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Section S1. Comparison between AMS and SMPS Measurement

The raw measurements of aerosol mass concentration from AMS and SMPS were given in Figure S1 (al-a3).
AMS measured SOA track very well with SMPS integrated mass (assuming SOA density as 1.5 g cm=) before
adding seed particles, which could be well predicted by the condensation of HOM vapors formed in the gas phase,
although a factor of 1-1.3 was used to scale the modeled SOA. According to the gas-particle partitioning theory,
more volatile compounds start to condense and contribute to SOA as the accumulating of SOA mass. This
explains the factors applied when we compared the modeled and measured SOA for experiments No. 2&3 (about
25% and 30% more SOA formed than the sole condensation of HOM, respectively).

However, large discrepancies showed up after adding NaCl seed particles. There might be influence from
heterogeneous reactions, but the main reasons for this smaller increase of measured SOA than expected (in spite
of the large decrease of HOM after adding seed particles in Fig. 2) include: 1) changing of the collection
efficiency (CE) of AMS as previously reported (R. Bahreini, 2005). It was pure organic aerosol but gradually
changed to external and/or internal mixed particles with NaCl after seed injection. The overall phase state of
particles (e.g. from liquid to solid) would change the collision behavior between particles and the vaporizer of
AMS, resulting in large changes of CE (negative direction, in this case, owing to more particle bounce). 2) Higher
evaporation temperature of NaCl particles than 600 °C (used by AMS) might have negative effects on the
evaporation of SOA particles.

In order to separate SOA mass from NaCl seed particles, we combined predicted SOA mass from the kinetic
model described in Section S2 with SMPS and AMS measurements, following steps: 1) using the box model to
estimate expected SOA mass enhancement after adding NaCl seed particles, based on the gas phase HOM
concentration and condensation sink, which predicts the SOA growth well before adding seed particles (dashed
blue lines in Fig. S1). 2) Seed particle number concentrations (NaCl density of 2.17 g cm=) measured before they
were added into the chamber along with the dynamic dilution inside the chamber were used to estimate its mass
concentration. 3) SOA mass estimated from step 1 and NaCl mass estimated from step 2 were put together,
compared to the total integrated aerosol mass from SMPS measurements. Note that a mass-weighted density of
1.65-1.77 g cm? for bulk SOA mixed NaCl particles were used to convert SMPS measured number concentration
to mass concentration, assuming spherical particles without internal voids. After adding seed particles, a slightly
higher scale factor of 1.3-1.6 were applied for modeled SOA to be consistent with SMPS measurements, owing
to enhanced condensation of more volatile compounds onto those added particle surfaces. Although the relatively
good comparisons between the reconstructed particle mass and the measurements (Fig. S1 b1-b3) suggest the
feasibility of this method, there are large uncertainties during the estimation (e.g. particle density and HOM
concentration). Thus, we intended to show that qualitatively SMPS and AMS measurements were comparable,
and the scaling factors were mainly introduced to make modeled and measured mass concentrations consistent
with each other.
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Section S2. Description of Box Model
S2.1 Chemical Reactions

A box model was used to simulate the steady-state concentrations of reactants and some products inside the
chamber. The main chemical reactions, rate constant (at 298K, adopted from Master Chemical Mechanism, MCM
(Saunders et al., 2003)), and physical parameters used in this work were summarized in Table S1. We greatly
simplified the complex a-pinene and Os/OH/NO; reactions and focused on HOM related RO, unimolecular and
bimolecular reactions. For example, the rate constants of RO> intramolecular H-shift could vary several orders
of magnitude depending on the number of atoms within the cyclic H-shift transition state and the chemical
environment of that H atom (Bianchi et al., 2019). Thus, the autoxidation (at the microsecond level) is treated to
be finished instantly in this work (lyer et al., 2021). Then, an initial distribution of RO, was achieved and
expressed explicitly as the first step for different oxidants (Table S1), which are comparable with previous/this
chamber measurements and model parameters (Rissanen et al., 2015; Mentel et al., 2015; Kirkby et al., 2016;
Kurtén et al., 2017; Molteni et al., 2019; Schervish and Donahue, 2020). However, under conditions of high
concentrations of RO/NO/HO., the bimolecular reactions could change the distribution of peroxy radicals,
because some of the RO, will react with another partner before they undergo further autoxidation. Therefore, the
model may overestimate the HOM yield under these conditions, but the monomer and dimer formation are
intertwined among many chemical reactions and we did not test the sensitivity of this assumption quantitatively.
Another set of reactions that is not included in the model are the semi-/intermediate-volatility organic compounds
(S/1VOC) oxidation, which probably will not react with O3 but are reactive towards OH or NOgs, thus may affect
the results (Perakylé et al., 2020). However, the near linear relationship between total gas phase HOM vs. steady
state a-pinene and Oz reaction rate indicates that ozonolysis of a-pinene dominate the HOM formation even
without OH scavengers (Ehn et al., 2014; Jokinen et al., 2015). Overall, we tried to use a simplified box model
as support to interpret the main process inside the chamber. More detailed and accurate kinetic parameters,
including the H-shift rate constants and branching ratios of RO, need further work.

Details about the estimation of HOM monomer and dimer concentrations are described as below. RO represents
all kinds of peroxy radicals that are not directly related to HOM formation (they could react with another HOM
related RO- to indirectly influence HOM formation). The subscript numbers of HOM related RO46s10 are
numbers of O atoms in corresponding peroxy radicals (i.e. two from the initial carbonyl functional group and
every extra two O atoms represents one step of further autoxidation). ROgg10 could either end up as HOM
monomers forming a carbonyl from the last H-abstraction in a unimolecular way, or react with another ROg .10
to form HOM monomers, HOM dimers, or alkoxy radicals (RO, assuming that RO generated from ROg g 10 Will
end up as HOM). However, the only way RO. could contribute to HOM formation is bimolecular reactions with
ROs 5,10, but the RO formed from this pathway are partly from RO4and will be taken away from the products by
a subjectively determined branching factor that best fits the measurements. Note that the bimolecular reaction
constants used in this work (>1e-11 cm® molecule™ s™) are comparable to those used by (Molteni et al., 2019;
Berndt et al., 2018), which are higher than those suggested (< 1e-11 cm® molecule™ s) in MCM (Zhao et al.,
2018). The cross-reaction rate constant (RO,? with RO,®, kap) was estimated based on self-reaction rate constants
of each type of RO (ka and k»), using the formula kas~= 2(kaks)®°. Finally, even the unimolecular and bimolecular
rate constants used to simulate the COALA chamber measurements had large uncertainties, literally, it is their
relative values (competition between the wall loss and particle loss) that determined the final dimer to monomer
ratios.

Based on the a-pinene and O3z experiments, CO or NOx was added to the model to investigate their effect on the
distribution of HOM products. The importance of bimolecular reactions of RO, with HO, was considered for CO
experiments (HO, terminated monomer, HOM_MonomersHO,). For NOyx experiments, both the UV lights off
and on were simulated. The photolysis rate constant of NO; to form NO was determined during three tests, during
which only NO; was injected into the chamber, then NO and O3 were formed with a molar ratio of near 1:1. Note
that the UV lights (400 nm) used in this work was not enough to photolyze ozone and had very limited quantum
yields for aldehydes.
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S2.2 Other Parameters

Parameters of the corresponding physical process were given at the bottom part of Table S1. The injection rate
of a-pinene and Os are determined by their concentration in the total inflow as the only source. The flush-out rate
is determined according to their instant concentration and the total flush-out flow rate (as in Fig. 2b), which is
similar for a-pinene, Oz, and NOy but is relatively a slow process for HOM related molecules (e.g. RO, RO, or
closed-shell products) comparing to other sinks. Five tests with either Oz or NO> were conducted to fit their decay
(i.e. flush-out) rate constant k_flushout (= 0.0033 + 0.0001 s*), which is quite consistent with the residential time
within the COALA chamber (50 min*t = 0.0033 s, 2 m® chamber with 40 LMP total flow). This result indicates
that the COALA chamber was well mixed. The loss rate of HOM onto pre-existed particles (i.e. condensation
sink, k_CS_HOM) was estimated using SMPS measured size distribution of total aerosol particles for each
experiment (Dal Maso et al., 2002). The diffusion coefficient of HOM vapors was estimated according to (Tang
etal., 2015; Fuller et al., 1966), with ~0.045 and ~0.03 cm? s for monomers and dimers, respectively. However,
this parameter only considers the kinetics of HOM vapors, while the volatility also plays an important role in the
overall uptake. It has been reported that some HOM monomers are probably located in the SVOC range, and thus
may re-evaporate after their condensation (Kurten et al., 2016). In fact, the decrease of D/M in the gas phase after
adding seed particles in this work indicate that even when higher CS was calculated for monomers kinetically,
the dimers condensed more efficiently because of lower volatility (Fig. S7d). The loss rate onto the chamber
walls (k_wall_HOM) was determined after the end of one experiment, during which the measurements continued
for another half an hour after we stopped the injection of Os and AP. Thus, the wall loss rate, being ~0.002 s,
was estimated by taking the difference between the total loss rate of HOM and previously determined loss rates
(k_wall_HOM =k_total - k_flushout - k_CS_HOM).

The SOA mass concentration was predicted to be solely due to the condensation of gas-phase HOM. Without
measurements that constrain S/IVOC (thus not included in this simple box model), HOM species were expected
to dominate SOA formation under low SOA conditions (which is the case for experiments conducted in this work,
Sec. S2). Thus, we assigned the excess SOA mass to condensation of other vapors which are not HOM. The loss
rate (k_total = k_flushout + k_wall_SOA) was determined during two decay tests, with values lower than the
flush-out rate (0.00025~0.00032 < 0.00033, s!), which indicates that the re-evaporation of S/IVOC from the
chamber wall may contribute only slightly to the SOA mass. In addition, all potential chemical degradation/aging
of HOM in both the gas and particle phases were not considered in this simple box model. Overall, we only
included the flush-out as the sink for SOA particles (i.e. the direct wall loss and heterogeneous/particle phase loss
of SOA were not investigated or regarded as negligible in this work).

Table S1. a-pinene (AP) reactions, rate constants, and physical parameters used in this work.

# Reaction Rate constant
AP + O3 2 0.2*RO; + 0.7*R0O; + 0.01*RO¢ + 0.06*ROg + 0.03*R0O10 + | 8.4e-17
0.8*OH + 0.001*HO>
AP + OH - 0.01ROg + 0.01*RO40 + 0.98*RO; 5.3e-11
AP + NO3 - RO,_NOs 6.2e-12
ROg510 2 HOM_Monomers (H-shift) 0.05
RO, = other products 0.05
RO,_NO; = pinonaldehyde + NO; 0.1
ROg510 + ROgg 10 = al*HOM_Dimers + (1-al)*HOM_Monomers 8e-11
RO4 + ROgg10 = a2*HOM_Dimers + b2*HOM_Monomers + (1-a2- 2e-11
b2)*RO
ROgs10 + HO, = a3*HOM_Monomers + (1-a3)*HOM_MonomersHO, le-11
ROgs10 + NO = a4*HOM_MonomersN + (1-a4)*other le-11
k_flushout 3.3e-3
k CS_ HOM 5e-3~1.3e-2
k_wall_HOM 5e-3
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130  Figure S1. Time series of particle phase measurements of experiment No. 1-3. (al-a3) Integrated mass based on

SMPS measurements (assuming a density of 1.5 g cm=), organic and chloride mass concentrations from AMS
measurements. The blue dashed line shows the modeled SOA formed by the condensation of HOM vapors. (b1-
b3) Reconstructed NaCl and SOA mass concentrations from the method described in Section S1.
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Figure S2. Mass defect plot of gas phase signals (30-min average) measured in experiment No. 3 (input flow
concentration as 120 ppb a-pinene and 33 ppb Os). The data points are identical in each panel, except for the
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unknown peaks (unidentified) or not HOM compounds according to the nomenclature of “HOM” (Bianchi et al.,

2019).
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Table S2. Comparison of main particle phase compounds (by a-pinene and O3 reactions) identified by a NOs-
195  CIMS used in this work and other techniques. The chemical formula of main monomers and dimers are roughly
list according to their relative abundance in SOA, if the concentration was measured/reported.

(Muller et | (Kristensen (Zhang et (Pospisilova

Thiswork 1 5 9009) | etal, 2020) | al.2015) | etal., 2020)
NOwCIMs | HPLCIFTI | "UHPLC/EST | UHPLC/ES | ‘EESI-TOF
CR-MS | -qTOF-MS | I-gToF-MS

Monomer

Ci10H16098,7,106 | C10H160456 | CoH140435 CoH14034 CoH14045
C10H14089,107 | CoH1204 C10H160346 C10H1603,46 | C10H16065.4,738
CoH140789 CgH14056 C10H14045 C10H14045 | CgH1204

CgH12076 CgH120456 | CsH12046 CgH12,04 C10H140s
CoH1206,8 CsH14045 CsH140s6 CsH1405

CsH1406

Dimer

C17H26089710 | C17H26067,8 | C17H2608759 | Ci7H260568 | C17H26087
CioH2s00 10811 | C1H2s0676 5319H2807,e,5,8, C19H28079 | C19H2809
Ci18H28098,10,11 | C10H2807 C10H3008567 | C16H24068 | C19H300s
C16H2607,8,9 C19H3007 Ci18H2806,789 | Ci1sH2807 C20H3209,10,11
C16H24089,7 C16H26067 | C16H24067,8 C17H2809 Ci16H2607
C18H2609,108 C16H2408 Ci16H2606,7,9,10 | C16H260s
C19H3009,10 C17H28078 Ci18H2608
C17H2409 C18H30010
C17H28098
C18H3009,10
C20H3009,10,11,12
C20H320109,11.8

Notes:
2HPLC/FTICR-MS: High-Performance Liquid Chromatography and Fourier Transform lon Cyclotron
Resonance-Mass Spectrometry.

200 PUHPLC/ESI-qToF-MS: Ultra-High Performance Liquid Chromatography/Electrospray lonization Quadrupole
Time-of Flight Mass Spectrometry.

°EESI-TOF: Extractive Electrospray lonization Time-Of-Flight Mass Spectrometer.
dDerivatization with 2,4-dinitrophenylhydrazine (DNPH).
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Table S3. Comparison of particle phase N-containing compounds (by a-pinene and NOs reactions) measured
215 by a nitrate-CIMS used in this work and other techniques. The chemical formula of main monomers and dimers
are roughly list according to their relative abundance in SOA, if the concentration was measured/reported.

This work, nitrate-CIMS (Nah et al., 2016)
a-pinene, monomer *FIGAERO-I-CIMS
lights off lights on b-pinene + NO3 a-pinene + NO;
CoH15NOg 10,87 C10H1sNOg10911,127 | C10H1sNOeg 759 C10H15sNOg 95
C10H17NO1011,1298 | C10H17NOg 108,11 C10H17NOg 79654 | CaH13NOs
C10H15sNO11810912 | CoH13NOgg 7,10 C10H13NOe¢ 789 C1oH16N207
CoH13NOgsg 710,11 CgH15NO10897 C10H10NOs 6,78
C10H19NOsg,10 C10H13NOgg 10 CoH13NO7896
CegH11NOg 10,78 CsH13NOg 10,78 CoH15NO7896
CsH13NOg 1078 CgH11NOg 7,9.10 CsH11NO768,9
C10H18N2011,12 C10H16N2012,13.14 CsH13NO768

C10H16N2012,1314 C10H1aN2012.11

a-pinene, dimer
C19H31NO11.12,13
C19H20NO10,128
C20H3:NO12,11,13.10
C17H25NO1o
C17H27NO1011.12
C18H20NO10,11.12
C2o0H33NO1211,1310
Ca0H20NO12,1310,11
C19H27NO1211,10

Notes:
2FIGAERO-I-CIMS: Filter Inlet for Gas and AEROsol — lodide — Chemical lonization Mass Spectrometer.
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Table S4. Summary of elemental ratios of SOA and HOM (formed from ozonolysis of a-pinene under various
235  conditions) measured in both the gas and particle phases.

_— gas phase particle phase references
description | " APi-TOF AMS
H/C O/C H/C O/C SOA | method
1.38- 0.29- | 0.5-140 | AA (Shilling et al.,
AP +0s / / 151 | 046 2009)
57-183 AA (Chhabra et al.,
/ / 1.47 0.43 2010)
1.5 0.7 1.5 0.6 5-10 1A (Ehn et al., 2014)
0.44- / 1A (Claflin et al.,
15 0.8 1.4-1.6 0.76 2018)
/ / 1.59- 0.26- 6-100 1A (Jensen et al.,
1.71 0.56 2021)
/ / (Molteni et al.,
/ 0.7-0.81 / / 2019)
1.48- 0.43- 3-15 1A This study
1.51 | 0.79-0.8 153 0.45
AP +0;+CO | 151 0.79 1.53 0.43 ~10 1A This study
AP + O3 + 151 0.78- 1.52- 0.34- 3-10 1A This study (lights
NOy ' 0.83 1.54 0.42 off)
AP + O3 + 148 0.84- 1.53- 0.40- 2-15 1A This study (lights
NOx ' 1.02 1.54 0.48 on)

Notes: elemental ratios adopted from previous studies using the AA method (Aiken et al., 2008) could be
converted to 1A methods by scaling an empirical factors of 1.27 and 1.11 for O/C and H/C ratios, respectively
(Canagaratna et al., 2015). SOA mass in above table was given in unit of ug m=,
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