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A B S T R A C T   

To assess the ozone depletion potentials of hydrochlorofluoromethanes (HCFMs) and hydrochlorofluoroethanes 
(HCFEs), atmospheric behaviors of these chlorofluorocarbon alternatives with OH radicals were investigated 
using quantum chemical and kinetic calculations. The results showed that the H-abstraction reactivity of HCFMs 
initiated by OH radicals enhances with the increase of the chlorination degree. The intermediate alkyl radicals 
can generate stable chlorofluorocarbons (CFCs) through self-reactions, which may compete with the reactions of 
radicals with O2 molecules and increase the risk of ozone layer depletion. The self-reactions of HCFEs result in 
the increase of carbon chain length, and formed hydrochlorofluorocarbons can further react with OH radicals.   

1. Introduction 

The depletion of atmospheric ozone layer is a global environmental 
problem that has been widely concerned over the world.[1–3] Chloro-
fluorocarbons (CFCs) are considered to be the most important ozone 
depleting substances (ODS) due to their chemically inert and the ability 
of producing chlorine.[4] Since the subscription of Montreal Protocol in 
1987, these products and emissions of CFC-containing have been strictly 
controlled.[5–6] Due to similar physicochemical properties and short 
atmospheric lifetimes, hydrochlorofluoromethanes (HCFMs) and 
hydrochlorofluoroethanes (HCFEs), as transitional substitutes for CFCs, 
are widely used in both industry and household applications.[7–8] 
Although HCFMs and HCFEs have lower ozone depletion potentials than 
that of CFCs, the contribution to the radiative forcing of climate make 
them not negligible in the atmosphere.[9] 

HCFMs and HCFEs have been produced for many years, mainly for 
the use as refrigerants, and raw material for insulating foam, lubricating 
oil and coatings. Field observation shows that the atmospheric concen-
trations of HCFMs and HCFEs have the tendency to increase progres-
sively year by year.[10–15] For example, the global annual emissions of 
CH3CCl2F and CH2FCF3 had increased from 0.099 Gg to 21.84 Gg and 
0.189 Gg to 158.161 Gg, respectively, during the period of 1990–2007. 
[11] Using bottom-up approach, Li et al. estimated that annual emission 

of CHClF2 in China increased significantly from 0.2 Gg yr− 1 in 1990 to 
127.2 Gg yr− 1 in 2014.[15] And the authors speculated that even under 
the Montreal Protocol phasing-out scenario, CHClF2 emission will 
remain at 10.2 Gg yr− 1 by 2050.[15] Compared with CFCs, these HCFMs 
and HCFEs that contain C-H bonds are more likely to be attacked by 
active radicals.[16–17] In particular, the reactions with OH radicals are 
considered as the major atmospheric removal pathway of HCFMs and 
HCFEs.[17] The previous researches showed that the final oxidative 
degradation products of HCFMs and HCFEs in the troposphere are 
water-soluble trifluoroacetic acid and a series of halogenated carboxylic 
acids, which will be washed away by rainwater.[18–20] Therefore, for a 
long time, HCFMs and HCFEs are thought to be difficult to migrate into 
the stratosphere and have negligible damage to ozone layer. 

However, a recent study found a record-breaking increase of solar 
ultraviolet radiation in the Arctic in 2020, which was attributed largely 
to severe ozone depletion.[21] If the concentration of ODS in the at-
mosphere is not effectively regulated, the same event may occur again in 
the coming decades.[22] Therefore, the atmospheric behaviors of short- 
lived ODS such as HCFMs and HCFEs needs to be further explored. Using 
the balloon-borne measurements method, Laube et al. found the pres-
ence of bromine-containing and chlorine-containing organic compounds 
in the upper troposphere and stratosphere.[23] In addition, Sala and 
Navarro also reported the measurements of organic halogen substances 
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in the tropical Pacific near stratosphere.[24–25] Fang et al. discovered 
that the atmospheric mole fraction of CHCl3 in Eastern China increased 
steadily every year through field monitoring.[26] Using two three- 
dimensional atmospheric dispersion models and the UK Met Office’s 
numerical atmospheric-dispersion modelling environment, the authors 
predicted that the recovery of the ozone layer will be delayed by about 8 
years if the CHCl3 abundance in China continues to increase at the 
current rate in 2015.[26] These field observations and model data 
showed that HCFMs and HCFEs are not as active as previously thought 
or these compounds form more stable substances in the troposphere, 
which further transfer into the stratosphere. Therefore, it is of great 
significance to explore the atmospheric transformation mechanisms of 
HCFMs and HCFEs for the prevention of ozone depletion and policy- 
making. 

In this work, the detailed oxidation mechanisms of four HCFMs 
(CHCl3, CHCl2F, CHClF2, and CHF3) and two HCFEs (CH3CCl2F and 
CHCl2CHF2) in the troposphere were investigated by using quantum 
chemical and kinetic calculations. Among them, CHCl3 is an important 
organic synthetic raw materials, which was included in the list of 2B 
carcinogens as early as 1979,[27] CHClF2 is the most abundant hydro-
chlorofluorocarbons (HCFCs) in the atmosphere[12] and CH3CCl2F is 
mainly used as refrigerant and blowing insulating foam in industrial 
production.[28] All possible pathways including H-abstraction induced 
by OH radicals, subsequent O2-addition, and self-reaction were con-
structed. The rate constants of elementary reactions were calculated in 
the temperature range of 216–298 K. In addition, the branching ratios 
(Г) were also obtained to evaluate the contribution of each reaction 
pathways to the total reactions. Finally, probable products were 
analyzed to predict the effects of HCFMs and HCFEs on destruction of 
ozone. 

2. Methods 

All the electronic structures and energy calculations were performed 
using Gaussian 09 package.[29] The hybrid density functional M06-2X 
method with the 6-311G(d,p) basis set, i.e., the M06-2X/6-311G(d,p) 
level, was adopted to optimize the structural parameters of all station-
ary points (SPs), including reactants, pre-reactive complexes (PCs), 
transition states (TSs) and products. In addition, the structural param-
eters of the reaction molecules were also obtained at the MPWB1K/, 
B3LYP/, MP2/ and QCISD/6-311G(d,p) levels to prove the rationality of 
the method selection. Frequency calculation was performed to identify 
whether the SP is a local minima (without any imaginary frequency) or a 
TS (with only one imaginary frequency). In order to confirm that each TS 
is correctly connected with the corresponding reactants and products, 
the intrinsic reaction coordinate (IRC) calculation was carried out and 
the minimum-energy path (MEP) was constructed.[30–31] The bar-
rierless processes were verified by the scan of the pointwise potential 
curve (PPC). Based on the optimized structures, the single-point energies 
were refined at the M06-2X/6–311++G(3df,3pd) level[32–36] to 
obtain the accurate electronic potential energy surface (PES). For all 
energy calculation, the zero-point energy (ZPE) corrections were 
included. The electronic energy barriers (ΔEa) and reaction energy (ΔEr) 
can be calculated by the following equations: 

ΔEa = ETS −
∑

ER  

ΔEr = EP −
∑

ER  

where ETS, EP and 
∑

ER are individually electronic energies of transition 
states, products and reactants, respectively. 

The rate constants were performed using the Polyrate and KiSThelP 
programs.[37–38] For the reactions with well-defined TSs, the rate 
constants were calculated by means of canonical variational transition 
state theory (CVT) with the small curvature tunneling (SCT). For the 
association reaction without a barrier or with a negligible barrier, the 

rate constants were obtained by using the multifaceted (MF) extension 
of variable-reaction-coordinate variational transition state theory (VRC- 
VTST).[39] 

3. Results and discussion 

3.1. Initial reactions of HCFMs and HCFEs with OH radicals 

In order to prove the rationality of the M06-2X method, the struc-
tural parameters were also calculated using B3LYP, MPWB1K, MP2, and 
QCISD methods and the results are listed in Fig. S1. The differences of 
bond length and bond angle at the five methods are less than 0.02 Å and 
0.4 ◦, respectively. In addition, the structural parameters of HCFMs 
obtained at M06-2X/6-311G(d,p) level are in good agreement with the 
experimental values.[40–41] These comparisons show that M06-2X 
method is trustworthy in accurately describing HCFMs and HCFEs re-
action systems. All possible abstraction pathways of HCFMs and HCFEs 
induced by OH radicals were evaluated respectively. 

3.1.1. The H-abstraction reaction of HCFMs induced by OH radicals 
From the point of view of molecular structure in Fig. S1, CHCl3 and 

CHF3 molecules belong to C3v point group, while CHCl2F and CHClF2 to 
Cs point group. Because the electronegativity of H atom in HCFMs is 
weaker than that of Cl atom, H-abstraction pathway is more likely to 
occur in the reactions of HCFMs with OH radicals and the optimized 
geometries of key SPs are presented in Fig. S2. In addition, the corre-
sponding C-H bond dissociation energies (D0

298(C− H)) were calculated. 
The D0

298(C− H) values of CHF3, CHClF2, CHCl2F, and CHCl3 are 104.19, 
100.14, 96.67, and 93.06 kcal mol− 1 (Table 1), respectively, which in-
dicates that the reactivity of C-H bond increases quickly as the number of 
Cl atom increases in CHClnF3-n (n = 0–3) reaction system. 

The electronic PESs of reactions between HCFMs and OH radicals are 
shown in Fig. 1 and the transition state structures are listed in Fig. 2. The 
H-abstraction reactions begin with the formation of pre-reactive com-
plex, and then overcomes transition state barrier to form products. The 
ΔEa of H-abstraction are 0.03, 0.76, 2.12 and 4.29 kcal mol− 1 for CHCl3 
+ OH (m-Rabs1), CHCl2F + OH (m-Rabs2), CHClF2 + OH (m-Rabs3), and 
CHF3 + OH (m-Rabs4) reactions, respectively, which are in line with the 
analysis from C-H bond length and bond reactivity. Moreover, in order 
to further clarify the influence of the HCFMs structures on the reactivity, 
the natural bond orbital (NBO) charges were evaluated. As shown in 
Fig. 3, the NBO values of H atom in CHCl3, CHCl2F, CHClF2, and CHF3 
are 0.208, 0.176, 0.139, and 0.104 e, respectively. Since the positive 
potential of H atom is higher than that of other HCFMs, CHCl3 is easier to 
be attacked by the nucleophiles (OH radicals), that is, the H-abstraction 
from CHCl3 is more favorable. From the point of view of electronic 
structure, the increase of electro-withdrawing groups enhances the in-
duction effect, resulting in the decrease of electron density on carbon 
atoms and the weakening of C-H bond interaction, the reactions there-
fore are more likely to occur. The ΔEr of H-abstraction induced by OH 
radicals are − 24.78, − 20.87, − 17.03 and − 12.60 kcal mol− 1 for m- 
Rabs1, m-Rabs2, m-Rabs3 and m-Rabs4 pathways, respectively. The order 
of exothermic values is m-Rabs1 < m-Rabs2 < m-Rabs3 < m-Rabs4, which 
is in agreement with their structural characteristics according to the 
Hammond postulate.[42] For example, for m-TSabs1, the elongation of 
the forming O-H bond (41.7%) is greater than that of the breaking C-H 
bond (8.3%), indicating that m-TSabs1 has reactant-like character. And 
the m-Rabs1 pathway with reactant-like TS corresponds to a larger ΔEr 
than other pathways (Table S2). 

3.1.2. The H-abstraction reaction of HCFEs induced by OH radicals 
The structural parameters of the key SPs in the OH-initiated reactions 

of HCFEs are shown in Fig. S3 and Fig. S4. The electronic PESs of 
CH3CCl2F and CHCl2CHF2 with OH radicals are presented in Fig. 4. 
CH3CCl2F molecule belongs to C2v point group, in which the H2 atom 
lies in the symmetry plane while H1 and H3 atoms are not. Therefore, 
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the reactions include two kinds of H-abstraction pathways, i.e. in-plane 
H-abstraction (e-Rabs11) and out-of-plane H-abstraction (e-Rabs12). 
Unlike CH3CCl2F, CHCl2CHF2 molecule belongs to Cs point group and 
two type of H atoms in the symmetry plane are observed. Hence, the 
reactions of CHCl2CHF2 with OH radicals include H-abstraction path-
ways from CHF2 group (e-Rabs21) and from CHCl2 group (e-Rabs22). 

As shown in Fig. 4, the pre-reactive complex formation in e-Rabs11 
pathway release 3.07 kcal mol− 1 of energy, which is slightly lower than 
that in e-Rabs12 pathway. The ΔEa of e-Rabs11 pathway is 3.33 kcal 
mol− 1 and this reaction is a strongly exothermic process with the ΔEr of 
− 15.13 kcal mol− 1. It implies that this pathway is feasible in terms of 
thermodynamics under atmospheric conditions. In addition, e-Rabs12 
and e-Rabs11 pathways are similar in both the ΔEa and ΔEr, indicating 
that e-Rabs12 and e-Rabs11 pathways are thermodynamically competi-
tive. For CHCl2CHF2 + OH reaction, the ΔEa value of e-Rabs22 pathway 
is 0.53 kcal mol− 1, which is 1.66 kcal mol− 1 lower than that of e-Rabs21 
pathway. Moreover, the exothermic value of e-Rabs22 is 6.25 kcal mol− 1 

lower than that of e-Rabs21. These results indicate that e-Rabs22 pathway 
is more favorable than e-Rabs21 pathway. In addition, the D0

298(C–H) of 
CHCl2 group in CHCl2CHF2 molecule is 96.50 kcal mol− 1, which is 5.2 
kcal mol− 1 lower than that of CHF2 group (Table 1), further proving that 
H-abstraction from CHCl2 group is more favorable than that from CHF2 
group. 

3.1.3. Kinetics calculation of HCFMs and HCFEs with OH radicals 
The calculated rate constants (k) of HCFMs + OH in the temperature 

range of 216–298 K are summarized in Fig. 5a and Table S1. Our rate 
constant values are well matched with the available experimental values 
[43–45] and the maximum deviation is less than one order of magni-
tude. It can be seen from Fig. 5a that the rate constants of HCFMs with 
OH radicals decrease with the decrease of temperature. For example, the 
k value of m-Rabs1 pathway at 298 K is 1.67 times higher than that at 
216 K. The comparison of rate constants of different HCFMs also in-
dicates that the reactivity of HCFMs enhances with the increase of the 
degree of chlorination, which is consistent with the previous 

thermodynamic analysis. For example, the rate constants of m-Rabs1, m- 
Rabs2, m-Rabs3, m-Rabs4 pathways are 3.72 × 10− 13, 2.98 × 10− 13, 7.85 
× 10− 15, 1.09 × 10− 15 cm3 molecule− 1 s− 1 at 298 K, respectively, and 
reaction activity decreases sequentially. In addition, the Arrhenius for-
mulas are fitted on the basis of the rate constants in the temperature of 
216–298 K. Our Arrhenius formulas are consistent with the available 
experimental formulas.[43–45] For example, the Arrhenius formula for 
m-Rabs4 was estimated as k(m-Rabs4) = 7.99 × 10− 13 exp(− 1970/T) and 
the available experimental Arrhenius formula is k(m-Rabs4) = (1.1 ± 0.3) 
× 10− 12 exp(− (2300 ± 200)/T).[43] According to the formulas, the k 
values at different temperatures can be derived. The apparent activation 
energies of m-Rabs1, m-Rabs2, m-Rabs3, and m-Rabs4 reactions in this 
temperature range are 0.80, 0.96, 1.75, and 3.92 kcal mol− 1, 
respectively. 

The total rate constants (ktotal) of reactions between HCFEs and OH 
radicals and experimental results[46] are listed in Fig. 5b and the Г 
values of different reaction pathways as a function of temperature are 
exhibited in Fig. 6. For the CH3CCl2F + OH reaction, the k(e-Rabs11) and 
k(e-Rabs12) are 8.5 × 10− 15 and 1.32 × 10− 15 cm3 molecule− 1 s− 1 at 298 
K, respectively. The Г of e-Rabs12 pathway increases with increasing 
temperature, reaching 13.4% at 298 K, which imply that the in-plane H- 
abstraction and out-of-plane H-abstraction are competitive in the 
CH3CCl2F + OH reaction. For the CHCl2CHF2 + OH reaction, the k(e- 

kabs21) and k(e-kabs22) are 9.95 × 10− 15 and 4.50 × 10− 13 cm3 molecule− 1 

s− 1 at 298 K, respectively, and the rates are not change significantly with 
temperature. The Г value of e-Rabs22 pathway is 99.5% at 216 K, which 
indicates that the H-abstraction of CHCl2 group dominates the 
CHCl2CHF2 + OH reaction. 

The atmospheric lifetimes (τ) of VOCs are mainly regulated by OH 
radicals.[47–48] The τ values of four HCFMs and two HCFEs were 
calculated at the different altitudes and OH concentration ([OH]) ac-
cording to the following formula: 

τ = 1/ktotal[OH]

where [OH] and ktotal are OH concentration and the total rate constant, 

Table 1 
The C-H bond dissociation energies (D0

298(C–H)) of stationary points at the M06-2X/6-311G(d,p) level (unit: kcal mol− 1).  

Stationary points CHCl3 CHCl2F CHClF2 CHF3 CH3CCl2F CHCl2CHF2 

C-H1 C-H2 C-H1 C-H2 

D0
298(C–H) 93.06 96.67 100.14 104.19 100.98 101.05 101.70 96.50  

Fig. 1. The electronic potential energy surfaces for the atmospheric chemical reactions of four HCFMs ((a) CHCl3, (b) CHCl2F, (c) CHClF2 and (d) CHF3) induced by 
OH radicals (unit: kcal mol− 1). 
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respectively. The results are presented in Fig. S5. When [OH] is 9.7 ×
105 molecules cm− 3 (the global average value) and the altitude is 0 km, 
the τ values of CHCl3, CHCl2F, CHClF2, CHF3, CH3CCl2F, and CHCl2CHF2 
are 0.09, 0.11, 4.16, 30.00, 3.33, and 0.07 years, respectively. Compared 
with CFCs with lifetime of several decades,[1] the τ values of HCFMs and 

HCFEs are significantly reduced. Except for CHCl2CHF2, the τ values of 
four HCFMs and CH3CCl2F increases with altitude. For example, the τ 
value of CHCl3 is 0.09 years at the altitude of 0 km and increases to 0.15 
years at the altitude of 12 km. When the [OH] are set to 1.6 × 106 (the 
daytime average value) and 1.5 × 107 molecules cm− 3 (OH 

Fig. 2. Structural parameters of the transition states of four HCFMs (CHCl3, CHCl2F, CHClF2 and CHF3) and two HCFEs (CH3CCl2F and CHCl2CHF2) at the M06-2X/6- 
311G(d,p) level (bond length in Å). 

Fig. 3. The molecular electrostatic potential and NBO charges of reactants (unit: e).  
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concentration in Guangzhou, China), the τ values of CHCl3 in the at-
mosphere decreased to 0.05 and 0.006 years, respectively, indicating 
that with the increase of OH concentration, the τ values of HCFMs and 
HCFEs would be shortened. Particularly when the [OH] is 9.7 × 105 

molecules cm− 3, the τ value of CHF3 reaches 360 years at the altitude of 
12 km, indicating that CHF3 is extremely difficult to be degraded in the 
troposphere. 

In summary, four HCFMs and two HCFEs are attacked by OH radicals 
to generate corresponding alkyl radicals. For example, ⋅CCl3 and Pabs11 
were generated via m-Rabs1 and e-Rabs11 pathways, respectively. All 
processes are exothermic (ΔEr < − 12.59 kcal mol− 1) with low energy 
barriers (ΔEa < 4.3 kcal mol− 1). The rate constants of these reactions are 
in the range of 1.09 × 10− 15–4.50 × 10− 13 cm3 molecule− 1 s− 1 at 298 K. 
To further assess the impact of these alkyl radicals on the environment, 
we further studied the subsequent reactions of the eight alkyl radicals. 

3.2. Subsequent reactions of the alkyl radicals 

The alkyl radicals formed by H-abstraction are the main in-
termediates in the photooxidation of HCFMs and HCFEs. Our study 
found that these alkyl radicals can be attacked by O2 to form alkyl 
peroxide radicals, and can also react with themselves to form stable 
CFCs. The electronic PESs of subsequent reactions are shown in Fig. 1 
and Fig. 4. It can be seen from Fig. 1 the ΔEa of O2-addition reaction are 

8.59 kcal mol− 1 for ⋅CCl3, 11.28 kcal mol− 1 for ⋅CCl2F, 12.67 kcal mol− 1 

for ⋅CClF2 and 14.24 kcal mol− 1 for ⋅CF3 relative to isolated reaction 
molecules. In the structures of m-TSadd1, m-TSadd2, m-TSadd3 and m- 
TSadd4 (Fig. 2), the C⋅⋅⋅O distances are 2.12, 2.17, 2.21 and 2.22 Å, 
respectively, suggesting that the ΔEa values increase with the C⋅⋅⋅O 
distance. On the other hand, self-reactions of four alkyl radicals are 
verified to be barrierless processes by the scan of PPC (Fig. S7). The 
electronic PESs diagram shows that these reactions are largely 
exothermic. For example, the ΔEr value of ⋅CCl3 + ⋅CCl3 (m-Rself11) and 
⋅CF3 + ⋅CF3 (m-Rself44) reactions are − 69.56 and − 96.57 kcal mol− 1, 
respectively. Furthermore, the cross-reactions between four alkyl radi-
cals are observed. For example, the ⋅CCl3 radical react with ⋅CF3 radical 
to form adduct Cl3CCF3 with the ΔEr of − 84.53 kcal mol− 1. The relevant 
kinetics data listed in Table S1. The calculated k value of m-Rself11 
pathway at 298 K is 2.83 × 10− 12 cm3 molecule− 1 s− 1, which is in 
reasonable agreement with the available experimental rate (5.91 ×
10− 12 cm3 molecule− 1 s− 1 at 298 K).[49] The k values of self-reactions 
and cross-reactions between alkyl radicals are 10–14 orders of magni-
tude higher than those of O2-addtion reaction. For example, the rate 
constants of m-Radd2 and m-Rself22 pathways are 5.70 × 10− 23 and 6.06 
× 10− 12 cm3 molecule− 1 s− 1 at 298 K, respectively. These results indi-
cate that the mutual reactions between alkyl radicals are more preferred 
than O2-addition reaction in thermodynamics and kinetics. 

Similar to HCFMs, the subsequent reaction progress of CH3CCl2F and 

Fig. 4. The electronic potential energy surfaces for the atmospheric chemical reactions of two HCFEs ((a) CH3CCl2F and (b) CHCl2CHF2) induced by OH radicals 
(unit: kcal mol− 1). 
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CHCl2CHF2 also includes two pathways: O2-addition reaction and self- 
reaction of alkyl radicals. The electronic PESs diagram is shown in 
Fig. 4. The self-reactions between alkyl radicals are all barrierless and 
strongly exothermic processes, and the addition reaction with O2 mol-
ecules needs to overcome the high energy barriers. For instance, the ΔEr 
of self-reaction e-Rself222 pathway (⋅CHF2CCl2 + ⋅CHF2CCl2) is − 78.17 
kcal mol− 1, while the ΔEa and ΔEr values of the O2-addition e-Radd22 
pathway (CHF2CCl2 + O2) are 8.49 and − 23.58 kcal mol− 1, respectively. 
Therefore, the self-reaction pathways are prior to the O2-addition re-
action in thermodynamics. Moreover, the kinetics data listed in Table S1 
indicates that the rate constants of self-reactions and cross-reactions of 
alkyl radicals are 10–15 orders of magnitude higher than those of the O2- 
addition pathways. The self-reactions of HCFEs result in the increase of 
carbon chain length, and the newly formed HCFCs can further react with 
OH radicals. 

4. Atmospheric implications 

As alternatives to CFCs, HCFMs and HCFEs have been widely used as 
refrigerants and industrial solvents. In this work, we systematically 
investigated the photooxidation mechanisms of four HCFMs and two 
HCFEs in the troposphere and assessed their potential effects on ozone 
depletion by theoretical chemistry calculation methods. The results 
showed that H-abstraction reactivity of HCFMs induced by OH radicals 
enhances with the increase of the chlorination degree. The intermediate 
product alkyl radicals can react with O2 molecules to form peroxyalkyl 

radicals, which then undergo a series of reactions to finally form soluble 
acidic molecules.[18–19] In addition, these alkyl radicals can also 
associate with each other to generate long-lived ODS. For example, the 
product m-Pcom12 formed by m-Rcom12 pathway is also known as CFC- 
111, the m-Pcom13 generated by m-Rcom13 pathway is CFC-112a. These 
CFCs produced by the self-reactions are potential contributors of ozone 
depletion, which may explain the part delay of ozone recovery in 
Antarctica by CHCl3.[26] For the atmospheric oxidation of HCFEs, the 
alkyl radicals produced by H-abstraction reaction can react with O2 
molecules to form peroxyalkyl radicals or with the radical themselves to 
form new HCFCs. In the presence of other trace gases, the former are 
degraded to acid molecules, while the latter continue to react with OH 
radicals and is eventually decomposed in the atmosphere. 

Although HCFMs have no direct contribution to stratospheric ozone 
depletion, they may contribute to the atmospheric abundance of long- 
lived CFCs by self-reaction. These CFCs have been proven to be stable 
in the troposphere, with an atmospheric life of up to decades. Therefore, 
CFCs produced by the self-reaction may migrate to the stratosphere, 
leading to ozone depletion.[50] In addition, considering the increase of 
HCFMs emissions in recent years, their potential contribution to the 
destruction of the ozone layer should be concerned. Although the self- 
reactions of HCFEs do not form stable CFCs, they should also be regu-
lated as an ozone depletor and greenhouse gas. 
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