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Section S1 Semi-Quantitative Methods Based on Voltage scanning

The second semi-quantitative method for the I-CIMS instrument is based on the voltage scanning method proposed by
Lopez-Hilfiker et al.(Lopez-Hilfiker et al., 2016). After a declustering scan for iodine addition was performed, the
correlation between the voltage difference dVso at which half of the signal was removed and the sensitivity of iodine
addition was analysed. In this study, we show the fitting results of the relative binding energy indicator dVsg of the iodide
adducts of standard species and aromatic hydrocarbon oxidation products with the species sensitivity relative to
maximum sensitivity (1/Sg), which has sigmoidal characteristics; the R? value was 0.8909 (Figure S10). The sensitivity
of nonstandard species could be quantitatively analysed by multiplying the 1/S, obtained by the semi-dissociation voltage
with the maximum sensitivity (Smax) of the instrument.(Ye et al., 2021) Multiplying Smax by 1/So is defined as reference
sensitivity.

The detailed semi-quantitative expression based on voltage scanning, is shown in Formula S1:

Normalized signal

[X_ppb] = I (SD
(SmaX X S_) X MassTrans X RHc¢opr
0

where Smax represents the empirical maximum sensitivity; 1/So represents the species sensitivity relative to the maximum
sensitivity; MassTrans represents the mass transmission correction equation; and RHcorr represents the humidity

correction equation.

Section S2 Additional Measurements Conducted During Chamber Experiments

An lonicon proton-transfer-reaction quadrupole mass spectrometry (PTR-QMS) instrument was used to measure nonmethane
hydrocarbons (HMHCs), aldehydes (benzaldehyde, etc.), and other oxidation products that could not be measured by I-CIMS.
PTR-QMS uses H3O* as the ion source. In a drift tube, aromatic hydrocarbon oxidation intermediates (X) that have high proton
affinity can undergo a proton transfer reaction with HzO+ to form the product ion (XH*) (Yuan et al., 2017). XH* is then
detected by the mass spectrometry detector. HMHCs and some oxidation products were calibrated using gas standards and
penetrant tubes under experimental conditions. The signals measured by PTR-QMS were normalized using the sum of 500
times H3[*®0]* and 250 times H,O(H3[*®0])* reagent ions at 108 cps (Huang et al., 2019). The linear correlation between the
signal values and calibrated species concentrations had an R? value greater than 0.99 for all species. The sensitivities of
acetonitrile, toluene, m-cresol, and benzaldehyde at 30% (60%) humidity were 17.59 (16.66) ncps/ppb, 10.55 (9.75) ncps/ppb,
13.08 (10.61) ncps/ppb and 16.14 (15.24) ncps/ppb, respectively. Glyoxal and methyl glyoxal were measured by a home-built
Incoherent BroadBand Cavity Enhanced Absorption Spectroscopy (IBBCEAS) instrument (Liu et al., 2019; Liu et al., 2021).
The detection limits for glyoxal and methyl glyoxal were 30 ppt and 100 ppt, respectively, at 100 s time resolution.
Formaldehyde and H,O were measured by a commercial cavity ringdown instrument (PICARRO G2307) with detection limits
of 0.3 ppb at a 1 min time resolution. NOx was measured by a commercial chemiluminescence technology instrument (Thermo
Scientific™ Model 42i) with detection limit of 0.4 ppb at a 1 min time resolution. O3 was measured by a nondispersive
ultraviolet (UV) absorption technology instrument (ECOTECH 9810series) With a detection limit of 0.5 ppb at a 1 min time

resolution. Temperature and humidity were measured by commercial sensor instruments (R5000C, Sinomeasure, China).

Section S3 k-Means Cluster analysis

Machine learning is gradually becoming an emerging and significant analytical method in the field of environmental science research (Zhong

etal., 2021). This study employs k-means cluster analysis to classify the humidity response curves during the calibration process, establishing
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a humidity-corrected equation for sensitivity. k-Means cluster analysis is a widely used unsupervised machine learning algorithm that aims
to partition a dataset into a predetermined number of clusters (Aij&aet al., 2017; Zhong et al., 2021). It is an iterative clustering algorithm,
with the following steps: first, the data is divided into k groups; then, k objects are randomly selected as the initial cluster centres. Next, the
distance between each object (x;) in each cluster Cy and its cluster centre (un) is calculated (as in Equation 5) (Aijd&et al., 2017). Through
repeated iterations, each object is assigned to the nearest cluster centre, minimizing the sum of distances for all clusters Cn to determine the
optimal result.

C) = Yl = P (52)

X€ECy

Section S4 Humidity correction analysis

Humidity has a significant influence on the sensitivity of iodine adducts (Ye et al., 2021; Lee et al., 2014). The influence of
humidity on the sensitivity of a given compound mainly manifests in two ways (Lee et al., 2014): (1) Positive influence: When
the introduction of water vapor stabilizes the iodide-adduct cluster, the sensitivity of the compound increases; (2) Negative
effect: When the introduction of water vapor enhances the binding of iodide ions to form H2Ol", the sensitivity of the compound
decreases. Therefore, different types of species respond differently to the effects of humidity. Employing k-means cluster
analysis on sensitivity changes across functional groups with humidity (section S3), we identified an optimal cluster number
of 4 out of 2 to 8 options, as shown in Figure S3. Consequently, sensitivity was categorized into four groups for humidity
correction analysis, as depicted in Figure S4.

The first category was compounds containing single active functional group. The main representative species were acrylic acid
(C3sH4O2I"), propionic acid (CsHgO2I7), and m-cresol (C7HsOlI). The first category of species exhibited lower sensitivity and
was notably influenced by water molecules competing for I-. As a result, the sensitivity of these species exhibited a significant
and rapid decline with increasing humidity (Figure S4e — g). The parameterized equation for sensitivity and humidity of the
second category of compounds conformed to the Boltzman function, and the correlation R? of the fitting curve reached a value
of 0.98 (Figure S4a). The second category consisted of compounds containing multiple active functional groups, and the main
representative species were oxalic acid (C2H2041") and pinonic acid (C1oH1603l7). The sensitivity or active functional groups
of the second-category species was higher than that of the first-category species, and the effect of the competition of water
molecules for I- was weakened. The sensitivity of these compounds decreased significantly and slowly with an increase in
humidity (Figure S4h — i). The parameterized equation for sensitivity and humidity for the third category of compounds
conformed to a one basic exponential (ExpDec1) function, and the correlation R? for the fitting curve reached a value of 0.92
(Figure S4b). The third group consisted of polyphenol compounds, and the main representative species were 2,4-
Dihydroxytoluene (C7HsO21") and 2,4,6-trihydroxytoluene (C7HgOsl"). The third -category species had strong capacities to bind
to iodide ions and were nearly unaffected by humidity. Their sensitivity did not change significantly with an increase in
humidity (Figure S4c). The fourth category consisted of small-molecular-weight acid compound and it was mainly represented
by formic acid (CH2O2I"). Theoretical studies have confirmed that the presence of water molecules can enhance the stability
of CH,0; binding to I" at low humidity (Lee et al., 2014). Therefore, the sensitivity of CH,O.l" increased by approximately two
times when the humidity ranged from 0 to 2 mmol/mol (Figure S4d). When the humidity exceeded 2 mmol/mol, the increased
water molecules captured I” to bind with H,Ol", which reduced the sensitivity of CH,O.l". The parametric equation of sensitivity
and humidity of formic acid was consistent with an asymmetric double sigmoidal (Asym2Sig) function, and the correlation R?
of the fitting curve was about 1.00 (Figure S4d). By establishing these classifications for humidity-dependent parametric
equations, we could calibrate the measured signals of each species to obtain actual concentration data. Moreover, the humidity
correction of species for which standard samples were not available could be estimated based on the characteristics of similar

species.



Table S1: Detailed information on the direct calibration of species associated with aromatic hydrocarbons and their oxidation

products in this study.

Type No. Species Formula MW Detection limit*  Structure
OH
1 m-Cresol CiHO 10806  0.083 \©’
OH
2 Phenol CoHO 9404  0.108 @’
Monophenol on
3 2,6-Xylenol CgH100 122.07 4.198 @/\
[o] OH
4 Texanol CiH240s 21617  0.554 W)L°/7h/
5 2,4-Dihydroxytoluene C7Hs0- 124.05 0.011 /©\/
HO OH
OH
6 2,4,6-Trihydroxytoluene  C;HgO3 140.05 0.140 @(
Polyphenols HO — OH
7 Glycerol C3HsO03 92.05 0.002 HO_J\_OH
OH
8 Levoglucosan CeH100s  162.05 0.061 @---ou
OH
9 Formic acid CH,0; 46.01 0.039 HO o
o]
10  Acrylic acid CsH402 72.02 0.360 VLOH
[o]
11  Propionic acid CsHsO2 74.04 0.150 \)LOH
o
12 Butyric acid C:HsO;,  88.05 0.113 \HLOH
(o]
13 n-Pentanoic acid CsHi002,  102.07 0.069 \/\)LOH
o
14  Acetic acid CoH40; 60.02 0.775 )L
" OH
Monoacid 5
15  Hexanoic acid CeH120.,  116.08 0.057 /\/\)LOH
(o]
16  2-Ethylhexanoic acid CsHi1s0,  144.12 0.018 /\/\iLOH
(o]
17 Allylacetic acid CsHiO, 10005  0.017 s~
o
18  Cyanoacetic acid CsHsNO, 85.02 0.002 N\\\)LOH
Cycl boxyli i
19 agfg opentane carboxylic -y o, 11407 0.127 O)LOH
(o)
20 Fumaric acid CHOs 11601  0.161 Hos Moy
o
0
Diacid 21 Oxalic Acid CH:0s 9000 0015 H°~[1)L0H
o
o
22 Adipic acid CeHwO: 14606  0.004 HOMLOH
(o]




23 Phthalic acid CeHsO.  166.03  0.079 o
(o)
. . [o] (o]
24 Glutaric acid CsHgO4 132.04 0.029 Ho)l\/\/lLOH
- i i [o] o
25 17 Heptanedicarboxylic CoHiOs  188.10 0.115 J PPt
acid HO OH
o
26 Salicylic acid C/HsOs  138.03 0.013 @fLoH
OH
o0 OH
27  Citric acid CeHeO7; 19203  0.038 ,u\j;/u\
HO OH
OH
Phenolicacid 58 Gycolic acid C:H:0s  76.02 0.013 Ho L
' ) OH
o
20 lactic acid CHeOs  90.03  0.006 ~ o
OH
2-hydroxy-2- i
30 ethylbutyric acid CsHpOs  118.06  0.001 /7&%
o
31 Pinonic acid CuHisO; 18411  0.006 /”\&/&
OH
o
Keto acid 32 Pyruvic acid CsH,O3  88.02 0.140 )l\nzo"'
o
(o)
33 levulinic acid CsHeOs 11605  0.003 Ao
(o]
- - - 0.2°
g4 3-Methyl-2(5H) CsHeO,  98.04 2448 QI
furanone =
Furanone S
35  Furfural CsHiO,  96.02 10.391 /.o
o
36 Phthalic anhydride CeH.Os 14802  0.259 @0
Others 0
o
37  Diethyl itaconate CoH1404  186.09 0.091 /\o)l\n/\IrO\/
o

* The Detection limit unit is ppb in 1-seconds, S/N=3
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Figure S1: Schematic diagram of the chamber set up for the aromatic hydrocarbon oxidation experiment.
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Figure S2: Comparison of the sensitivity of species containing different functional groups in (a) this study, (b) Lee et al. (Lee et al.,

2014), and (c) Yeetal. (Ye et al., 2021)
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Figure S3: Criterion values for number of clusters from 2 to 8.




Cluster 2 Cluster 3 Cluster 4

0 (c) [2.0 (d)
F1.0726 £ 0.0730 |1 5]
F 0 O L
v Y90 ¥ 110
-R2,,.,=0.9982
E ()
5
=
£
e
S HO g
2 0 5 10 15 20
o [H,0O] (mmol/mol)
©
C
=)
wn
T
C
2 0.0L
» 05 10 15 20 05 10 15 20

[H,O] (mmol/mol) [H,0] (mmol/mol)

0 5 10 15 20 Cluster 1 Cluster 2 Cluster 3
[H,O] (mmol/mol)

Figure S4: The effect of humidity on the sensitivity of I-CIMS. (a) Correction equation for the effects of humidity on single active

Cluster 4

functional group compounds, (b) Correction equation for the effects of humidity on compounds containing multiple active functional
groups, (c) Correction equation for the effects of humidity on polyphenols, and (d) Correction equation for the effect of humidity on
small molecular weight acid species (formic acid). (e) — (1) The effect of humidity on the sensitivity of different species. Note. humidity

was calculated as the partial pressure of water vapor under atmospheric pressure.
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Figure S6: Fitting curve for cluster binding enthalpies and logarithmic sensitivities at PBE/SDD, PBE/SDD (D3), and
B3LYP/Def2TZVP level
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Figure S7: The application of classification-based semi-quantitative methods in previous studies (lyer et al., 2016).
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