consensus. One is that water dimer reacts with SO3 to obtain the pre-reactive complex, then this 

complex is rearranged to form H2SO4···H2O complex (channel 1); the other begins with the reaction of SO3···H2O complex 

with water, the following reaction process is the same as the channel 1 (channel 2). In the hydration process, the additional 

water molecule serves as a catalyst that can promote the reaction by making a bridge in the hydrogen atom transfer from 5 

water to SO3. The potential energy profile and geometric structures can be found in Fig. 1. Other results about the reaction 

are put into Supplement (Table S1). 

From the two channels, it is clear that the binding energy of water dimer is 3.80 kcal mol-1, and that of SO3···H2O 

complex is 7.38 kcal·mol-1. Moreover, the binding energy of water dimer is consistent with its experimental value of 3.15 ± 

0.03 kcal mol-1 (Rocher-Casterline et al., 2011), and with theoretical results of 2.90 (Torrent-Sucarrat et al., 2012), 2.97 10 

(Long et al., 2013), 3.14 (Hazra and Sinha, 2011) and 3.30 kcal mol-1 (Klopper et al., 2000). In SO3···H2O complex, the 

binding energy of 7.38 kcal mol-1 in our paper agrees with that from theoretical estimates in the literature: 7.60 

(Torrent-Sucarrat et al., 2012), 7.42 (Long et al., 2013), 7.25 (Hazra and Sinha, 2011) and 7.77 kcal mol-1 (Long  et al., 2012). 

As shown in the Fig. 1, the two pathways involve the formation of the same pre-reactive complex (RC1) and the same 

subsequent processes. The RC1 has the binding energy of 14.12 kcal mol-1 relative to SO3+H2O···H2O, which is in accord 15 

with 13.60 (Torrent-Sucarrat et al., 2012) and 13.76 kcal mol-1 (Long et al., 2013). The RC1 consists of a six-membered ring 

structure, in which two hydrogen bonds (or called two-point hydrogen bond) between Ha and O2, Hb and O3, can be found. 

The formation of sulfuric acid from the RC1 needs to go through the rearrangement process with a transition state, which is a 

rate-limiting step with the barrier energy of 5.17 kcal mol-1 with respect to the RC1.  

3.2. Oxalic acid-catalyzed hydration reaction of SO3 20 

Oxalic acid conformers, as shown in Fig. 2, are named according to the configurations of H-O-C-C and O=C-C=O 

dihedral angle: the low-case letters refer to cis (c) or trans (t) configuration of H-O-C-C; the upper-case letters relate to cis (C) 

or tans (T) configuration of O=C-C=O. The nomenclature about conformers of oxalic acid is proposed by Nieminen et 
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al(Nieminen et al., 1992). 

The calculated potential energy profile for oxalic acid-catalyzed hydration reaction of SO3 is depicted in Fig. 3, and the 

corresponding geometry structures are shown in Fig. 4. Energies, enthalpies and free energies in all relevant species for 

oxalic acid catalyzed hydration of SO3 are summarized in Supplement (Tables S2 - S5). From the two figures, it is obvious 

that the cTc conformer cannot act as a catalyst in the hydration reaction because the hydrogen atom transfer cannot occur. 5 

The transfer failure is attributed to the fact that the hydrogen and oxygen atom involving in two-point hydrogen bond do not 

come from the same carboxyl group (see Fig. 4). The hydration reactions catalyzed by the remaining four conformers exhibit 

the same feature (Fig. 3), that is the pre-reactive complex formed from SO3···H2O complex with oxalic acid (OA) or 

OA···H2O complex with water can evolve into product complex (H2SO4···OA complex) via transition state of hydrogen 

atom transfer. In this process, oxalic acid serves as a catalyst to promote SO3 hydration reaction by making a bridge when the 10 

hydrogen atom transfers from H2O to SO3. In the reaction catalyzed by cTt conformer, the binding energy of cTt···H2O 

complex is 10.25 kcal mol-1. The binding energy of pre-reactive complex is 10.95 kcal mol-1 compared to the cTt···H2O 

complex with SO3, while that is 13.82 kcal mol-1 relative to SO3···H2O complex with cTt. The transformation from RCcTt to 

PCcTt corresponds to hydrogen atom transfer process, and has a transition state (TScTt) with the energy barrier of 1.19 kcal 

mol-1 with respect to RCcTt. The post-reactive complex (PCcTt) lies below the RCcTt by 13.32 kcal mol-1. It should be noted 15 

that the cTt conformer from RCcTt has transformed to the cCt conformer in PCcTt. The binding energy of PCcTt is 17.78 kcal 

mol-1 compared to H2SO4 and cCt conformer. 

In hydration reaction involving the tTt conformer, the tTt···H2O complex is stabilized by 9.92 kcal mol-1, relative to tTt 

+ H2O. Starting with the tTt···H2O + SO3 channel, the pre-reactive complex (RCtTt) can be formed with binding energy of 

12.59 kcal mol-1, whereas the binding energy of RCtTt is 15.13 kcal mol-1 when it comes from the SO3···H2O + tTt channel. 20 

The TStTt lies above the RCtTt by 0.24 kcal mol-1. And the reaction proceeds with the formation of PCtTt, which is more stable 

than RCtTt (14.05 kcal mol-1). The formed PCtTt needs to obtain the energy of 17.34 kcal mol-1 to disaggregate into H2SO4 

and tCt conformer. 
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For tCt conformer, the binding energy of tCt···H2O complex is 10.09 kcal mol-1. In the two channels, the same 

pre-reactive complex (RCtCt) can be formed with the binding energy of 12.92 kcal mol-1 relative to tCt···H2O + SO3, 15.63 

kcal mol-1 with respect to SO3···H2O + tCt, respectively. The RCtCt proceeds via the transition state (TStCt) (with energy 

barrier of 0.05 kcal mol-1) into post-reactive complex (PCtCt). The PCtCt complex can also be generated from the H2SO4 and 

tTt conformer releasing 16.98 kcal mol-1 of energy. 5 

For cCt conformer, the binding energy of cCt···H2O complex is 11.10 kcal mol-1. Beginning with cCt···H2O + SO3 

channel and SO3···H2O + cCt channel, the hydration reaction undergo the same RCcCt complex, which is more stable than the 

two reactants (by 12.38 kcal mol-1, 16.10 kcal mol-1, respectively), and a transition state (TScCt), and then produces the 

H2SO4···cTt complex (PCcCt), which lies below RCcCt complex by 15.62 kcal mol-1 and below H2SO4 + cTt by 16.15 kcal 

mol-1. The pre-reactive complex (RCcCt) is nearly iso-energetic with the transition state (TScCt). 10 

In the light of the analysis above, it is obvious that energy barrier of the hydration reaction catalyzed by oxalic acid is 

around 1.00 kcal mol-1 for cTt conformer, and approximates 0.00 kcal mol-1 for another three conformers. The result shows 

that the oxalic acid is more effective than water in catalyzing the SO3 hydration because the hydration reaction catalyzed by 

water has energy barrier of 5.17 kcal mol-1. Another point worth mentioning is that one oxalic acid conformer involving in 

SO3 hydration transfers to another conformer type after the completion of hydration reaction (cTt → cCt, tTt → tCt, tCt → 15 

tTt, cCt → cTt). 

In addition, compared to formic acid (Millet et al., 2015;Bannan et al., 2017), the SO3 hydration reaction catalyzed by 

oxalic acid display some specific characteristics. Both acids can obviously decrease the energy barrier of the hydration 

reaction. But because oxalic acid is a dicarboxylic acid, only one in the carboxylic groups participates in the hydration 

reaction, and the other is free. This characteristic indicates that post-reactive complexes (PCtTt and PCtCt) can serve as a 20 

catalyst to continue to promote the SO3 hydration. For these post-reactive complexes (PCcTt, PCtTt, PCtCt and PCcCt), the 

above result has shown that these complexes are stable compared to the isolate H2SO4 and oxalic acid conformers. The free 

carboxylic group in these complexes can also provide the interaction site when these complexes interact with other species. 
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The free carboxylic group of these stable post-reactive complexes indicates that these complexes have the potential to 

participate in nucleation. 

3.3. Atmospheric implications 

To evaluate the importance of oxalic acid in enhancing H2SO4 formation in atmosphere, we calculated the rate constants 

of SO3 hydration catalyzed by oxalic acid and water, and compared the rate of oxalic acid-catalyzed hydration reaction with 5 

that of water-catalyzed hydration at different altitudes in the troposphere. The temperature, pressure, density of air and water 

vapor content at the corresponding altitude are taken from U.S. Standard Atmosphere, 1976 (NASA and NOAA), and are put 

into the Table S6. 

According to these calculation methods described in computational details section, it can be confirmed that both the 

ratio of rate constants and relative concentrations are important elements to estimate the effect of oxalic acid-catalyzed SO3 10 

hydration. Thus, the rate constants for hydration reaction of SO3 catalyzed by oxalic acid and water at different altitudes are 

firstly analyzed and summarized in Table 1. The corresponding Keq and kuni are included in Supplement (Table S7). 

As shown in Table 1, the rate constant in Reaction 1 changes from 4.21 × 10-31 cm6 molecule-2 s-1 (298.15 K at 0 km 

altitude) to 3.92 × 10-27 cm6 molecule-2 s-1 (216.15 K at 12 km altitude). For the Reaction X1, the transformation of rate 

constants within the range of altitudes can also be found (kcTt1: from 6.45 × 10-28 to 3.35 × 10-22; ktTt1: from 2.32 × 10-26 to 15 

4.97 × 10-20; ktCt1: from 4.08 × 10-26 to 1.35 × 10-19; kcCt1: from 1.39 × 10-25 to 6.61 × 10-19 cm6 molecule-2 s-1). All 

corresponding rate constant ratios at various altitudes are described in Table 2. Obviously, the rate constant in the oxalic 

acid-catalyzed SO3 hydration reaction is about 103 - 108 times larger than that for water-catalyzed SO3 hydration reaction 

within the range of altitudes. It can be seen from Table 2 that rate constant ratios increase with the temperature decreasing 

(that is, with altitude increasing). 20 

As seen from Table2, at 298.15 K, the oxalic acid-catalyzed SO3 hydration reaction is 103 - 105 faster than the 

corresponding water-catalyzed reaction (kcTt1/kw1: 1.53 × 103; ktTt1/kw1: 5.50 × 104; ktCt1/kw1:  9.70 × 104; kcCt1/kw1: 3.31 × 

105). In order to evaluate the catalytic effect of oxalic acid, we also list the rate constant ratio between other species and 
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water catalyzed SO3 hydration reaction. At 298 K, the nitric acid catalyzed rate constant is just 1.19 times larger than water 

catalyzed rate constant (Long et al., 2013). When sulfuric acid functions as an autocatalyst, the value of rate constant ratio is 

around 102 (Torrent-Sucarrat et al., 2012). When the formic acid acts as a catalyst, its rate constant is 104 greater than that of 

water-catalyzed SO3 hydration at 300 K (Hazra and Sinha, 2011). The rate constant for ammonia catalyzed SO3 hydration is 

7 orders of magnitude larger than that for water catalyzed reaction at 298 K (Bandyopadhyay et al., 2017). These results 5 

indicate that the catalytic effect of oxalic acid in SO3 hydration reaction is better than nitric acid and sulfuric acid, and 

similar to formic acid, but weaker than ammonia. 

Based on the calculated Gibbs free energy at G4 level (see Table S8) and an assumption of Boltzmann distribution, 

mole fractions for oxalic acid conformers can be obtained (Table 3). The calculation method for the conformational 

population is shown in Supplement (Text S2). The most stable conformer, cTc conformer, accounts for more than 95 % of 10 

oxalic acid at different altitudes ranging from 0 km to 12 km. But this conformer cannot participate in catalyzing the 

hydration reaction of SO3. In other words, the conformers involving in catalyzing the SO3 hydration do not exceed 5 % of 

oxalic acid. In some studies (Martinelango et al., 2007;Bao et al., 2012), observed concentrations of oxalic acid in gas phase 

range from approximately 10 ng m-3 to close 1 μg m-3. To obtain actual concentrations of oxalic acid conformers, we 

assumed a 302 ng m-3 (2.02×109 molecules cm-3) for total oxalic acid at 298.15 K and an altitude of 0 km, which are 15 

measured by Bao et al (2012). Combining mole fractions for conformers (cTt, tTt, tCt and cCt) and the total concentration of 

oxalic acid and considering the temperature and pressure effect using idea gas equation (see Table S9), the concentration of 

oxalic acid conformers involving in the hydration reaction at various altitudes can be calculated, which is tabulated in Table 

4. The water vapor concentration also is included in Table 4. 

As shown in Table 5, reaction rate ratios between the SO3 hydration reactions catalyzed oxalic acid conformers (cTt, tTt, 20 

tCt and cCt) and the SO3 hydration reaction catalyzed by H2O are described. At an altitude of 0 km, the rate ratio for these 

two reactions is within the range of 10-5 - 10-6 at two temperatures (298.15 K and 288.15 K), which indicates that the oxalic 

acid-catalyzed SO3 hydration is of minor importance at 0 km in different temperatures. However, as the altitude increase, the 
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oxalic acid has an increasing impact on the SO3 hydration because of an obvious increase in the ratio. When the altitude 

increases to 10 km, the oxalic acid-catalyzed reaction is just 2 orders of magnitude slower than water-catalyzed reaction. At 

12 km altitude, the water-catalyzed hydration reaction is approximately 10 times faster than the oxalic acid-catalyzed SO3 

hydration. To sum up, the comparison of relative rates shows that, in the upper troposphere, the oxalic acid can play a 

significant role in enhancing SO3 hydration to H2SO4. 5 

It has been shown that some species including nitric acid, sulfuric acid, formic acid, ammonia, hydroperoxy radical and 

oxalic acid in our study can catalyze the SO3 hydration reaction. By forming two-point hydrogen bond, these species can 

make a bridge to promote the hydration reaction. It may be concluded that, as long as the species can form two-point 

hydrogen bond with water molecule and SO3, it has the potential to promote the SO3 hydration reaction. However, the real 

atmospheric importance about the species-catalyzed SO3 hydration reaction needs to be evaluated. That is, compared to 10 

water catalyzed SO3 hydration reaction, the species must have the sufficient catalytic effect, leading to the increase of rate 

constants, so as to compensate for the highly concentration difference between water vapor and the species. 

4. Conclusion  

The main conclusion of this work is that oxalic acid, the most abundant dicarboxylic acid in the atmosphere, has the 

remarkable ability to catalyze SO3 hydration to H2SO4, and has the potential impact on the H2SO4 formation in the 15 

atmosphere. 

We have shown that water catalyzed hydration reaction of SO3 has energy barrier of 5.17 kcal mol-1. For oxalic acid, 

four conformers (cTt, tTt, tCt and cCt) can involve in the hydration reaction, whereas the most stable conformer (cTc) cannot 

catalyze the hydration reaction because the formed hydrogen bond structure rejects hydrogen atom transfer. Other 

conformers can catalyze the hydration reaction and the corresponding energy barrier is a little higher or less than 1 kcal mol-1. 20 

The results demonstrate that oxalic acid has the stronger catalytic ability than water for SO3 hydration to form H2SO4.  

According to the kinetics analysis, the rate constant of oxalic acid-catalyzed hydration reaction is greater than that of 

water-catalyzed reaction by orders of magnitude, which also reflects the obvious catalytic ability of oxalic acid. In addition 
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to the rate constant, the reactant concentration is also an important factor to assess the effect of oxalic acid on SO3 hydration. 

Based on the two factors, our calculation shows that, in the upper troposphere, the oxalic acid can play an important role in 

SO3 hydration to form H2SO4. 

This work not only gives insight into the new mechanism of SO3 hydration in the atmosphere, but also has potential 

importance for investigating the catalytic effect of oxalic acid on other atmosphere reaction. 5 
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Figure 1. Calculated potential energy profile for the hydration of SO3 with the second water as a catalyst at the 

CCSD(T)/cc-pV(T+d)Z//M06-2X/6-311++G(3df,3pd) level. 
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Figure 2. Structures of oxalic acid conformers optimized at the M06-2X/6-311++G(3df,3pd) level. 
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Figure 3. Calculated potential energy profile for the hydration of SO3 with oxalic acid conformers (cTt, tTt, tCt and cCt) as catalysts at the 

CCSD(T)/cc-pV(T+d)Z//M06-2X/6-311++G(3df,3pd) level. 
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Figure 4. Optimized M06-2X/6-311++G(3df,3pd) structures of reactant complexes, pre-reactive complexes, transition states and 

post-reactive complexes for the oxalic acid-catalyzed SO3 hydration reaction (distance unit: angstrom).  
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Table 1. Rate constants (in cm6 molecule-2 s-1) of SO3 hydration reaction catalyzed by water and by oxalic acid at different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

kw1 (kw2) 4.21×10-31 9.74×10-31 3.19×10-30 1.18×10-29 4.94×10-29 2.45×10-28 1.46×10-27 3.92×10-27 

kcTt1 (kcTt2) 6.45×10-28 2.16×10-27 1.18×10-26 7.67×10-26 6.09×10-25 6.09×10-24 8.00×10-23 3.35×10-22 

ktTt1 (ktTt2) 2.32×10-26 8.79×10-26 5.81×10-25 4.63×10-24 4.56×10-23 5.86×10-22 1.02×10-20 4.97×10-20 

ktCt1 (ktCt2) 4.08×10-26 1.62×10-25 1.13×10-24 9.55×10-24 1.01×10-22 1.40×10-21 2.64×10-20 1.35×10-19 

kcCt1 (kcCt2) 1.39×10-25 5.70×10-25 4.17×10-24 3.71×10-23 4.17×10-22 6.15×10-21 1.24×10-19 6.61×10-19 
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Table 2. Relative rate constants of oxalic acid catalyzed SO3 hydration with respect to water catalyzed SO3 hydration at different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

kcTt1/kw1 1.53×103 2.21×103 3.70×103 6.52×103 1.23×104 2.49×104 5.49×104 8.54×104 

ktTt1/kw1 5.50×104 9.03×104 1.82×105 3.94×105 9.24×105 2.40×106 6.98×106 1.27×107 

ktCt1/kw1 9.70×104 1.66×105 3.53×105 8.12×105 2.05×106 5.73×106 1.81×107 3.45×107 

kcCt1/kw1 3.31×105 5.86×105 1.31×106 3.16×106 8.44×106 2.51×107 8.54×107 1.69×108 
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Table 3. Conformational population for oxalic acid conformers at different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

cTc 96.51 % 97.06 % 97.69 % 98.22 % 98.66 % 99.01 % 99.30 % 99.42 % 

cTt 2.27 % 1.98 % 1.62 % 1.30 % 1.02 % 0.78 % 0.57 % 0.48 % 

tTt 0.71 % 0.56 % 0.41 % 0.29 % 0.20 % 0.13 % 0.08 % 0.06 % 

tCt 0.48 % 0.38 % 0.26 % 0.18 % 0.11 % 0.07 % 0.04 % 0.03 % 

cCt 0.03 % 0.02 % 0.02 % 0.01 % 0.01 % 0.01 % 0.01 % 0.01 % 
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Table 4. Concentrations (in molecules cm-3
) of oxalic acid conformers involving in SO3 hydration and water at different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15  288.15  275.15  262.17  249.19  236.22  223.25  216.65  

cTt 4.59×107 4.13×107 2.78×107 1.82×107 1.15×107 6.98×106 4.05×106 2.58×106 

tTt 1.42×107 1.18×107 7.08×106 4.08×107 2.25×106 1.17×106 5.74×105 3.33×105 

tCt 9.72×106 7.84×106 4.53×106 2.50×106 1.31×106 6.51×105 3.01×105 1.69×105 

cCt 6.35×105 4.82×105 2.56×105 1.29×105 6.13×104 2.72×104 1.11×104 5.80×103 

H2O a5.18×1017 1.92×1017 9.57×1016 3.47×1016 1.22×1016 3.80×1015 5.97×1014 1.18×1014 

aThe water vapor concentration at 0 km and 298.15 K are obtained from (Torrent-Sucarrat et al., 2012). Other water vapor 

concentrations are taken from U.S. Standard Atmosphere, 1976. 
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Table 5. Relative rate of SO3 hydration reaction catalyzed by oxalic acid and by water at different altitudes. 

altitude 

(km) 
0 0 2 4 6 8 10 12 

P (bar) 1.01325 1.01325 0.795 0.617 0.472 0.357 0.265 0.194 

T (K) 298.15 288.15 275.15 262.17 249.19 236.22 223.25 216.65 

aνOA1/νw1 3.87×10-6 1.43×10-5 3.47×10-5 1.20×10-4 4.43×10-4 1.95×10-3 1.80×10-2 9.53×10-2 

aThe rate νOA1 represents the sum of reaction rate for Reaction X1 (X=cTt, tTt, tCt, cCt). The rate (νcTt1/νw1, νtTt1/νw1, νtCt1/νw1, 

νcCt1/νw1) are shown in Table S10. 


