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Computational Methods

Electronic structure calculations. Benchmark calculations were carried out with the 

W2X1//DF-CCSD(T)-F12b2,3/jun′-cc-pVDZ method. Geometry optimizations and 

frequency calculations were performed at DF-CCSD(T)-F12b/jun′-cc-pVDZ level pf 

theory and single point energy calculations were done by using the W2X composite method 

very close to the CCSD(T, FULL)/CBS accuracy. DF-CCSD(T)-F12b/jun′-cc-pVDZ has 

been chosen for geometrical optimization and frequency calculations because our previous 

investigations have shown that DF-CCSD(T)-F12b/jun′-cc-pVDZ, where jun′-cc-pVDZ 

basis set is a revision of jun-cc-pVDZ. Here, the original DF-CCSD(T)-F12b/jun-cc-pVDZ 

calculations are done by using “cc-pVDZ/JKfit”, “cc-VDZ/MP2fit”, and “cc-pVDZ/OptR1” 

as auxiliary basis sets. DF-CCSD(T)-F12b/jun′-cc-pVDZ is defined by using “aug-cc-

pVDZ/JKfit”, “aug-cc-pVDZ/MP2fit”, and “aug-cc-pVDZ/OptR1” as auxiliary basis sets. 

In our previous investigation, DF-CCSD(T)-F12b/jun-cc-pVDZ can reach the accuracy of 

CCSD(T)-F12a/cc-pVTZ-F12.4 

Rate theory calculations. Canonical variational transition state theory with small-

curvature tunneling was used to account for re-crossing effects and tunneling at the 

validated M08-HX/MG3S5,6 functional method. High-pressure-limit rate constants were 

calculated by using the dual-level strategy developed by our group7,8 that combines 

transition state theory without tunneling at the W2X//DF-CCSD(T)-F12b/jun′-cc-pVDZ 

level with variational transition state theory with small-curvature tunneling at the M08-

HX/MG3S level. The pressure-dependent rate constants were calculated by using system-

specific quantum Rice-Ramsperger-Kassel (SS-QRRK) theory.9,10,11 FE is the thermal 

fraction of unimolecular states above the threshold energy and is defined in Troe’ s,12 

which is computed based on numerically integrated Whitten-Rabinovitch approximation.13 
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The collision efficiency was computed based on the Gilbert-Luther-Troe model,14 with the 

energy transfer parameter <△E>down = 200 cm-1. The Lennard-Jones (L-J) parameters for 

N2 (bath gas) were taken as ε = 82 K, σ = 3.74 Å,15 and for the adduct as ε = 292 K, σ = 

3.7 Å. The L-J parameters for the adduct were estimated from ε (SO3) = 218.1 K, σ (SO3) 

= 3.13 Å,16 ε (HNO3) = 390 K, and σ (HNO3) = 4.24 Å17 using the empirical Lorentz-

Berthelot combination rules18. Scale factors of 0.981 and 0.973 were used to correct the 

calculated zero-point vibrational energies for DF-CCSD(T)-F12b/jun′-cc-pVDZ and M08-

HX/MG3S, respectively.19 In addition, the pressure dependence was evaluated by the 

energy-grained master equation (ME) with the direct diagonalization method 

(diagonalization of the global relaxation matrix to obtain chemically significant 

eigenmodes20). In the calculations, microcanonical rate constants are used, which were 

computed by Rice-Ramsperger-Kassel-Marcus (RRKM) theory21 with parameters 

from W2X//DF-CCSD(T)-F12b/jun′-cc-pVDZ. The falloff effects agree well with each 

other in both methods as shown in Table A1. 22

All the electronic structure calculations were performed by using the Gaussian 1623 

for M08-HX/MG3S and using the Molpro 201924 for W2X. The rate constant calculations 

were executed by using the Polyrate 2017-C25 and Gaussrate 2017-B,26 while The RRKM 

and master equation was computed by using the MESS.27 

Computation of cross-sections and photodissociation rates. The ultraviolet and visible 

(UV/Vis) electronic absorption spectrum and cross-sections ( /cm2) of the P1 product were 𝜎

determined by means of a nuclear ensemble approach28,29 previously benchmarked30 and 

applied to several systems of atmospheric interest31,32,33,34 including the HOSO2 radical.35 

This computational strategy is based on the nuclear sampling of the optimized ground-state 

equilibrium structure according to a Wigner distribution36 using the corresponding 

vibrational harmonic frequencies of the normal modes. Once a representative ensemble of 

structures is obtained, vertical excitation energies ( ) and oscillator strengths ( ) of the ∆𝐸 𝑓

considered electronic excited states are computed at each sampled geometry. Then, the 

corresponding absorption cross-section at each photon energy  ( ) is calculated 𝐸 𝜎(𝐸)

using the following equation:37

          (1)𝜎(𝐸) =
1

𝑁𝑝
∑𝑁𝑝

𝑘
𝜋𝑒2

2𝑚𝑐𝜀0
∑𝑁𝑓𝑠

𝑙 ≠ 0𝑓0𝑙(𝑅𝑘)𝑔(𝐸 ― ∆𝐸0𝑙(𝑅𝑘),𝛿)

where is the number of sampled geometries,  and  the mass and charge of the 𝑁𝑝 𝑚 𝑒

electron, c the speed of light in vacuum,  the vacuum permittivity,  the number of 𝜀0 𝑁𝑓𝑠

excited states,  the oscillator strength of the transition from the ground state to the 𝑓0𝑙(𝑅𝑘)
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l-th excited state for each geometry  and  is a Gaussian type shape 𝑅𝑘 𝑔(𝐸 ― ∆𝐸0𝑙(𝑅𝑘),𝛿)
function which accounts for the broadening of the resonant lines of the spectra represented 

by . This Gaussian function depends on the nature of the transition and is centered at the 𝛿

vertical transition energy to a particular l-th excited state .∆𝐸0𝑙(𝑅𝑘)

The optimized ground-state equilibrium geometry and corresponding vibrational 

frequencies were computed at the B3LYP38,39/6-311+G(3df)40,41,42 level of theory with the 

Gaussian 16 (revision A0.3) software package.23 The Newton X 2.0 program43,44 was used 

to carry out the Wigner nuclear sampling at 0 K, obtaining a set of 200 representative 

geometries. The broadening of the Gaussian shape function, , was set to a value of 0.15 𝛿

eV. This value was chosen for being the smallest one that does not produce any unphysical 

peaks.

Regarding the level of theory used to compute  and , the state-average complete-∆𝐸 𝑓

active-space self-consistent field/multi-state complete-active space second-order 

perturbation theory (SA-CASSCF45,46/MS-CASPT247,48,49,50,51) method was employed in 

combination with the the atomic natural orbital-large basis set of valence double zeta with 

polarization functions (ANO-L-VTZP)52,53 using the OpenMolcas software package in its 

18.09 version.54,55 In the SA-CASSCF calculations, an active space of 16 electrons in 11 

orbitals i.e. CAS(16,11) was chosen and 12 roots (spin-free singlet states) were averaged 

without symmetry restrictions (C1 group). Note that spin-free refers in the context of the 

present work to the wavefunctions with a pure spin multiplicity (singlet, doublet, triplet, 

quartet…). For the MS-CASPT2 calculations, an ionization potential electron affinity 

(IPEA) shift of 0.25 a.u, was set to correct the errors in energy differences between closed 

and open-shell systems56, and an imaginary level shift of 0.2 a.u. was applied to minimize 

the effect of weakly-interacting intruder states57. 

With the computed , the photolysis rate ( /s-1) of the P1 product was estimated according 𝜎 𝐽

to the following expression:58

                   (2)𝐽 = ∫∅(𝜆,𝑇)𝜎(𝜆,𝑇)𝐹(𝜃,𝜆)𝑑𝜆

where  is the quantum yield for the photolysis of the species and  is the calculated ∅ 𝜎

absorption cross-section. Both parameters are a function of the wavelength (λ) and 

temperature (T).  denotes the solar actinic flux as a function of the solar zenith angle (θ) 𝐹

and wavelength (λ). The value of  was computed with an in-house program over the 𝐽

altitude range in which the SO3 + HONO2 reaction can compete with the SO3 + nH2O 

reaction (20-40 km). A value of  was considered as an approximation. The solar ∅ = 1



S-5

actinic flux spectrum at each altitude was obtained with the online version of the TUV 

photolysis code considering a solar zenith angle of 0º.59

Fitting of high-pressure-limit rate constant and calculated activation energies 

The high-pressure-limit rate constants in the temperature range from 190 K to 350 K were 

fitted to the equation:60,61,62

exp (3)𝑘 = 2.21 × 10 ―16(𝑇 +  41.03
300 )1.879 [ ―

―3.487 (𝑇 +  41.03)
𝑅(𝑇2 +  41.032) ]

where R is the gas constant (1.9872 × 10-3 kcal mol-1 K-1) and T is temperature in K. The 

corresponding Arrhenius activation energies were calculated by using the expression:

        (4)𝐸𝑎 = ― 𝑅 
dln 𝑘 

d (1 / T)

Fitting the pressure-dependent rate constant k(T, p) to analytical functions

The pressure-dependent rate constant k(T, p) was calculated by using the following 

interpolating equation:

k(T, p) =  (T)   (5)
𝑝2 + 𝐵(𝑇)𝑑(𝑇)𝑝

𝑝2 + 𝑑(𝑇)
𝑘∞

in which

B(T) =    (6)
𝑘0(T)

𝑘∞(T)𝑅𝑇

and 

d(T) =    (7)
[𝑝1/2(𝑇)]2

1 ― 2𝐵𝑝1/2(𝑇)

where the (T), (T), and (T) are the high-pressure-limit rate constant, the low-𝑘∞ 𝑘0 𝑝1/2

pressure-limit rate constant and transition pressure, respectively; R is the ideal gas constant 

(1.38 × 10-22 bar cm3 molecule-1 K-1, this may also be called the Boltzmann constant), p is 

in bar, B is in units of bar-1, and d is in bar2. The functional forms of k(T, p) are as in our 

previous study.63 

Atmospheric concentrations of P1 under different SO3 scenarios 

The steady-state concentration of P1 was calculated using the calculated equilibrium 

constant as follows: 

 =                          (8)𝐾𝑒𝑞4
[𝑃1]

[SO3][HONO2]
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where Keq4 is the equilibrium constant in Table A2 and [SO3], [HONO2], and [P1] are the 

concentrations of sulfur trioxide, nitric acid, and P1, respectively. Although the 

concentration of sulfur trioxide remains unknown at different altitudes, experimental 

observations have shown that the concentration of sulfur trioxide can reach 106 molecules 

cm-3 in the troposphere.64 Moreover, water vapor concentrations significantly decrease 

with increasing of altitude. Therefore, the concentration of sulfur trioxide should be higher 

in the stratosphere than in the troposphere. SO3 concentrations would increase as a result 

of geoengineered injection of SO2 or SO3. Therefore, we have calculated the concentrations 

of P1 according to concentrations of sulfur trioxide in the concentration range from 107 to 

1014 molecules cm-3 as shown in Figure S4.
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Table A1. Calculated k(T, p) (unit: cm3 molecule-1 s-1) as functions of altitude from different 
theoretical methods.

Ha

(km)
Ta

(K)
pa

(mbar) (T, p)b𝑘1 (T, p)c𝑘2 (T)d𝑘∞1 (T)e𝑘∞2
(T)/ 𝑘∞1

(T, p)𝑘1

(T)/ 𝑘∞2
(T, p)𝑘2

0 290.2 1013 1.89E-13 2.95E-13 2.31E-13 4.53E-13 1.22 1.54 
5 250.5 495.9 5.05E-13 1.00E-12 5.87E-13 1.36E-12 1.16 1.36 
10 215.6 242.8 1.68E-12 4.54E-12 1.89E-12 5.59E-12 1.12 1.23 
15 198 118.8 3.59E-12 1.19E-11 4.11E-12 1.46E-11 1.14 1.22 
20 208 58.18 1.92E-12 5.55E-12 2.59E-12 8.24E-12 1.35 1.49 
25 216.1 28.48 1.05E-12 2.80E-12 1.85E-12 5.45E-12 1.77 1.95 
30 221.5 13.94 5.82E-13 1.59E-12 1.50E-12 4.23E-12 2.59 2.66 
35 228.1 6.826 2.65E-13 7.94E-13 1.18E-12 3.16E-12 4.46 3.99 
40 240.5 3.341 8.17E-14 2.65E-13 7.87E-13 1.94E-12 9.64 7.29 
45 251.9 1.636 2.50E-14 9.10E-14 5.64E-13 1.30E-12 22.53 14.29 
50 253.7 0.801 1.17E-14 5.34E-14 5.37E-13 1.23E-12 45.90 22.97 

aData is from Brasseur, G. P.; Solomon, S., Aeronomy of the middle atmosphere: Chemistry 
and physics of the stratosphere and mesosphere. Springer Science & Business Media: 2006; 
pp. 617-621.
bThe (T, p) is calculated by the dual-level CVT/SCT/SS-QRRK method.𝑘1
cThe (T, p) is calculated by the ME/RRKM method.𝑘2
dThe (T) is high-pressure-limit rate constant (unit: cm3 molecule-1 s-1) obtained by dual-𝑘∞1
level strategy.
eThe (T) is calculated by the ME/RRKM method.𝑘∞2

Table A2. Equilibrium constant of P1 with respect to SO3 and HONO2 at different altitudes. 
Ha

(km)
Ta

(K)
pa

(mbar)
Keq4

b

(molecules 
cm-3)

[HONO2]a

(molecules 
cm-3)

0 290.2 1013 4.21E-19 3.80E+08
5 250.5 495.9 1.17E-17 1.50E+08
10 215.6 242.8 6.27E-16 1.90E+09
15 198 118.8 8.09E-15 1.30E+09
20 208 58.18 1.79E-15 5.50E+09
25 216.1 28.48 5.86E-16 4.60E+09
30 221.5 13.94 2.92E-16 2.30E+09
35 228.1 6.826 1.30E-16 5.80E+08
40 240.5 3.341 3.23E-17 5.70E+07
45 251.9 1.636 1.02E-17 2.50E+06
50 253.7 0.801 8.57E-18 1.60E+05

a Data is from Brasseur, G. P.; Solomon, S., Aeronomy of the middle atmosphere: 
Chemistry and physics of the stratosphere and mesosphere. Springer Science & Business 
Media: 2006; pp. 617-621
bThe equilibrium constant calculated by the dual-level CVT/SCT/SS-QRRK method.
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Table S1. Activation enthalpy at 0 K ( ) and barrier height ( ) for the SO3 + HONO2 ∆H ‡
0 ∆V ‡

reaction. (unit: kcal/mol)
Method TS1

∆H ‡
0 ∆V ‡

W2X//DF-CCSD(T)-F12b/jun′-cc-pVDZ -3.19 -2.56
M08-HX/MG3S -3.90 -2.79

Table S2. Tunneling transmission coefficients and rate constants (s-1) for TS1 at various 
temperatures
T/K a 𝑘HL

TST bΓ𝐿𝐿
𝐶𝑉𝑇 cκLL

SCT
d𝑘1 κ𝑐1 e𝑘 ―1

190 3.73E-12 3.23E-01 5.13E+00 6.18E-12 3.05E-14 2.02E+02
200 2.44E-12 3.44E-01 4.43E+00 3.73E-12 5.92E-15 6.29E+02
210 1.67E-12 3.64E-01 3.90E+00 2.38E-12 1.35E-15 1.76E+03
220 1.19E-12 3.83E-01 3.49E+00 1.59E-12 3.53E-16 4.50E+03
230 8.73E-13 4.00E-01 3.17E+00 1.11E-12 1.04E-16 1.06E+04
240 6.60E-13 4.17E-01 2.90E+00 7.98E-13 3.41E-17 2.34E+04
250 5.11E-13 4.33E-01 2.69E+00 5.94E-13 1.23E-17 4.84E+04
260 4.05E-13 4.47E-01 2.51E+00 4.54E-13 4.79E-18 9.48E+04
270 3.27E-13 4.61E-01 2.36E+00 3.55E-13 2.01E-18 1.77E+05
280 2.69E-13 4.74E-01 2.23E+00 2.84E-13 9.01E-19 3.15E+05
290 2.25E-13 4.86E-01 2.12E+00 2.31E-13 4.28E-19 5.41E+05
298 1.97E-13 4.95E-01 2.04E+00 1.99E-13 2.45E-19 8.12E+05
300 1.91E-13 4.98E-01 2.02E+00 1.92E-13 2.14E-19 8.95E+05
310 1.64E-13 5.08E-01 1.94E+00 1.61E-13 1.12E-19 1.43E+06
320 1.42E-13 5.18E-01 1.87E+00 1.37E-13 6.15E-20 2.23E+06
330 1.25E-13 5.28E-01 1.80E+00 1.18E-13 3.50E-20 3.38E+06
340 1.10E-13 5.37E-01 1.74E+00 1.03E-13 2.07E-20 5.00E+06
350 9.86E-14 5.45E-01 1.69E+00 9.09E-14 1.26E-20 7.22E+06

a  is the conventional transition state theory without a transmission coefficient at the 𝑘HL
TST
W2X//DF-CCSD(T)-F12b/DF-CCSD(T)-F12b/jun′-cc-pVDZ level.

b  is the recrossing transmission coefficient, which equals  at the M08-ΓLL
CVT 𝑘LL

CVT 𝑘LL
TST

HX/MG3S level.
c  is the tunneling transmission coefficient calculated by small-curvature tunneling κLL

SCT
approximation at the M08-HX/MG3S level.

d The HPL rate constant , and HL is W2X//DF-CCSD(T)-F12b/DF-𝑘1 =  𝑘HL
TST κLL

SCT ΓLL
CVT

CCSD(T)-F12b/jun′-cc-pVDZ, LL is M08-HX/MG3S level.
e  denotes the reverse rate constant.𝑘 ―1
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Table S3. High-pressure-limit rate constants ( , cm3 molecule-1 s-1) and activation 𝑘∞(𝑇)
energies (Ea, kcal/mol) of the SO3 + HONO2 reaction between 190 and 350 K
T/K 𝑘∞(𝑇) Ea
190 6.18 × 10-12 -3.83
200 3.73 × 10-12 -3.77
210 2.38 × 10-12 -3.72
220 1.59 × 10-12 -3.67
230 1.11 × 10-12 -3.61
240 7.98 × 10-13 -3.56
250 5.94 × 10-13 -3.5
260 4.54 × 10-13 -3.45
270 3.55 × 10-13 -3.39
280 2.84 × 10-13 -3.34
290 2.31 × 10-13 -3.28
298 1.99 × 10-13 -3.24
300 1.92 × 10-13 -3.23
310 1.61 × 10-13 -3.18
320 1.37 × 10-13 -3.13
330 1.18 × 10-13 -3.07
340 1.03 × 10-13 -3.02
350 9.09 × 10-14 -2.97



S-10

Table S4. Pressure and temperature dependence of k4(T, p)
p (Pa) T = 350 K T = 320 K T = 298 K T = 280 K

8.01E+01 2.76E-16 7.87E-16 1.79E-15 3.68E-15
1.64E+02 5.59E-16 1.58E-15 3.58E-15 7.34E-15
3.34E+02 1.12E-15 3.14E-15 7.03E-15 1.43E-14
6.83E+02 2.20E-15 6.08E-15 1.34E-14 2.67E-14
1.39E+03 4.20E-15 1.12E-14 2.41E-14 4.67E-14
2.85E+03 7.60E-15 1.95E-14 4.01E-14 7.50E-14
5.82E+03 1.29E-14 3.11E-14 6.11E-14 1.10E-13
1.19E+04 2.02E-14 4.58E-14 8.56E-14 1.47E-13
2.43E+04 2.97E-14 6.29E-14 1.12E-13 1.84E-13
4.96E+04 4.08E-14 8.07E-14 1.36E-13 2.16E-13
1.01E+05 5.25E-14 9.74E-14 1.58E-13 2.42E-13
5.00E+05 7.50E-14 1.24E-13 1.86E-13 2.72E-13
1.00E+06 8.13E-14 1.30E-13 1.92E-13 2.78E-13
5.00E+06 8.85E-14 1.36E-13 1.97E-13 2.83E-13
1.00E+07 8.96E-14 1.36E-13 1.98E-13 2.84E-13
1.00E+08 9.08E-14 1.37E-13 1.99E-13 2.84E-13

p (Pa) T = 260 K T = 240 K T = 220 K T = 200 K
8.01E+01 8.73E-15 2.27E-14 6.72E-14 2.38E-13
1.64E+02 1.73E-14 4.44E-14 1.30E-13 4.51E-13
3.34E+02 3.32E-14 8.38E-14 2.39E-13 8.02E-13
6.83E+02 6.06E-14 1.49E-13 4.08E-13 1.30E-12
1.39E+03 1.02E-13 2.41E-13 6.27E-13 1.88E-12
2.85E+03 1.57E-13 3.51E-13 8.66E-13 2.44E-12
5.82E+03 2.18E-13 4.64E-13 1.09E-12 2.90E-12
1.19E+04 2.80E-13 5.67E-13 1.26E-12 3.23E-12
2.43E+04 3.34E-13 6.50E-13 1.39E-12 3.45E-12
4.96E+04 3.78E-13 7.10E-13 1.48E-12 3.58E-12
1.01E+05 4.09E-13 7.49E-13 1.53E-12 3.65E-12
5.00E+05 4.43E-13 7.87E-13 1.58E-12 3.71E-12
1.00E+06 4.48E-13 7.92E-13 1.58E-12 3.72E-12
5.00E+06 4.53E-13 7.97E-13 1.59E-12 3.72E-12
1.00E+07 4.54E-13 7.98E-13 1.59E-12 3.72E-12
1.00E+08 4.54E-13 7.98E-13 1.59E-12 3.73E-12

a The k(T, p) is calculated by the dual-level CVT/SCT/SS-QRRK method.
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Table S5. The fitted k4(T, p) from eq. (3) (unit: cm3 molecule-1 s-1) at different temperatures
T /K (T)𝑘∞4 (T)𝑘0 p1/2 B(T) d(T) k4(T, p)
190 6.18E-12 1.77E-29 0.0103 1.09E+02 -8.47E-05 3.09E-12
200 3.73E-12 8.89E-30 0.0136 8.64E+01 -1.37E-04 1.86E-12
210 2.38E-12 4.78E-30 0.0176 6.95E+01 -2.14E-04 1.19E-12
220 1.59E-12 2.69E-30 0.023 5.59E+01 -3.37E-04 7.94E-13
230 1.11E-12 1.60E-30 0.0296 4.55E+01 -5.18E-04 5.53E-13
240 7.98E-13 9.77E-31 0.0384 3.70E+01 -8.02E-04 3.99E-13
250 5.94E-13 6.21E-31 0.0497 3.03E+01 -1.23E-03 2.97E-13
260 4.54E-13 4.04E-31 0.0643 2.48E+01 -1.89E-03 2.27E-13
270 3.55E-13 2.70E-31 0.0827 2.04E+01 -2.88E-03 1.78E-13
280 2.84E-13 1.82E-31 0.1082 1.66E+01 -4.53E-03 1.42E-13
290 2.31E-13 1.26E-31 0.1401 1.36E+01 -7.02E-03 1.16E-13
298 1.99E-13 9.34E-32 0.1737 1.14E+01 -1.02E-02 9.94E-14
300 1.92E-13 8.71E-32 0.1832 1.10E+01 -1.11E-02 9.58E-14
310 1.61E-13 6.16E-32 0.2369 8.93E+00 -1.74E-02 8.06E-14
320 1.37E-13 4.40E-32 0.3056 7.26E+00 -2.72E-02 6.87E-14
330 1.18E-13 3.16E-32 0.3963 5.86E+00 -4.31E-02 5.92E-14
340 1.03E-13 2.30E-32 0.5118 4.75E+00 -6.78E-02 5.16E-14
350 9.09E-14 1.68E-32 0.6596 3.83E+00 -1.07E-01 4.54E-14

aThe (T) is high-pressure-limit rate constant (unit: cm3 molecule-1 s-1), the (T) is 𝑘∞4 𝑘0
low-pressure limit rate constant (unit: cm6 molecule-1 s-1) and p1/2  (unit: bar).

Table S6. The fitting four-parameters of k(T, p)
SO3 + HONO2 reaction

ln A n T0 E
(T)𝑘∞4 -36.05 1.879 41.03 -3.487

(T)𝑘0 -74.56 -7.31 24.16 -1.991
p1/2 11.74 5.033 458.5 10.57

a ln A (with A in s–1), n (unitless), E (kcal/mol), and T0 (K) are the four fitting parameters.
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Table S7. Rate constants (units: cm3 molecule-1 s-1) of the SO3 + HONO2 reaction, HONO2 
concentrations (unit: molecules cm-3), and atmospheric lifetimes of SO3 (τ1, s) in an 
environment of atmospheric HONO2 as functions of altitude.  

a Data is from Brasseur, G. P.; Solomon, S., Aeronomy of the middle atmosphere: 
Chemistry and physics of the stratosphere and mesosphere. Springer Science & Business 
Media: 2006; pp. 617-621.

SO3+HNO3 Lat = 60 Lon = 150
Altitude T p

(km) (K) (mbar) k4(T,p) (T)𝑘∞4 [HNO3] k(T,p) (T)𝑘∞
Lifetime 
(hrs)

Lifetime 
(hrs)

0 290.2 1013 1.89×10-13 2.31×10-13 2.94×109 5.56×10-4 6.77×10-4 5.00×10-1 4.10×10-1

5 250.5 495.9 5.05×10-13 5.87×10-13 1.37×109 6.93×10-4 8.04×10-4 4.01×10-1 3.46×10-1

10 215.6 242.8 1.68×10-12 1.89×10-12 9.87×109 1.66×10-2 1.86×10-2 1.68×10-2 1.49×10-2

15 198 118.8 3.59×10-12 4.11×10-12 8.47×109 3.04×10-2 3.48×10-2 9.13×10-3 7.99×10-3

20 208 58.18 1.92×10-12 2.59×10-12 9.14×109 1.75×10-2 2.37×10-2 1.59×10-2 1.17×10-2

25 216.1 28.48 1.05×10-12 1.85×10-12 5.57×109 5.83×10-3 1.03×10-2 4.76×10-2 2.69×10-2

30 221.5 13.94 5.82×10-13 1.50×10-12 1.83×109 1.06×10-3 2.75×10-3 2.61×10-1 1.01×10-1

35 228.1 6.826 2.65×10-13 1.18×10-12 2.39×108 6.33×10-5 2.83×10-4 4.39×100 9.83×10-1

40 240.5 3.341 8.17×10-14 7.87×10-12 3.13×107 2.56×10-6 2.47×10-5 1.09×102 1.13×101

45 251.9 1.636 2.50×10-14 5.64×10-12 5.75×105 1.44×10-8 3.24×10-7 1.93×104 8.57×102

50 253.7 0.801 1.17×10-14 5.37×10-12 6.02×104 7.04×10-

10 3.23×10-8 3.94×105 8.59×103

k1 is the forward dependent-dependent rate constant for the SO3 + HNO3 reaction at different 
altitudes between 0 and 50 km.
k1_HPL is the forward high-limit rate constant of SO3 + 
HNO3.
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Table S8. Rate constants of SO3 + HONO2 and OH + HONO2 as functions of altitude. 
Ha

(km)
Ta

(K)
pa

(mbar) k4(T,p)b kOH(T)c

0 290.2 1013 1.89 × 10-13 1.68E-13
5 250.5 495.9 5.05 × 10-13 3.09E-13
10 215.6 242.8 1.68 × 10-12 7.26E-13
15 198 118.8 3.59 × 10-12 1.09E-12
20 208 58.18 1.92 × 10-12 5.86E-13
25 216.1 28.48 1.05 × 10-12 3.68E-13
30 221.5 13.94 5.82 × 10-13 2.70E-13
35 228.1 6.826 2.65 × 10-13 2.15E-13
40 240.5 3.341 8.17 × 10-14 1.75E-13
45 251.9 1.636 2.50 × 10-14 1.54E-13
50 253.7 0.801 1.17 × 10-14 1.50E-13

aData is from Brasseur, G. P.; Solomon, S., Aeronomy of the middle atmosphere: Chemistry 
and physics of the stratosphere and mesosphere. Springer Science & Business Media: 2006; 
pp. 617-621.
bRate constant of the SO3 + HONO2 reaction (R4) at different temperature and pressure. (in 
cm3 molecule−1 s−1)
cThe  is from experiment preferred values of ref 65. (in cm3 molecule−1 s−1)𝑘OH
dThe concentration of sulfur trioxide. (in molecules cm−3)
cThe  = 1/  that is the atmosphere lifetime of the OH + HNO3 reaction.𝜏OH 𝑘OH[OH]
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Table S9. Calculated (T, p) (unit: s-1) and atmosphere lifetimes (s) as functions of 𝑘 ―4
altitude.
Ha

(km)
Ta

(K)
pa

(mbar) (T, p)b (s-1)𝑘 ―4 c (s)𝜏 ―4

0 290.2 1013 4.50E+05 2.22E-06
5 250.5 495.9 4.33E+04 2.31E-05
10 215.6 242.8 2.68E+03 3.73E-04
15 198 118.8 4.44E+02 2.25E-03
20 208 58.18 1.07E+03 9.34E-04
25 216.1 28.48 1.79E+03 5.60E-04
30 221.5 13.94 1.99E+03 5.01E-04
35 228.1 6.826 2.04E+03 4.90E-04
40 240.5 3.341 2.53E+03 3.96E-04
45 251.9 1.636 2.46E+03 4.07E-04
50 253.7 0.801 1.36E+03 7.33E-04

aData is from Brasseur, G. P.; Solomon, S., Aeronomy of the middle atmosphere: Chemistry 
and physics of the stratosphere and mesosphere. Springer Science & Business Media: 2006; 
pp. 617-621.
bThe (T, p) is calculated by the dual-level CVT/SCT/SS-QRRK method. 𝑘 ―4
cThe  = 1/ (T, p) that is the atmosphere lifetime of the SO3 + HNO3 reverse reaction.𝜏 ―4 𝑘 ―4

Cartesian coordinates (Å) of geometric structures optimized by DF-CCSD(T)-

F12b/jun′-cc-pVDZ method

HONO2
N          0.1455893628       -0.0378879745       -0.0001620727
 O          0.1360534638       -1.2502170376       -0.0000536829
 O          1.0657044866        0.7286180956        0.0001846446
 O         -1.1112964265        0.5811596301       -0.0002628423
 H         -1.7221228866       -0.1780857136       -0.0006980468

SO3
S         -0.0000002538       -0.0000088459        0.0000000000
 O         -0.1619494169       -1.4259149656        0.0000000000
 O          1.3158456165        0.5726918608        0.0000000000
 O         -1.1538959458        0.8531969507        0.0000000000

C1
S          1.5378044307        0.0328183638        0.0000021996
 O          1.8541756338       -0.5905730179        1.2472853070
 O          1.8541896973       -0.5905895603       -1.2472690339
 O          0.9654127618        1.3590962348       -0.0000097477
 N         -1.9568668142       -0.1910637806       -0.0000016260
 O         -3.0682726487       -0.6280392756        0.0000018131
 O         -1.8759710242        1.1847356751       -0.0000034230
 O         -0.8998673608       -0.8125760556       -0.0000038702
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 H         -0.9133136759        1.3805084164       -0.0000066187

TS1
S          1.1509914276       -0.0157987988        0.0481684752
 O          1.2119456976       -0.0834098655        1.4729888537
 O          1.9531498697       -0.8159235831       -0.8097802405
 O          0.7692264938        1.3272829841       -0.5033090535
 N         -1.6358543302       -0.1469884680       -0.0452035365
 O         -2.6691284068       -0.7194727887        0.0671484174
 O         -1.5440312690        1.1300005649        0.0184320533
 O         -0.5359934528       -0.8437310049       -0.2734267228
 H         -0.4096150301        1.3941329601       -0.2387652464

P1
S          1.0171175782       -0.1025639362        0.1048191965
 O          0.8587466919        0.3863385227        1.4368182128
 O          1.9625887419       -1.0743525432       -0.3115154370
 O          1.1155420506        1.1109649591       -0.9099228381
 N         -1.6537489733       -0.0430082917       -0.0571775273
 O         -2.6057219471       -0.7490726137        0.0176802671
 O         -1.5297611413        1.1525747241        0.0194331409
 O         -0.4318114498       -0.8127011253       -0.3455361257
 H          0.5326484490        1.8200093042       -0.5797438893

Unscaled vibrational frequencies obtained at the DF-CCSD(T)-F12b/jun′-cc-pVDZ 

level

Frequencies (unit: cm-1)：
HONO2  
445.18  593.90  663.94  766.72  909.48 
1353.57  1376.09  1799.03  3753.82

SO3
494.09  513.95  513.97  1049.12  1380.17  1380.20

C1
16.50  54.85  83.48  108.33  153.61  199.38  486.58  510.85
514.86  557.06  620.99  690.43  768.14  947.02  1052.29
1339.20  1368.94  1411.10  1431.82  1783.36  3603.09

TS1
901.80 i  86.75  102.14  263.83  325.00  375.82  470.29
520.33  530.63  669.81  752.10  787.67  806.58  1000.81
1064.14  1155.77  1272.20  1408.65  1454.00  1695.40
1796.14

P1
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62.68  130.78  194.09  301.30  337.66  369.62  410.42
466.19  517.97  590.82  636.69  721.82  790.15  825.29
886.11  1194.99  1218.49  1351.11  1480.86  1816.06
3744.71

Rotational constants (unit: GHz):

HONO2
12.16952     6.28415    12.99411

SO3
5.11255    10.22509    10.22510

C1
0.96288     0.90639     3.82070

TS1
1.32462     1.22608     3.82891

P1
1.38612     1.26570     3.72815

Cartesian coordinates (Å) of the P1 product optimized by B3LYP/6-311+G(3df) 
method

P1
S    1.015679   -0.102026    0.105556
O    0.912734    0.394388    1.431380
O    1.952704   -1.073050   -0.309806
O    1.106003    1.094997   -0.914634
N   -1.682648   -0.040546   -0.055352
O   -2.615870   -0.761356   -0.041163
O   -1.574717    1.143546    0.050582
O   -0.420948   -0.807492   -0.299394
H    0.572665    1.839727   -0.592314

Unscaled vibrational frequencies of the P1 product obtained at the B3LYP/6-
311+G(3df) level

P1
63.38  111.46  175.03  294.97  317.57  352.85  404.84
464.79  527.69  587.99  614.48  726.44  775.89  827.93
887.74  1183.10  1230.42  1345.54  1477.98  1789.76
3721.84
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Figure S1. The calculated enthalpy profile at 0 K for the SO3 + HONO2 reaction at the 
M08-HX/MG3S level.

Figure S2. The natural orbitals for the lone pair of oxygen and the  bonding of the 𝜎𝑂 ― 𝐻
transition state in the SO3 + HONO2 reaction.
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Figure S3. Transition pressure (p1/2) of the SO3 + HONO2 reaction as a function of 
temperature for N2 as bath gas.
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Figure S4. Concentration (unit: molecules cm-3) of P1 with respect to different 
concentrations of SO3 as function of altitude. We consider the possible concentrations of 
SO3 with the injection of SO3.
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