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Section S1. lodide Chemical lonization Time-of-Flight Mass Spectrometry with an AIM Reactor (Vocus AIM)
S1.1 lodide Adduct Chemical lonization

Vocus AIM supports various reagent ions of both positive and negative polarity. In this work, we chose iodide ions(1°) as
reagent ions. 1" is known for its remarkable sensitivity toward compounds containing a hydroxy group, which forms an adduct
with I~ through a hydrogen bond, resulting in minimal fragmentation (Lee et al., 2014). Therefore, I has been applied in the
measurement of oxidation products containing hydroxyl groups with semi-/low-volatility (He et al., 2024; He et al., 2023;
Berndt et al., 2019; Wang et al., 2018; Zhao et al., 2018). Reaction S1 and Reaction S2 imply that compounds with hydroxy
groups as M always forms an adduct M+127 with I~ through a hydrogen bond,

M + I~ = (M)~ (R. S1)

M + H,0I" > (MD~ + H,0 (R. S2)

Owing to the lower-energy ionization reaction, the fragmentation of the iodide adduct is limited. This was confirmed by
calibration results in our previous work, which showed that 1"-CIMS exhibited minimal fragmentation for the majority of the
examined standards (He et al., 2024; He et al., 2023). Therefore, the fragmentation of RO, radicals in this work was not
considered, and the iodide adducts of RO; radicals were assumed to be detected at m/z (M)+127. We identified CxHzy+10,1™ as
the type of iodide adduct produced from RO, radicals, as they always contain an odd number of hydrogen atoms. And we
attributed the observed C;HyOsl™ signal at m/z 300 solely to the bicyclic peroxide radicals (BPRs) from toluene. Similarly, the

BPRs formed from the oxidation of xylene was identified as CgH110s1™ at m/z 314.

S1.2 Theoretical Maximum Sensitivity

For adduct ionization, sensitivity toward a certain species is influenced by two main factors: the formation rate of product ions,
governed by collision frequency and the available energy in the reactor, and the transmission efficiency of these product ions
to the detector, as described in Eq. 1. However, it is difficult to determine the parameters in the equation to obtain the theoretical
sensitivity with calibration experiments.

Here, we used Eq. S1 to describe theoretical maximum sensitivity (S,,., ) of CIMS (Isaacman-Vanwertz et al., 2018). In the
Eq. S1, reagent ions interact with sample gas in IMR and the reaction are assumed to collide at a rate, k_,;, of 1 X 1072 cm?®
molecularts™:

M X f X ke Xt
Smax — [ ]IMR f106 coll IMR (ncps/pptv) (Eq Sl)
where [M];yr is the total concentration of gas molecules in IMR, f is the ratio of concentrations of gas molecules in sample
to that in IMR, so f = 0.88 in Vocus AIM and t; is the residence time of the IMR.

In Vocus AIM, the reagent ions at a flow rate of 250 sccm were mixed with sample gas at a flow rate of 2 slpm in the IMR

with a volume of about 45 cm? (V). Under the optimized conditions of the IMR, the pressure (P ctuq:) Was 70 mbar and the
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temperature (Tgcyeq) Was 45°C. The gas flow rate (Q,,,,) and the residence time can be calculated Eq. S2 and Eq. S3,
respectively:
_ POQO Tactual

QIMR B TO % Pactual (Eq 82)
V
timg = Q’MR (Eq. S3)
IMR

where P, and T, are the normal pressure and temperature, and @, is the flow rate of sample gas and reagent ions. Table S3
presents the theoretical sensitivity of the Vocus AIM, which was estimated about 112 ncps/pptv. Our calibration results (Figure
S1) indicate that the molecular-ion reaction efficiency in Vocus AIM, calculated via Eq. S4, reached a maximum of
approximately 30% for 4-nitrophenol (CsHsNO3).

Scalibration

reaction ef ficiency = (Eq. S4)

Smax

S1.3 Calibration and Quantification

A total of 30 standards were calibrated using permeation tubes and liquid-solution-based techniques for Vocus AIM. These
standards can be classified into 5 categories, namely acids (mono-, di- acids), phenols/alcohols (mono-, di- and poly-
phenols/alcohols), carbonyl-acids, hydroxyl-acids and nitrophenols. As the Figure S1, the instrumental sensitivities varied
between chemicals, with the orders of magnitude ranging from 10 to 102 ncps/pptv. For other uncalibrated compounds, an
empirical approach based on half of the iodide adducts dissociate (dVs,), was developed for 1-CIMS to extrapolate the
instrumental sensitivities according to our previous studies (He et al., 2024; He et al., 2023).

The sensitivities of 28 authentic standards and corresponding dVs, obtained in our I"-CIMS system are plotted in Figure S2.
As noted in previous studies, deviations between the observed sensitivities and the values predicted by the log-linear trend
may primarily result from the limitations of dVs, in accurately reflecting the effective formation rates of ion-molecule
clusters(Lopez-Hilfiker et al., 2016). He et al. proposed a method to estimated sensitivities by considering the ion-molecule
cluster formation in the IMR region as a function of dV,, mass-dependent transmission efficiency (TR), and collision-induced

decomposition fraction (f) prior to detection(He et al., 2024), as expressed in Eq. S5.
t i _ m
S = fo Ky (Vo) [M1de X TR X f, (Eq. S5)

The effective formation rate of ion-molecule reactions is generally influenced by the chemical functionality and steric
configuration of the target molecule(Lee et al., 2014). In this study, calibrating species were classified into groups based on
their dVs, values, with each group spanning 1 V (Figure S2). It was assumed that within each category, the formation rate of
ion-molecule clusters remained relatively consistent. As depicted in Figure S2, compounds with dVs, below 3 V were
categorized as the first group, most of which contained a single polar functional group like monoacids. The second group, with

dVsovalues between 3 and 4 V, primarily included compounds with two or more identical hydroxyl or carboxylic groups, such
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as diacids and di-/poly-alcohols or phenols. Compounds with dV, values exceeding 4 V were grouped into the third category,
which included most nitro-phenols/alcohols and certain hydroxy-acids. These compounds exhibited enhanced hydrogen-
bonding capabilities, increasing their interaction efficiency with I". Linear regression analyses were performed for each dVs,
subgroup to correlate the observed sensitivities of standards with the product of the square root of m/z and fragmentation ratio
(Vm/z x f), where f was derived from the fragmentation patterns of the calibrating standards or collision cross-sections from
previous research (Zhang et al., 2016; He et al., 2024). The sensitivities calculated via linear fitting showed strong agreement
with the measured values for authentic standards, with uncertainties mostly below 40%. For uncalibrated species, the estimated
sensitivities using the segmented fitting approach in I'-CIMS had uncertainties ranging from approximately 15% to 35%, as
listed in Table S10, S11.

S1.4 Estimations of Binding Energy

We used the ORCA version 5.0.4 to calculate the binding energies of iodide addcuts of BPRs and standards, including formic
acid (CH:0), 2,4-dihydroxytoluene (C7HsOy), 4-nitrophenol (CsHsNO3s), 2-methyl-6-nitrophenol (C7H7;NOs) and pinonic acid
(C10H1603). Geometry optimizations and frequency analyses were performed at the B3LYP/ma-def2-TZVP(-f) level with
Grimme’s D3 dispersion correction, using VeryTightOpt convergence criteria, a maximum of 1000 SCF iterations
(VeryTightSCF), DefGrid3 integration grids, and AutoAux-generated auxiliary basis sets for Rl acceleration. Single-point
energies were computed on the optimized geometries at the DLPNO-CCSD(T)/aug-cc-pVQZ level with TightPNO truncation,
VeryTightSCF convergence settings, and the aug-cc-pVQZ/C auxiliary basis sets (with the corresponding ECPs) for RI-JK
and RI-MP2 integrals.

Section S2. Other Relevant Instrumentations
S2.1 Proton Transfer Reaction Time-of-Flight Mass Spectrometry (PTR-MS)

Aromatic precursors and some gas-phase products were measured using a Tofwerk VVocus proton transfer reaction (PTR) time-
of-flight mass spectrometer with a mass resolution of ~10,000. PTR-MS was operated at the pressure of 2.1 mbar in drift tube,
applying a voltage 27 of 630 V to achieve an E/N ratio (electric field strength to gas number density) of 120Td, so as to strike
a balance between the formation of hydronium water clusters and the fragmentation of product ions. The drift tube was
maintained at 100°C, to largely prevent vapor deposition to the wall.

In this study, comprehensive calibrations were performed using a total of 43 representative standards, encompassing volatile
organic compounds (VOCs) and intermediate/semi-volatile organic compounds (I/SVOCs) with different functional groups.
These standards included hydrocarbons, aldehydes, ketones, alcohols/phenols, carboxylic acids, and furans. Calibrations were

performed at 5—6 different concentration levels (from 0.2 to several ppbv), and the sensitivities were determined by the fitting
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slopes between instrument signals and the corresponding concentrations, yielding fit values with R? ranging from 0.9990 to
0.9999.

For uncalibrated compounds without authentic standards, theoretical sensitivities can be estimated based on the transmission
efficiency and proton-transfer reaction rate, as described in our earlier studies (He et al., 2024; He et al., 2023). The response
factor of a compound can be expressed by the following Eq. S6.

N Xkxtg TRpy+
[R] = g X
10 TRH30+

X f x10° (Eq. S6)

[R] is the response factor of compound R in Vocus PTR, which was defined as the ion signal of target compound at a volume
mixing ratio of ppbv. N is the number of air molecules in the drift tube, expressed in unit of molecule/cm?, k is the rate constant
of proton-transfer reaction, t refers to the reaction time in the drift tube, and f means the fragmentation fraction. TR+ and
TRy, o+ are the ion transmission efficiencies for RH* and HsO", respectively. The values of N and ¢, can be calculated by
working parameters of drift tube.

lon transmission efficiency in TOF-MS is known to be proportional to the square root of the mass-to-charge ratio (m/z) (Yuan
etal., 2017). In this study, we used an empirical expression relating ion transmission efficiency to m/z, as shown in Figure S3,
based on existing standards with minimal fragmentation in Vocus PTR. To validate this approach, we compared the calculated
response factors with the measured values for different compounds (Figure S4). The results indicated that the calculated
response factors were in good agreement with the measured ones, with absolute deviations below 15% (accounting for the
fragmentation fraction based on the mass spectra of different compounds). Therefore, we conclude that this method is reliable
for estimating the response factors of target oxidation products in the absence of standards.

Uncertainty for the calibrated species was within 10%. For the aromatic oxidation products not calibrated in this study, the
uncertainty was anticipated to be higher due to the effects of transmission and fragmentation. The transmission uncertainty for
uncalibrated products was quantified by an upper limit of 15% for the relative deviations between the measured and estimated
sensitivities of calibrated compounds exhibiting minimal fragmentation (as illustrated in Figure S4). The fragmentation
uncertainties for uncalibrated products were determined by comparing the relative deviations in the fragmentation patterns of
calibrated compounds with chemically similar structures (He et al., 2024; He et al., 2023). Consequently, the overall

uncertainty for uncalibrated products ranged from 15% to 25%, as listed in Table S10, S11.

S2.2 Traditional lodide Chemical lonization Time-of-Flight Mass Spectrometry (Traditional 1"-CIMS)

Conventional I"-CIMS instruments (Aerodyne Research Inc.) were employed for comparative analysis with the Vocus AIM
in detecting RO: radicals. The iodide reagent ions (I") were generated by flowing ultra-high purity nitrogen at 2 slpm, doped
with methyl iodide, through an X-ray ionization source connected to IMR. A sample flow of 2.3 slpm was introduced into the
IMR, where it mixed with the I reagent ion stream to facilitate molecular-ion formation. The instrument demonstrated a mass
resolution of ~5,000 at 100-500 Th and a total ion count of ~20,000 cps.
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A total of 54 standards were calibrated using permeation tubes and liquid-solution based techniques. The instrumental
sensitivities varied between chemicals, with the orders of magnitude ranging from 102 to 102 ncps/pptv, which has been
described in detail in our previous work (He et al., 2023). Similarly, we estimated the molecular-ion reaction efficiency in
traditional I'-CIMS via Eq. S4 and it reached a maximum of approximately 10% for 4-nitrophenol (CsHsNO3) as Table S3

shows.

S2.3 Others

NOy, temperature and relative humidity were monitored by the chemiluminescence analyzer (Model 42i-TL, Thermo Fisher
Scientific, USA) and a temperature and humidity sensor. Besides, a laser-induced fluorescence system was used when we
calibrated the sensitivity of HO; radicals in Vocus AIM. More details are shown in Table S2.

Section S3. Wall Loss in the Experimental Systems

The wall-induced decay of products from aromatic oxidation was taken into consideration in this study. This process can be
described by the first-order reaction kinetic, and the corresponding rate coefficient is expressed as Equation S7 (Zhang et al.,
2015; Mcmurry and Grosjean, 1985).
Aw iV
T a ¥ (Eq. S7)
FX—F——+1

4/DiK,

where the k,, ; is the wall loss rate constant of compound i. A/V is the ratio of surface to volume of the tube (40 m™ for the

SRS

kw,i =

calibration system and 20 m™ for the Oxidation Flow Reactor in this study). a,,,; is the mass recommendation coefficient. 7,
is the mean thermal speed of molecule i, related to the temperature and molecular weight, and can be calculated by the Equation
S14. D; and K, refer to the molecular diffusion coefficient and eddy diffusion coefficient, respectively. D; in Equation S8 can

be calculated by the Equation S9.

8RT

7 = Eq. S8

VT amw (Eq.58)
MW,

D; = D¢o, X Mv;‘fz (Eq. S9)
13

where R represents the ideal gas constant, T the temperature during the experiments, MW; the molecular weight of compound
i, D¢o, the molecular diffusion coefficient of CO, (1.38x10° m?/s), and MW, the molecular weight of CO,.

K, characterized the capacity of turbulent mixing in the reactor. Some estimated values have been given by empirical fittings.
For instance, McMurry and Grosjean recommended the K, values to be 0.12 s-1 and 0.02 s** for 60 m® and 4 m® chamber

(Mcmurry and Grosjean, 1985), respectively. Besides, Zhang et al. proposed the smaller K, value of 0.015s™ for their 28 m3
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chamber (Zhang et al., 2015), considering the not active mixing. In this study, 0.0042s™ was adopted due to the nearly
equivalent volume in this study compare to the previous research (Huang et al., 2018).

The last unknown parameter a,, ;, representing the fraction of deposited molecules when encountering the wall, is dependent
on the molecular property of compound i in theory. Specifically, vapors with lower volatility are more likely to deposit on the
wall (He et al., 2023). Therefore, previous study (Zhang et al., 2015) proposed a set of optimized empirical equations that
related a,, ; to the number of carbon and oxygen atoms contained in the compounds through volatility, as the Equation S10

and S11 shown. That meant a,, ; can be estimated from the chemical composition of the target compounds.

logyo ay,; = —0.1919 X log;, C; — 6.32 (Eq. S10)
B , , Tli Tli
log10 Ci = (ng - né)bc — nlobo - ZL-C—OibCO (Eq Sll)

where C;" is the saturation vapor concentration, which can be calculated based on the group-contribution method proposed in
the previous study (Nannoolal et al., 2009). n is the number of carbon atoms of 1 pug/m? alkane, b¢, b, and b, represent the
interaction between carbon-carbon atoms, oxygen-oxygen atoms and carbon-oxygen atoms, respectively. Those four
parameters have been determined by Zhang et al (2015), where species were employed to obtain the optimal fitting. The
remaining n% and n, refer to the number of carbon and oxygen atoms in the target molecule i, respectively. a,,; of the

aromatic precursors and major tracer products in this study are listed in Table S6.

Section S4. Kinetic Reaction Model Analysis of the Calibration System.

M-xylene is selected for the simulation and the kinetic model includes 302 species and 897 reactions from the MCM 3.3.1.
The model is run for 10 seconds in agreement with the residence time of the flow tube reactor with a simulation time resolution
of 10%s. The model is initiated with the measured concentrations of m-xylene (25ppbv), NO (0.5ppbv) and HO, radicals
(7.51x10Mmolecules cm) at the exit of the flow tube. The initial OH radical concentration (4.5x10% molecules cm) is tuned
in order to match the OH exposure, which was determined from the amount of reacted m-xylene.

Figure S8 shows the temporal evolution of 5 selected species: reacted m-xylene (MXYL_react), HO; radical (HO;), BPRs
(MXYBIPERO2) as well as 2 products of the m-xylene oxidation with the OH radical (MXYBPEROOH and
MXYOBPEROH). MXYBPEROOH (bicyclic hydroperoxide, CsH120s) is the product from the reaction of BPRs with the HO,
while MXYOBPEROH (bicyclic carbonyl, CsH1004) is the main product from the reaction of BPRs + RO,. MXYL_react
reaches a plateau after about 0.1 seconds while xylene-BPRs reaches a maximum value around 0.01-0.02 seconds and then
rapidly decreases, stabilizes after about 2-4s, consist with the residence time (3-4s) in the calibration reactor.

Figure S9 shows the relative contributions of the two main RO: radicals, BPRs and MXYLO2 (CgHgO5), in the calibration
experiments. MXYLO is the first-generation RO- formed in the benzaldehyde pathway. As shown, BPRs dominate in the

initial stage of the reaction, accounting for ~86% of the total RO:
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Section S5. Significant Test.

We conducted several repeated experiments of toluene oxidation at toluene levels of 6 ppbv, 12 ppbv and 18 ppbv to evaluate
the reproducibility of our results. As we know, significance analysis typically requires repeated samples. A high level of
consistency in the branching ratio of bicyclic pathway obtained from the direct-measured method and the products-yield
method were both observed from these repeated experiment (as shown in Table S13). To further assess the difference between
the two methods, we conducted statistical t tests. The results demonstrated that the branching ratios obtained from the direct-
measurement method were significantly higher than those from the product-yield method. Comparable results are expected for

the m-xylene system.
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Table S1. Calibration System: experimental conditions of aromatic-RO: calibrations.

Expt Relative Humidity OHay
Reactants Temperature [°C]

NO. [%] [molecule/cm?]
1 S5ppb TOL 25+ 4045 1.43x10%°
2 10ppb TOL 25+ 40315 1.46>10%0
3 15ppb TOL 25+ 4045 1.23x10%°
4 20ppb TOL 25+ 4045 1.23x10%°
5 10ppb m-XYL 25+ 40315 5.50x10°
6 15ppb m-XYL 25+ 4045 5.31x10°
7 20ppb m-XYL 25+ 4045 6.10x10°
8 25ppb m-XYL 25+ 4015 6.3110°

*The calibrations were conducted under essentially fixed low-NOx (= 0.5 ppbv) and high-HO2 (=101
molecular/cm?®) conditions, by adjusting the precursor concentration to vary the NO/precursor ratio, to

determine whether ROz radicals can proceed linearly.

Table S2. Instrumentations in this study.

Instrument Detection limit Time resolution Sampling flow rate
Vocus AIM ]
(Tofwerk, Switzerland) ~ppLv 1s ~2L/min
Vocus PTR _
~pptv 1s ~100mL/min

(Tofwerk, Switzerland)
NOx analyzer

(Model 42i-TL, Thermo ~100pptv 1min ~1L/min
Fisher Scientific, USA)
HOx-LIF . .
~0.1pptv 1min ~2L/min

(Wang et al., 2021)"

*: The calibration of Vocus AIM for HO; is performed utilizing the LIF (Laser-Induced Fluorescence)
instrumentation at Anhui Institute of Optics and Fine Mechanics. The calibration results are listed in Figure
S5.

Table S3. Theoretical sensitivity of Vocus AIM and traditional I--CIMS.

Vocus AIM Traditional I'-CIMS(He et

al., 2023)
Pctual 70 mbar 380 mbar
Tactual 45°C 30°C
Qau 2.25 L/min 4 L/min
Vimr ~45 cm® ~47 cm®
[M],1r 1.59 X 10 molecules/cm® 9.08 X 10* molecules/cm?®
f 0.88 0.5
timr 0.08 0.24
Snax 112 ncps/pptv 1090 ncps/pptv
Sen. for C¢HsNO3 37 ncps/pptv 66 cps/pptv
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Table S4. Information of aromatics and their tracer products detected by Vocus AIM (I--CIMS).

lon mass Sensitivity
Class Formula [amu] Compound Structure [ncps/pptv]
OH
C7Hg04 157.05 Bicyclic carbonyl 7.8
o}
16
OH
CgH1004 171.07 Bicyclic carbonyl 8.7
o}
OH
C7H1004 159.06 Bicyclic alcohol 9.8
OH
26
OH
CsH1204 173.08 Bicyclic alcohol 10.7
OH
OH
C7H100s 175.05 Bicyclic hydroperoxide 11.4
OOH
36
OH
CsH120s 189.07 Bicyclic hydroperoxide 14.3
OOH
OH
C7HsNOs 186.04 Bicyclic nitrate 18
ONO,
46
OH
CsH1:NOg 218.07 Bicyclic nitrate 20.1
ONO,
e Ring-retaining products from peroxide-bicyclic intermediate pathway.
* Sensitivity was obtained from calibration.
Table S5. Information of aromatics and their tracer products detected by Vocus PTR.
Class Formula lon mass Compound Structure Sensitivity
[amu] [cps/ppbv]
C7Hs 93.07 Toluene @ 14766
1a
CsH1o 107.09 m-Xylene \O/ 17280
C7HsO 109.06 Cresol bOH 17797
2 =
. = |
CgH100 123.08 2,6-Dimethylphenol 77 OH 18103

4
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CHO

C7HsO 107/05 Benzaldehyde © 11891
30
CHO
CaHsO 121.06 3-Methylbenzaldehyde \©/ 11443
C4H402 85/03 Butene dial 0F A 17604
CaHiO2 85.03 2(5H)-Furanone Ow\b 9929
CsHeO2 99.04 2-Methylbutenedial P 18169
[0}
CsHeO2 99.04 4-Ox0-2-pentenal o~ 18169
(e}
CsHs02 99.04 5-Methyl-2(5H)-furanone OU 10223
o o]
CsHsO2 99.04 3-Methyl-2(5H)-furanone 3’:7 10223
(]
40 CsHsO2 113.06 Methy!-4-oxo-2-pentenal o kL 18489
3,5-Dimethyl-2(5H)- 0©
CoHs02 113.06 ! y p/ 10734
furanone
i i @]
C4H403 101.02 Male aldehydic acid o WLOH 10741
0]
CsHsO3 115.04 4-Oxo-pent-2-enoic acid \H/\)LOH 11826
O
. (o]
CsHeOs 115.04 Z'Methy"4:’C’i‘3b“t'2'e”°'c OVﬁAOH 11826
[0}
CeHsOs3 129.05 Acetyl methacrylic acid 12101

o
/
o
T

a Aromatic precursors.

b Ring-retaining products from phenolic pathway.

¢ Ring-retaining products from benzaldehyde pathway.

d Ring-opening products from peroxide-bicyclic intermediate pathway.

* Sensitivity was obtained from calibration.
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Table S6. Wall accommodation coefficients and wall loss rates of aromatic precursors and major tracer

products.

NO. Formula Wall accommodation coefficient (e,,) Wall loss rate (k,,, s%)
1 CrHs 1.14X10® 9.39 X107
2 CsH1o 1.37X108 1.05Xx 10
3 C7HsO 2.23X 108 1.70X 10
4 C7HsO 2.23X10¢8 1.71X10
5 CsH100 2.65X108 1.90X 10
6 CsHsO 2.65x108 1.91X10°
8 CsH402 3.03x 108 2.61x10°
9 CsHsO2 3.48 X108 2.78X 10
10 CsHsO2 4.03X108 3.01X10®
11 C4H403 7.26 X108 5.73X10
12 CsHsO3 8.10x 108 5.99X 10
13 CeHsOs3 9.19X 108 6.41X10
14 C7HsO4 2.45X 107 1.55X 10
15 CsH1004 2.42X107 1.17X10°
16 C7H1004 2.45X107 1.54X10°%
17 CsH1204 2.42 X107 1.17X10°%
18 C7H100s 2.45X 107 1.46X 10
19 CsH1205 2.42X107 1.12X10°%
20 C7HsOs 2.53X10% 1.47X10°
21 CsH110s 2.48X10° 1.46X10°3

13



Table S7. Calibration System: branching ratios of different reaction pathways in calibrations.

Branching ratios of different reaction pathways (%6)

Aromatic  congitions Benzaldehyde Phenolic o .
precursor pathway pathway Peroxide-bicyclic intermediate pathway
NO/TOL C7HsO C7/HsO C4H410O2 CsHesO2 C4H403 CsHeOs3 C7HsO4 C7H1004 C7H100s SUM
0.08 5.3 18.4 4.7 9.7 3.9 21 23 3.2 21.9 68.5
TOL 0.04 54 18.4 4.6 9.1 4 1.7 231 3.6 21.8 67.9
0.03 54 18.8 4.9 8.6 4 1.7 224 35 21.8 66.9
0.02 5.4 18.9 4.6 8.2 3.8 1.9 229 35 22 66.9
NO/m-XYL CsHsO CsH100 CsHesO2 CsHsO2 CsHeOs3 CeHsOs3 CsH1004 CsH1204 CsH1205 SUM
0.1 2.8 8.8 235 6.0 3.2 15 24.7 5.7 215 86.1
m-XYL 0.08 2.8 8.8 23.3 5.9 3.2 2.2 244 5.9 21.0 85.9
0.04 31 8.9 23.0 6.4 34 3.0 23.0 5.6 21.2 85.6
0.02 31 8.8 23.6 6.3 34 2.7 23.0 5.8 21.1 85.9
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Table S8. Oxidation Flow Reactor: branching ratios of different reaction pathways in toluene oxidation.

Branching ratios of different reaction pathways (%6)

Aromatic

precursor Conditions Benzaldehy  Phenolic Peroxide-bicyclic intermediate pathway
de pathway  pathway Product-yield method Direct-measured method
NO/TOL C7HsO C7HsO C4H402 CsHsO2 C4H403 CsHsOs3 C7HsOq4 C7H1004 C7H100s5 C7Hq0Os
0.03 11.7 20.9 6.1 26.2 2.2 2.3 4.4 0.6 3.2 54.0
0.04 11.3 21.2 6.1 26.6 2.2 2.4 4.6 0.8 34 54.9
ot 0.06 11.3 22.6 6.5 28.6 2.2 2.7 5.0 0.6 3.7 57.5
0.1 10.3 22.2 6.5 294 2.0 2.8 5.3 0.8 4.0 57.9
0.2 94 22.3 7.5 30.8 2.0 34 6.4 11 4.8 63.3

Table S9. Oxidation Flow Reactor: branching ratios of different reaction pathways in m-xylene oxidation.

Branching ratios of different reaction pathways (%)

p/?rg?:rgcl)?' Conditions Benzaldehy  Phenolic Peroxide-bicyclic intermediate pathway
de pathway  pathway Product-yield method Direct-measured method
NO/m-XYL CgHsO CsH100 CsHeO2 CeHsO2 CsHeO3 CeHsO3 CsH1004 CsH1204 CsH1205 CsH1105
0.07 55 5.8 28.7 14.8 14 1.0 5.1 2.3 6.0 67.7
0.09 5.3 6.0 29.9 15.8 14 0.7 55 2.3 59 68.7
m-XYL
0.12 4.8 6.0 30.0 16.6 13 0.9 5.4 2.2 5.9 68.5
0.19 4.3 6.1 30.2 18.6 14 0.9 5.4 2.2 5.8 69.4
0.4 3.6 6.0 304 24.2 14 0.8 5.9 2.2 5.8 73.4
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Table S10. Measurement uncertainty contributions in tol-BPRs calibration.

Measurement uncertainty

Loss uncertainty

NO Formula Compound Wall loss Total uncertainty
Sensitivity OH reaction
(Zhang et al., 2015)
1 C7HsO Cresol 9.50% 15% 10.0%? 20.38%
2 C7HeO Benzaldehyde 7.60% 15% 5.8%" 17.79%
3 C7HsO4 Bicyclic carbonyl 22% 15% 10% 28.44%
4 C7H1004 Bicyclic alcohol 22% 15% 10% 28.44%
5 C7H100s Bicyclic hydroperoxide 22% 15% 10% 28.44%
6 C4H40O2 Butene dial 20% 15% 4.9%° 25.48%
7 C4H402 2(5H)-Furanone 18% 15% 10% 25.48%
8 CsH6O2 2-Methylbutenedial 18% 15% 10% 25.48%
9 CsH6O2 4-Oxo-2-pentenal 18% 15% 1.9%® 23.51%
10 CsH6O2 5-Methyl-2(5H)-furanone 16% 15% 10% 24.10%
11 CsH6O2 3-Methyl-2(5H)-furanone 7% 15% 10% 19.34%
12 C4H403 Malealdehydic acid 21% 15% 10% 27.68%
13 CsH6Os3 4-Oxo-pent-2-enoic acid 21% 15% 10% 27.68%
14 CsHeOs3 2-Methyl-4-oxobut-2-enoic acid 21% 15% 10% 27.68%
15 The branching ratio of ROz pathway, a - - - 24.87%

2 Refers to (Perry et al., 1977)

b Refers to (Sharma et al., 1997)

¢ Refers to (Martm et al., 2013)
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Table S11. Measurement uncertainty contributions in m-xyl-BPRs calibration.

Measurement uncertainty

Loss uncertainty

NO Formula Compound Wall loss Total uncertainty
Sensitivity OH reaction
(Zhang et al., 2015)
1 CsH100 2,6-Dimethylphenol 10% 15% 5.1%? 18.74%
2 CgHsO 3-Mehtylbenzaldehyde 10% 15% 5.8%" 18.94%
3 CgH1004 Bicyclic carbonyl 20% 15% 10% 26.93%
4 CgH1204 Bicyclic alcohol 20% 15% 10% 26.93%
5 CsH1205 Bicyclic hydroperoxide 20% 15% 10% 26.93%
6 CsH6O2 2-Methylbutenedial 18% 15% 10% 25.48%
7 CsHsO2 4-Oxo-2-pentenal 18% 15% 1.9%° 23.51%
8 CsH6O2 5-Methyl-2(5H)-furanone 16% 15% 10% 24.10%
9 CsH6O2 3-Methyl-2(5H)-furanone 7% 15% 10% 19.34%
10 CeHsO2 Methyl-4-oxo-2-pentenal 18% 15% 10% 25.48%
11 CeHsO2 3,5-Dimethy-2(5H)-furanone 16% 15% 10% 24.10%
12 CsHeO3 4-Oxo0-pent-2-enoic acid 21% 15% 10% 27.68%
13 CsH6Os3 2-Methyl-4-oxobut-2-enoic acid 21% 15% 10% 27.68%
14 CeHsOs3 Acetyl methacrylic acid 21% 15% 10% 27.68%
15 The branching ratio of ROz pathway, a - - - 24.42%

2 Refers to (Perry et al., 1977)

b Refers to (Sharma et al., 1997)

¢ Refers to (Martm et al., 2013)
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Table S12. Calibration results for Vocus AIM in this study.

Species Formula Sensitivity (ncps/ppt) Category
Glycerol C3HsOs3 51.81 di/ploy aclohols/phenols
Pentanedioic acid CsHsO4 2.65 diacids
Azelaic acid CoH1604 3.18 diacids
D(+)-Camphoric acid C10H1404 3.64 diacids
Heptanedioic acid C7H1204 4.03 diacids
Formic acid CH202 3.13 diacids
Hexanedioic acid CsH1004 4.54 diacids
Octanedioic acid CsH1404 16.51 diacids
Decanedioic acid C10H1804 17.51 diacids
O-Benezendicarboxylic Acid CsH6O4 0.40 hydroxy-acids
Citric Acid CsH1004 3.18 hydroxy-acids
Glycolic acid C2H403 3.25 hydroxy-acids
2-Deoxy-D-ribose CsH1004 5.44 hydroxy-acids
2-Hydroxy-2-methylbutyric acid CsH100s 5.69 hydroxy-acids
Salicylic acid C7HeO3 14.37 hydroxy-acids
Leucic acid CsH1203 16.51 hydroxy-acids
Lactic acid C3HeOs3 19.90 hydroxy-acids
Pentadecanoic acid Ci15H3002 0.51 mono-acids
Heptadecanoic acid C17H3402 0.53 mono-acids
Tridecanoic acid Ci13H2602 0.65 mono-acids
Undecanoic acid C11H2202 0.67 mono-acids
2-Nitrophenol CsHsNOs 0.06 nitro-phenols/alcohols
Isosorbide mononitrate CsHoNOs 0.42 nitro-phenols/alcohols
2-Nitroethanol C2HsNOs 6.13 nitro-phenols/alcohols
5-Methyl-2-nitrophenol C7H7NOs 17.30 nitro-phenols/alcohols
4-Nitrophenol CsHsNO3 38.00 nitro-phenols/alcohols
2-methyl-4-nitrosophenol C7H7NOs 48.03 nitro-phenols/alcohols
2,6-Dimethyl-4-nitrophenol CsHoNOs3 60.29 nitro-phenols/alcohols
Pinonic acid Ci10H1603 1.00 0x0-monoacids
Acetylpropionic acid CsHsOs3 7.10 0x0-monoacids
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Table S13. Significance test for the branching ratio of bicyclic pathway by the direct method and the product-yield method at
different precursor concentration.

. —
Toluene Branching ratio (%) Shapiro-Wilk
Method t test
(ppbv) Exp.l Exp.2 Exp.3 Mean test
D? 633 604 606 614413 p=0129>005 Ho: tp < fiy
6 Hy: >
yb 559 529 555 54843 p=0218>0.05 Ao =l
p = 0.0036 < 0.05
D 580 572 561  57.1#08 p=0749>005 Ho: tip < fiy
12 Hy: >
Y 508 492 494 498407 p=0253>0.05 AtHp =
p = 0.0003 < 0.05
D 575 562 565  56./40.6 p=0562>0.05 Ho: tip < fiy
18 Hp: pip > py
Y 493 494 487 491403 p=0.209 >0.05
p=0.002 < 0.05
10
15

19



Peroxide-bicyclic intermediate pathway Cshs0,
:] detected by Vocus PTR \/\)01\
O~
detected by Vocus AIM /\)\/"
CJ ) o sy | s
OH ° =0 o O,
pathways included in MCM . C;H;0; U
. o 5 OH decomp
. . — e — OH g
pathways not included in MCM 8 C:H,0;
S 7 o | NN
T 0 7 °§)I\ °
NO Bicyclic alkoxy _
Benzaldehyde pathway il radicals (BARs) I C3H,0,
¢z cHo ot TTTTeR T ] 1,5 H-shift 7
|« 1 1
H-abs 0, NO E ! °j/\)l\
0
HO3 i @ ono2 GH i di OV\\.O §
00 i ecomp
Benzyl C;Hs0 o _'i oH | — C:H,0, | A~
i @ i C;Hg0; oM
-HO, ! uNozE 57°6%"3
OH — 1 \_OH — 1 'ONO2 ! o
Z 0, o Bicyclic nitrates . —~°Q)I\ A
C,H;0 OH C.H.NO Alphatic alkoxy H
OH 7rig 6 " c H O C H 0
Toluene radicals (AARs) 3MaUs FLyFLe s
@ Phenolic = = =
pathway
N ” & S &
@ oH HO./RO, o - oon |* Other bicyclic isomers
Bicyclic peroxide C7Hs0, C;H,,0, C7H1,05
OH @ radicals (BPRs) Bicyclic Bicyclic Blcychc'
OH-adducts L, on carbonyl alcohol hydroperoxide
ad!.i L Accretion products ROOR’
cyclize @ , : Not included in the Master
H-shift / +O, QOOH v . HO'Ms Chemical Mechanism (MCM)
OH-0,-

adducts —* Epoxide pathway

Scheme S1. Chemical mechanism for toluene—OH oxidation.

20

20



25

30

35

detected by Vocus PTR

detected by Vocus AIM

U

pathways included in MCM

pathways not included in MCM

Benzaldehyde pathway

oH NO

3-Me-Benzyl

cH2 by CHO
SOy
H-abs 0, -HO,

OH| i T
OH =
CgH,,O
m-Xylene L1
Phenolic
pathway
I —
SR
OH .
OH-adducts
add
cycllze
OH-0,-
adducts

Bicyclic peroxide
radicals (BPRs)

Peroxide-bicyclic intermediate pathway

Bicyclic alkoxy
radicals (BARs)

Bicyclic nitrates
CsH1NOg

HO,/RO,

Alphatic alkoxy
radicals (AARs)

H-shift/ +0,
L

— Epoxide pathway

Scheme S2. Chemical mechanism for m-xylene-OH oxidation.

21

e

CgH,0, CgH4,0,
Bicyclic Bicyclic
carbonyl alcohol

o
OQ/I%/U\
0,
Xy oﬁ
C:H:0; CeHi0;
decomp
i /\J\%’
°§)j\
C;H,0,
RN ﬁ/J\/u\
o
C,H,0, CngOa
decomp @
OQ)L Oj/vl\
H
C;H,0, DAJ\fo
CsHsO; cH
\‘:OOH + Other bicyclic isomers
CSH 1205
Bicyclic
hydroperoxide

QOOH -

Accretion products ROOR’

Not included in the Master
Chemical Mechanism (MCM)



40

dilploy aclohols/phenolsill diacids
100 4 hydroxy-acids B mono-acids
nitro-phenols/aicohols [l oxo-monoacids
& 104
@
Q
5]
£
=2
R
=
@
c
o}
w
014
0.01 -

Figure S1. Calibration results for Vocus AIM in this study.

102 1 ]
C,H,NO. V<3V
y = 0.57x-1.42 TS GO oa) -0
R2=10.70 C¢H,NO, v (Y - )
= T - CHNO, | os o
-~ NO, X ot
o C;H;0;, [
% C7H7N0\3 \v csHﬂ?s 15 16 17 18
C,H.O v
Q_ 7 g~3 8
1 C.H,,0 IV < dVy, <4V -
E CH,,0 -
g 10 s110-3 \ /BM a CH,0, s R’:o_s;« .'.
[ CioH,0, \" 4 . -
am
> GO . C;HNO, v 1= .
'S A =
'2 A\ ch1504 15 16
b= CraHz:0; CHO, .
0 o A\ ®  monoacids "
. O
S 1004 ° ,. Cuti0. e oxo-monoacids dlgg2 4 L
r : N R“=0288 -
n \ CpH,:0; 4 diacids 4 =
.'.\ .E,,Hﬂoz ¥ hydroxy-acids 20 '
CHuO, ¢ nitro-phenols/alcohols o "
T T T 15 18 17
2 3 4 5 6 (miz)"=f
dVy [V

45

Figure S2 Relationship between the sensitivities and the corresponding dVso values of standards in the AIM-CIMS (left). dVso-based
segmented linear fitting of the sensitivity and the product of the square root of m/z and fragmentation ratio (right).
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Figure S5 Calibration of the sensitivity of HO2 radical by Vocus AIM

*. The concentration of HO: radicals was quantitatively determined utilizing LIF. Details about this instrument can be found
in the previous reference(Wang et al., 2021).
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Figure S6 Sampling loss assessment in PFA line (referenced to the signal at a line length of 0.1 m.
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Figure S7 Comparison of ROz concentration in the calibrated system estimated using two methods in the oxidation of (left) toluene
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Figure S8 Temporal evolution of selected species according to the calibration flow tube kinetic model.
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Figure S9 The fraction of RO2 radicals according to the calibration flow tube kinetic model.

25
—25} °
=
(]
o
5
£ 20 | B
°
)
£
>
= 15 k _Lo_
1]
c
Q
(7]
o
2
g °l é
Q
3
1 1
TPS voltages IMR temperature
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