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Table S1 The energy barriers (AE, in kcal/mol) of all the elementary reactions involved in the
initial addition of OH radical to styrene and intramolecular H-shift reactions of first generation
peroxyl radicals S2-1-x calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ  and
M06-2X/6-311++G(3df,3pd) levels

Entry DLPNO-CCSD(T)/aug-cc-pVTZ MO06-2X/6-311++G(3df,3pd)
Rrs1 0.4 0.8

Rtso-1-a 21.5 21.0

Rrs2-1-0 32.4 33.3

Rrs21.c 32.6 33.6

Rrs2-1- 27.5 27.9

Rrsa1e 30.1 313

Rrso-1-f 31.0 311

Rrs2.1n 30.5 30.6

Rrs3-1- 1.3 0.8

Table S2 The relative electronic energy (AE;), free energy (AG;) and Boltzmann population (w;) of
different conformers involved in the first generation peroxy radicals S2-1-x predicted at the
MO06-2X/6-311++G(3df,3pd)//M06-2X/6-31+G(d,p) level

Conformer AEj(kcal/mol) AGi(kcal/mol) Wi
S2-1-a 0.00 0.00 57.32%
S2-1-b 0.18 0.36 31.21%
S2-1-¢c 1.34 1.08 9.25%
S2-1-d 2.58 2.51 0.83%
S2-1-e 2.87 2.88 0.44%
S2-1-f 2.98 3.18 0.27%
S2-1g 3.58 2.86 0.46%
S2-1-h 3.60 3.27 0.23%

Table S3 The energy barriers (AE, in kcal/mol) of the addition OH radical to the different sites of
1"-ROOH (S4) calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ//IM06-2X/6-311+G(d,p) and
MO06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p)levels

b DLPNO-CCSD(T)/aug-cc-pVTZ// MO06-2X/6-311++G(3df,3pd)//
: (1"-ROOH M06-2X/6-311+G(d,p) MO6-2X/6-31+g(d,p)
(S4))

syn-OH-addition (OH is added in the same direction of -OOH group)

Cl-site 3.3 3.6




C2-site 7.8 8.8

C3-site 8.4 9.5
C4-site 54 5.7
C5-site 5.0 6.2
C6-site 4.7 5.8

anti-OH-addition (OH is added in the opposite direction of -OOH group)

Cl-site 2.0 0.8
C2-site 6.3 5.3
C3-site 6.7 6.0
C4-site 5.7 4.7
C5-site 2.6 1.4
C6-site 5.2 4.3

Table S4 The relative electronic energy (AE;), free energy (AG;) and Boltzmann population (w;) of

different conformers involved in S8-x predicted at the
MO06-2X/6-311++G(3df,3pd)//M06-2X/6-31+G(d,p) level
Conformer AEj(kcal/mol) AGi(kcal/mol) Wi

S8-a 0.00 0.00 85.78%

S8-b 1.27 1.20 11.30%

S8-c 1.75 2.43 1.42%

S8-d 2.44 2.58 1.10%

S8-e 2.86 3.18 0.40%

Table S5 The energy barrier (AE,), IRC-TST rate coefficient (kirc.1s1), Boltzmann populations (w;)
of conformer i, and MC-TST rate coefficient (kmc.rst) involved in S8-x calculated at the
MO06-2X/6-311++G(3df,3pd)//M06-2X/6-31+G(d,p) level

Reactions AE,(kcal/mol) kirctst (57 Wi knc-TsT(s™)
S8-a — S8-a-P 24.3 4.3 %10 85.78% 8.2 x10°
S8-b — S8-b-P 8.4 3.1 x10° 11.30%
$8-c — S8-c-P 0.6 5.8 x10™ 1.42%
$8-d — S8-d-P 34.2 7.2 %10 1.10%

S8-e — S8-e-P 11.8 5.4 x10* 0.40%

Table S6 The relative electronic energy (AE;), free energy (AG;) and Boltzmann population (w;) of
different conformers involved in S28-x predicted at the
MO06-2X/6-311++G(3df,3pd)//M06-2X/6-31+G(d,p) level
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Conformer AE;j(kcal/mol) AG;(kcal/mol) Wi

S28-a 0.00 0.00 88.79%
S28-b 1.50 1.41 8.21%
S28-c 1.97 2.11 2.52%
S28-d 3.88 3.14 0.44%
S28-e 4.49 4.42 0.05%

Table S7 The activation energy (AE,), IRC-TST rate coefficient (kjrc.1s7), Boltzmann populations
(w;) of conformer i, and MC-TST rate coefficient (kyc.tst) involved in S28-x calculated at the
M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+G(d,p) level

Reactions AE,(kcal/mol) Kirc.tsT (5™) Wi kmc-tst(s™)
S28-a — S28-a-P 12.7 8.9 x<10* 88.79% 1.7 x10°
$28-h — S28-b-P 25.6 6.2 <10 8.21%
$28-c — S28-c-P 38.3 7.3 x10™ 2.52%
$28-d — $28-d-P 6.0 5.1 <10’ 0.44%

S28-e — S28-e-P 2.0 3.4 x<10% 0.05%

Table S8 Predicted saturated vapour pressure (P°) and saturated concentrations (c°) of styrene and
its multi-generation OH oxidation closed-shell products
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Figure S1. PES for the OH-initiated oxidation of styrene and the unimolecular reactions of S2-2-x
at the M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level
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Figure S2. PES for the OH-initiated oxidation of styrene and the unimolecular reactions of S2-3-x

at the M06-2X/6-311++G(3df,3pd)//M06-2X/6-

31+g(d,p) level
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Figure S3. PES for the OH-initiated oxidation of styrene and the unimolecular reactions of S2-4-x
at the M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level
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Figure S4. Global minimum structures of 1"-ROOH(S4) and 1%-RONO,(S5) at the
MO06-2X/6-31+g(d,p) level



Toluene 1*“ROOH

Figure S5. The geometric parameters of toluene and 1¥-ROOH (S4) and the NPA atomic charges
(blue font) of all the carbon atoms in the benzene ring predicted at the M06-2X/6-31+g(d,p) level
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Figure S6. PES for the addition reactions Pssaqq1 + O2 and subsequent intramolecular cyclization
reactions at the M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level (the symbols s and a

represent syn- and anti-O,-addition)
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Figure S7. The lowest energy conformers of third generation peroxy radical Pss ,q43-a-2, peroxide
bicyclic alkoxy radical Pss.aqq3-a-3 and the second generation product bicyclic hydroperoxide
2"-ROOH(S6) at the M06-2X/6-31+g(d,p) level
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Figure S8. PES for the intramolecular hydrogen transfer reactions of S8-x at the
MO06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level



1,6-H shift

1,4-H shift

S9 S12-x

S12-a AE,=-23.3 4 AE, =193

S12-b AE,=-22.8
S12-c AE,=-22.7
S12-d AE,=-21.2
S12-¢ AE,=-20.5

fourth generation RO, 1,7-H shift
- T4
g 14.‘: s13 AEr=-335
S12-d-P AE, =17. 3 AE.=11
1,5-H shift
OH
AE, =-6.7
S12-e-P AE,=18.8

Figure S9. PES for the intramolecular hydrogen transfer reactions of S12-x at the
MO06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level

1,5-H shift

HO  ooH HO  ooH HO  ooH
i ; L

én 1,4-H shift

3 * HOOT 356 AE, = -44.7
- ¢ $16-b-P AE, =360
Psy aaaz-a-3 s15 S16x
AE,=-2.0 Sl6a AE, =303
AE, =80 S16-b AE,=-29.6
S16-c AE,=-29.2
S16-d AE,=-28.6 1,4-H shift

AE, =178
AE,=46.2

fourth generation RO,

—_—

1,4-H shift

Figure S10. PES for the intramolecular hydrogen transfer reactions of S16-x at the
MO06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level

10



—_—
4 AE,=-16.4
Pss.ada1 Pgsaaai-d  AE, =-6.7 Pss.ada1-a-1 AE, =133
Pgsaqais  AE, =-4.4 P o1 AE.=-14.9
. S5-add1737
second generation RO, " AE,=18.1
ONO,
B
OH ONO, OH
: AE, =18
+0, 2 EB Pgs aaaz-a-1 AE, =315
3 OH Pecogqysl AEc=35
q S5-add2 AE, =347
00»
P
S5-add2 Pysagar-d AE,=-0.8
A Pgsadaz-s AE.=-7.6 : B
second generation RO, (:)H
AE, =0.5
Pssaars2 \p 348
AE, =25
Pgsadd2-5-2 r
ST AE, =356

—_—
AE, =-16.7
Pgs.aaa3 Pgsadaz-a AE,=-7.6 Pgs aqaz-a-1 AE. =123
a 3
Pssadaas AE,=-5.6 AE,.=-15.1
. Pss.ada3-s-1 r
second generation RO, AE, =208

Figure S11. PES for the addition reactions Pss aqq1 + O, and subsequent intramolecular cyclization
reactions at the M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level (the symbols s and a
represent syn- and anti-O,-addition)

J ‘
2000
P aga3-2-2 Pss.aa3-2-3 2"-RONO;, (S26) H CN O
Figure S12. The lowest energy conformers of third generation peroxy radical Pss.agiz-a-2,

peroxide bicyclic alkoxy radical Pss.aq03-2-3 and the second generation product bicyclic organic
nitrate 2"-RONO,(S26) at the M06-2X/6-31+g(d,p) level

11



Pssadaz-a-3

)

s27
AE,=-0.5
AE,=13

1,5-H shift

-
1,4-H shift

_— -
1,3-H shift

OH  ONO,
*0.

1,6-H shift

$28-a
S28-b
S28-¢
S28-d AE,
S$28-¢ AE, =-47.0

_—
1,5-H shift

TSsy

C-C bond scission

OH  oNo,

1 o
HO. -
3 G
[¢]
I N OH
4 530

$28-a-P

OH  oNo,

1 a
HO, 6
ﬁjﬁ
O on
IR
o

4

S28-b-P

OH  ONO,

1
HO, 6 .
> ok
0
I N OH
3 570

$28-d-P

OH  oNoO,

1 a
H
0. > 6 AL
A Q om
Y SNo

$28-e-P

/0
—0
Ll
3 4
S34

AE,=-15.0
AE,=12.7

AE, =-17
AE,=125.6

AE, =09
AE, =383

AE, =-12.1
AE,=6.0

AE, =-18.6
AE,=2.0

ONO,
OH

6/ 0NB,

0

$31

AE,=-159
AE, =32
Figure S13. PES for the intramolecular hydrogen transfer reactions of S28-x at the
MO06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level
1,6-H shift
1,4-H shift
OH ONO,
HO, Le 8 §32.b-p  AE,=28.6
040 on +0,
™~
4
529 S32-x EE———
$32-n AE,=-22.8 1.5-H shift
$32-b AE,=-227 AE, = 19.0
S§32-¢ AE,=-22.2 8§32-¢c-P AE, =217
§32-d AE,=-21.7
8§32-¢ AE, =-21.6
fourth generation RO, TSsa3
1,7-H shift -NO,
AE,=-11
532-d-P AE, =233
1,5-H shift
AE,=-59
$32-e-P AE, =211
Figure S14. PES for the intramolecular hydrogen transfer reactions of S32-x at the

MO6-2X/6-311++G (3df,3pd)//M06-2X/6-31+g(d,p) level

12



ONO,
1B
on
40
Pys ada3-2-3 835 $36-x
AE,=-1.0 S36-a AE,=-29.3
AE, =85 $36-b AE,=-28.9

S36-¢ AE,.=-28.3
8§36-d AE,=-27.0
S36-¢ AE,.=-25.8

fourth generation RO,

1,5-H shift

1,4-H shift

1,4-H shift

$36-b-P AE, =46.4

AE,=13.4
AE, =313
- .
1,5-H shift
AE, =110
AE, =318

Figure S15. PES for the intramolecular hydrogen transfer reactions of S36-x at the

M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level

anti-OH-addition H syn-OH-addition

OH is added in the opposite : OH is added in the same
direction of -OOH group  ; direction of -O0H group

R(0.0)
S6+OH
S on OOH
4 1
N 6 n_OH
B
3 -
3 T00H
W68 4
RCseagas

o 1
i, 6 i
(355)/ B
_—

Poaany o3 S Toon

(0.7)

" TSs6anas

-3.5]

7 TSspaann ™,

o QOH
OH

3™o00H
% OH
(-29.7)
gL/ QOH

P aos oH
! Lon

5
3 6
@ ?
(335 N0 Soon
L335),

P saay

Figure S16. PES for the OH-addition reactions involved in the OH-initiated oxidation of
2"-ROOH (S6) at the M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level

13



)
I T T
b
-5.5 5

oH OQOH
o1
R 6 OH
B
(-17.9) 3 oo
Lo PygapyTH0 4
o (-20.2) OoH QOH
L=ty
Pt A g O
@ ﬁ
3 e
1 S™00H
on_ OOH
(-76.4) 0. MG on
t PoganatHO 2 6 B
[ 3 g
8L 3 - oon

Figure S17. PES for the H-abstraction reactions involved in the OH-initiated oxidation of
2"-ROOH (S6) at the M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level

(37.9)
— .
TS43 o

R(0.0) S
Ps6-aad3

oH OOH

S41+0H ¢y

Figure S18. PES for the unimolecular decomposition of

Pssadas at  the
MO6-2X/6-311++G (3df,3pd)//M06-2X/6-31+(d,p) level

14



anti-OH-addition H syn-OH-addition
OH is added in the opposite ; ‘OH is added in the same
direction of -NO; group i direction of -NO; group

(2.7
: S TSsieaias,
s RI0.0) !
(0.3
fs N /7 S26+OH
TS5, s
. OH  ONO,
: 1
. 6 A OH
»
3!
5
Y ono,
Yy (16 .
L— Y
OH ONO,
: Y |

OH
oH  ONO,

y o)
b
N oo,
1 o
A

". P\H—th
-‘. 2, U
" (-33.6) b
i STOND,

OH  ONO,

oH  ONO,

21“’“.--
SN

=7 3
Poewsay HO™ S oNo,

Figure S19. PES for the OH-addition reactions involved in the OH-initiated oxidation of
2"-RONO, (526) at the M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level

LOH

OH ONO,
R(0.0) 2 ) ol
S26+0H N @ [
k 3
oH  ONO, . . PR ono,
U 6 _n_ OH 2 g (4.5
2 ; S Poows  OH ONO
5 RCs6.aba . N OH
TR ono, 6 F LS ™~
s RCsaamiy r Pszganss
RNy X ono,
“-‘ RCsapamz o7
L6
RCuzpams P
Ly on  ONO,
% PCaans ) e g i OH
- 2 : O
PCzeanst . £124) ¥ 7 ONO,
) Psz6-abst
- (-20.1) OH ONO;
—
" Psagamss 2, 6 o _.-*‘OH
SN
5 e
L b 5 oNo,
Y PC
..‘ 826-absS oH 0\‘02
) O
E LD o M A on
5 e Paga 6 B
WD Y75 ono,

PCy26.am52
Figure S20. PES for the H-abstraction reactions involved in the OH-initiated oxidation of
2"-RONO, (S26) at the M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level

15



(40.0)

1S53

S (39
* —

- TS54

(18.5)
g S——
TS52

Gl

R(0.0) Ao
———————
Ps26-ada3

Figure S21. PES for the unimolecular decomposition of
M06-2X/6-311++G(3df,3pd)//M06-2X/6-31+g(d,p) level

Psogagas at  the

16



o2
=z
5

+ OH
+o2

sag

!:’I\ 88.2%

1.5x<107!

K=0.01-0.02 s +||('z
0OH

©)vuu

1™ m)oms—n TL6%
lmu

82107
HO  goH
I

2 At
OH

Y S 00.

Poiagaza-2

w

41.4%

Lo | OH
6410 l*”’
on OOH
1
. 6 O
B
3
Ho” 75 Toon
00
S4d-x
RO,
oH OOH
1
s 6~ 00
B
3
HO” Y75 TooH

S45

L
1.0x107s"! ll.uxlu“ s
'

on OOH oH QOH
OH 1 JOH
27 I}-"‘ 2 4" o HJ
JJo-0]s 3 0-0s

4
HO' '00H HO' q OOH

S50 546

+0,
0, l-nu

on QOH on OOH
! LOH

J+H();

SR

HO ' gon

1 'O
Poragara-3 10.4%

7.9x10° s 'l

“‘_’ O0H

a
00777 “

Ru,

"7 QOH
1

2 o
on
3 5

S17
C-C and O-O
bonds scission

OH oo
| O

1.3%

23x107s!

OH  QoH
1
2, 0
0-0"% g
OH
T Y0
vt
57 7.8%
0-0 bond scission
OH  goH
h
OII
sx x
21x10"s ‘ C-C bond scission 1.5-H shift 8.2x10%s"
(l()H oH
x OH ||()
6,/ ON\B, +
HO'
0
SI-1 - 5.6%
5.6% Y 530,
+0y
-HO,
OH  O0H
1
HO, 6
3 B
U,u OH
C
5.6% ™~
4
59
+0,
1.7-H shift
4 -0l
2.2%

Figure S22. Overall reaction mechanism of the multi-generation OH oxidation of styrene in the
low-NOy conditions. The blue, green, and pink molecular structures represent the first, second and

third generation closed-shell products, respectively. The rate coefficients are displayed in red. The
calculated fractional yields of the closed-shell products are represented in blue. The reaction of
peroxyl radical with HO, radicals is assumed to yield ROOH with a 80% branching ratio and RO
radicals with a 20% branching ratio, based on the reaction of OH-substituted peroxy species with

HO, radicals.
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Figure S23. Overall reaction mechanism of the multi-generation OH oxidation of styrene in the
high-NOy conditions. The blue, green, and pink molecular structures represent the first, second
and third generation closed-shell products, respectively. The rate coefficients are displayed in red.
The calculated fractional yields of the closed-shell products are represented in blue. The reaction
of peroxyl radical with NO is assumed to yield RONO, with a 30% branching ratio and RO
radicals with a 70% branching ratio, based on the reaction of peroxy species containing 10 carbon

atoms with NO.
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