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Influence of PM; s extract concentration on the radical yield.

To assess the influence of the PM; s extract concentrations on our results, we compared the mass-specific
radical yields by different concentration of Beijing PM.s extracts. We found the yield difference is on
average for 37% among all extract samples. However, we did not see clear trend from low to high
concentration of PM_s extracts. Then we showed the PM. s extract concentrations of each sample as well
as the radical yields by different concentration of PM2 s extracts in Figure S1. Figures Sla-1c indicate that
PM_2s extract concentrations of Hyytidld and Mainz samples have narrower range distribution than Beijing
samples. Figure S1d and 1e showed that radical yields by 500 pg mL™ fine PM,s overlapped the yields by
250-6400 pg mL PM. Thus, the concentration of the PM2 s extracts has small impact on our results about
RS yields. To evaluate the influence of PMys extract concentrations on the relative yields of different
radicals, we measured the relative yields of different radicals by Beijing PM2s (n=3) in 250, 500, and 1000
ug mL* PM; s extracts. We found the relative yields of *OH, O,*, C- and O-centered organic radicals have
standard deviations of ~10%, ~9%, ~2%, and ~2%, respectively.

Estimation of the abundance of organic hydroperoxides and humic-like substances in PMzs

Based on the compiled abundance of humic-like substances in PM_s (Table S3), we obtained an averaged
value of 7%, and we assumed that 15% of these PM2s-bound humic-like substances are extractable humic
acid-like substances (Katsumi et al., 2019). Given that the concentration of PM_s in aqueous extracts in this
study ranged from 250 to 6500 pug mL™, thus the estimated concentration of humic acid-like substances
typically ranged from 3 to 70 pg mL™. We assumed that 75% of the PM.s-bound humic-like substances
are attributable to humic acid-like substances, thus the estimated concentration of extractable fulvic acid-
like substances typically ranged from 15 to 350 pg mL™. To simulate the RS formation by Mainz and
Beijing PM,s, we used 4 ug mL? humic acid standard. To investigate the influence of humic-like
substances on the RS formation by Fenton-like reactions, we used 6-180 pug mL™* humic or fulvic acid for
surrogate mixture measurements. HA or FA are used in this study as standard surrogate compounds for
humic-like substances and are known to only partly dissolve in water (Baduel et al., 2009;VVerma et al.,

2015). Thus, it is difficult to generate an equivalent concentration of a HA or FA suspension that can
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represent the water-soluble and insoluble fractions of humic-like substances contained in one ambient PM; s
sample. Only by keeping the initial concentration of aqueous-phase HA or FA known, the chemical reaction
mechanism of the surrogate compounds can be understood gquantitatively. Beyond this, the co-existence of
solid phase and aqueous-phase HA or FA in the surrogate solutions will complicate the chemistry of the
surrogate compounds upon potentially inducing surface adsorption and surface chemistry effects. Thus, for
simplicity, we only analyzed the water-soluble fraction of HA or FA in this study.

To estimate the abundance of organic hydroperoxide in ambient PM.s, we assumed that the mass
fractions of SOA in Hyytiala, Mainz, and Beijing PM2s were 60%, 25%, and 15%, respectively (Jimenez
et al., 2009). We also assumed that 2%, 2%, and 1% of Hyytidld, Mainz, and Beijing SOA mass are
attributable to organic hydroperoxides (Tong et al., 2018), which was assumed to have an averaged
molecular weight of 300 g moL* (Docherty et al., 2005). In this case, the estimated concentration of organic
hydroperoxides in the PM_ s extracts in this study was 5-35 M. To simulate the RS formation by Hyytiéla,
Mainz, and Beijing fine PM2s, we used 50, 25, and 0 uM cumene hydroperoxide (CHP), respectively. To
investigate the RS yield of Fenton-like reactions, we used 50-100 uM CHP.

To note, there is a gap between the concentration of gas phase Oz or *OH in laboratory chamber
experiment and ambient air. In the PAM chamber, one might form atmospherically irrelevant RS under the
high oxidant conditions (Peng and Jimenez, 2020). The distributions and identities of HOM in SOA depend
on the absolute concentrations of Oz or *OH and also the concentration ratio of oxidant to precursor, which
warrants further analysis.

Due to the technique limitation, we are not able to quantify different aromatic or HOM species. In
contrast, the method for quantification of water-soluble transition metals is well-established. Therefore, we
can obtain reliable results on the absolute concentrations of target transition metals in Hyytiald, Mainz, and
Beijing PM or their water extracts.

Selection of SOA precursors
Monoterpenes have been found as major volatile organic compounds (VOC) in Hyytiéla, and o- and f3-
pinene are isomers accounting for > 60% of the total VO C (Kourtchev et al., 2008;Hakola et al., 2012).
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Previous studies found that both a- and p-pinene exhibit high SOA yield upon oxidation by Oz (Lee et al.,
2006;Zhang et al., 2015), and B-pinene SOA exhibits a higher potential in generating RS in water (Tong et
al., 2016;Tong et al., 2017;Tong et al., 2018;Tong et al., 2019). To shorten the collection time of SOA and
minimize the influence of aerosol aging on the aqueous RS detection, B-pinene was chosen as representative
biogenic precursor for the SOA formation in Hyytidla. In contrast, naphthalene has been found as key
anthropogenic VOC in Beijing, which has high SOA yield upon photooxiation and potentially important
contribution to SOA formation in Beijing (Chan et al., 2009;Huang et al., 2019). Recently studies also
indicate that naphthalene SOA are redox-active substances and may play an important role in cytotoxicity
of Beijing PM (Liu et al.,, 2020;Han et al., 2020). Thus, we choose naphthalene as representative
anthropogenic precursor for the SOA formation in Beijing.

The mass-specific radical yield of laboratory-generated SOA is strongly dependent on the abundance
of peroxide-containing highly oxygenated organic molecules (Tong et al., 2019), which may involve in the
radical formation upon thermal-, hydrolytic-, and photolytic- decompositions as well as Fenton-like
reactions in water (Chen et al., 2011;Badali et al., 2015;Tong et al., 2016). Previous studies found that the
mass fraction of organic peroxides in B-pinene SOA (42%) can be two times higher than in Naphthalene
SOA (19-28%) (Kautzman et al., 2010;Tong et al., 2018). Our recent findings also confirmed the positive
correlation of HOM abundance and radical yields by both ambient PM and laboratory-generated SOA
(Tong et al., 2019). Therefore, we suggest that the low abundance of peroxide-containing HOMSs in
naphthalene SOA is the major reason for its lower radical yield than -pinene SOA.

H,0, yield of PM from other sources

The air sample volume-specific and mass-specific H20- yields as well as total RS yields of fine PM from
other sites that different from Hyytidl4, Mainz, and Beijing are shown in Figure S4 and Table S5. Therein
the H20- yields were measured using p-hydroxyphenylacetic acid (PHOPAA) as probe, and the total RS
yields were measured using dichlorofluorescin (DCFH) assay as probe (Lazrus et al., 1985;Wang and
Joseph, 1999;Kalyanaraman et al., 2012). Figure S4a shows that the air sample volume-specific H.O- yields
of fine PM from CRC-AES and different districts of UCLA exhibit a positive correlation with the
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concentration of PM, s (R?=0.60). In contrast, the mass-specific H.O; yields exhibit no correlation with the
PM_2s concentration (R?=0.02, Figure S4b). Moreover, the DCFH-based total RS yields were overall higher
than the H,O, (Table S5), agreeing with this study.

Influence of HA and FA on the radical yields of Fenton-like reactions initiated by Cu?*

Figure S6a shows that the concentration of radicals formed by Cu?* and cumene hydroperoxide (CHP)
mixtures exhibited a positive correlation with the concentration of Cu?*. However, the Cu?* played a less
effective role than Fe?* in initiating Fenton-like reactions via radical formation pathways, with 300 uM Cu?*
and 50 uM CHP produced ~1.8 uM radicals.

Figure S6b shows that as the concentration of Cu?* increased from 15 to 75 uM, the RF of *OH and O*
decreased from ~44% to ~18% and from ~1.6% to ~0.1%. However, the RF of C- and O-centered organic
radicals increased from~39% to ~61% and from ~15% to ~21%, respectively. As the concentration of Cu?*
is increased further to 150 and 300 uM, the RF of *OH, O,*, C- and O-centered organic radicals varied
slightly, reflecting a low reactivity of Cu?* with CHP.

Figure S6c shows that concentration of radicals formed by reactions of 100 uM CHP with 300 uM Cu?*
and HA decreased from ~2.3 to ~1.8 UM as the increasing of HA concentration from 0 to 180 pug mL™.
Beyond this, humic-like substances have been found to exhibit strong copper-binding ability (Kogut and
Voelker, 2001), and 8-fold more Cu?* than Fe?* ions from Melpitz (Germany) PM were expected to be
complexed by humic-like substances (Scheinhardt et al., 2013). We thus inferred that the Cu-HA complex
might significantly influence the reactivity of Cu®* in Fenton-like reactions. Finally, partial of the radical
yield decay in Figure S6a might be caused by the antioxidant effect of HA (Aeschbacher et al., 2012).
Figure S6d shows that as the concentration of HA increased from 6 to 180 pug mL™?, the RF of *OH and O-
centered organic radicals increased from ~17 to ~44% and from ~16 to ~28%, respectively. The RF
variation of *OH, C- and O-centered organic radicals in Figure S6d had a different trend from the results in

Figure 6f, reflecting different impacts of HA on Cu and Fe initiated Fenton-like reactions. Compared to the



increasing RF of *OH and O-centered organic radicals, the RF of C-centered radicals decreased from ~66
to ~28%, and the RF of O,* only varied slightly between 0.8 and 1.5%.

Figure S6e shows that the radical yields of the mixtures consisting of 100 uM CHP, 300 uM Cu?*, and
FA only varied from ~0.9 to ~0.4 uM as the increasing FA concentration from 6 to 180 pug mL™, which
may mainly be associated with the low catalytic effect of Cu?* as well as the formation of Cu-FA complexes.
Figure S6f indicates that as the concentration of FA increased from 0 to 180 pug mL™*, the RF of C-centered
radicals steeply increased from ~57 to ~89%, whereas the RF of O-centered organic radicals and *OH
exhibited overall decrease from ~25% and ~16% to ~3%.

To note, there are multiple sinks of the BMPO-radical adducts, which include the conversion of BMPO-
OOH to BMPO-OH, direct dissociation, and reactions with other reactants (e.g., metal ions and radicals) in
the aqueous extracts of PM (Tong et al., 2018). It remains a challenge to assess the influence of
decomposition products of BMPO-radical adducts on the radical detection in this study, warranting further
studies.

Influence of O2 on the radical formation of SOA

Agueous-phase O, has been suggested to be capable of inducing autooxidation reactions and influencing
the Fenton-like chemistry as well as HOy cycles of organic hydroperoxides in water (Floyd and Wiseman,
1979;Chevallier et al., 2004). We thus compared the radical yields of B-pinene SOA in non-degassed and
degassed water (with ultrapure N for ~1 h and keep the N, exposure during the extraction operation). We
found that OH radicals are always the major species trapped by BMPO and detected with EPR within both
environments. Moreover, ~20% more radicals were observed upon dissolving B-pinene SOA in non-
degassed water (1 mM), reflecting the important role of O in the radical formation by SOA in water. These
experimental results can be explained by our recent modelling analysis, which shows that absence of O
will lead to the recombination of C-centered radicals R* and interrupt formation of peroxy radicals and

superoxide radicals from R* (Tong et al., 2017;Tong et al., 2018). In this study, measurements were



conducted under ambient, non-degassed conditions. We assume that the concentration of oxygen in the

aqueous phase (~0.29 mM) is determined by Henry’s law and remain constant over reaction time.



Table S1. Sampling information and mass concentrations of fine particulate matter (PMz5s).

. . . PMz2s Flow rate ~ Sampling . . Sample
City Location PM size concentration (L min’) time (h)@ Sampling period numbers
(pg m®)
o 61.51°N,
Hyytiala 24 17°F <2.5um 4.6+1.1 30 48-72 31 May-19 July 2017 11
- 49.99°N, 22 Aug.-17 Nov. 2017
Mainz 8.93°E 0.056-1.8 um 15.5+0.8 30 24-54 23-31 Aug. 2018 11
20 Dec. 2016-13 Jan.
116.31°E, 2017
Beig  "39ggey <25 Hm 201.5:46.3 30 524 6 Nov. 2017-17 Jan. 20
2018

8 The sampling time is for one filter
® MOUDI: Micro-Orifice Uniform Deposition Impactor (122R)



Table S2. The range of hyperfine coupling constants that used to fit the BMPO adducts.

Hyperfine coupling constant (G)

Spin adduct
an ag aL
BMPO-OH1 12-16 11-12  0.5-0.9
BMPO-0OH2 14-15 13-14  0.6-0.7
BMPO-OO0OH1 13-14 8-10 —
BMPO-O0OH2 13-14 11-13 —
BMPO-C-centered radicals 14-16 21-23 —

BMPO-O-centered organic radicals  14-16 17-18 —




Table S3. Abundance of humic-like substances in ambient PM,s.

. ' PMas humic-like  humic-like

Location Time/event (g m?) substances  substances Reference
(ug m?) IPM2s (%)

Lanzhou Winter 120.47 7.24 6.0 (Tan et al., 2016)
Lanzhou Summer 34.12 2.15 6.3 (Tan et al., 2016)
Lanzhou Annual 77.29 4.7 6.1 (Tan et al., 2016)
Lanzhou Haze 182.08 10.06 5.5 (Tan et al., 2016)
Lanzhou No-haze 51.65 3.49 6.8 (Tan et al., 2016)
Lanzhou Snow 80.69 4.62 5.7 (Tan et al., 2016)
PRD? Annual 2007-2008 49 4.9 10.0 (Linetal., 2010)
Guangzhou  Annual 2009 56 4.8 8.6 (Kuang et al., 2015)
Beijing Winter 2011 108 8.9 8.2 (Lang et al., 2017)
Beijing Summer 98 55 5.9 (Li etal., 2019)
Beijing Autumn 58 5.6 94 (Lietal., 2019)
Beijing Winter 150 12.3 7.9 (Li etal., 2019)
Beijing Spring 120 6.5 4.8 (Lietal., 2019)
Average 91.2 6.2 7.0

PRD: Pearl River Delta Region in China
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Table S4. Measurement results for investigated aerosol samples: air sample volume- and mass-
specific concentrations of aqueous-phase radicals and water-soluble metal ions in water.

Radicals Water-soluble transition
(pmol m3) metals (pmol m3)
Location H,0, ‘OH C- O- 0,* Fe Mn  Cu \Y Ni
(pmol m'3) centered  centered
organic
Hyytidla 10.2+7.9 0.4 2.2 0.1 0.02 26.0 4.9 31 25 0.04%
+02 +14 +0.1 + +16.0 + +12 +17 001
0.01 4.8
Mainz 466 £16.6 2.1 1.8 0.2 0.1 269.0 280 550 29 12
+13 07 +2 +0.1 +113.0 + + + +04
120 170 038
Beijing 1959+ 3.6 2.5 0.3 0.2 3300.0+ 640.0 4520 23.0 51.0
118.1 +26 £17 +0.2 +03 23000 = +  f
531.0 385.0 23.0 25.0
Radicals (pmol pg?) Water-soluble transition metals (pmol pg
)
Location H20. ‘OH C- O- (oFe Fe Mn Cu V Ni
(pmol pgd) centered  centered
organic
Hyytidla 1.9+0.9 0.08+x 0.5 0.03 0.01 55 1.0 0.7 05 0.01
0004  +02 +0.01 + +15 +05 +03 * %
0.01 0.2  0.003
Mainz 33x1.1 02+ 0.1 0.02 0.01 18.0 1.9 3.9 0.2 0.08
0.1 +0.07 +0.02 + +4.9 +07 +06 * &
0.01 0.03 0.03
Beijing 3.4+5.6 0.04+ 0.02 0.003 0.002 20.0 4.5 2.3 02 05
004 +002 +0.002  * +7.0 +26 +04 *  +05
0.002 0.2
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Table S5. Statistic of H,O or RS yields of ambient PM in water at different locations.

H,0;, or RS

H,0, or RS

o B o
Sampling site PMtype PM (ugm3) Sampling time Method Analyte (pmol m?) (pmol pg™) Reference
Hyytiala PM2s 5+2 Jun-Jul 2017 MAK165 H.0, 10.2+7.9 1.9+0.9 This study
. . May 2014-Jan (Arellanes et
UCLA Pacific coast  Fine 13+ 10 015 PHOPAA+HRP  H;0O» 12+9 1.0 £0.9 al, 2006)
MPI-C at Mainz PMys 16+2 Aug-Sep 2017 MAK165 H.0, 46.6 + 16.6 33+1.1 This study
UCLA PMzs 16+7 2009-2010  PHOPAA+HRP  H0; 47 %21 3.0£2.0 (Wzrg)gl;; al.,
CRC-AES, UC i 5 (Wang et al.,
S vereide PMzs 1946 Jun-Aug 2008 PHOPAA+HRP  H;0,  (27%2.1)x 10 14+16 2019)
UCLA freeway site Fine 23+8 Jan-May 2004 PHOPAA+HRP H.0, 17 £90 07+1.1 (ﬁ:ellzaggg)et
UCLA Pacific coast ~ Coarse 26+ 15 Jul 2004 PHOPAA+HRP  H;O» 31+9 1.2+0.6 (gze'g"ggg)et
UCLA freeway site  Coarse 27 £33 Jul 2004 PHOPAA+HRP H20- 15+9 06+03 (g:euza(?gg)m
UC Riverside 3 (Wang et al.,
Campus PMss 39422 Aug2005  PHOPAA+HRP  H.0,  (1.2+1.1)x10 28.0 £ 20.0 2019)
UCLA campus Coarse 46+ 22 Aug2005  PHOPAA+HRP  H,0, (5.0 2.4)x 10° 141+9.4 (Wazrz)glgg al,
UCLA upwind i 3 (Wang et al.,
e Coarse 97+27  Jun-Aug2008 PHOPAA+HRP  H,0;  (1.0+0.4)x 10 10.9 5.3 2010)
Beijing PMzs  201x160  DSC2OTIN makies H0; 195.9 + 118.1 34456 This study
L i (Hung and
Taipei Coarse 7.5+£2.8 Jul-Sep 2000 DCFH+HRP RS 64 + 33 85+11.8 Wang, 2001)
Bern PMzs 10£5 Nov 2014 DCFH+HRP RS (4.9 +2.9) x 102 50 (Zhg(‘)‘l‘;t)a"’

12



Atlanta

Atlanta
Atlanta

Atlanta

London
Singapore (campus)

Taipei
Singapore (curbside)

Milan (traffic site)

Milan (low emission
Zone)

Milan (traffic site)
Beijing
Beijing
Beijing

Milan (traffic site)

Rubidoux, CA

Rochester, NY

PM2s

PM2s

PM2s

PM2s

PM2s

PM2s

PMs.
PM2s
TSP
TSP
TSP
PM:s
PMz2s
PM2s
TSP
PM:s

PM2s

10.5+3.2

115+43
13.2+4.8

13.2+5.4

5-28

507
52 +19
57+£19

5-110
74 £ 58
79 +£59
129+ 60

not reported

not reported

12-17 Jul
2012
8-31 May
2012

8-29 Jun 2012

3-31Jul 2012

not reported
Dec 2005

Jul-Sep 2000
Dec 2005
July 2013
Oct 2013
Oct 2013

Aug-Sep 2015
Dec 2014
Apr 2015

Jan-Feb 2013

Jul 2003

Aug 2009

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

(1.6 £0.2) x 102

(2.6 £0.1) x 102
(1.4 +0.1) x 102

(2.4+0.1) x 102

(0.4-2.4) x 10*
(5.7 £0.7) x 10°

(5.4 +0.5) x 102
(1.5+0.2) x 10
(1.4 £0.7) x 102
(2.0 £ 1.1) x 102
(2.4 +1.3) x 102
(0.2-3.6) x 10
(1.3 £0.5) x 10*
(5.8 £ 2.6) x 10°
(3.6 +0.8) x 102
(4.7 £0.4) x 10°

(8.3 £2.2) x 10°

148+ 45

226+3.0
106+1.9

18.2+1.8

not reported
0.3

17.6 £29.2
460
2.73+£1.29
3.74+1.41
4.02£1.77
not reported
179.6 £ 87.8
73.6+434
2.99+152
not reported

not reported

(King and
Weber, 2013)
(King and
Weber, 2013)

(King and
Weber, 2013)

(King and
Weber, 2013)
(Wragg et al.,

2016)

(See et al.,
2007)

(Hung and
Wang, 2001)
(See et al.,
2007)
(Perrone et
al., 2016)
(Perrone et
al., 2016)
(Perrone et
al., 2016)
(Huang et al.,
2018)
(Huang et al.,
2016)
(Huang et al.,
2016)
(Perrone et
al., 2016)
(Venkatachari
et al., 2005)
(Wang et al.,
2011)
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Figure S1. (a-c) Concentrations of PMzs in aqueous extracts of each filter samples. (d) Mass-specific
radical yields by different concentrations of PM_ s in water versus the concentration of ambient PMg in air.
(e) Air sample volume-specific radical yields by different concentrations of PM versus the concentration

of ambient PM.s. The error bars denote the standard errors (11-20 samples per location).

14



(@) 0.8- (% 5
S 06- 0% 0} o)
=2
~ 0.4
o)
T 0.2-
0.0+

| ] ] | | 1
0 20 40 60 80 100
Extraction time (min)

(

(e}
S
o
N
]

|

< 0.154 O o0 o o

o

-

o
1

0.05
0.00

Transition
metals (UM

I I I | I 1
0 20 40 60 80 100
Extraction time (min)

Figure S2. (a) Temporal evolution of H>O> concentration in water extracts during the extraction process.
Error bars represent standard deviation of duplicate measurements. (b) Temporal evolution of water-soluble
transition metal concentration in water extracts during the extraction process. The H,O- and transition metal
concentrations became constant after ~15 min’s extraction. The filter used for these tests was collected at

Mainz from 25 to 27 Oct. 2017.
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PM in neutral saline (yellow column) and pure water (blue column). The error bars represent standard

deviations of mean (11-12 samples per location).
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Figure S5. Correlation of (a) highly oxygenated organic molecules (HOM), (b) aromatics, and (c) water-
soluble transition metals in ambient PM. s with mass-specific yields of observed aqueous-phase H2O,. The
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Figure S6. (a, ¢, €) Concentration of totally formed radicals (spins) and (b, d, f) RFsin of individual radicals
in aqueous mixtures comprising CHP, Cu?*, HA, or FA. The concentration of CHP in (a) and (b) is 50 pM.
The concentrations of CHP and Cu?* in (c-f) are 100 and 300 uM. The error bars in (a) to (d) represent
standard errors of the mean (3 -5 samples per data point, a, b). The error bars for x- and y-axis in (e) and (f)
represent experimental uncertainties of the solution concentration and signal integration of EPR spectra,

respectively.
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