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Hypochlorous acid (HOCl) is a temporary reservoir of reactive chlo-

ine species, such as Cl and ClOx (chlorine oxides with strong oxida-

ion) [ 1 , 2 ]. These reactive chlorine species are responsible for polar

zone depletion at extremely low temperatures (such as 243–273 K)

 3–5 ]. Previous experimental studies have demonstrated that the reac-

ion Cl2 O + H2 O ⇌ HOCl + HOCl reaches equilibrium under controlled

onditions [ 6 , 7 ], confirming that HOCl + HOCl could produce Cl2 O in

he gaseous phase. However, the traditional point of view is that the

l2 O yield rate in the gas phase is extremely low, and therefore, it is

ot considered a source of atmospheric Cl2 O. Previous studies have re-

orted the Cl2 O generation caused by the decomposition of chloronitric

cid (ClONO2 ) [ 8 , 9 ], but little is known about the process of Cl2 O gen-

ration by HOCl + HOCl at the air-water interface. 

To understand the impact of the air-water interface on the gen-

ration of Cl2 O, under the National Natural Science Foundation of

hina (NSFC), we studied the specific mechanism of HOCl + HOCl on

queous/frozen air–water interfaces using ab initio molecular dynam-

cs (AIMD) simulations. First, HOCl + HOCl is simulated without any

atalyst at aqueous/frozen air–water interfaces. As shown in Fig. 1 a,

wo HOCl molecules rapidly separate from each other even though

hey are artificially placed at very close distances. MTD result ( Fig. 1 b)

hows that the energy barrier ( ΔG≠) on aqueous/frozen interfaces is

5.3/40.7 kcal/mol, and the corresponding reaction rate constant ( k ) is

.04 × 10–14 /8.81 × 10–18 M-1 s-1 ( Table 1 ), which is 18/14 orders of

agnitude greater than that of (3.31 × 10–32 M-1 s-1 ) in gas phase [ 10 ].

lthough the k of HOCl + HOCl on aqueous/frozen interfaces are signifi-

antly improved compared with that in the gas phase, the BOMD results

nd the small k still imply that the reaction is difficult to proceed with-

ut any catalyst assistance, which cannot explain the Cl2 O formation

bserved in reported experimental studies [ 8 ]. 

Therefore, it is speculated that the presence of some catalysts on

queous/frozen air–water interfaces may promote the production of
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l2 O. The catalysis effect by water is first investigated. Unlike the one-

tep reaction of HOCl + HOCl proposed in previous experimental and

heoretical calculation studies [ 6 , 7 , 10 ], a two-elementary-step reaction

as found to be included in the MTD results ( Fig. 2 ), and the results also

how that the HOCl + HOCl reaction was catalyzed by H2 O molecules

n aqueous/frozen interfaces. Specifically, i) one HOCl is deprotonated

y H2 O ( Fig. 2 a), producing ClO- , and ii) the other HOCl participates

n Cl-abstraction by ClO- ( Fig. 2 b), generating Cl2 O. Due to ΔG≠ (28.4

cal/mol) of the HOCl deprotonation step being larger than the Cl- ab-

traction step (7.0 kcal/mol), the former step is the rate-limiting step.

herefore, the total k of the HOCl + HOCl on aqueous/frozen interfaces

s approximately 9.23 × 10–9 /3.20 × 10–7 M-1 s-1 ( Table 1 ), which is

/11 orders of magnitude greater than that as compared without catal-

sis. However, these small k cannot explain the rapid Cl2 O generation. In

ummary, the above results suggest that the proposed two-step reaction

nder water catalysis conditions still contributes little to Cl2 O genera-

ion, although it is promoted compared with that in the gas phase. 

According to the experiment, ClONO2 hydrolyzed to generate HOCl

nd nitric acid, and subsequently Cl2 O from HOCl + HOCl [ 8 ]. Thus, the

romotional effect of the acid catalyst (nitric acid) on the HOCl + HOCl

eaction is investigated. Similar to water catalysis, the MTD results show

hat it just includes two steps, such as HOCl deprotonation and Cl-

bstraction steps, and the former is found to be the rate-limiting step.

nder catalyzed by nitric acid, the ΔG≠ for HOCl deprotonation at aque-

us air-water interface decreases to 17.5 kcal/mol. Therefore, the total

 of HOCl + HOCl under nitric acid catalysis increases to 9.10 × 10–1 

-1 s-1 ( Table 1 ), which is 8 orders of magnitude greater than that under

ater catalysis. At the frozen air–water interface, the total k increases

o 4.10 × 10–3 M-1 s-1 ( Table 1 ), which is 4 orders of magnitude greater

han that under water catalysis. These results show that nitric acid can

ccelerate Cl2 O generation from the HOCl + HOCl reaction at aque-

us/frozen air–water interfaces by accelerating the rate-limiting step
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Fig. 1. HOCl + HOCl without any catalyst at the aqueous air–water interface . (a) Key bond evolution and related structures determined by BOMD and (b) Free 

energy profiles and corresponding structures determined by MTD, respectively. Reprinted with permission from W. Zhang, D. Zheng, H. Han, et al., Promoting Cl2 O 

generation from the HOCl + HOCl reaction on aqueous/frozen air–water interfaces, J. Am. Chem. Soc. (2024), 31935–31944. Copyright 2024 American Chemical 

Society. 

Fig. 2. HOCl + HOCl catalyzed by interfacial water at aqueous air-water interface . Free energy profiles and related structures of (a) HOCl deprotonation, (b) 

positive Cl- abstraction and (c) reversible Cl- abstraction simulated by MTD. Reprinted with permission from W. Zhang, D. Zheng, H. Han, et al., Promoting Cl2 O 

generation from the HOCl + HOCl reaction on aqueous/frozen air–water interfaces, J. Am. Chem. Soc. (2024), 31935–31944. Copyright 2024 American Chemical 

Society. 

Table 1 

The k of HOCl + HOCl under different catalysis conditions on aqueous/frozen air-water interfaces . 

Catalysis from k deprotonation 

(M-1 s-1 ) 

k Cl-abstraction 

(M-1 s-1 ) 

total k 

(M-1 s-1 ) 

aqueous frozen aqueous frozen aqueous frozen 

Catalyst-free / / / / 8.04 × 10–14 8.81 × 10–18 

Water 9.23 × 10–9 3.20 × 10–7 4.57 × 107 1.40 × 107 9.23 × 10–9 3.20 × 10–7 

Nitric acid 9.10 × 10–1 4.10 × 10–3 1.18 × 107 4.29 × 106 9.10 × 10–1 4.10 × 10–3 

Ammonia 4.43 × 1012 3.74 × 1012 1.66 × 107 8.43 × 106 1.66 × 107 8.43 × 106 

Methylamine 5.52 × 1012 5.61 × 1012 1.40 × 107 7.12 × 106 1.40 × 107 7.12 × 106 

Dimethylamine 5.90 × 1012 5.90 × 1012 8.97 × 107 9.99 × 106 8.97 × 107 9.99 × 106 
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f HOCl deprotonation, which explains Cl2 O formation observed in re-

orted experimental studies [ 8 ]. 

Finally, the study emphasizes the promotional effect of base cata-

ysts (ammonia, methylamine and dimethylamine) on the reaction of

OCl + HOCl. Base catalysts dramatically enhance Cl2 O formation from

he HOCl + HOCl reaction. As shown in Fig. 3 , ammonia catalysis follows

he same two-step mechanism (HOCl deprotonation and Cl-abstraction)

s water or nitric acid, but with key differences. i) The deprotonation

tep is accelerated: Ammonia reduces the ΔG≠ to 0.2 kcal/mol ( Fig. 3 e),

nd k increase to 4.43 × 1012 M-1 s-1 ( Table 1 ). ii) The Cl-abstraction
941
tep becomes the rate-limiting step: ΔG≠ is 7.6 kcal/mol ( Fig. 3 f) and

 is 1.66 × 107 M-1 s-1 ( Table 1 ). Accordingly, the total k for ammo-

ia catalysis dramatically increases to 1.66 × 107 M-1 s-1 at the aque-

us air–water interface, which is 16/8 orders of magnitude greater than

hat under water/acid catalysis. At the frozen air-water interface, a sim-

lar trend is observed, with ammonia catalysis increasing the total k by

3/9 orders of magnitude compared to water/acid catalysis. Notably,

t the aqueous air–water interface, Cl2 O formation and decomposition

re reversed: Cl2 O first rapidly formed through the Cl- abstraction step

 Fig. 3 b), subsequently decomposed backwards to ClO- within 2.2 ps
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Fig. 3. HOCl + HOCl catalyzed by ammonia at aqueous air-water interface . (a)–(d) Key bond evolutions determined by BOMD for each elementary step. (e)–(g) 

Free energy profiles and corresponding structures determined by MTD for HOCl deprotonation step and positive and reversible Cl- abstraction formation steps, 

respectively. Reprinted with permission from W. Zhang, D. Zheng, H. Han, et al., Promoting Cl2 O generation from the hocl + hocl reaction on aqueous/frozen 

air–water interfaces, J. Am. Chem. Soc. (2024), 31935–31944. Copyright 2024 American Chemical Society. 
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 Fig. 3 c), and quickly formed Cl2 O again within 2.8 ps ( Fig. 3 d).

hese results provide solid evidence that Cl2 O formation proceeds

apidly but reversibly, which is consistent with experimental ob-

ervations of the equilibrium between Cl2 O and HOCl in the gas

hase [ 6 , 7 ]. 

The study then compared the promoting effect between two organic

ases (methylamine and dimethylamine) and an inorganic base (am-

onia) on the HOCl + HOCl. At the aqueous air–water interface, the

elated BOMD results show similar reaction steps to those observed

n the ammonia-catalyzed reaction. For methylamine catalysis, ΔG≠ is

.07 kcal/mol for the HOCl deprotonation and 7.7 kcal/mol for the

l- abstraction. Thus, similar to the ammonia-catalyzed reaction, the

l- abstraction is the rate-limiting step. This determines that the to-

al k under methylamine catalysis is 1.40 × 107 M-1 s-1 at the aque-

us air–water interface ( Table 1 ), which is roughly the same order of

agnitude as that of ammonia catalysis. The same is true of the reac-

ion under dimethylamine catalysis, of which the k is 8.97 × 107 M-1 s-1 

 Table 1 ). Therefore, at the aqueous air–water interface, the difference

n the effect of different base catalysts on the total k for Cl2 O genera-

ion is small. This is also true of the reaction at frozen air ‒water inter-

aces, where the total k obtained from Cl2 O generation under catalysis

f ammonia, methylamine and dimethylamine varies from 7.12 × 106 

o 9.99 × 106 M-1 s-1 ( Table 1 ). The only difference is the deprotona-

ion time of HOCl with different base catalysts. The corresponding times

ere 0.75, 0.1 and 0.025 ps for ammonia, methylamine and dimethy-

amine, respectively, showing decreasing tendencies with increasing

lkalinity. Moreover, the Cl2 O generation efficiency is greatly im-
942
roved under base catalysis conditions compared with neutral or acidic

onditions. 

The above findings were published in Journal of the American Chem-

cal Society (2024, 146(46): 31935–31944). Reactive chlorine species

re key contributors to polar ozone depletion [ 3–5 ]. Our findings sug-

est that interfacial reactions may serve as an unaccounted source of

l2 O in cold environments, which can help to explain the high levels of

l and ClOx in polar regions. Thus, future atmospheric models should

ncorporate interfacial catalytic effects to better assess polar ozone de-

letion. 
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