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Table S1 The reaction energies (A:E) of 2,4-DNP + «OH—IM3 at various levels of

theory. Units of is kcal mol™!.

Methods A E(kcal mol™) Note
CCSD(T)/6-31+g(d,p) -17.11
MO062x/6-311++g(3df,2p) -18.28
ZPEs from
MO062X/def2-TZVP -18.73 M06-2X/6-31+g(d,p)
M062X/aug-cc-pVDZ -19.50
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Figure S1 The IRC analysis of important transition states.



25  Table S2 Optimized bond lengths (A) of the stationary points along the O3, *OH, *NO»

26 and IM3’ reaction pathways of 2,4-DNP.

Reaction Species  Key Bonds Value (A) Description
C5-01 O3 terminal oxygen
. 1.43
(forming) approaches C5
TS6 C6—Q3 | 42 O; terminal oxygen
(forming) approaches C6
C5-C6 138 — 1.56 Elongation of double
bond
O3 Addition 02-03
2.02 O-0 bond cl
(breaking) ond cleavage
C5-Co6 1.96 Further elongation
TS6-17 C5-01 New C-O bond
. 1.32 .
(forming) formation
C6-03 126 New C-O bond
(forming) ' formation
O°OH-C3 142 *OH oxygen
(forming) ' approaches C3
.OHAdditon TS C2.C3 140 — 150 Localaromatic
disruption
C3-C4 1.40 — 1.50 Loc‘al aroQatlc
disruption
O-OH-H (C5) *OH oxygen
(forming) 119 approaches C5-H
‘OHHAA  TSY’ s Hg PP
- 1.08 — 1.26 -H 1
(breaking) C—H bond cleavage
O-H .
. 0.98 — 1.21 Hydroxyl H abstraction
NO,HAA g7+ (Oreaking)
*NO2
H—ONO 1.08 — 0.97 New H—ONQ bond
(forming) formation
Oa (0O2)-H
~1.1 h -H
IM3’ + O, TSB (forming) / Oz approaches €3
HAA C3-H
~1.30 C—H bond cl
(breaking) ond cleavage

27



28

29

30

Table S3 The total rate constants (cm® molecule™ s!) of 2,4-DNP with O3, «OH, +NO;

in the gas phase and aqueous phase

T(K) Phase k-O3 k-OH k-*NO;

200 1.78 x 1026 2.87 x 10716 537 x 107
225 2.36 x 10 6.13 x 1016 812 x 1033
250 1.92 x 1024 1.16 x 10713 4.65 x 103!
275 1.09 x 1023 2.02 x 10713 131 x 1029
300 Gas 4.72 x 103 3.30 x 10715 216 x 102
325 1.66 x 1022 5.10 x 10715 236 x 1027
350 497 x 1022 7.55 x 10715 1.87 x 1026
375 1.30 x 102! 1.08 x 10714 1.14 x 1025
400 3.07 x 102! 1.50 x 1014 563 x 1025
200 1.38 x 107! 6.26 x 102 6.99 x 108
225 4.02 x 1020 2.09 x 1020 1.34 x 103
250 6.05 x 10°1° 3.54x 107" 5.76 x 1032
275 5.63 x 10718 3.65 x 10718 8.35 x 10730
300 Aqueous 3.65 x 107" 2.60 x 107 535 x 1028
325 1.79 x 10°16 1.39 x 10716 1.82 x 1026
350 7.05 x 10716 5.90 x 10716 379 x 1025
375 233 % 10713 2.09 x 10713 531 x 1024
400 6.70 x 10715 6.39 x 10713 538 x 102




Table S4 The experimental rate constant (cm?® molecule™! s™) values of various phenols

with *OH in the gas phase.

Compound Structure formula Rate constants

2,4-DNP 2.91 x 1012

OH
NO,
OH
Nitrophenol © 1.99 x 10711
NO,
&
OH
o

Phenol 2.30 x 101

Catechol 1.04 x 1010
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Figure S2 The subsequent reaction of the intermediate IM1.
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1 Table S5 Cross-validation of Ames mutagenicity, development toxicity for 2,4-DNP
2 and the intermediates (IMs series) and final products (Ps series) using T.E.S.T. and
3  Toxtree. “ND” = not detected (negative), “D” = detected (positive), “NA” = not
4  applicable/outside applicability domain. Cramer Class III indicates the highest priority

5 for toxicity concern.

T.E.S.T. Ames Toxtree Ames T.E.S.T. Dev. Toxtree
Compound
muagenicity muagenicity Tox. Cramer Class

2,4-DNP ND (0.13) ND D (0.55) 1
IM17 NA (0) ND D (0.67) 11
IM25 NA (0) ND D (0.85) 11
IM44 NA (0) ND D (0.84) 111
IM54 NA (0) ND D (0.94) I
P1 D (0.53) ND D (0.58) 11
P2 ND (0.21) D D (0.56) 11
P3 ND (0.47) ND D (0.65) 11
P4 ND (0.21) ND D (0.56) I

6  Note: Ames mutagenicity negative: Ames mutagenicity < 0.50, Ames mutagenicity
7  positive: Ames mutagenicity > 0.50. Development non-toxicant: developmental

8  toxicity < 0.50, development toxicant: development toxicity > 0.50.



Schematic Mass Fate Diagram of 2,4-DNP
Multiphase Atmospheric Lifecycle
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Figure S3 Conceptual mass-fate diagram of 2,4-DNP in the atmosphere, integrating
DFT kinetics, MD adsorption, and QSAR toxicity predictions. The diagram illustrates
gas-aqueous partitioning, parallel transformation pathways (gas-phase oxidation,
aqueous-phase oxidation, and heterogeneous reactions), and the toxicity evaluation of

transformation products.



