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Comments of reviewer #1

1. The authors should explain their variational TST calculations for barrierless reactions (p.7) in
more detail, particularly since they consistently predict higher CI + HCOOH rate constants than
experiment (p.10-11).

Response: In the original manuscript, the rate coefficients for the barrierless reactions are
calculated by employing the variational transition state theory (VTST), and the rate coefficients for
the bimolecular reactions with the tight transition states are computed by using the canonical
transition state theory (CTST) along with one-dimensional asymmetric Eckart tunneling correction.
For the initiation reactions of distinct stabilized Criegee intermediates (SCIs) with HCOOH, there
are four possible pathways, namely (1) 1,4 O-H insertion (Entry 1), (2) 1,2 O-H insertion (Entry 2),
(3) C-H insertion (Entry 3), and (4) C=0 cycloaddition (Entry 4), in which Entry 1 is barrierless and
Entry 2-4 have the tight transition states. The total rate coefficient for the reaction of SCIs with
HCOOH is equal to the sum of the rate coefficient of each pathway. For the barrierless 1,4 O-H
insertion reaction, the VTST is approximated with a Morse potential function, V(R) = D.{1-exp[-
B(R-R.)]}?, along with an anisotropy potential function to stand for the minimum energy path, which
is used to calculate the rate coefficients (Raghunath et al., 2017). Here, D. is the bond energy
excluding the zero-point energy, R is the reaction coordinate, and R. is the equilibrium value of R.
It is assumed that the stretching potential in an anisotropy potential is used in conjunction with a
potential form of Vanisotropy = Vo[ 1-c08*(01—01¢) % cos?(6>—02)] (Raghunath et al., 2017). Here, Vj is
the stretching potential, which stands for by a Morse potential, 81 and 6. represent the rotational
angle between fragment 1 and the reference axis and the equilibrium bond angle of fragment 1, 6,
and 0. stand for the rotational angle between fragment 2 and the reference axis and the equilibrium
bond angle of fragment 2. The association curve for the reaction of 1,4 O-H insertion of SCIs into
HCOOH is computed at the M06-2X/6-311+G(2df,2p) level of theory to cover a range from 0.97 to
1.97 A at step size 0.1 A for O-H bond and from 1.44 to 2.44 A at step size 0.1 A for C-O bond,
while other structural parameters are fully optimized. The computed potential energies are fitted to
the Morse potential function. However, the calculated rate coefficients for the reactions of SCIs with
HCOOH are higher than the prior experimental measurements. The reason is ascribed to the fact
that the approximation of VTST using a Morse potential function in conjunction with an anisotropy

potential function is unsuitable to predict the rate coefficients for the barrierless 1,4 O-H insertion



reaction.

In the revised manuscript, the rate coefficients for the barrierless reactions are computed by
employing the inverse Laplace transformation (ILT) method, and the rate coefficients for the
bimolecular reactions with the tight transition states are calculated by utilizing CTST in conjunction
with Eckart tunneling correction. The ILT and CTST/Eckart calculations are performed by using the
MESMER 6.0 and KiSThelP 2019 programs, respectively (Glowacki et al., 2012; Canneaux et al.,
2013). In the ILT treatment, the rotational constants, vibrational frequencies, molecular weights,
energies and other input parameters are obtained from the M06-2X/6-311+G(2df,2p) or M06-
2X/ma-TZVP methods. For the barrierless reaction of 1,4 O-H insertion of SCIs into HCOOH, SCIs
and HCOOH are assigned as the deficient and excess reactants, respectively. The concentration of
HCOOH is given a value of 5.0 x 10'° molecules cm™ in the simulation, which is taken from the
typical concentration of HCOOH in the tropical forest environments (Vereecken, 2012). N» is
applied as the buffer gas. A single exponential down model is employed to simulate the collision
transfer (SAE>qown = 200 cm™"). The collisional Lennard-Jones parameters are estimated with the
empirical formula described by Gilbert and Smith (1990).

The rate coefficients of each elementary pathway included in the initiation reactions of distinct
SCIs with HCOOH are calculated in the temperature range of 273-400 K, as listed in Table S3-S6.
As shown in Table S3, the total rate coefficients kir.cr200 of CH>OO reaction with HCOOH are in
excess of 1.0 x 1071 cm?® molecule™! s7!, and they exhibit a slightly negative temperature dependence
in the temperature range studied. kior-c200 is estimated to be 1.4 x 10719 cm?® molecule™! s at 298 K,
which is in good agreement with the experimental values reported by Welz et al. (2014) ([1.1 £ 0.1]
x 10719), Chung et al. (2019) ([1.4 + 0.3] x 10-'9), and Peltola et al. (2020) ([1.0 £ 0.03] x 101°).
k(TSenu1) 1s approximately equal to kio-c200 in the whole temperature range, and it decreases in the
range of 1.7 x 1019 (273 K) to 1.2 x 107'° (400 K) cm?® molecule™! s! with increasing temperature.
k(TSenu1) 1s several orders of magnitude greater than A(TScnw2), A(TSen) and A(TSens) over the
temperature range from 273 to 400 K. The result again shows that the barrierless 1,4 O-H insertion
reaction is predominant. Similar conclusion is also obtained from the results of the rate coefficients
for the reactions of HCOOH with anti-CH3CHOO, syn-CH3CHOO and (CH3).COO (Table S4-S6).
At ambient temperature, the total rate coefficients of HCOOH reactions with anti-CH3CHOO, syn-

CH;CHOO and (CH3),COO are estimated to be 5.9, 2.7 and 4.8 x 10 cm?® molecule™! s,



respectively, which are consistent with the prior experimental measurements of 5 + 3, 2.5+ 0.3 and

4.5 x 1071° ¢cm? molecule™ s' (Welz et al., 2014; Chung et al., 2019; Sipild et al., 2014).

Table S3 Rate coefficients (cm?® molecule™ s™) of each elementary pathway involved in the initiation
reaction of CH,OO0 with HCOOH computed at different temperatures

T/K k (TSenu) k (TSent2) k (TSent3) k (TSenta) kiot-cH200
273 1.7 x 10710 3.6 x 10712 1.0 x 1022 3.6 x 10712 1.8 x 10710
280 1.6 x 10710 2.9 x 1012 1.2 x 102 3.1 x 1012 1.7 x 10710
298 1.4 x 10710 1.9 x 1012 2.2 %102 2.3 x 1012 1.4 x 10710
300 1.4 x 1010 1.8 x 1012 2.4 %1022 22 %1012 1.4 x 1010
320 1.3 x 10710 1.2 x 10712 4.9 x 102 1.6 x 10712 1.3 x 10710
340 1.3 x 10710 8.2 x 10713 1.0 x 102! 1.3 x 1012 1.3 x 1010
360 1.2 x 10710 5.9 x 10713 2.2 %102 1.0 x 1012 1.2 x 10710
380 1.2 x 10710 4.5x 101 4.5 x 102! 8.2 x 1013 1.2 x 10710
400 1.2 x 10710 3.5 %1013 9.0 x 102! 6.9 x 10713 1.2 x 10710

Table S4 Rate coefficients (cm? molecule™ s) of each elementary pathway involved in the initiation
reaction of anti-CH;CHOO with HCOOH computed at different temperatures

T/K k (TSenu-anti)  k (TSen-anti)  k (TSens-anti)  k (TSenu-anti) kiot-anti

273 5.9 x 10710 42 %10 5.5 %1022 6.1 x 10" 6.9 x 10710
280 5.7 x 10710 3.8 x 10" 6.7 x 1022 4.9 x 101 6.6 x 10710
298 5.4 x1071° 2.3 x 10! 1.2 x 102! 3.0 x 10 5.9 x 10710
300 5.3 x 10710 2.0 x 10" 1.3 x 10 2.8 x 10 5.8 x 10710
320 5.0 x 10°1° 1.5x 10! 2.6 x 102! 1.7 x 107! 5.3 x 1010
340 4.7 x 10710 9.4 x 10712 5.4 x 102! 1.1 x 10 4.9 x 1010
360 4.5 %1010 7.0 x 10712 1.1 %1020 7.8 x 10712 4.7 x 10710
380 4.4 x 1010 3.6 x 10712 2.1 <1020 5.6 x 10712 4.5 %1010
400 43 x 10710 2.0 x 10712 4.0 x 1020 42 %1012 4.4 x 10710

Table S5 Rate coefficients (cm® molecule™ s™!) of each elementary pathway involved in the initiation
reaction of syn-CH3CHOO with HCOOH computed at different temperatures

T/K k (TSeni-syn)  k (TSen-syn)  k (TSen-syn)  k (TSenu-syn) Ktot-syn




273 3.1 x 1010 9.5x 1013 4.6 x 10?7 7.5 %1016 3.1x 10710

280 2.8 x 10710 8.0 x 10713 7.1 x 1027 6.4 x 10716 2.8x 10710
298 2.7 x 1010 5.4 %1013 8.9 x 102 5.5 %1016 2.7x 10710
300 2.7 %1010 5.2 %101 9.9 x 106 4.6 x 10716 2.7x 10710
320 2.5 %1010 3.6 x 10713 3.0 x 105 3.8 x 1016 2.5% 10710
340 2.5 %1010 2.6 x 1013 9.1 x 10 3.1 x 10716 2.5% 10710
360 2.3 x 1010 2.0 x 1013 2.6 x 102 3.0 x 10°1¢ 2.3x 10710
380 2.2 %1010 1.5 x 1013 7.2 x 1024 2.4 %1016 2.2x 10710
400 2.2 %1010 1.2 x 1013 1.8 x 10 2.2 %1016 2.2x 10710

Table S6 Rate coefficients (cm? molecule™! s) of each elementary pathway involved in the initiation
reaction of (CH3)>00 with HCOOH computed at different temperatures

T/K k (TSeni-dim) &k (TSen-dim) & (TSens-dim) & (TSems-dlim) Kiotdim

273 53x1010  6.8x 1012 14x102  44x10"  54x1070
280 51x1010  52x1012  22x102%  42x 1015 52x 1010
298 48x1010  28x1072  8.0x102%  40x1015  4.8x 10710
300 47x101°  26x1012  92x102  39x101  4.7x 1010
320 4.5% 10710 14x1012  36x10%  37x1015  45x 1070
340 42x1010  86x 1071 13x10%  3.6x1015  42x 107
360 39%1010  55x101  45x10%  35x1015  3.9x 10710
380 3.7x101°  3.7x1013 1.4 x 102 34x107  3.7x10710
400 37x1010  26x101  3.9x10% 34x1015  3.7x10710

Corresponding descriptions have been added in the page 7 line 173-190, page 11 line 303-315,
page 12 line 330-338 and page 13 line 346-351 of the revised manuscript:

The rate coefficients for the barrierless reactions are determined by employing the inverse
Laplace transformation (ILT) method. The ILT calculations are performed with the MESMER 6.0
program (Glowacki et al., 2012). In the ILT treatment, the rotational constants, vibrational
frequencies, molecular weights, energies and other input parameters are obtained from the M06-
2X/6-311+G(2df,2p) or M06-2X/ma-TZVP methods. For the barrierless reaction of 1,4 O-H

insertion of SCIs into HCOOH, SCIs and HCOOH are assigned as the deficient and excess reactants,



respectively. The concentration of HCOOH is given a value of 5.0 x 10'° molecules cm™ in the
simulation, which is taken from the typical concentration of HCOOH in the tropical forest
environments (Vereecken et al., 2012). N> is applied as the buffer gas. A single exponential down
model is employed to simulate the collision transfer (<AE>uom = 200 cm™). The collisional
Lennard-Jones parameters are estimated with the empirical formula described by Gilbert and Smith
(1990).

The rate coefficients for the bimolecular reactions with the tight transition states are calculated
by using the canonical transition state theory (CTST) along with one-dimensional asymmetric
Eckart tunneling correction (Truhlar et al., 1996, Eckart, 1930). The CTST/Eckart calculations are
performed with the KiSThelP 2019 program (Canneaux et al., 2013).

The rate coefficients of each elementary pathway included in the initiation reactions of distinct
SClIs with HCOOH are calculated in the temperature range of 273-400 K, as listed in Table S3-S6.
As shown in Table S3, the total rate coefficients kio-crz00 of CH200 reaction with HCOOH are in
excess of 1.0 x 107" em® molecule™ 57, and they exhibit a slightly negative temperature dependence
in the temperature range studied. kir.cr200 is estimated to be 1.4 x 1071° cm® molecule™ s at 298
K, which is in good agreement with the experimental values reported by Welz et al. (2014) ([1.1 +
0.1] x 107"°), Chung et al. (2019) ([1.4 £ 0.3] x 10°'°), and Peltola et al. (2020) ([1.0 = 0.03] x 10-
19). k(TSen1) is approximately equal to kir.cr200 in the whole temperature range, and it decreases in
the range of 1.7 x 107" (273 K) to 1.2 x 10717 (400 K) cm® molecule s™ with increasing temperature.
k(TSen1) is several orvders of magnitude greater than k(TSenz), k(TSen3) and k(TSens) over the
temperature range from 273 to 400 K. The result again shows that the barrierless 1,4 O-H insertion
reaction is predominant.

Equivalent to the case of CH,OO reaction with HCOOH, the rate coefficient of each
elementary pathway involved in the anti-CH;CHOO + HCOOH reaction also decreases with the
temperature increasing (Table S4). This table shows that Entry 1 is kinetically favored over Entry
2, 3 and 4, and Entry 2 is competitive with Entry 4 in the range 273-400 K. Similar conclusion is
also obtained from the results of the rate coefficients for the reactions of syn-CH;:CHOO and
(CH3):COO with HCOOH that Entry 1 is the dominant pathway (Table S5-S6). It deserves
mentioning that the competition of Entry 2 is significantly greater than that of Entry 4 in the syn-

CH3;CHOO + HCOOH and (CH3),COO + HCOOH systems. At ambient temperature, the total rate



coefficients of HCOOH reactions with anti-CH3;CHOO, syn-CH3;CHOO and (CH3),COO are
estimated to be 5.9, 2.7 and 4.8 x 107" cm® molecule™ s, respectively, which are consistent with

the prior experimental measurements of 5+ 3, 2.5+ 0.3 and 4.5 x 107 cm® molecule™ s (Welz et

al., 2014; Chung et al., 2019; Sipild et al., 2014).

2. The trend in exothermicity with substitution pattern (p.8-9) should be explained.
Response: Based on the Reviewer’s suggestion, the relevance explanations on the trend in

exothermicity have been added in the revised manuscript. The exothermicity of 1,4 O-H insertion

reactions of distinct SCls with HCOOH is assessed by the reaction enthalpy (A Hg, ), which is

298
defined as the difference between the enthalpies of formation (A, H;gs) of the products and

reactants ( AHL = S AHL— 3 A H, ). To the best of our knowledge, there are no literature

products reactants

values available on the enthalpies of formation of carbonyl oxides and hydroperoxide esters except
the simplest carbonyl oxide CH>OO. Therefore, the isodesmic reaction method is adopted to obtain
the enthalpies of formation, and the results are listed in Table S2. An isodesmic reaction is a
hypothetical reaction, in which the type of chemical bonds in the reactants is the similar as that of

chemical bonds in the products. The following isodesmic reaction is constructed because the

experimental values of Hy, CH4 and H>O are available (A, Hg,, (H2) = 0.00 kcal-mol; A HS

298

o (H,0) = -57.79 kcal -mol™").

298

(CHs) = -17.82 keal'mol™; A H

SCls+nH, - CH, +mH,0 (4)

As seen in Table S2, the enthalpy of formation of CH,0O is calculated to be 23.23 kcal-mol!,
which is in good agreement with the available literature values (Karton et al., 2013; Chen et al.,
2016). This result implies that the theoretical method employed herein is reasonable to predict the
thermochemical parameters. The enthalpies of formation of carbonyl oxides and hydroperoxide
esters significantly decrease with increasing the number of methyl groups. Notably, the decreased
values in the enthalpies of formation of carbonyl oxides are greater than those of hydroperoxide
esters under the condition of the same number of methyl groups. For example, the enthalpy of
formation of anti-CH;CHOO decreases by 12.95 kcal-mol'! compared to the enthalpy of formation

of CH>,00, and the enthalpy of formation of Pentlb decreases by 12.12 kcal-mol-! compared to the



enthalpy of formation of Pentla. The reaction enthalpies decrease in the order of -44.69 (CH,OO +
HCOOH — Pentla) < -43.86 (anti-CH;CHOO + HCOOH — Pentlb) < -38.13 (syn-CH3CHOO +
HCOOH — Pentlc¢) < -37.12 kcal'mol! ((CH3),COO + HCOOH — Pentld), indicating that the
reaction enthalpies are highly dependent on the number and location of methyl groups. The trend in
reaction enthalpies is consistent with the trend in the enthalpies of formation of carbonyl oxides.
The reason might be attributed to the decreased values in the enthalpies of formation of carbonyl
oxides greater than those of hydroperoxide esters under the condition of the same number of methyl

groups.

Table S2 Enthalpies of formation (Af Hggg) for the various carbonyl oxides and hydroperoxide

esters computed at the CCSD(T)//M06-2X/6-311+G(2df,2p) level of theory

Species Cal (kcal-mol") Refs. (kcal-mol!)
CH;00 2323 220
24.59b
anti-CH300 10.28
syn-CH;CHOO 6.73
(CH3),COO -6.77
HCOOH -90.62 (exp)
HC(0)OCH,O0H (Pentla) -112.08
HC(O)OCH(CH3)OOH (Pent1b) -124.20
HC(O)OCH(CH:)OOH (Pentlc) -122.02
HC(0)OC(CH3),00H (Pentld) -134.51

Exp is taken from NIST Chemistry Webbook
2 the value is obtained at the G4 level of theory (Chen et al., 2016)
b the value is obtained at the W3-F12 level of theory (Karton et al., 2013)

Corresponding descriptions have been added in the page 9 line 240-247 and page 10 line 248-
271 of the revised manuscript:

The exothermicity of 1,4 O-H insertion reactions of distinct SCls with HCOOH is assessed by

the reaction enthalpy (A HZ, ), which is defined as the difference between the enthalpies of

298

. 0
formation ( Af H298 ) of the products and reactants ( AHS = S AHL - S A HL, ). To the best
products reactants

of our knowledge, there are no literature values available on the enthalpies of formation of carbonyl
oxides and hydroperoxide esters except the simplest carbonyl oxide CH>OO. Therefore, the

isodesmic reaction method is adopted to obtain the enthalpies of formation, and the results are listed



in Table S2. An isodesmic reaction is a hypothetical reaction, in which the type of chemical bonds

in the reactants is the similar as that of chemical bonds in the products. The following isodesmic

reaction is constructed because the experimental values of Hs, CHy and HO are available (A H 398

0

(H>) = 0.00 keal'mol”; A Hagg (CHy) = -17.82 keal'mol”; A H g (H:0) = -57.79 keal-mol).

SCls+nH, —» CH, + mH,0O @)

As seen in Table S2, the enthalpy of formation of CH,OO is calculated to be 23.23 kcal-mol”,
which is in good agreement with the available literature values (Chen et al., 2016; Karton et al.,
2013). This result implies that the theoretical method employed herein is reasonable to predict the
thermochemical parameters. The enthalpies of formation of carbonyl oxides and hydroperoxide
esters significantly decrease with increasing the number of methyl groups. Notably, the decreased
values in the enthalpies of formation of carbonyl oxides are greater than those of hydroperoxide
esters under the condition of the same number of methyl groups. For example, the enthalpy of
formation of anti-CH;CHOO decreases by 12.95 kcal-mol”! compared to the enthalpy of formation
of CH>0O, and the enthalpy of formation of Pentlb decreases by 12.12 kcal-mol! compared to the
enthalpy of formation of Pentla. The reaction enthalpies decrease in the order of -44.69 (CH,OO
+ HCOOH — Pentla) < -43.86 (anti-CH;CHOO + HCOOH — Pentlb) < -38.13 (syn-CH;CHOO
+ HCOOH — Pentlc) < -37.12 kcal-mol”! ((CH3),COO + HCOOH — Pentld), indicating that the
reaction enthalpies are highly dependent on the number and location of methyl groups. The trend in
reaction enthalpies is consistent with the trend in the enthalpies of formation of carbonyl oxides.
The reason might be attributed to the decreased values in the enthalpies of formation of carbonyl
oxides greater than those of hydroperoxide esters under the condition of the same number of methyl

groups.

3. The analysis of possible bimolecular CI reactions (p.21) should be extended to the three
substituted Cls.

Response: Kalinowski et al. has comfirmed that the central CO bond of carbonyl oxides is a double
bond, while the terminal OO bond is a single bond (Kalinowski et al., 2014). It is therefore that the
maximum degree of substitution of carbonyl oxides is two. To further evaluate the relative importance

of the complex SClIs reactions with coreactant, the bimolecular reactions of methyl vinyl ketone



oxide (MVK-OO) with H,O, HCOOH, SO, and HPMF have been considered in the revised
manuscript. MVK-0OO, formed with 21 to 23% yield from the ozonolysis of isoprene, is a four
carbon, asymmetric, resonance-stabilized Criegee intermediate (Barber et al., 2018). MVK-OO has
four conformers, syn-trans-, syn-cis-, anti-trans-, and anti-cis- as shown in Fig. S10. Herein, syn
and anti refer to the orientation of the -CH3 group relative to the terminal oxygen of MVK-OO,
whereas cis and frans refer to the orientation of the Cs=Co bond relative to the C=0, bond.
According to the results shown in the Fig. S10, the lowest-energy conformer is syn-trans-MVK-0O,
which is lower than syn-cis-, anti-trans-, and anti-cis-MVK-OO by 1.42, 2.43 and 2.69 kcal-mol’!,
respectively. Therefore, the lowest-energy conformer syn-trans-MVK-OO is selected as the model
compound to study its bimolecular reactions. As shown in Table 2, the rate coefficient of H,O
reaction with syn-trans-MVK-OO is lower than with other SCIs by 2 to 3 orders of magnitude. The
reason is likely to be that the existence of methyl and vinyl groups hinders the occurrence of
bimolecular reaction with water vapour. Consequently, a fraction of syn-trans-MVK-OO may
survive in the presence of water vapour and react with other species. ketimvk-00+H20) 1S nearly
identical to kemmvk-00+HCcoOH), Which is greater than kemvvk-00+s02) and kemnvvk-oo+Hpmr) When the
concentration of HPMF is the same as that of HCOOH. ketivvk-00+H20) and AefiMvK-00+HCOOH) are
greater than kemvvk-00+s02), Which, in turn, are greater than kemovvk-oo+upmr) When the concentration
of HPMF is equal to that of SCIs. Based on the above discussions, it can be concluded that the
relative importance of carbonyl oxides reactions with hydroperoxide esters is significantly
dependent on the concentrations of hydroperoxide esters. These reactions may play a certain role in
the formation of organic new particle in some regions where low concentration of water vapour and

high concentration of hydroperoxide esters occur.

trans cis

syn

0.00 1.42
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2.69

243

Figure S10. The optimized geometries and relative energies (kcal'mol') computed for the four
conformers of MVK-oxide. Geometries are optimized at the M06-2X/6-311+g(2df,2p) level of
theory. Single point energies are calculated at the CCSD(T)/6-311+g(2df,2p) level of theory.

Corresponding descriptions have been added in the page 24 line 611-619 and page 25 line 620-
636 of the revised manuscript:

To further evaluate the relative importance of the complex SCIs reactions with coreactant, the
bimolecular reactions of methyl vinyl ketone oxide (MVK-OO) with H>O, HCOOH, SO>, and HPMF
are considered. MVK-OO, formed with 21 to 23% yield from the ozonolysis of isoprene, is a four
carbon, asymmetric, resonance-stabilized Criegee intermediate (Barber et al., 2018). MVK-OO has
four conformers, syn-trans-, syn-cis-, anti-trans-, and anti-cis- as shown in Fig. S10. Herein, syn
and anti refer to the orientation of the —CH3 group relative to the terminal oxygen of MVK-OO,
whereas cis and trans refer to the orientation of the Cs=Co bond relative to the C;=0; bond.
According to the results shown in the Fig. S10, the lowest-energy conformer is syn-trans-MVK-OO,
which is lower than syn-cis-, anti-trans-, and anti-cis-MVK-OO by 1.42, 2.43 and 2.69 keal-mol”,
respectively. Therefore, the lowest-energy conformer syn-trans-MVK-OQO is selected as the model
compound to study its bimolecular reactions. As shown in Table 2, the rate coefficient of H>O
reaction with syn-trans-MVK-OQO is lower than with other SCIs by 2 to 3 orders of magnitude. The
reason is likely to be that the existence of methyl and vinyl groups hinders the occurrence of
bimolecular reaction with water vapour. Consequently, a fraction of syn-trans-MVK-OO may
survive in the presence of water vapour and react with other species. kegvk-oo+mz0) is nearly
identical to kegmvk-00+mcoom), which is greater than kegmvk-00+s02) and kegmvk-oo+upmr) when the
concentration of HPMF is the same as that of HCOOH. kegmvk-oo+m20) and Kefpvk-oo+rcoom) are
greater than kegvk-oo+soz, which, in turn, are greater than kegmvk-oo+upmr) when the

concentration of HPMF is equal to that of SCIs. Based on the above discussions, it can be concluded



that the relative importance of carbonyl oxides reactions with hydroperoxide esters is significantly
dependent on the concentrations of hydroperoxide esters. These reactions may play a certain role
in the formation of organic new particle in some regions where low concentration of water vapour

and high concentration of hydroperoxide esters occur.

4. Since the CI is clearly the limiting reactant in the CI + HCOOH reaction, the atmospheric
concentration of HPMF (and the other hydroperoxy esters) is much better estimated to be the CI
concentration. (This, of course, will greatly lower the predicted pseudo-first-order rate constants for
the CI + HPMF reaction.)

Response: Based on the Reviewer’s suggestion, the relevance explanations on the predicted
pseudo-first-order rate constants have been added in the revised manuscript. It is of interest to assess
whether the reactions of distinct SCIs with HPMF can compete well with the losses to reactions
with trace species (e.g., H O, HCOOH and SO,), because it is well known that the reactions with
trace species are expected to be the dominant chemical sinks for SCIs in the atmosphere (Taatjes et
al., 2013; Long et al., 2016). The reported concentrations of coreactant, the rate coefficients &, and
the effective pseudo-first-order rate constants (kerr = A[coreactant]) for distinct SCI reactions with
H»0, HCOOH, SO, and HPMF are summarized in Table 2. As seen in Table 2, the rate coefficient
of a particular SCI reaction with trace species is strongly dependent on its structure. The methyl
group substitution may alter the rate coefficient by several to tens of times. The atmospheric
concentrations of Ho O, HCOOH and SO; in the tropical forest environments are measured to be 3.9-
6.1 x 107, 5.0-10 x 10'°, and 1.7-9.0 x 10'° molecules cm, respectively (Vereecken, 2012). For
the reactions of CH>.OO with H,O, HCOOH, and SO, the experimental rate coefficients are
determined to be < 1.5 x 10°35, [1.1 £ 0.1] x 10"'°, and [3.9 = 0.7] x 10" ¢cm?® molecule™! s,
respectively (Welz et al., 2012 and 2014; Chao et al., 2015), which translate into keficH200+H20),
ketcnzoo+ucoon) and kegcrnzoo+s02) of 5.9-9.2 x 102, 5.5-11, and 0.7-3.5 s™!, respectively. The result
reveals that the reaction of CH,OO with H>O is the most important bimolecular reaction.
kefscr200+HCOOH) 18 greater by a factor of 3-8 than kescH200+s02), indicating that the reaction of
CH>00 with HCOOH is favored over reaction with SO». Similar conclusion is also obtained from
the results of k.sr for the reactions of anti-CH3CHOO, syn-CH3CHOO and (CH3),COO with H>O,

HCOOH and SO; that SCIs reactions with H,O are faster than with HCOOH, which, in turn, are



faster than with SO,.

According to the results shown in the Table 2, the room temperature rate coefficient for the
reaction of CH,OO with HPMF is calculated to be 2.7 x 10"'' cm? molecule’! s'. However, to the
best of our knowledge, the atmospheric concentration of HPMF has not been reported up to now. If
we assume that the concentration of HPMF is the same as that of HCOOH, kech200+HPMF) 1S
estimated to be 1.4-2.7 s7!, which is significantly lower than keficr200+m20) and keficr200+HCOOH).
keficr200+uPMF) 18 nearly identical to keficH200+s02), indicating that the CH,OO + HPMF reaction is
competitive with the CH,00 + SO> system. Previous model-measurement studies have estimated
the surface-level SCls concentrations in the range of 1.0 x 10* to 1.0 x 103 molecules cm™ (Khan et
al., 2018; Novelli et al., 2017). If we assume that the concentration of HPMF is equal to that of SCls,
ketcrzoo+apmr) is calculated to be 2.7-27 x 10”7 87!, which is several orders of magnitude lower than
kettcH200+H20), kefiicH200+HCOOH) and keficH200+s02). This result indicates that the reaction of CH,OO
with HPMF is of less importance. Similar conclusion is also obtained from the reactions of anti-
CH3CHOO, syn-CH3CHOO and (CH3),COO with HPMF. Based on the above discussions, it can
be concluded that the relative importance of carbonyl oxides reactions with hydroperoxide esters is

significantly dependent on the concentrations of hydroperoxide esters.

Table 2 The reported concentrations of coreactant, the rate coefficients £, and the effective pseudo-
first-order rate constants (ke = k[coreactant]) for distinct SCI reactions with HPMF, H,O, HCOOH
and SO, at the tropical forest environments

[Coreactant] k ket
SCIs Coreactant Reference
(molecules cm™)  (cm?® molecule! s7) (s
5.9-9.2 x  Chao et al.,
H,O 3.9-6.1 x 10" <1.5x10"1
102 (2015)
Welz et al.,
HCOOH 5.0-10.0 x 10'° [1.1£0.1] x 10710 5.5-11
(2014)
CH,00
Welz et al.,
SO, 1.7-9.0 x 10" [3.9+0.7] x 101 0.7-3.5
(2012)
HPMF - 2.7 x 101 - This work
3.9-6.1 x Taatjes et
H,O 3.9-6.1 x 10" [1.0+0.4] x 104
103 al., (2013)
Welz et al.,
anti-CH;CHOO HCOOH 5.0-10.0 x 10'° [5+3] %1010 25.0-50.0
(2014)
Taatjes et
SO, 1.7-9.0 x 10'° [6.7+1.0]x 10" 1.1-6.0

al., (2013)




HPMF
H,O
HCOOH

syn-CH3;CHOO
SO,

HPMF

H,O

HCOOH

(CH3),COO
SO,

HPMF

H,O

HCOOH
syn-trans-

MVK-0O0 S0,

HPMF

3.9-6.1 x 10"

5.0-10.0 x 1010

1.7-9.0 x 1010

3.9-6.1 x 10"

5.0-10.0 x 1010

1.7-9.0 x 1010

3.9-6.1 x 10"

5.0-10.0 x 1010

1.7-9.0 x 1010

3.3 x 1010

<4.0x 10"

[2.540.3] x 1071

[2.4 +£0.3] x 107!

1.7 x 10713

<1.5x 1076

4.5 x 1010

1.3 x 10710

2.2 x 10!

<4.0x 10"

[3.040.1] x 1071

[4.2 +0.6] x 101!

3.0 x 101

1.6-2.4 x
10°

12.5-25.0

0.4-2.2

58.5-91.5

22.5-45.0

2.2-11.7

15.6-24.4

15.0-30.0

0.7-3.8

This work

Taatjes et
al., (2013)
Welz et al.,

(2014)

Taatjes et

al., (2013)

This work

Huang et
al., (2015)
Sipila et
al., (2014)
Huang et
al., (2015)

This work

Caravan et
al., (2020)
Caravan et
al., (2020)
Caravan et
al., (2020)

This work

Corresponding descriptions have been added in the page 23 line 573-590 and page 24 line 591-

610 of the revised manuscript:

1t is of interest to assess whether the reactions of distinct SCIs with HPMF can compete well

with the losses to reactions with trace species (e.g., H:O, HCOOH and SO;), because it is well

known that the reactions with trace species are expected to be the dominant chemical sinks for SCls

in the atmosphere (Taatjes et al., 2013, Long et al., 2016). The reported concentrations of coreactant,

the rate coefficients k, and the effective pseudo-first-order rate constants (k.y = k[coreactant]) for

distinct SCI reactions with H,O, HCOOH, SO3, and HPMF are summarized in Table 2. As seen in

Table 2, the rate coefficient of a particular SCI reaction with trace species is strongly dependent on

its structure. The methyl group substitution may alter the rate coefficient by several to tens of times.

The atmospheric concentrations of H:0, HCOOH and SO; in the tropical forest environments are



measured to be 3.9-6.1 x 10", 5.0-10 x 10", and 1.7-9.0 x 10" molecules cm, respectively
(Vereecken, 2012). For the reactions of CH>O0 with H:O, HCOOH, and SO:, the experimental rate
coefficients are determined to be < 1.5 x 1077, [1.1 £ 0.1] x 107%°, and [3.9 £ 0.7] x 107" cm’®
molecule s, respectively (Welz et al., 2012 and 2014; Chao et al., 2015), which translate into
kefiict200+120),  keficrzooncoorn) and kegicmzooisoz of 5.9-9.2 x 10°, 5.5-11, and 0.7-3.5 57,
respectively. The result reveals that the reaction of CH>00 with H>O is the most important
bimolecular reaction. keficrzoo+mcoon) is greater by a factor of 3-8 than kegicmoo+so2), indicating
that the reaction of CH>OO0 with HCOOH is favored over reaction with SO;. Similar conclusion is
also obtained from the results of key for the reactions of anti-CH;CHOO, syn-CH;CHOO and
(CH3):COO with H,O, HCOOH and SO: that SCIs reactions with H>O are faster than with HCOOH,
which, in turn, are faster than with SO.

According to the results shown in the Table 2, the room temperature rate coefficient for the
reaction of CH>OO with HPMF is calculated to be 2.7 x 107" cm® molecule™ s!. However; to the
best of our knowledge, the atmospheric concentration of HPMF has not been reported up to now. If
we assume that the concentration of HPMF is the same as that of HCOOH, keicrzoo+mpur) is
estimated to be 1.4-2.7 s, which is significantly lower than kegicriz00+m20) and kegicizoo+Hcoom.
kefiicrz00+1pPMF) s nearly identical to kegicri200+s02), indicating that the CH>OO + HPMF reaction is
competitive with the CH:00 + SO; system. Previous model-measurement studies have estimated
the surface-level SCIs concentrations in the range of 1.0 x 10% to 1.0 x 10° molecules cm™ (Khan
etal., 2018; Novelli et al., 2017). If we assume that the concentration of HPMF is equal to that of
SCIs, keficrz00+mpur) is calculated to be 2.7-27 % 107 57, which is several orders of magnitude
lower than keficr200+1H20), kefiicn200+Hco0m) and kegicrizo0+s02). This result indicates that the reaction
of CH>00 with HPMF is of less importance. Similar conclusion is also obtained from the reactions
of anti-CH3CHOO, syn-CH3CHOO and (CH3):COO with HPMF. Based on the above discussions,
it can be concluded that the relative importance of carbonyl oxides reactions with hydroperoxide

esters is significantly dependent on the concentrations of hydroperoxide esters.

5. Since a big motivation for the computations is the potential for CI + hydroperoxy ester reactions
to lead to SOA, there should be some specific discussion, perhaps buttressed by rough calculations,

of how many cycles of CI addition are required before a given adduct is expected to have low



volatility. The approach of Chhantyal-Pun et al. (ACS Earth Space Chem. 2018, 2, 8, 833-842) is
an example of the approach the authors should take.

Response: Based on the Reviewer’s suggestion, the vapour pressure and volatility of adduct
products formed from the successive reactions of SCIs with hydroperoxide esters have been added
in the revised manuscript. The assessment of Barley and McFiggans (2010) and O'Meara et al. (2014)
found that the combination of boiling point estimation from Nannoolal et al. (2004) and vapour
pressure estimation from Nannoolal et al. (2008) gives the lowest mean bias error of vapour pressure
for atmospherically relevant compounds. Therefore, the saturated vapour pressure (P°) of adduct
products at room temperature is estimated by using the Nannoolal-Nannoolal method, and the
results are listed in Table S10.

From Table S10, it can be seen that the P° of adduct products involved in the successive
reactions of CH,O0 with HCOOH increases first and then decreases with increasing the number of
CH>0O0. The P° of the adduct product HC(O)O(CH,00);H is maximum when the number of
CH>0O is equal to three. The P° of adduct products included in the successive reactions of anti-
CH3CHOO with HCOOH decreases significantly as the number of anti-CH3CHOO is increased.
Similar phenomenon is also observed from the successive reactions of syn-CH3CHOO and
(CH3),COO with HCOOH. Notably, the P° of adduct products decreases obviously when the size of
SCIs increases. For example, the P of the adduct product HC(O)O(CH,O0);H in the nCH,OO +
HCOOH reaction is estimated to be 4.43 x 1073 atm, which is greater than those of the corresponding
adduct products in the nanti-CH;CHOO + HCOOH (7.12 x 10#), nsyn-CH;CHOO + HCOOH (7.12
x 10%), and n(CH3)COO + HCOOH (1.27 x 10*) reactions by 6.22, 6.22 and 34.88 times,
respectively.

A classify scheme of various organic compounds is based on their volatility, as presented by
Donahue et al. (2012) The volatility of organic compounds is described by their effective saturation
concentration. The saturated concentrations (c”) of adduct products formed from the successive
reactions of SCIs with HCOOH are predicted by using the SIMPOL.1 method proposed by Pankow
and Asher (2008), and the results are listed in Table S10. As shown in Table S10, the ¢ of adduct
products involved in the nCH,00 + HCOOH reaction decreases with increasing the number of
CH>00. According to the Volatility Basis Set (VBS) of organic compounds (Donahue et al., 2012),

these adduct products belong to volatile organic compounds (VOC, ¢® > 3 x 10° ug/m?). Similarly,



the ¢® of adduct products included in the nanti-CH;CHOO + HCOOH, nsyn-CH;CHOO + HCOOH,
and n(CH3),COO + HCOOH reactions decreases when the number of SCIs increases. It deserves
mentioning that the adduct products in the nanti-CH;CHOO + HCOOH and nsyn-CH3CHOO +
HCOOH reactions belong to intermediate volatility organic compounds (IVOC, 300 < ¢® < 3 x 10°
ug/m?) when the number of SClIs is equal to five. However, the adduct products in the n(CH3),COO
+ HCOOH reaction become IVOC when the number of (CH3)>COO is greater than or equal to two.
Based on the above discussions, it can be concluded that the volatility of adduct products is
significantly affected by the number and size of SCIs in the successive reaction of SCIs with

HCOOH.

Table S10 Predicted saturated vapour pressure (P°) and saturated concentrations (c°) for the adduct
products of the successive reactions of SCIs with HCOOH

formula P? (atm) ¢’ (ug/m®)
n CH,O0 + HCOOH
n=1 HC(O)OCH,OOH 2.12x1073 7.86 x 107
n=2 HC(0)O(CH:00),H 3.80 x 107 3.99 x 107
n=3 HC(O)O(CH,00):H 4.43 x 1073 3.91 x 107
n=4 HC(0)O(CH,00)H 421 x 103 3.29 x 107
n=5 HC(0)O(CH:200)sH 3.59 x 103 2.12% 107
n  anti-CH;CHOO  +
HCOOH
n=1 HC(O)OCH(CH3)OOH 125 x 102 8.32 x 106
n=2 HC(0)O(CH(CH:)00),H 1.13 x 102 7.57 x 10°
n=3 HC(0)O(CH(CH3)00):H 7.12 x 10 6.49 x 10°
n=4 HC(0)O(CH(CH:)00):H 3.90 x 10 450 x 109
n=>5 HC(0)O(CH(CH;)00)sH 2.01 x 10 2.81 x 10
n  syn-CH;CHOO  +
HCOOH
n=1 HC(O)OCH(CH3)OOH 125 x 102 8.32 x 106
n=2 HC(O)O(CH(CH3)00):H 1.13 x 103 7.57 x 106
n=3 HC(0)O(CH(CH3)00):H 7.12 x 10 6.49 x 10°
n=4 HC(O)O(CH(CH3)O0)4:H 3.90 x 10 4.50 x 10°
n=>5 HC(0)O(CH(CH3)00)sH 2.01 x 107 2.81 x 109
n (CH3),COO + HCOOH
n=1 HC(O)OC(CH3)O0OH 7.23 x 10 3.50 x 10°
n=2 HC(0)O(C(CH:),00)H 3.50 x 104 2.74 % 106
n=3 HC(O)O(C(CH3).00);H 1.27 x 10* 1.38 x 10°
n=4 HC(0)O(C(CH3),00):H 427 x 10% 5.90 x 10°
n=>5 HC(O)O(C(CH3).00)sH 1.40 x 107 2.36 x 10°




Corresponding descriptions have been added in the page 27 line 644-671 and page 28 line 672-
682 of the revised manuscript:

The assessment of Barley and McFiggans (2010) and O'Meara et al. (2014) found that the
combination of boiling point estimation from Nannoolal et al. (2004) and vapour pressure
estimation from Nannoolal et al. (2008) gives the lowest mean bias error of vapour pressure for
atmospherically relevant compounds. Therefore, the saturated vapour pressure (P°) of adduct
products at room temperature is estimated by using the Nannoolal-Nannoolal method, and the
results are listed in Table S10. From Table S10, it can be seen that the P’ of adduct products involved
in the successive reactions of CH>O0 with HCOOH increases first and then decreases with
increasing the number of CH>0O. The P’ of the adduct product HC(O)O(CH>00);H is maximum
when the number of CH>OQ is equal to three. The P’ of adduct products included in the successive
reactions of anti-CH3;CHOO with HCOOH decreases significantly as the number of anti-CH;CHOO
is increased. Similar phenomenon is also observed from the successive reactions of syn-CH3;CHOO
and (CH3)>COO with HCOOH. Notably, the P’ of adduct products decreases obviously when the
size of SCIs increases. For example, the P’ of the adduct product HC(O)O(CH,00);H in the
nCH>00 + HCOOH reaction is estimated to be 4.43 x 107 atm, which is greater than those of the
corresponding adduct products in the nanti-CH;CHOO + HCOOH (7.12 x 10°*), nsyn-CH;CHOO
+ HCOOH (7.12 x 10, and n(CH3).COO + HCOOH (1.27 * 10°*) reactions by 6.22, 6.22 and
34.88 times, respectively.

A classify scheme of various organic compounds is based on their volatility, as presented by
Donahue et al. (2012) The volatility of organic compounds is described by their effective saturation
concentration. The saturated concentrations (c°) of adduct products formed from the successive
reactions of SCIs with HCOOH are predicted by using the SIMPOL.1 method proposed by Pankow
and Asher (2008), and the results are listed in Table S10. As shown in Table S10, the e’ of adduct
products involved in the nCH>00 + HCOOH reaction decreases with increasing the number of
CH>00. According to the Volatility Basis Set (VBS) of organic compounds (Donahue et al., 2012),
these adduct products belong to VOC (¢’ > 3 x 10° ug/m?). Similarly, the ¢’ of adduct products
included in the nanti-CH3;CHOO + HCOOH, nsyn-CH;CHOO + HCOOH, and n(CH3),COO +
HCOOH reactions decreases when the number of SCls increases. It deserves mentioning that the

adduct products in the nanti-CH;CHOO + HCOOH and nsyn-CH3;CHOO + HCOOH reactions



belong to intermediate volatility organic compounds (IVOC, 300 < ¢’ < 3 x 10° ug/m?®) when the
number of SClIs is equal to five. However, the adduct products in the n(CH3)COO + HCOOH
reaction become IVOC when the number of (CH3)>COQO is greater than or equal to two. Based on
the above discussions, it can be concluded that the volatility of adduct products is significantly

affected by the number and size of SCIs in the successive reaction of SCIs with HCOOH.

6. On p. 6, line 145: "saddle point" should be "minimum".
Response: The word “saddle point” has been replaced by “minimum” in the revised

manuscript.

7. On p. 6, line 162: "precision" should be "accuracy".

Response: The word “precision” has been replaced by “accuracy” in the revised manuscript.

8. On p. 7, line 182: "decomposes" should be "rearranges".
Response: The word “decomposes” has been replaced by “rearranges” in the revised

manuscript.

9. On p. 14, lines 341-342, use a non-breaking hyphen.

Response: A non-breaking hyphen has been used in the revised manuscript.

10. On p. 15, line 372, "intermolecular" should be "intramolecular".
Response: The word “intermolecular” has been replaced by “intramolecular” in the revised

manuscript.

11. On p. 17, lines 413-414, use a non-breaking hyphen.

Response: A non-breaking hyphen has been used in the revised manuscript.
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Comments of reviewer #2
1. However, a deeper discussion is required for the data in this paper. For example, in lines 263-266
“At room temperature, ki is estimated to be 3.6 x 101 cm3 molecule™! s!, which is greater by a
factor of ~3 than that reported by Welz et al. (2014) ([1.1 £0.1] x 10-10 cm?® molecule™! s!), Chung
et al. (2019) ([1.4 £ 0.3] x 10"'° cm® molecule! s7), and Peltola et al. (2020) ([1.0 = 0.03] x 1071
cm?® molecule™! s71)”. What is the reason for the difference of the k value about three times?
Response: In the original manuscript, the rate coefficients for the barrierless reactions are
calculated by employing the variational transition state theory (VTST), and the rate coefficients for
the bimolecular reactions with the tight transition states are computed by using the canonical
transition state theory (CTST) along with one-dimensional asymmetric Eckart tunneling correction.
For the initiation reactions of distinct stabilized Criegee intermediates (SCIs) with HCOOH, there
are four possible pathways, namely (1) 1,4 O-H insertion (Entry 1), (2) 1,2 O-H insertion (Entry 2),
(3) C-H insertion (Entry 3), and (4) C=0 cycloaddition (Entry 4), in which Entry 1 is barrierless and
Entry 2-4 have the tight transition states. The total rate coefficient for the reaction of SCIs with
HCOOH is equal to the sum of the rate coefficient of each pathway. For the barrierless 1,4 O-H
insertion reaction, the VTST is approximated with a Morse potential function, V(R) = D.{1-exp[-
B(R-R:)]}?, along with an anisotropy potential function to stand for the minimum energy path, which
is used to calculate the rate coefficients (Raghunath et al., 2017). Here, D. is the bond energy
excluding the zero-point energy, R is the reaction coordinate, and R. is the equilibrium value of R.
It is assumed that the stretching potential in an anisotropy potential is used in conjunction with a
potential form of Vanisotropy = Vo[ 1-c08*(01—01¢) % cos?(6>—02)] (Raghunath et al., 2017). Here, Vj is
the stretching potential, which stands for by a Morse potential, 8; and 6. represent the rotational
angle between fragment 1 and the reference axis and the equilibrium bond angle of fragment 1, 6,
and 0. stand for the rotational angle between fragment 2 and the reference axis and the equilibrium
bond angle of fragment 2. The association curve for the reaction of 1,4 O-H insertion of SCIs into
HCOOH is computed at the M06-2X/6-311+G(2df,2p) level of theory to cover a range from 0.97 to
1.97 A at step size 0.1 A for O-H bond and from 1.44 to 2.44 A at step size 0.1 A for C-O bond,
while other structural parameters are fully optimized. The computed potential energies are fitted to
the Morse potential function. However, the calculated rate coefficients for the reactions of SCIs with

HCOOH are higher than the prior experimental measurements. The reason is ascribed to the fact



that the approximation of VTST using a Morse potential function in conjunction with an anisotropy
potential function is unsuitable to predict the rate coefficients for the barrierless 1,4 O-H insertion
reaction.

In the revised manuscript, the rate coefficients for the barrierless reactions are computed by
employing the inverse Laplace transformation (ILT) method, and the rate coefficients for the
bimolecular reactions with the tight transition states are calculated by utilizing CTST in conjunction
with Eckart tunneling correction. The ILT and CTST/Eckart calculations are performed by using the
MESMER 6.0 and KiSThelP 2019 programs, respectively (Glowacki et al., 2012; Canneaux et al.,
2013). In the ILT treatment, the rotational constants, vibrational frequencies, molecular weights,
energies and other input parameters are obtained from the M06-2X/6-311+G(2df,2p) or M06-
2X/ma-TZVP methods. For the barrierless reaction of 1,4 O-H insertion of SCIs into HCOOH, SCIs
and HCOOH are assigned as the deficient and excess reactants, respectively. The concentration of
HCOOH is given a value of 5.0 x 10'° molecules cm™ in the simulation, which is taken from the
typical concentration of HCOOH in the tropical forest environments (Vereecken, 2012). N> is
applied as the buffer gas. A single exponential down model is employed to simulate the collision
transfer (SAE>qown = 200 cm™). The collisional Lennard-Jones parameters are estimated with the
empirical formula described by Gilbert and Smith (1990).

The rate coefficients of each elementary pathway included in the initiation reactions of distinct
SCIs with HCOOH are calculated in the temperature range of 273-400 K, as listed in Table S3-S6.
As shown in Table S3, the total rate coefficients kit.cr200 of CH>OO reaction with HCOOH are in
excess of 1.0 x 1071 cm?® molecule™! s7!, and they exhibit a slightly negative temperature dependence
in the temperature range studied. kior-c200 is estimated to be 1.4 x 1071° cm?® molecule™! s at 298 K,
which is in good agreement with the experimental values reported by Welz et al. (2014) ([1.1 £ 0.1]
x 101%), Chung et al. (2019) ([1.4 + 0.3] x 10''9), and Peltola et al. (2020) ([1.0 + 0.03] x 10°19).
k(TSenu1) 1s approximately equal to kio-c200 in the whole temperature range, and it decreases in the
range of 1.7 x 1019 (273 K) to 1.2 x 107'° (400 K) cm?® molecule™' s! with increasing temperature.
k(TSenu1) 1s several orders of magnitude greater than A(TScnw2), A(TSen) and A(TSens) over the
temperature range from 273 to 400 K. The result again shows that the barrierless 1,4 O-H insertion
reaction is predominant. Similar conclusion is also obtained from the results of the rate coefficients

for the reactions of HCOOH with anti-CH3CHOO, syn-CH3CHOO and (CH3).COO (Table S4-S6).



At ambient temperature, the total rate coefficients of HCOOH reactions with anti-CH3;CHOO, syn-
CH3;CHOO and (CH3),COO are estimated to be 5.9, 2.7 and 4.8 x 107! ¢cm® molecule! s,
respectively, which are consistent with the prior experimental measurements of 5 + 3, 2.5+ 0.3 and

4.5 x 1071° ¢cm? molecule™ s' (Welz et al., 2014; Chung et al., 2019; Sipild et al., 2014).

Table S3 Rate coefficients (cm?® molecule™ s™) of each elementary pathway involved in the initiation
reaction of CH>OO with HCOOH computed at different temperatures

T/K k (TSenu) k (TSen2) k (TSent3) k (TSenta) kiot-cH200
273 1.7 x 10710 3.6 x 10712 1.0 x 1022 3.6 x 10712 1.8 x 10710
280 1.6 x 10710 2.9 x 1012 1.2 x 102 3.1 x 1012 1.7 x 10710
298 1.4 x 1010 1.9 x 10712 2.2 %102 2.3 x 1012 1.4 x 10710
300 1.4 x 10710 1.8 x 1012 2.4 %102 2.2 %1012 1.4 x 10710
320 1.3 x 10710 1.2 x 10712 4.9 x 102 1.6 x 1012 1.3 x 10710
340 1.3 x 10710 8.2 x 10713 1.0 x 102! 1.3 x 1012 1.3 x 1010
360 1.2 x 10710 5.9 x 10713 2.2 %10 1.0 x 1012 1.2 x 10710
380 1.2 x 10710 4.5x 101 4.5 x 102! 8.2 x 1013 1.2 x 10710
400 1.2 x 10710 3.5 %101 9.0 x 102! 6.9 x 10713 1.2 x 10710

Table S4 Rate coefficients (cm® molecule™! s™) of each elementary pathway involved in the initiation
reaction of anti-CH;CHOO with HCOOH computed at different temperatures

T/K k (TSenu-anti)  k (TSen-anti)  k (TSeng-anti)  k (TSenu-anti) ktot-anti

273 5.9 x 10710 42 %101 5.5 %1022 6.1 x 10" 6.9 x 10710
280 5.7 x 10710 3.8 x 10" 6.7 x 1022 4.9 x 101 6.6 x 10710
298 5.4 =101 2.3 x 10! 1.2 x 102! 3.0 x 10" 5.9 x 10710
300 5.3 x 10710 2.0 x 10" 1.3 x 10 2.8 x 10 5.8 x 10710
320 5.0 x 10710 1.5x 10! 2.6 x 102! 1.7 x 107! 5.3 x 1010
340 4.7 x 10710 9.4 x 10712 5.4 x102! 1.1 x 101 4.9 x 1010
360 4.5 x 10710 7.0 x 10712 1.1 x1020 7.8 x 10712 4.7 x 10710
380 4.4 x 1010 3.6 x 10712 2.1 <1020 5.6 x 10712 4.5 %1010
400 43 x 10710 2.0 x 10712 4.0 x 1020 42 %1012 4.4 x 10710

Table S5 Rate coefficients (cm® molecule™ s™!) of each elementary pathway involved in the initiation
reaction of syn-CH3;CHOO with HCOOH computed at different temperatures



T/K k (TSenti=syn)  k (TSenz-syn)  k (TSenz-syn)  k (TSenwu-syn) Ktotesyn

273 3.1 x 1010 9.5x 1013 4.6 x 10?7 7.5 %1016 3.1x 10710
280 2.8 x 10710 8.0 x 10713 7.1 x 1027 6.4 x 10716 2.8x 10710
298 2.7 x 1010 5.4 %1013 8.9 x 102 5.5 %1016 2.7x 10710
300 2.7 %1010 5.2 %101 9.9 x 102 4.6 x 10716 2.7x 10710
320 2.5 %1010 3.6 x 10713 3.0 x 105 3.8 x 1016 2.5% 10710
340 2.5 %1010 2.6 x 1013 9.1 x 10 3.1 x 10716 2.5% 10710
360 2.3 x 1010 2.0 x 1013 2.6 x 102 3.0 x 10°1¢ 2.3x 10710
380 2.2 %1010 1.5 x 10713 7.2 x 10724 2.4 %1016 2.2x 1010
400 2.2 %1010 1.2 x 1013 1.8 x 10 2.2 %1016 2.2x 10710

Table S6 Rate coefficients (cm? molecule™ s) of each elementary pathway involved in the initiation
reaction of (CH3)>00 with HCOOH computed at different temperatures

T/K k (TSeni-dim) &k (TSen-dim) & (TSens-dim) & (TSens-dlim) Kiotdim

273 53x1010  6.8x 1072 14x 102  44x10'5  54x1070
280 51x1010  52x1012  22x10%  42x105  52x 1010
298 48x101°  28x1012  80x102  40x10'  4.8x 1070
300 47x101  26x1072  92x102%  39x1015 4.7 x 10710
320 4.5% 1071 14x10"2  3.6x10%  37x1015  45x107
340 42x1010  8.6x 107 13x10%  3.6x1015  42x 1070
360 39x101°  55x1017  45x 102 35x101  3.9x 10710
380 3.7x1010  3.7x1071 1.4 x 1023 34x 1015 3.7x 1010
400 3.7x101°  26x101  3.9x 102 34x101  3.7x1010

Corresponding descriptions have been added in the page 7 line 173-190, page 11 line 303-315,
page 12 line 330-338 and page 13 line 346-351 of the revised manuscript:

The rate coefficients for the barrierless reactions are determined by employing the inverse
Laplace transformation (ILT) method. The ILT calculations are performed with the MESMER 6.0
program (Glowacki et al., 2012). In the ILT treatment, the rotational constants, vibrational
frequencies, molecular weights, energies and other input parameters are obtained from the M06-

2X/6-311+G(2df,2p) or M06-2X/ma-TZVP methods. For the barrierless reaction of 1,4 O-H



insertion of SCls into HCOOH, SCIs and HCOOH are assigned as the deficient and excess reactants,
respectively. The concentration of HCOOH is given a value of 5.0 x 10'° molecules cm™ in the
simulation, which is taken from the typical concentration of HCOOH in the tropical forest
environments (Vereecken et al., 2012). N is applied as the buffer gas. A single exponential down
model is employed to simulate the collision transfer (<SAE>gom = 200 cm™). The collisional
Lennard-Jones parameters are estimated with the empirical formula described by Gilbert and Smith
(1990).

The rate coefficients for the bimolecular reactions with the tight transition states are calculated
by using the canonical transition state theory (CTST) along with one-dimensional asymmetric
Eckart tunneling correction (Truhlar et al., 1996, Eckart, 1930). The CTST/Eckart calculations are
performed with the KiSThelP 2019 program (Canneaux et al., 2013).

The rate coefficients of each elementary pathway included in the initiation reactions of distinct
SCIs with HCOOH are calculated in the temperature range of 273-400 K, as listed in Table S3-S6.
As shown in Table S3, the total rate coefficients kio-ctizoo of CH200 reaction with HCOOH are in
excess of 1.0 x 107" cm® molecule™ 5™, and they exhibit a slightly negative temperature dependence
in the temperature range studied. kircr200 is estimated to be 1.4 x 107" cm® molecule™ s at 298
K, which is in good agreement with the experimental values reported by Welz et al. (2014) ([1.1 £
0.1] x 10"°), Chung et al. (2019) ([1.4 £ 0.3] x 107"°), and Peltola et al. (2020) ([1.0 £ 0.03] x 10r
10). k(TSen1) is approximately equal to kio-cr200 in the whole temperature range, and it decreases in
the range of 1.7 x 10719 (273 K) to 1.2 x 107 (400 K) cm’® molecule™ s™ with increasing temperature.
k(TSens1) is several orders of magnitude greater than k(TSensz), k(TSen3) and k(TSens) over the
temperature range from 273 to 400 K. The result again shows that the barrierless 1,4 O-H insertion
reaction is predominant.

Equivalent to the case of CH,OO reaction with HCOOH, the rate coefficient of each
elementary pathway involved in the anti-CH3;CHOO + HCOOH reaction also decreases with the
temperature increasing (Table S4). This table shows that Entry 1 is kinetically favored over Entry
2, 3 and 4, and Entry 2 is competitive with Entry 4 in the range 273-400 K. Similar conclusion is
also obtained from the results of the rate coefficients for the reactions of syn-CH;CHOO and
(CH3),COO with HCOOH that Entry 1 is the dominant pathway (Table S5-S6). It deserves

mentioning that the competition of Entry 2 is significantly greater than that of Entry 4 in the syn-



CH3;CHOO + HCOOH and (CH3),COO + HCOOH systems. At ambient temperature, the total rate
coefficients of HCOOH reactions with anti-CH3CHOO, syn-CH3:CHOO and (CH3),COO are
estimated to be 5.9, 2.7 and 4.8 x 107" cm® molecule™ s, respectively, which are consistent with
the prior experimental measurements of 5+ 3, 2.5+ 0.3 and 4.5 x 107 cm® molecule™ s (Welz et

al., 2014; Chung et al., 2019; Sipild et al., 2014).

2. Furthermore, this paper should also exhibit some extended discussions about atmospheric
implications of these reactions and their products. For example, what is the role of the formed
oligomers on the atmosphere? It follows in the requirements of ACP journal “The journal scope is
focused on studies with important implications for our understanding of the state and behavior of
the atmosphere. Articles with a local focus must clearly explain how the results extend and compare
with current knowledge”.

Response: Based on the Reviewer’s suggestion, the atmospheric implication of the reactions
of SCIs with hydroperoxide esters and the role of the formed oligomers have been added in the
revised manuscript. It is well known that the reactions with trace species (e.g., H O, HCOOH and
SO,) are expected to be the dominant chemical sinks for SCIs in the atmosphere (Taatjes et al., 2013;
Long et al., 2016). The relative importance of distinct SCIs reactions with hydroperoxide esters and
trace species is taken into account. In the present study, the hydroperoxymethyl formate (HPMF) is
selected as the model compound since it is the simplest hydroperoxide ester formed from the
barrierless reaction of 1,4 O-H insertion of CH,OO into HCOOH. The reported concentrations of
coreactant, the rate coefficients k, and the effective pseudo-first-order rate constants (kerr =
k[coreactant]) for distinct SCI reactions with Ho O, HCOOH, SO,, and HPMF are summarized in
Table 2. As seen in Table 2, the rate coefficient of a particular SCI reaction with trace species is
strongly dependent on its structure. The methyl group substitution may alter the rate coefficient by
several to tens of times. The atmospheric concentrations of H,O, HCOOH and SO, in the tropical
forest environments are measured to be 3.9-6.1 x 10'7, 5.0-10 x 10'°, and 1.7-9.0 x 10'° molecules
cm?, respectively (Vereecken, 2012). For the reactions of CH,OO with H,O, HCOOH, and SO», the
experimental rate coefficients are determined to be < 1.5 x 1075, [1.1 £0.1] x 10'%, and [3.9 = 0.7]
x 107" e¢m? molecule! s7!, respectively (Welz et al., 2012 and 2014; Chao et al., 2015), which

translate into keticH200+H20), kefiicH200+HCOOH) and AefcH200+502) Of 5.9-9.2 x 102, 5.5-11, and 0.7-



3.5 57!, respectively. The result reveals that the reaction of CH,OO with H,O is the most important
bimolecular reaction. kefcru200+Hcoon) i greater by a factor of 3-8 than kesrcH200+502), indicating
that the reaction of CH,OO with HCOOH is favored over reaction with SO,. Similar conclusion is
also obtained from the results of ks for the reactions of anti-CH3;CHOO, syn-CH;CHOO and
(CH3)2COO with H,O, HCOOH and SO, that SCIs reactions with H»O are faster than with HCOOH,
which, in turn, are faster than with SO».

According to the results shown in the Table 2, the room temperature rate coefficient for the
reaction of CH,OO with HPMF is calculated to be 2.7 x 10""" cm? molecule! s''. However, to the
best of our knowledge, the atmospheric concentration of HPMF has not been reported up to now. If
we assume that the concentration of HPMF is the same as that of HCOOH, kefich200+HPME) 1S
estimated to be 1.4-2.7 s”!, which is significantly lower than kefcr200+120) and kefcH200+HCOOH).
keficm200+1PMF) 18 nearly identical to kefcn200+s02), indicating that the CH,OO + HPMEF reaction is
competitive with the CH2,00 + SO, system. Previous model-measurement studies have estimated
the surface-level SCIs concentrations in the range of 1.0 x 10* to 1.0 x 103 molecules cm™ (Khan et
al., 2018; Novelli et al., 2017). If we assume that the concentration of HPMF is equal to that of SCls,
keticnzoo+npmr) s calculated to be 2.7-27 x 10”7 57!, which is several orders of magnitude lower than
keffCH200+H20), KefficH200+HCOOH) and keficH200+802). This result indicates that the reaction of CH,OO
with HPMF is of less importance. Similar conclusion is also obtained from the reactions of anti-
CH3CHOO, syn-CH3CHOO and (CH3)COO with HPMF. Based on the above discussions, it can
be concluded that the relative importance of carbonyl oxides reactions with hydroperoxide esters is
significantly dependent on the concentrations of hydroperoxide esters. These reactions may play a
certain role in the formation of organic new particle in some regions where low concentration of
water vapour and high concentration of hydroperoxide esters occur.

The vapour pressure and volatility of the formed oligomers are estimated in the revised
manuscript. The assessment of Barley and McFiggans (2010) and O'Meara et al. (2014) found that
the combination of boiling point estimation from Nannoolal et al. (2004) and vapour pressure
estimation from Nannoolal et al. (2008) gives the lowest mean bias error of vapour pressure for
atmospherically relevant compounds. Therefore, the saturated vapour pressure (P°) of adduct
products at room temperature is estimated by using the Nannoolal-Nannoolal method, and the

results are listed in Table S10. From Table S10, it can be seen that the P® of adduct products involved



in the successive reactions of CH,OO with HCOOH increases first and then decreases with
increasing the number of CH,OO. The P° of the adduct product HC(O)O(CH>O0);H is maximum
when the number of CH,OO is equal to three. The P° of adduct products included in the successive
reactions of anti-CH3;CHOO with HCOOH decreases significantly as the number of anti-CH3CHOO
is increased. Similar phenomenon is also observed from the successive reactions of syn-CH3;CHOO
and (CH3)COO with HCOOH. Notably, the P° of adduct products decreases obviously when the
size of SCIs increases. For example, the P° of the adduct product HC(O)O(CH>OO);H in the
nCH,00 + HCOOH reaction is estimated to be 4.43 x 10 atm, which is greater than those of the
corresponding adduct products in the nanti-CH;CHOO + HCOOH (7.12 x 104), nsyn-CH3;CHOO
+ HCOOH (7.12 x 10#), and n(CH3)COO + HCOOH (1.27 x 10%) reactions by 6.22, 6.22 and
34.88 times, respectively.

A classify scheme of various organic compounds is based on their volatility, as presented by
Donahue et al. (2012) The volatility of organic compounds is described by their effective saturation
concentration. The saturated concentrations (c’) of adduct products formed from the successive
reactions of SCIs with HCOOH are predicted with the SIMPOL.1 method proposed by Pankow and
Asher (2008), and the results are listed in Table S10. As shown in Table S10, the ¢® of adduct
products involved in the nCH,OO + HCOOH reaction decreases with increasing the number of
CH>00. According to the Volatility Basis Set (VBS) of organic compounds (Donahue et al., 2012),
these adduct products belong to volatile organic compound (VOC) (c® > 3 x 10° ug/m?). Similarly,
the ¢® of adduct products included in the nanti-CH;CHOO + HCOOH, nsyn-CH;CHOO + HCOOH,
and n(CH3),COO + HCOOH reactions decreases when the number of SCIs increases. It deserves
mentioning that the adduct products in the nanti-CH;CHOO + HCOOH and nsyn-CH3;CHOO +
HCOOH reactions belong to intermediate volatility organic compounds (IVOC, 300 < ¢® < 3 x 10°
ug/m?) when the number of SClIs is equal to five. However, the adduct products in the n(CH3),COO
+ HCOOH reaction become IVOC when the number of (CH3),COQO is greater than or equal to two.
Based on the above discussions, it can be concluded that the volatility of adduct products is
significantly affected by the number and size of SCIs in the successive reaction of SCIs with

HCOOH.

Table 2 The reported concentrations of coreactant, the rate coefficients £, and the effective pseudo-
first-order rate constants (keir = k[coreactant]) for distinct SCI reactions with HPMF, H,O, HCOOH



and SO at the tropical forest environments

[Coreactant] k Fetr
SCIs Coreactant Reference
(molecules cm™)  (cm?® molecule™! s7) (s
5.9-9.2x  Chaoetal.,
H,O 3.9-6.1 x 10" <1.5x10"
10? (2015)
Welz et al.,
HCOOH 5.0-10.0 x 10'° [1.1£0.1]x 10710 5.5-11
(2014)
CH,O0
Welz et al.,
SO, 1.7-9.0 x 10 [3.9+£0.7] x 107! 0.7-3.5
(2012)
HPMF - 2.7 x 101 - This work
3.9-6.1 x Taatjes et
H,0 3.9-6.1 x 10" [1.0£0.4] x 10
10° al., (2013)
Welz et al.,
HCOOH 5.0-10.0 x 10'° [5+3]x 1010 25.0-50.0
. (2014)
anti-CH;CHOO
Taatjes et
SO, 1.7-9.0 x 10'° [6.7+1.0]x 10" 1.1-6.0
al., (2013)
HPMF - 3.3x 1010 - This work
1.6-2.4 x Taatjes et
H,0 3.9-6.1 x 10" <4.0x10"1
10° al., (2013)
Welz et al.,
HCOOH 5.0-10.0 x 10'° [25+£0.3]x 101 12.5-25.0
(2014)
syn-CH;CHOO Taatjes et
SO, 1.7-9.0 x 10'° [2.4+0.3]x 10" 04-2.2
al., (2013)
HPMF - 1.7 x 1013 - This work
Huang et
H,O 3.9-6.1 x 10" <1.5x10"° 58.5-91.5
al., (2015)
Sipila et
HCOOH 5.0-10.0 x 10'° 4.5 %1010 22.5-45.0
al., (2014)
(CH;).CO0O Huang et
SO, 1.7-9.0 x 10" 1.3 x 1010 2.2-11.7
al., (2015)
HPMF - 2.2 x 101 - This work

Table S10 Predicted saturated vapour pressure (P°) and saturated concentrations (c°) for the adduct

products of the successive reactions of SCIs with HCOOH

formula P? (atm) ¢’ (ug/m?)
n CH,O0 + HCOOH
n=1 HC(O)OCH,O0H 2.12 %1073 7.86 x 107
n=2 HC(0)O(CH:00),H 3.80 x 10 3.99 x 107
n=3 HC(0)O(CH:00):H 4.43 % 10° 3.91 x 107




n=4 HC(O)O(CH200):H 421 %103 3.29 x 107
n=>5 HC(O)O(CH200)sH 3.59 x 1073 2.12 x 107
n  anti-CH;CHOO  +

HCOOH

n= HC(O)OCH(CH3)O0OH 1.25 % 103 8.32 x 108
n=2 HC(O)O(CH(CH3)O0).H 1.13 x 103 7.57 % 10°
n=3 HC(O)O(CH(CH3)O0):H 7.12 x 10* 6.49 x 10°
n=4 HC(O)O(CH(CH3)O0):H 3.90 x 10 4.50 x 10°
n=>5 HC(O)O(CH(CH3)O0)sH 2.01 x 10 2.81 % 10°
n  syn-CH;CHOO  +

HCOOH

n=1 HC(O)OCH(CH3)O0OH 1.25 % 103 8.32 x 108
n=2 HC(O)O(CH(CH3)O0)H 1.13 x 10 7.57 x 108
n=3 HC(O)O(CH(CH3)O0):H 7.12 x 10 6.49 x 108
n=4 HC(O)O(CH(CH3)O0)sH 3.90 x 10 4.50 x 10°
n=>5 HC(O)O(CH(CH3)O0)sH 2.01 x 10 2.81 x 10°
n (CH3),COO + HCOOH

n=1 HC(O)OC(CH3).00H 7.23 x 104 3.50 x 10°
n=2 HC(O)O(C(CH3)200):H 3.50 x 10 2.74 x 10°
n=3 HC(O)O(C(CH3)200):H 1.27 x 10 1.38 x 10°
n=4 HC(O)O(C(CH3)200)sH 427 %107 5.90 x 103
n=>5 HC(O)O(C(CH3)200)sH 1.40 x 10°° 2.36 x 10°

Corresponding descriptions have been added in the page 23 line 573-590, page 24 line 591-
610, page 27 line 645-671 and page 28 line 672-682 of the revised manuscript:

1t is of interest to assess whether the reactions of distinct SCIs with HPMF can compete well
with the losses to reactions with trace species (e.g., H:O, HCOOH and SO;), because it is well
known that the reactions with trace species are expected to be the dominant chemical sinks for SCls
in the atmosphere (Taatjes et al., 2013, Long et al., 2016). The reported concentrations of coreactant,
the rate coefficients k, and the effective pseudo-first-order rate constants (k.y = k[coreactant]) for
distinct SCI reactions with H>O, HCOOH, SO3, and HPMF are summarized in Table 2. As seen in
Table 2, the rate coefficient of a particular SCI reaction with trace species is strongly dependent on
its structure. The methyl group substitution may alter the rate coefficient by several to tens of times.
The atmospheric concentrations of H:0, HCOOH and SO; in the tropical forest environments are
measured to be 3.9-6.1 x 10", 5.0-10 x 10'°, and 1.7-9.0 x 10" molecules cm>, respectively
(Vereecken, 2012). For the reactions of CH>O0 with H:O, HCOOH, and SO, the experimental rate
coefficients are determined to be < 1.5 x 107°, [1.1 £ 0.1] x 107", and [3.9 £ 0.7] x 107" cm’

molecule™ s/, respectively (Welz et al., 2012 and 2014, Chao et al., 2015), which translate into



keiiciz00+1120),  kefiicz00+1coom and kegicrzoo+soz of 5.9-9.2 < 10P, 5.5-11, and 0.7-3.5 s7,
respectively. The result reveals that the reaction of CH>OO with H>O is the most important
bimolecular reaction. keficrzoo+mcoon) is greater by a factor of 3-8 than kegicmo0+s02), indicating
that the reaction of CH>O0 with HCOOH is favored over reaction with SO:. Similar conclusion is
also obtained from the results of key for the reactions of anti-CH;CHOO, syn-CH3;CHOO and
(CH3),COO with H>O, HCOOH and SO; that SClIs reactions with H>O are faster than with HCOOH,
which, in turn, are faster than with SO,.

According to the results shown in the Table 2, the room temperature rate coefficient for the
reaction of CH>OO with HPMF is calculated to be 2.7 x 107" cm’ molecule™ s'. However; to the
best of our knowledge, the atmospheric concentration of HPMF has not been reported up to now. If
we assume that the concentration of HPMF is the same as that of HCOOH, kecrro0o+mpur) is
estimated to be 1.4-2.7 s, which is significantly lower than kegicriz00+m20) and kegicizoo+Hcoom.
kegrcr200+HPME) BS nearly identical to kegicrz00+502), indicating that the CH,OO0 + HPMEF reaction is
competitive with the CH:00 + SO; system. Previous model-measurement studies have estimated
the surface-level SCIs concentrations in the range of 1.0 x 107 to 1.0 x 10° molecules cm™ (Khan
etal., 2018; Novelli et al., 2017). If we assume that the concentration of HPMF is equal to that of
SCIs, keficrz00+mpur) is calculated to be 2.7-27 % 107 57, which is several orders of magnitude
lower than keficr200+120), keficn200+Hco0m) and kegicrizo0+s02). This result indicates that the reaction
of CH:00 with HPMF is of less importance. Similar conclusion is also obtained from the reactions
of anti-CH3CHOO, syn-CH3CHOO and (CH3):COO with HPMF. Based on the above discussions,
it can be concluded that the relative importance of carbonyl oxides reactions with hydroperoxide
esters is significantly dependent on the concentrations of hydroperoxide esters. These reactions may
play a certain role in the formation of organic new particle in some regions where low concentration
of water vapour and high concentration of hydroperoxide esters occur.

The assessment of Barley and McFiggans (2010) and O'Meara et al. (2014) found that the
combination of boiling point estimation from Nannoolal et al. (2004) and vapour pressure
estimation from Nannoolal et al. (2008) gives the lowest mean bias error of vapour pressure for
atmospherically relevant compounds. Therefore, the saturated vapour pressure (P°) of adduct
products at room temperature is estimated by using the Nannoolal-Nannoolal method, and the

results are listed in Table S10. From Table S10, it can be seen that the P’ of adduct products involved



in the successive reactions of CH>O0 with HCOOH increases first and then decreases with
increasing the number of CH>OO. The P’ of the adduct product HC(O)O(CH>00);H is maximum
when the number of CH>00 is equal to three. The P’ of adduct products included in the successive
reactions of anti-CH3;CHOO with HCOOH decreases significantly as the number of anti-CH3;CHOO
is increased. Similar phenomenon is also observed from the successive reactions of syn-CH3;CHOO
and (CH3)>COO with HCOOH. Notably, the P’ of adduct products decreases obviously when the
size of SCIs increases. For example, the P’ of the adduct product HC(O)O(CH>00);H in the
nCH>00 + HCOOH reaction is estimated to be 4.43 x 107 atm, which is greater than those of the
corresponding adduct products in the nanti-CH;CHOO + HCOOH (7.12 x 10™), nsyn-CH;CHOO
+ HCOOH (7.12 x 10, and n(CH3).COO + HCOOH (1.27 * 10°) reactions by 6.22, 6.22 and
34.88 times, respectively.

A classify scheme of various organic compounds is based on their volatility, as presented by
Donahue et al. (2012) The volatility of organic compounds is described by their effective saturation
concentration. The saturated concentrations (c°) of adduct products formed from the successive
reactions of SCIs with HCOOH are predicted by using the SIMPOL.1 method proposed by Pankow
and Asher (2008), and the results are listed in Table S10. As shown in Table S10, the ¢’ of adduct
products involved in the nCH>00 + HCOOH reaction decreases with increasing the number of
CH>00. According to the Volatility Basis Set (VBS) of organic compounds (Donahue et al., 2012),
these adduct products belong to VOC (¢ > 3 x 10° ug/m?). Similarly, the ¢’ of adduct products
included in the nanti-CH3;CHOO + HCOOH, nsyn-CH;CHOO + HCOOH, and n(CH3),COO +
HCOOH reactions decreases when the number of SCIs increases. It deserves mentioning that the
adduct products in the nanti-CH;CHOO + HCOOH and nsyn-CH3;CHOO + HCOOH reactions
belong to intermediate volatility organic compounds (IVOC, 300 < ¢’ < 3 x 10° ug/m?) when the
number of SCIs is equal to five. However, the adduct products in the n(CH3)COO + HCOOH
reaction become 1VOC when the number of (CH3),COQO is greater than or equal to two. Based on
the above discussions, it can be concluded that the volatility of adduct products is significantly

affected by the number and size of SClIs in the successive reaction of SCls with HCOOH.

3. Hence, as a quick assessment, some deeper and extended discussions should be required and

strengthened, such as the nature of the reactions, the detailed atmospheric implications, if this paper



is published in the ACP journal.

Response: Based on the Reviewer’s suggestion, the deeper discussions on the nature of the
reactions of SCIs with hydroperoxide esters have been added in the revised manuscript. A schematic
potential energy surface (PES) for the addition reaction 2CH,OO + Pentla is drawn in Fig. 2. As
seen in Fig. 2, the successive insertion of CH,OO into Pentla eventually leads to the formation of
oligomers P2a and P2b composed of CH>OO as the repeat unit. These oligomerization reactions are
strongly exothermic and spontaneous (> 83 kcal'mol'), implying that they are feasible
thermodynamically. The addition reaction 2CH,OO + Pentla initially proceeds through two
possible pathways, namely (1) —OOH insertion reaction R1a, and (2) —CH insertion reaction R1b.
For the —OOH insertion reaction R1a, the pre-reactive intermediate IM1a with a seven-membered
ring structure is formed in the entrance channel, which is stabilized by the hydrogen bond
interactions between the Hs atom of Pentla and the O atom of CH,00 (D(os.na) = 1.706 A), and
between the He atom of CH,OO and the O3 atom of Pentla (Do3-16) = 2.115 A). Then IM1a converts
into Pla (C3HeOs, HC(O)O—(CH200),-H) via a concerted process of O4-Hs bond breaking in the
Pentla and Os-C3 and Hs-Og bonds forming with a barrier of 8.1 kcal-mol-'. For the —~CH insertion
reaction R1b, the pre-reactive intermediate IM1b with a seven-membered ring structure is formed
in the entrance channel, which is stabilized by the van der Waals (vdW) interactions between the O3
atom of Pentla and the C; atom of CH,OO (D03-c3) = 2.602 A), and between the Og atom of CH,OO
and the C; atom of Pentla (Dos.c1) = 2.608 A). Due to the absence of hydrogen bond in IM1b, the
energy of IM1b is lower than that of IM1a by 3.0 kcal-mol"!'. IM1b transforms into P1b (C3HsOs,
HO,CH,0OC(O)CH>00H) via a concerted process of Ci-H; bond breaking in the Pentla and C;-C3
and H;-O4 bonds forming with a barrier of 21.5 kcal-mol-'. By comparing the barriers of R1a and
R1b, it can be concluded that the -OOH insertion reaction is favored over the —CH insertion reaction.
The high reaction barrier of R1b is attributed to the large bond dissociation energy (BDE) of C-H
bond in the Pentla. To further insight into the reaction mechanism of R1a, the natural bond orbital
(NBO) analysis of the donor-accepter orbitals involved in the TS1a is performed using the M06-2X
wave function. The possible donor-accepter interactions are estimated by using the second order
perturbation theory. As illustrated in Fig. S4, the strong interactions are identified as the interaction
of the lone pair orbital of Os atom and the antibonding orbital of O4-H4 bond, and the interaction of

the lone pair orbital of O4 atom and the antibonding orbital of C3-Os bond.



Similarly, the addition reaction CH,OO + Pla proceeds through the formation of the pre-
reactive intermediates IM2a and IM2b in the entrance channel, which are stabilized by a hydrogen
bond between the terminal oxygen atom of CH,OO and the reacting hydrogen atom of Pla, and a
van der Waals (vdW) interaction between the central carbon atom of CH>OO and the carbonyl
oxygen atom of Pla. The relative energies of IM2a and IM2b with respect to the separate reactants
Pla and CH,OO are -1.2 and 3.2 kcal-mol™!, respectively, below the energies of the initial reactants
2CH200 and Pentla are 41.6 and 37.2 kcal-mol"!, respectively. Then they immediately transform
into the respective products P2a and P2b through the -OOH and —CH insertion transition states
TS2a and TS2b with the barriers of 10.1 and 21.6 kcal-mol"'. This result again shows that the -OOH
insertion reaction is favored kinetically. It deserves mentioning that the barrier of -OOH insertion
reaction increases as the number of CH,OO is increased. From the viewpoint of the geometrical
parameters of TS2a and TS2b, the breaking O-H and C-H bonds are elongated by 14.8% and 20.6%,
respectively, with respect to the equilibrium structures of IM2a and IM2b, while the forming C-O
and C-C bond length are 2.013 and 2.264 A, respectively. The result reveals that TS2a and TS2b are
structurally reactant-like, which are consistent with the Hammond’s hypothesis that the earlier

transition states are generally exothermic (Hammond, 1955).
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Figure 2. PES (AG and AFE, in italics) for the 2CH,OO + Pentla reaction at the M06-2X/ma-
TZVP//M06-2X/6-311+G(2df,2p) level of theory




Figure S4. Natural bond orbital (NBO) analysis of the donor-acceptor orbitals involved in the TS1a

To further elucidate the effect of the number and location of methyl substituents on the
reactivity of carbonyl oxides toward hydroperoxide esters, Pentla (also called as HPMF) is selected
as the model compound since it is the simplest hydroperoxide ester formed from the barrierless
reaction of 1,4 O-H insertion of CH,OO into HCOOH. As mentioned above, -OOH insertion
reaction in the oligomerization reactions is the most favorable pathway. Therefore, this type of
reaction is merely considered in the reactions of distinct SCIs with Pentla. The corresponding PES
is displayed in Fig. 6. As shown in Fig. 6, each pathway starts with the formation of a pre-reactive
intermediate, and then it overcomes a modest barrier to reaction. The barrier of the reaction of
CH200 with Pentla is calculated to be 8.1 kcal'mol"!, which is higher than that of the anti-
CH3CHOO + Pentla reaction by 2.5 kcal-mol™!. The reason of low barrier can be explained by the
NPA atomic charges, as presented in Fig. S9. As seen in Fig. S9, the charges of the central carbon
atom C; and the terminal oxygen atom O; of CH,OO are 0.186¢ and -0.459¢, respectively, indicating
that CH,OO is indeed a zwitterion. The C; atom charge becomes more positive (0.393¢), while the
O atom charge becomes more negative (-0.497¢) when a methyl substituent occurs at the anti-
position. This result suggests that the anti-methyl substituent enhances the characteristic of carbonyl
oxides zwitterion and reduces the reaction barriers. Compared with the barrier of the CH>OO +
Pentla reaction, the barriers increase by about 3.0 kcal-mol! when a methyl group is introduced at
the syn-position and dimethyl substituent. Although syn-methyl and dimethyl substituent promote
the raise of carbonyl oxides zwitterion, the steric hindrance effect and intramolecular hydrogen bond
are obviously dominant for syn-CH3;CHOO and (CH3)>COO, that are not thus conducive to the
nucleophilic attack of hydroperoxide esters. It is worth noting that the exothermicity of distinct SCIs

reactions with Pentla obviously decreases as the number of methyl group is increased, and the



exothermicity of anti-methyl substituent is higher than that of syn-methyl substituent.
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Figure 6. PES (AG and AE, in italics) for the distinct SCIs + Pentla reactions at the M06-2X/ma-
TZVP//M06-2X/6-311+G(2df,2p) level of theory
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Figure S9 The NPA charges of different atoms in the distinct SCIs computed at the M06-2X/6-
311+g(2df,2p) level of theory

Corresponding descriptions have been added in the page 15 line 388-398, page 16 line 399-
438 and page 21 line 530-556 of the revised manuscript:

A schematic PES for the addition reaction 2CH,00 + Pentla is drawn in Fig. 2. As seen in



Fig. 2, the successive insertion of CH>0O into Pentla eventually leads to the formation of oligomers
P2a and P2b composed of CH>0O as the repeat unit. These oligomerization reactions are strongly
exothermic and spontaneous (> 83 kcal-mol’), implying that they are feasible thermodynamically.
The addition reaction 2CH,00 + Pentla initially proceeds through two possible pathways, namely
(1) —OOH insertion reaction Rla, and (2) —CH insertion reaction R1b. For the —OOH insertion
reaction Rla, the pre-reactive intermediate IM1a with a seven-membered ring structure is formed
in the entrance channel, which is stabilized by the hydrogen bond interactions between the Hy atom
of Pentla and the O atom of CH>00 (Dos.114) = 1.706 A), and between the Hs atom of CH>00 and
the Oz atom of Pentla (Dws.ne) = 2.115 A). Then IMla converts into Pla (CsHegOs, HC(O)O—
(CH200)2-H) via a concerted process of O4-Hybond breaking in the Pentla and O4+C3 and H4-Og
bonds forming with a barrier of 8.1 kcal-mol™’. For the —CH insertion reaction R1b, the pre-reactive
intermediate IM1b with a seven-membered ring structure is formed in the entrance channel, which
is stabilized by the van der Waals (vdW) interactions between the O3 atom of Pentla and the C3
atom of CH>00 (D 03.c3) = 2.602 A), and between the O atom of CH>00 and the C; atom of Pentla
(Dos.c1iy = 2.608 A). Due to the absence of hydrogen bond in IMIb, the energy of IM1b is lower
than that of IM1a by 3.0 kcal-mol”. IM1b transforms into P1b (CsHgOs, HO2,CH,OC(O)CH,O0H)
via a concerted process of Ci-H; bond breaking in the Pentla and C;-Cs and H;-Og bonds forming
with a barrier of 21.5 kcal-mol”’. By comparing the barriers of R1a and R1b, it can be concluded
that the —OOH insertion reaction is favored over the —CH insertion reaction. The high reaction
barrier of R1b is attributed to the large bond dissociation energy (BDE) of C-H bond in the Pentla.
To further insight into the reaction mechanism of Rla, the natural bond orbital (NBO) analysis of
the donor-accepter orbitals involved in the TS1a is performed using the M06-2X wave function. The
possible donor-accepter interactions are estimated by using the second order perturbation theory.
As illustrated in Fig. S4, the strong interactions are identified as the interaction of the lone pair
orbital of Os atom and the antibonding orbital of O+Hy bond, and the interaction of the lone pair
orbital of O4 atom and the antibonding orbital of C3-Os bond.

Similarly, the addition reaction CH,OO + Pla proceeds through the formation of the pre-
reactive intermediates IM2a and IM2b in the entrance channel, which are stabilized by a hydrogen
bond between the terminal oxygen atom of CH>0O0 and the reacting hydrogen atom of P1a, and a

van der Waals (vdW) interaction between the central carbon atom of CH>OO and the carbonyl



oxygen atom of Pla. The relative energies of IM2a and IM2b with respect to the separate reactants
Pla and CH>0O0 are -1.2 and 3.2 kcal-mol”, respectively, below the energies of the initial reactants
2CH>00 and Pentla are 41.6 and 37.2 kcal-mol”, respectively. Then they immediately transform
into the respective products P2a and P2b through the —-OOH and —CH insertion transition states
TS2a and TS2b with the barriers of 10.1 and 21.6 kcal-mol. This result again shows that the —OOH
insertion reaction is favored kinetically. It deserves mentioning that the barrier of —OOH insertion
reaction increases as the number of CH>0O is increased. From the viewpoint of the geometrical
parameters of TS2a and TS2b, the breaking O-H and C-H bonds are elongated by 14.8% and 20.6%,
respectively, with respect to the equilibrium structures of IM2a and IM2b, while the forming C-O
and C-C bond length are 2.013 and 2.264 A, respectively. The result reveals that TS2a and TS2b are
structurally reactant-like, which are consistent with the Hammond's hypothesis that the earlier
transition states are generally exothermic (Hammond, 1955).

To further elucidate the effect of the number and location of methyl substituents on the
reactivity of carbonyl oxides toward hydroperoxide esters, Pentla (also called as HPMF) is selected
as the model compound since it is the simplest hydroperoxide ester formed from the barrierless
reaction of 1,4 O-H insertion of CH:00 into HCOOH. As mentioned above, —OOH insertion
reaction in the oligomerization reactions is the most favorable pathway. Therefore, this type of
reaction is merely considered in the reactions of distinct SCIs with Pentla. The corresponding PES
and the optimized geometries of all stationary points are displayed in Figs. 6 and S8, respectively.
As seen in Fig. 6, each pathway starts with the formation of a pre-reactive intermediate, and then it
overcomes a modest barrier to reaction. The barrier of the reaction of CH,00 with Pentla is
calculated to be 8.1 kcal-mol™!, which is higher than that of the anti-CH;CHOO + Pentla reaction
by 2.5 kcal-mol’. The reason of low barrier can be explained by the NPA atomic charges, as
presented in Fig. 89. As seen in Fig. S9, the charges of the central carbon atom C; and the terminal
oxygen atom O; of CH>OO are 0.186e and -0.459, respectively, indicating that CH>OO is indeed
a zwitterion. The C; atom charge becomes more positive (0.393e), while the O; atom charge
becomes more negative (-0.497¢) when a methyl substituent occurs at the anti-position. This result
suggests that the anti-methyl substituent enhances the characteristic of carbonyl oxides zwitterion
and reduces the reaction barriers. Compared with the barrier of the CH,OO + Pentla reaction, the

barriers increase by about 3.0 kcal-mol”’ when a methyl group is introduced at the syn-position and



dimethyl substituent. Although syn-methyl and dimethyl substituent promote the raise of carbonyl
oxides zwitterion, the steric hindrance effect and intramolecular hydrogen bond are obviously
dominant for syn-CH3;CHOO and (CH3),COQO, that are not thus conducive to the nucleophilic attack
of hydroperoxide esters. It is worth noting that the exothermicity of distinct SCls reactions with
Pentla obviously decreases as the number of methyl group is increased, and the exothermicity of

anti-methyl substituent is higher than that of syn-methyl substituent.
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Comments of reviewer #3
1. For Entry 1 of the initiation reaction, how is it validated that 1,4 O-H insertion is barrierless? Is
there a multi-point potential energy surface showing that no barrier is found along the reaction
coordinate?

Response: Based on the Reviewer’s suggestion, the relevance descriptions on the barrierless
1,4 O-H insertion reactions have been added in the revised manuscript. The potential energy surface
(PES) of the initiation reactions of distinct stabilized Criegee intermediates (SCls) (CH.OO, syn-,
anti-CH3CHOO and (CH3)COO) with HCOOH is drawn in Fig. 1. As shown in Fig. 1, the
bimolecular reaction of distinct SCIs with HCOOH proceeds via four possible pathways, namely (1)
1,4 O-H insertion (Entry 1), (2) 1,2 O-H insertion (Entry 2), (3) C-H insertion (Entry 3), and (4)
C=0 cycloaddition (Entry 4). For Entry 1, the addition reaction of CH,OO with HCOOH proceeds
through the 1,4 O-H insertion of CH>OO into HCOOH to form a hydroperoxide ester HC(O)O-
CH200-H with a exoergicity of 37.6 kcal-mol-'. The formation of HC(O)O-CH,O0-H is obtained
through a concerted process of O»-H bond breaking in the HCOOH and O4-H, and C»-O; bonds
forming. Despite an attempt by various methods, the corresponding transition state is still not
located in the effort of optimization. To further validate the barrierless process of 1,4 O-H insertion
reaction, a relaxed scan over the Os4-H> and C»-O; bonds is performed at the MO06-2X/6-
311+G(2df,2p) level of theory. The scans start from the optimized structure of the adduct product
HC(0)O-CH,00-H, and the 04-H, and C,-O; bond length are then increased in steps of 0.10 A,
The relaxed scan energy profiles are presented in Fig. S2. As seen in Fig. S2a, the relative energy
of the minimum energy path from reactant to product decreases monotonically when the bond length
of O4-H» and C»-O; bonds decreases, suggesting that the transition state is not exist in the 1,4 O-H
insertion reaction of CH>OO with HCOOH. Similar conclusion is also obtained from the relaxed
scan energy profiles for the HCOOH + anti-CH;CHOO, HCOOH + syn-CH3CHOO and HCOOH
+ (CH3)2.COO (Fig. S2b-d) reactions that 1,4 O-H insertion reactions are barrierless. This conclusion
is further supported by the analogous reaction systems that 1,4 O-H insertion reactions of carbonyl
oxides with carboxylic acids are a barrierless process including concerted hydrogen atom transfer
and new bond formation (Long et al., 2009; Vereecken, 2017; Cabezas and Endo, 2019; Lin et al.,

2019; Chhantyal-Pun et al., 2017).
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Figure 1. Schematic PES for the possible entrance pathways of the initiation reactions of HCOOH
with various SCIs (black, pink, blue, and red lines represent 1,4 O-H insertion, 1,2 O-H insertion,

C-H insertion, and C=0 cycloaddition reactions, respectively)
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Figure S2. Relaxed scan energy profiles calculated using the M06-2X/6-311+G(2df,2p) method for
varying the C-O and O-H bonds in the 1,4-insertion reactions CH,OO + HCOOH (a), anti-
CH3;CHOO + HCOOH (b), syn-CH3CHOO + HCOOH (c) and (CH3),COO + HCOOH (d) (the black
solid line represents the minimum energy path)

Corresponding descriptions have been added in the page 8 line 215-239 of the revised
manuscript:

The potential energy surface (PES) of distinct SCls (CH>OO0, syn-, anti-CH3;CHOO and
(CH3):COO0) reactions with HCOOH is drawn in Fig. 1. As shown in Fig. 1, the bimolecular
reaction of distinct SCls with HCOOH proceeds via four possible pathways, namely (1) 1,4 O-H
insertion (Entry 1), (2) 1,2 O-H insertion (Entry 2), (3) C-H insertion (Entry 3), and (4) C=0
cycloaddition (Entry 4). For Entry 1, the addition reaction of CH>00 with HCOOH proceeds
through the 1,4 O-H insertion of CH>0O0 into HCOOH to form a hydroperoxide ester HC(O)O-
CH200-H with a exoergicity of 37.6 kcal-mol”’. The formation of HC(O)O-CH,OO0-H is obtained
through a concerted process of O»-H; bond breaking in the HCOOH and O4H> and C>-O; bonds
forming. Despite an attempt by various methods, the corresponding transition state is still not
located in the effort of optimization. To further validate the barrierless process of 1,4 O-H insertion
reaction, a relaxed scan over the Os-H, and C>-O; bonds is performed at the MO06-2X/6-
311+G(2df,2p) level of theory. The scans start from the optimized structure of the adduct product
HC(0)O-CH,00-H, and the O,-H> and C>-O; bond length are then increased in steps of 0.10 A
The relaxed scan energy profiles are presented in Fig. S2. As seen in Fig. S2a, the relative energy
of the minimum energy path from reactant to product decreases monotonically when the bond length

of O4-H> and C>-O; bonds decreases, suggesting that the transition state is not exist in the 1,4 O-H



insertion reaction of CH.OO with HCOOH. Similar conclusion is also obtained from the relaxed
scan energy profiles for the HCOOH + anti-CH3;CHOO, HCOOH + syn-CH3CHOO and HCOOH
+ (CH3).COO (Fig. S2b-d) reactions that 1,4 O-H insertion reactions are barrierless. This
conclusion is further supported by the analogous reaction systems that 1,4 O-H insertion reactions
of carbonyl oxides with carboxylic acids are a barrierless process including concerted hydrogen
atom transfer and new C-O bond formation (Chhantyal-Pun et al., 2017; Long et al., 2009;

Vereecken, 2017; Cabezas and Endo, 2019; Lin et al., 2019).

2. The calculated ki in this study is greater by a factor of ~3 than several previous studies. Since
this is related to one of the major conclusions of the paper, the authors should carefully validate this
result. For example, what could be the reason they underestimate the value? Which value can have
a better interpretation of the experimental or atmospheric data?

Response: In the original manuscript, the rate coefficients for the barrierless reactions are
calculated by employing the variational transition state theory (VTST), and the rate coefficients for
the bimolecular reactions with the tight transition states are computed by using the canonical
transition state theory (CTST) along with one-dimensional asymmetric Eckart tunneling correction.
For the initiation reactions of distinct SCIs with HCOOH, there are four possible pathways, namely
(1) 1,4 O-H insertion (Entry 1), (2) 1,2 O-H insertion (Entry 2), (3) C-H insertion (Entry 3), and (4)
C=0 cycloaddition (Entry 4), in which Entry 1 is barrierless and Entry 2-4 have the tight transition
states. The total rate coefficient for the reaction of SCIs with HCOOH is equal to the sum of the rate
coefficient of each pathway. For the barrierless 1,4 O-H insertion reaction, the VTST is
approximated with a Morse potential function, V(R) = Dc{l-exp[-B(R-R.)]}?, along with an
anisotropy potential function to stand for the minimum energy path, which is used to calculate the
rate coefficients (Raghunath et al., 2017). Here, D. is the bond energy excluding the zero-point
energy, R is the reaction coordinate, and R. is the equilibrium value of R. It is assumed that the
stretching potential in an anisotropy potential is used in conjunction with a potential form of
Vanisotropy = Vo[ 1-c08%(61—01¢) * cos*(6>-02:)] (Raghunath et al., 2017). Here, ¥ is the stretching
potential, which stands for by a Morse potential, 8; and 0. represent the rotational angle between
fragment 1 and the reference axis and the equilibrium bond angle of fragment 1, 6, and 6, stand for

the rotational angle between fragment 2 and the reference axis and the equilibrium bond angle of



fragment 2. The association curve for the reaction of 1,4 O-H insertion of SCIs into HCOOH is
computed at the M06-2X/6-311+G(2df,2p) level of theory to cover a range from 0.97 to 1.97 A at
step size 0.1 A for O-H bond and from 1.44 to 2.44 A at step size 0.1 A for C-O bond, while other
structural parameters are fully optimized. The computed potential energies are fitted to the Morse
potential function. However, the calculated rate coefficients for the reactions of SCIs with HCOOH
are higher than the prior experimental measurements. The reason is ascribed to the fact that the
approximation of VTST using a Morse potential function in conjunction with an anisotropy potential
function is unsuitable to predict the rate coefficients for the barrierless 1,4 O-H insertion reaction.

In the revised manuscript, the rate coefficients for the barrierless reactions are computed by
employing the inverse Laplace transformation (ILT) method, and the rate coefficients for the
bimolecular reactions with the tight transition states are calculated by utilizing CTST in conjunction
with Eckart tunneling correction. The ILT and CTST/Eckart calculations are performed by using the
MESMER 6.0 and KiSThelP 2019 programs, respectively (Glowacki et al., 2012; Canneaux et al.,
2013). In the ILT treatment, the rotational constants, vibrational frequencies, molecular weights,
energies and other input parameters are obtained from the M06-2X/6-311+G(2df,2p) or M06-
2X/ma-TZVP methods. For the barrierless reaction of 1,4 O-H insertion of SCIs into HCOOH, SCIs
and HCOOH are assigned as the deficient and excess reactants, respectively. The concentration of
HCOOH is given a value of 5.0 x 10'° molecules cm™ in the simulation, which is taken from the
typical concentration of HCOOH in the tropical forest environments (Vereecken et al., 2012). N3 is
applied as the buffer gas. A single exponential down model is employed to simulate the collision
transfer (SAE>gown = 200 cm™"). The collisional Lennard-Jones parameters are estimated with the
empirical formula described by Gilbert and Smith (1990).

The rate coefficients of each elementary pathway included in the initiation reactions of distinct
SCIs with HCOOH are calculated in the temperature range of 273-400 K, as listed in Table S3-S6.
As shown in Table S3, the total rate coefficients kior-cozoo of CH>OO reaction with HCOOH are in
excess of 1.0 x 1071 cm® molecule™! s7!, and they exhibit a slightly negative temperature dependence
in the temperature range studied. kior.cizoo is estimated to be 1.4 x 1071 cm?® molecule™! s™! at 298 K,
which is in good agreement with the experimental values reported by Welz et al. (2014) ([1.1 £0.1]
x 10719), Chung et al. (2019) ([1.4 £ 0.3] x 10°'9), and Peltola et al. (2020) ([1.0 £ 0.03] x 1017).

k(TSent1) is approximately equal to kio-cH200 in the whole temperature range, and it decreases in the



range of 1.7 x 101 (273 K) to 1.2 x 107'° (400 K) cm?® molecule™!' s! with increasing temperature.
k(TSent1) is several orders of magnitude greater than A(TSenr2), A(TSen3) and A(TSens) over the
temperature range from 273 to 400 K. The result again shows that the barrierless 1,4 O-H insertion
reaction is predominant. Similar conclusion is also obtained from the results of the rate coefticients
for the reactions of HCOOH with anti-CH3CHOO, syn-CH3CHOO and (CH3),COO (Table S4-S6).
At ambient temperature, the total rate coefficients of HCOOH reactions with anti-CH;CHOO, syn-
CH;CHOO and (CH3),COO are estimated to be 5.9, 2.7 and 4.8 x 10" cm?® molecule™! s,
respectively, which are consistent with the prior experimental measurements of 5 +3,2.5+ 0.3 and

4.5 x 1071 cm? molecule™! s (Welz et al., 2014; Chung et al., 2019; Sipild et al., 2014).

Table S3 Rate coefficients (cm? molecule™! s) of each elementary pathway involved in the initiation
reaction of CH>OO with HCOOH computed at different temperatures

T/K k (TSent1) k (TSen2) k (TSen3) K (TSenta) ktot-cH200
273 1.7 x 10710 3.6 x 10712 1.0 x 102 3.6 x 10712 1.8 x 10710
280 1.6 x 10710 2.9 x 10712 1.2 x 1022 3.1 x 1012 1.7 x 10710
298 1.4 x 10710 1.9 x 1012 2.2 %102 2.3 x 1012 1.4 x 10710
300 1.4 x 10710 1.8 x 10712 2.4 %102 2.2 x 1012 1.4 x 1010
320 1.3 x 10710 1.2 x 1012 4.9 x 102 1.6 x 1012 1.3 x 1010
340 1.3 x 10710 8.2 x 10713 1.0 x 10! 1.3 x 1012 1.3 x 10710
360 1.2 x 10710 5.9 x 10713 2.2 %102 1.0 x 1012 1.2 x 10710
380 1.2 x 10710 4.5 %1013 4.5 x 10 8.2 x 1013 1.2 x 10710
400 1.2 x 10710 3.5 %101 9.0 x 102! 6.9 x 1013 1.2 x 10710

Table S4 Rate coefficients (cm? molecule™! s) of each elementary pathway involved in the initiation
reaction of anti-CH3CHOO with HCOOH computed at different temperatures

T/K k (TSenu-anti)  k (TSen-anti)  k (TSens-anti)  k (TSenu-anti) Kiot-anti

273 5.9 x 10710 42 x 101 5.5 %102 6.1 x 10 6.9 x 1071
280 5.7 x 10710 3.8 x 10 6.7 x 102 4.9 x 10! 6.6 x 10°1°
298 5.4 %1010 2.3 x 10" 1.2 x 10! 3.0 x 101 5.9 x 10710
300 5.3 x 10710 2.0x 10 1.3 x 102! 2.8 x 107! 5.8 x 10710
320 5.0 x 10710 1.5 x 101 2.6 x 10! 1.7 x 101 5.3 x 10710

340 4.7 x 10710 9.4 x 10712 5.4 x 102! 1.1 x 10" 4.9 x 1010




360 4.5 x 10710 7.0 x 10712 1.1 x 1020 7.8 x 10712 4.7 % 1010
380 4.4 %1010 3.6 x 1012 2.1 x 1020 5.6 x 10712 4.5 %1010

400 4.3 x 1010 2.0 x 1012 4.0 x 1020 4.2 %1012 4.4 %1010

Table S5 Rate coefficients (cm?® molecule™ s™) of each elementary pathway involved in the initiation
reaction of syn-CH3;CHOO with HCOOH computed at different temperatures

T/K k (TSeni-syn)  k (TSenw-syn)  k (TSeaz-syn)  k (TSenu-syn) ktot-syn

273 3.1 %1010 9.5 x 1013 4.6 x 107 7.5 % 10716 3.1x 10710
280 2.8 x 10710 8.0 x 10713 7.1 x 10°%7 6.4 x 10°1° 2.8x 10710
298 2.7 %1010 5.4 %1013 8.9 x 1072 5.5 %1016 2.7% 10710
300 2.7 x 10710 5.2 %101 9.9 x 102 4.6 x 10716 2.7% 1010
320 2.5 %1010 3.6 x 10713 3.0 x 10 3.8 x 1016 2.5% 10710
340 2.5x 10710 2.6 x 1013 9.1 x 10 3.1 x101® 2.5% 1010
360 2.3 %1010 2.0 x 1013 2.6 x 1024 3.0 x 1071 2.3x 10710
380 2.2 %1010 1.5x 1013 7.2 x 1024 2.4 x 10716 2.2x 1010
400 2.2 x 10710 1.2 x 1013 1.8 x 102 2.2 x 10716 2.2% 10710

Table S6 Rate coefficients (cm® molecule™! s™!) of each elementary pathway involved in the initiation
reaction of (CH3)>00 with HCOOH computed at different temperatures

T/K k (TSeni-dim) &k (TSen-dim) & (TSenc-dim) & (TSems-dlim) Kiotdim

273 53x1010  6.8x 1012 14x10%  44x1075  54x10°
280 51x1010 52x1072  22x102  42x 105 52x 100
298 48x1010  28x1072  8.0x102%  40x10'5  4.8x 10710
300 47x1010  26x1012  92x102  39x101 4.7 x 1010
320 4.5% 10710 14%1012  36x10%  37x1015  45x 100
340 42x1010  86x 1071 13x10%  3.6x1015  42x 107
360 39%1010  55x101  45x10%  35x1015 3.9 x 10710
380 3.7x1010  3.7x10713 1.4 x 102 34x101  3.7x10710
400 37x1010  26x101  3.9x 102 34x%101  3.7x1010

Corresponding descriptions have been added in the page 7 line 173-190, page 11 line 303-315,

page 12 line 330-338 and page 13 line 346-351 of the revised manuscript:



The rate coefficients for the barrierless reactions are determined by employing the inverse
Laplace transformation (ILT) method. The ILT calculations are performed with the MESMER 6.0
program (Glowacki et al., 2012). In the ILT treatment, the rotational constants, vibrational
frequencies, molecular weights, energies and other input parameters are obtained from the M06-
2X/6-311+G(2df,2p) or M06-2X/ma-TZVP methods. For the barrierless reaction of 1,4 O-H
insertion of SCls into HCOOH, SCIs and HCOOH are assigned as the deficient and excess reactants,
respectively. The concentration of HCOOH is given a value of 5.0 x 10'° molecules cm™ in the
simulation, which is taken from the typical concentration of HCOOH in the tropical forest
environments (Vereecken et al., 2012). N> is applied as the buffer gas. A single exponential down
model is employed to simulate the collision transfer (<AE>uowm = 200 cm™). The collisional
Lennard-Jones parameters are estimated with the empirical formula described by Gilbert and Smith
(1990).

The rate coefficients for the bimolecular reactions with the tight transition states are calculated
by using the canonical transition state theory (CTST) along with one-dimensional asymmetric
Eckart tunneling correction (Truhlar et al., 1996, Eckart, 1930). The CTST/Eckart calculations are
performed with the KiSThelP 2019 program (Canneaux et al., 2013).

The rate coefficients of each elementary pathway included in the initiation reactions of distinct
SCIs with HCOOH are calculated in the temperature range of 273-400 K, as listed in Table S3-S6.
As shown in Table S3, the total rate coefficients kior-crz00 of CH>00 reaction with HCOOH are in
excess of 1.0 x 107" em® molecule™ 57!, and they exhibit a slightly negative temperature dependence
in the temperature range studied. kir.cr200 is estimated to be 1.4 x 107'° cm® molecule™ s at 298
K, which is in good agreement with the experimental values reported by Welz et al. (2014) ([1.1 £
0.1] x 107"°), Chung et al. (2019) ([1.4 £ 0.3] x 10°'°), and Peltola et al. (2020) ([1.0 = 0.03] x 10
19). k(TSent1) is approximately equal to kir.cr200 in the whole temperature range, and it decreases in
the range of 1.7 x 107" (273 K) to 1.2 x 10717 (400 K) cm® molecule s™ with increasing temperature.
k(TSen1) is several ovders of magnitude greater than k(TSenz), k(TSen3) and k(TSens) over the
temperature range from 273 to 400 K. The result again shows that the barrierless 1,4 O-H insertion
reaction is predominant.

Equivalent to the case of CH,OO reaction with HCOOH, the rate coefficient of each

elementary pathway involved in the anti-CH;CHOO + HCOOH reaction also decreases with the



temperature increasing (Table S4). This table shows that Entry 1 is kinetically favored over Entry
2, 3 and 4, and Entry 2 is competitive with Entry 4 in the range 273-400 K. Similar conclusion is
also obtained from the results of the rate coefficients for the reactions of syn-CH;CHOO and
(CH3):COO with HCOOH that Entry 1 is the dominant pathway (lable S5-S6). It deserves
mentioning that the competition of Entry 2 is significantly greater than that of Entry 4 in the syn-
CH3;CHOO + HCOOH and (CH3);COO + HCOOH systems. At ambient temperature, the total rate
coefficients of HCOOH reactions with anti-CH3;CHOO, syn-CH3;CHOO and (CH3),COO are
estimated to be 5.9, 2.7 and 4.8 x 107" cm® molecule™ 57!, respectively, which are consistent with
the prior experimental measurements of 5 + 3, 2.5+ 0.3 and 4.5 x 107" cm® molecule™ s (Welz et

al., 2014; Chung et al., 2019; Sipild et al., 2014).

3. Why are k(TScn2) and A(TSen) decrease with increasing temperature as they both have positive
energy barrier? (Table S3)

Response: Based on the Reviewer’s suggestion, the relevance descriptions on the negative
temperature dependence of A(TSen2) and A(TScnwu) in Table S3 have been added in the revised
manuscript. The rate coefficients for the bimolecular reactions with the tight transition states are
calculated by using the canonical transition state theory (CTST) along with one-dimensional
asymmetric Eckart tunneling correction. The initiation reaction of CH>OO with HCOOH proceeds
through four possible pathways, namely (1) 1,4 O-H insertion (Entry 1), (2) 1,2 O-H insertion (Entry
2), (3) C-H insertion (Entry 3), and (4) C=0 cycloaddition (Entry 4). A schematic PES for the
possible entrance pathways is drawn in Fig. 1. As shown in Fig. 1, the entrance pathway Entry2
consists of two elementary steps: (i) an intermediate IMent2 is formed via a barrierless process; (ii)
then, it rearranges to the product Pent2 through a tight transition state TSent2. The whole reaction

process can be described as Eq. (1):

CHZOO+HCOOH# IMent2 —2 Pent2 (D

-1

Assuming the rapid equilibrium is established between the IMent2 and reactants. According to

the steady-state approximation (SSA), the total rate coefficient is approximately expressed as Eq.

(2):
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The equilibrium constant Kq is written as Eq. (3):

Ke e QIM (T) exp(GR _GIM j (3)
T Qu(T)Qre(T) RT

where o refers to the reaction symmetry number, Qm(7), Ori1(7) and Qr2(7) denote the partition
functions of intermediate, reactants R1 and R2, which are equal to the multiplication of translational,
rotational, vibrational and electronic partition functions (Q = QrotQvibQiransQelec). T 1S the temperature
in Kelvin, R is the ideal gas constant, Gr and Gv are the total Gibbs free energies of reactant and
intermediate, respectively. Similar methodology is adopted to calculate the rate coefficient of each
elementary pathway in Entry 4.

The calculated Keq-cn2, k2-ent2, and A(TSen2) (A(TSen2) = Keg-eniz X k2-en2) in Entry 2 are listed in
Table S7. This table shows that Keqen2 significantly decreases with increasing temperature, and k»-
ent2 Increases as the temperature is increased. However, the decreased value in Keq-ene2 is greater than
the increased value in kz-enr2 under the same temperature range. For example, Keq-enr2 deceases by a
factor of 6.3 and k»-ene2 increases by a factor of 2.9 at 298 K compared with the values of Keg-eni2 and
koenvo at 273 K. It is therefore that A(TSen2) decreases with the temperature increasing. Similar
conclusion is also obtained from the results of the rate coefficients in Entry 4 that &(TScn4) exhibits
anegative temperature dependence in the temperature range studied (Table S8). The aforementioned
results imply that A&(TScni2) and &(TSen4) are mediated by the pre-reactive complexes IMent2 and

IMent4 in the Entry 2 and 4 of the CH>OO + HCOOH reaction.

Table S7 Keq-cni2 (cm® molecule™), ko-cnpz (s7) and A(TSeni2) (cm?® molecule™! s!) in Entry 2 computed
at different temperatures

T/K Keq—entz k2—ent2 k(TSentZ)
273 8.2 x 10" 4.4 %104 3.6 x 1012
280 4.7 x 1017 6.3 x 10* 2.9 x 10712
298 1.3 x 10" 1.5 x10° 1.9 x 10712
300 1.1 x 107 1.6 x 10° 1.8 x 10712
320 3.2x10718 3.7 x10° 1.2 x 1012

340 1.1 x 10718 7.6 x 10° 8.2 x 1013




360 4.1 = 10" 1.5 x 10° 5.9 x 1013
380 1.7 x 1071 2.6 x 10° 4.5x1013

400 8.0 x 102 4.4 %108 3.5x 1013

Table S8 Keq-cni4 (cm® molecule™), ka-enis (s7) and A(TSenw) (cm?® molecule™! s!) in Entry 4 computed
at different temperatures

T/ K Keq-ent4 k2-ent4 k(TSent4)
273 6.3 x 1020 5.7 x 107 3.6 x 10°12
280 4.5 x 1020 7.0 x 107 3.1 x1012
298 2.0 x 1020 1.1x108 2.3 x 10712
300 1.8 x 1020 1.2 x108 2.2 %1012
320 8.4 x 102! 1.9 x 108 1.6 x 10712
340 4.3 x 102! 2.9 x108 1.3 x 1012
360 2.4 x 102! 42 %108 1.0 x 10712
380 1.4 x 102! 5.9 x108 82 x 101
400 8.8 x 1022 7.9 x 108 6.9 x1013

Corresponding descriptions have been added in the page 7 line 186-206 and page 12 line 315-
326 of the revised manuscript:

The rate coefficients for the bimolecular reactions with the tight transition states are calculated
by using the canonical transition state theory (CTST) along with one-dimensional asymmetric
Eckart tunneling correction (Truhlar et al., 1996, Eckart, 1930). The CTST/Eckart calculations are
performed with the KiSThelP 2019 program (Canneaux et al., 2013). As shown in Fig. 1, the
entrance pathway Entry2 of RiR:COO reaction with HCOOH consists of two steps: (i) an
intermediate IMent2 is formed via a barrierless process; (ii) then, it rearranges to the product Pent2

through a tight transition state TSent2. The whole reaction process can be described as Eq. (1):

R,R,COO0 + HCOOH % IMent2 —Ke— Pent2 (1)

-1
Assuming the rapid equilibrium is established between the IMent2 and reactants. According to

the steady-state approximation (SSA), the total rate coefficient is approximately expressed as Eq.

(2) (Zhang et al., 2012):



k k
k = —l k ~ —l k = K k 2
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The equilibrium constant K., is written as Eq. (3):

Ke - QIM M eXPKGR _GIM)
T Qu(M)Qu(T) RT

where o refers to reaction symmetry number, Quu(T), Qri(T) and Qr:(T) denote the partition

G)

functions of intermediate, reactants R1 and R2, which are equal to the multiplication of translational,
rotational, vibrational and electronic partition functions (Q = QoQvibQiransQelec) (Mendes et al.,
2014), T is the temperature in Kelvin, R is the ideal gas constant, Gr and Gy are the total Gibbs
free energies of reactant and intermediate, respectively.

The calculated Keg-eniz, ko-eni2, and k(TSeniz) (k(TSenz) = Keg-en2 % ko-eni2) in Entry 2 are listed in
Table S7. This table shows that Keq-en2 significantly decreases with increasing temperature, and k.
eni2 increases as the temperature is increased. However, the decreased value in Keg-eni2 is greater
than the increased value in ks.eni2 under the same temperature range. For example, Key-eni2 deceases
by a factor of 6.3 and ks.cni2 increases by a factor of 2.9 at 298 K compared with the values of Key-
ent2 and ko-en2 at 273 K. It is therefore that k(TSenz) decreases with the temperature increasing.
Similar conclusion is also obtained from the results of the rate coefficients in Entry 4 that k(TSen4)
exhibits a negative temperature dependence in the temperature range studied (Table S8). The
aforementioned results imply that k(TSenz) and k(TSens) are mediated by the pre-reactive complexes

IMent2 and IMent4 in the Entry 2 and 4.

4. The oligomerization reactions are highly dependent on the concentration of the monomers. Here
the monomer are highly reactive SCIs and usually has very low concentration in the atmosphere. It
seems that the high exothermicity of the oligomerization reaction results from the “stabilization” of
SClIs in oligomerization. Also, the calculated free energies represent standard condition. Could the
authors correct the Gibbs free energies by incorporating the atmospheric concentrations of SClIs (i.e.,
RTIn(P/Pref)) to check whether this oligomerization is favored in the atmospheric conditions?
Response: Based on the Reviewer’s suggestion, the relative importance of distinct SCls
reactions with hydroperoxide esters and trace species (e.g., H-O, HCOOH and SO.) has been added

in the revised manuscript. It is well known that the reactions with trace species are expected to be



the dominant chemical sinks for SCIs in the atmosphere (Taatjes et al., 2013; Long et al., 2016). In
the present study, the hydroperoxymethyl formate (HPMF) is selected as the model compound since
it is the simplest hydroperoxide ester formed from the barrierless reaction of 1,4 O-H insertion of
CH>0O0 into HCOOH. The reported concentrations of coreactant, the rate coefficients &, and the
effective pseudo-first-order rate constants (kerr = k[ coreactant]) for distinct SCI reactions with H>O,
HCOOH, SO», and HPMF are summarized in Table 2. As seen in Table 2, the rate coefficient of a
particular SCI reaction with trace species is strongly dependent on its structure. The methyl group
substitution may alter the rate coefficient by several to tens of times. The atmosphereric
concentrations of HoO, HCOOH and SO; in the tropical forest environments are measured to be 3.9-
6.1 x 10'7,5.0-10 x 10'°, and 1.7-9.0 x 10'° molecules cm, respectively (Vereecken et al., 2012).
For the reactions of CH,OO with H,O, HCOOH, and SO,, the experimental rate coefficients are
determined to be < 1.5 x 10713, [1.1 £ 0.1] x 10'°, and [3.9 £ 0.7] x 10! ¢cm® molecule™! s,
respectively (Welz et al, 2012 and 2014; Chao et al., 2015), which translate into kefrcH200+H20),
keticnzoo+ncoon) and kecnzoo+so2) of 5.9-9.2 x 102, 5.5-11, and 0.7-3.5 s”!, respectively. The result
reveals that the reaction of CH,OO with H,O is the most important bimolecular reaction.
ketticH200+HCOOR) 18 greater by a factor of 3-8 than kescn200+s02), indicating that the reaction of
CH>00 with HCOOH is favored over reaction with SO». Similar conclusion is also obtained from
the results of k. for the reactions of an#i-CH3CHOO, syn-CH3;CHOO and (CH3),COO with H>O,
HCOOH and SO that SCIs reactions with H>O are faster than with HCOOH, which, in turn, are
faster than with SO,.

According to the results shown in the Table 2, the room temperature rate coefficient for the
reaction of CH,OO with HPMF is calculated to be 2.7 x 10" cm? molecule™ s'. However, to the
best of our knowledge, the atmospheric concentration of HPMF has not been reported up to now. If
we assume that the concentration of HPMF is the same as that of HCOOH, kefiicr200+1pMmE) 1S
estimated to be 1.4-2.7 s”!, which is significantly lower than kefcr200+120) and kecr200+HCOOH).
keficr200+1PMF) 18 nearly identical to keficn200+s02), indicating that the CH,OO + HPMF reaction is
competitive with the CH,OO + SO, system. Previous model-measurement studies have estimated
the surface-level SCIs concentrations in the range of 1.0 x 10* to 1.0 x 10 molecules cm™ (Khan et
al., 2018; Novelli et al., 2017). If we assume that the concentration of HPMF is equal to that of SCls,

keticnzoo+npmF) is calculated to be 2.7-27 x 107 57!, which is several orders of magnitude lower than



kettCH200+H20), kefiicH200+HCOOH) and keficH200+s02). This result indicates that the reaction of CH,OO
with HPMF is of less importance. Similar conclusion is also obtained from the reactions of anti-
CH3CHOO, syn-CH3CHOO and (CH3),COO with HPMF. Based on the above discussions, it can
be concluded that the relative importance of carbonyl oxides reactions with hydroperoxide esters is
significantly dependent on the concentrations of hydroperoxide esters. These reactions may play a
certain role in the formation of organic new particle in some regions where low concentration of

water vapour and high concentration of hydroperoxide esters occur.

Table 2 The reported concentrations of coreactant, the rate coefficients k, and the effective pseudo-
first-order rate constants (kerr = k[coreactant]) for distinct SCI reactions with HPMF, H,O, HCOOH
and SO at the tropical forest environments

[Coreactant] k Fer
SCIs Coreactant Reference
(molecules cm™)  (cm® molecule™ s™) (s
5.9-92x  Chaoetal.,
H,O 3.9-6.1 x 10" <1.5x101
10? (2015)
Welz et al.,
HCOOH 5.0-10.0 x 10 [1.1£0.1] x 10710 5.5-11
(2014)
CH,O0
Welz et al.,
SO, 1.7-9.0 x 10'° [3.9+0.7] x 10! 0.7-3.5
(2012)
HPMF - 2.7 x 101 - This work
3.9-6.1 x Taatjes et
H,O 3.9-6.1 x 10" [1.0£0.4] x 10
103 al., (2013)
Welz et al.,
HCOOH 5.0-10.0 x 10'° [5+3]x 1010 25.0-50.0
. (2014)
anti-CH;CHOO i
Taatjes et
SO, 1.7-9.0 x 10" [6.7+1.0] x 101 1.1-6.0
al., (2013)
HPMF - 3.3x 1010 - This work
1.6-2.4 x Taatjes et
H,O 3.9-6.1 x 10" <4.0x10"
103 al., (2013)
Welz et al.,
HCOOH 5.0-10.0 x 10'° [2.5+0.3] x 1010 12.5-25.0
(2014)
syn-CH;CHOO Taatjes et
SO, 1.7-9.0 x 10" [2.4+£0.3]x 10" 0.4-2.2
al., (2013)
HPMF - 1.7 x 1013 - This work
Huang et
H,O 3.9-6.1 x 10" <1.5x10'¢ 58.5-91.5
al., (2015)
(CH;3).COO o
Sipild et
HCOOH 5.0-10.0 x 10'° 4.5 %1010 22.5-45.0

al., (2014)




Huang et

SO, 1.7-9.0 x 1010 1.3 x 10710 2.2-11.7
al., (2015)

HPMF - 2.2 x 10! - This work

Corresponding descriptions have been added in the page 23 line 573-590 and page 24 line 591-
610 of the revised manuscript:

1t is of interest to assess whether the reactions of distinct SCIs with HPMF can compete well
with the losses to reactions with trace species (e.g., H:O, HCOOH and SO;), because it is well
known that the reactions with trace species are expected to be the dominant chemical sinks for SCls
in the atmosphere (Taatjes et al., 2013, Long et al., 2016). The reported concentrations of coreactant,
the rate coefficients k, and the effective pseudo-first-order rate constants (key = kfcoreactant]) for
distinct SCI reactions with H>O, HCOOH, SO,, and HPMF are summarized in Table 2. As seen in
Table 2, the rate coefficient of a particular SCI reaction with trace species is strongly dependent on
its structure. The methyl group substitution may alter the rate coefficient by several to tens of times.
The atmospheric concentrations of H:0, HCOOH and SO; in the tropical forest environments are
measured to be 3.9-6.1 x 10", 5.0-10 x 10'°, and 1.7-9.0 x 10" molecules cm>, respectively
(Vereecken, 2012). For the reactions of CH>O0 with H>O, HCOOH, and SO:, the experimental rate
coefficients are determined to be < 1.5 x 107°, [1.1 £ 0.1] x 107, and [3.9 £ 0.7] x 107" cm’
molecule” s/, respectively (Welz et al., 2012 and 2014, Chao et al., 2015), which translate into
kegiic200+120),  kercmzoo+mcoor and kegiczoo+soz of 5.9-9.2 x 107, 5.5-11, and 0.7-3.5 s,
respectively. The result reveals that the reaction of CH>00 with H>O is the most important
bimolecular reaction. kegicr200+Hco0R) Is greater by a factor of 3-8 than kegicr200+s502), indicating
that the reaction of CH:00 with HCOOH is favored over reaction with SO:. Similar conclusion is
also obtained from the results of key for the reactions of anti-CH;CHOO, syn-CH;CHOO and
(CH3):COO with H,O, HCOOH and SO: that SCIs reactions with H>O are faster than with HCOOH,
which, in turn, are faster than with SO..

According to the results shown in the Table 2, the room temperature rate coefficient for the
reaction of CH>OO with HPMF is calculated to be 2.7 x 107" cm® molecule” s'. However, to the
best of our knowledge, the atmospheric concentration of HPMF has not been reported up to now. If

we assume that the concentration of HPMF is the same as that of HCOOH, kegicrzoo+tpur) is



estimated to be 1.4-2.7 s, which is significantly lower than kegicr200+H20) and kegicrz00+Hc00H).

kegrcrzoo+mpur) is nearly identical to kegicrzoo+so), indicating that the CH,OO + HPMEF reaction is
competitive with the CH>O0 + SO; system. Previous model-measurement studies have estimated
the surface-level SCIs concentrations in the range of 1.0 x 10% to 1.0 x 10° molecules cm™ (Khan
etal., 2018; Novelli et al., 2017). If we assume that the concentration of HPMF is equal to that of
SCIs, keficrizoo+upur) is calculated to be 2.7-27 x 107 57, which is several orders of magnitude
lower than keﬁ(CH200+H20); kgﬁ"(CH200+Hc001—1) and kgﬁ"(CHzom-soz). This result indicates that the reaction
of CH:00 with HPMF is of less importance. Similar conclusion is also obtained from the reactions
of anti-CH3CHOO, syn-CH3CHOO and (CH3)>COO with HPMF. Based on the above discussions,

it can be concluded that the relative importance of carbonyl oxides reactions with hydroperoxide
esters is significantly dependent on the concentrations of hydroperoxide esters. These reactions may
play a certain role in the formation of organic new particle in some regions where low concentration

of water vapour and high concentration of hydroperoxide esters occur.

5. Additionally, it would be helpful if there is some estimation about how much the oligomerization
process could contribute to the regional or global SOA.

Response: Sakamoto et al. (2013) investigated the ozonolysis of ethylene in a Teflon bag
reactor, and found that CH,OO plays a critical role in the formations of oligomers and secondary
organic aerosol (SOA) in the gas phase and particle phase. They proposed a possible formation
mechanism for the oligomeric hydroperoxides, which includes the successive addition of CH,OO
to hydroperoxides. Sadezky et al. (2008) studied the gas-phase ozonolysis of small enol ethers in a
570 1 spherical glass reactor at atmospheric conditions in the absence of seed aerosol. They found
that the oligomers composed of Criegee intermediate as the repeated chain unit are the main
constituents of SOA. Zhao et al. (2015) studied the ozonolysis of trans-3-hexene in both the static
Teflon chamber and glass flow reactor under different relative humidity conditions. It was found
that the oligomers having Criegee intermediate as the chain unit are the dominant components of
SOA. These findings may help in understanding the potential pathway for the formation of SOA in
the atmosphere. However, to the best of our knowledge, the contribution of the oligomerization
reaction composed of Criegee intermediate as the chain unit to SOA remains unknown. In the future

work, we will adopt the combination of quantum chemistry and numerical simulation to estimate



the contribution of oligomerization reaction to the regional and global SOA.

6. Line 39, “with increasing the number of SCIs” is a bit confusing, it would be better to say “with
increasing the number of SCIs added to the oligomer”.
Response: The sentence “with increasing the number of SCIs” has been replaced by “with

increasing the number of SCIs added to the oligomer” in the revised manuscript.

7. Line 491, “netative” should be “negative”.

Response: The word “netative” has been replaced by “negative” in the revised manuscript.

8. Line 499, “neartly” should be “nearly”.

Response: The word “neartly” has been replaced by “nearly” in the revised manuscript.
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