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Abstract

The reactions of biogenic volatile organic compounds (BVOC) with the nitrate radical

(NOs3) are major night-time sources of organic nitrates and secondary organic aerosol (SOA)
in regions influenced by BVOC and anthropogenic emissions. In this study, the formation

of gas-phase highly oxygenated organic molecules-organic nitrates (HOM-ON) from NOs-

initiated oxidation of a representative monoterpene, B-pinene, was investigated in the

SAPHIR chamber (Simulation of Atmosphere PHotochemistry In a large Reaction

chamber). Six monomer (C = 7-10, N =1-2, O = 6-16) and five accretion product (C = 17-

20, N =2-4, O = 9-22) families were identified and further classified into first- or second-

generation products based on their temporal behavior. The time lag observed in the peak

concentrations between peroxy radicals containing odd and even number of oxygen atoms,

as well as between radicals and their corresponding termination products, provided

constraints on the HOM-ON formation mechanism. The HOM-ON formation can be

explained by unimolecular or bimolecular reactions of peroxy radicals. A dominant portion

of carbonylnitrates in HOM-ON was detected, highlighting the significance of
unimolecular termination reactions by intramolecular H-shift for the formation of HOM-

ON. A mean molar yield of HOM-ON was estimated to be 4.8% (-2.6%/+5.6%),

suggesting significant HOM-ON contributions to the SOA formation.

Keywords: NOs radical, biogenic volatile organic compounds, organic nitrate, secondary

organic aerosol, anthropogenic-biogenic interaction, night-time oxidation
3



43 Synopsis: The reactions of nighttime anthropogenic oxidants with biogenic organics form
44 low-volatile vapors, potentially contributing a large fraction of particulate organic matter.
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Introduction

Biogenic volatile organic compounds (BVOC), such as isoprene (CsHs) and monoterpenes
(Ci0Hi6) emitted from terrestrial vegetation, constitute a large fraction of global gas-phase
organic compounds.' In the ambient conditions, BVOC are primarily oxidized by OH in
the daytime,> ®> NO3 radicals at night-time,* > and O3 during both day- and night-time.%’
These reactions are believed to be the dominant contributor to the formation of secondary
organic aerosols (SOA), influencing regional and global climate, air quality, and human
health.® ? Compared to SOA formation from OH- and Os-initiated oxidation of BVOC,
night-time NO3 oxidation of BVOC has been less investigated, but these reactions are
highly relevant in ambient conditions, particularly in regions influenced by anthropogenic
NOx (NO + NO3) and natural BVOC emissions.!%!? Reactions of BVOC + NOs3 can form
organic nitrates (ON), which serve as a temporary or permanent sink for NOx and affects
regional O3 budgets and nitrogen cycles.'> ' Due to their semi-/low-volatility, ON can also
partition into the condensed phase participating in SOA formation. The results from the
Southern Oxidant and Aerosol Study (SOAS) have shown that a large fraction of night-
time SOA formation can be explained by reactions of BVOC + NOs3, about half of which
is from monoterpenes + NO3.!> Therefore, this anthropogenic-biogenic interactions
between NO3 and BVOC, especially monoterpenes, is critical to understand night-time

SOA formation.
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Among the monoterpenes, B-pinene has high emission rates (being the second most
abundant monoterpene, after o-pinene),'® high reactivity with NO3 (with a second-order
rate constant of 2.5x107'2 cm?® molecule™ s at 298 K),!” and high SOA yields with NO3
(with SOA mass yields of 27-104%'%23 compared to 0-16% for a-pinene?*2%). The reaction
of B-pinene with NOs3 contributes a significant fraction of the SOA produced by
monoterpene + NO3 and was therefore often selected as a representative monoterpene in
recent laboratory studies.!> 12! 26 Previous studies have investigated B-pinene + NOs,
mostly focusing on the determination of the SOA yield, chemical characterization of
particle-phase products, and possible formation mechanism of products containing a low
number of oxygen atoms. For example, Fry et al.'!” measured the SOA yield. Boyd et al.?°
additionally found that neither humidity nor peroxy radical fate affects SOA yields,
determined ON fraction in the aerosols, and proposed a formation mechanism of the
detected gas-phase ON (CioHisNOsgs and CioH17NOa;s), which are formed by the
bimolecular reactions of ROze. Claflin and Ziemann?! observed monomers (Cio ON),
dimers (C20 ON), and trimers (C3o ON) in the particle-phase products from reactions of 3-
pinene + NO3 and highlighted oligomerization reactions in the particle-phase mechanism.

Despite previous efforts by a number of laboratory studies, the understanding of the
chemistry of B-pinene with NOs, especially regarding gas-phase reaction products
containing a high number of oxygen atoms, is still incomplete. In particular, highly

oxygenated organic molecules-organic nitrates (HOM-ON), a new class of gas-phase
6



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

compounds containing at least 6 oxygen atoms,?” have been recently observed and found
to play a potentially significant role in SOA formation in the NO3 oxidation of BVOC:s,
including B-pinene.”®* Nah et al.*® observed a series of HOM-ON of C7-10 with 4-9 oxygen
atoms in both particle- and gas-phase products of NO3 oxidation of B-pinene. Takeuchi and
Ng3! additionally observed a substantial contribution of accretion products such as
C20H32N20s-11 in the particle phase. These HOM-ON are known to be formed in a short
time-scale via autoxidation,*® which involves successive intramolecular H-shifts in peroxy
radicals (RO2¢*) and subsequent O2-addition,* ** resulting in an oxygenated RO2* radical
reaction chain, shown in Scheme Sla. Recent studies have summarized general RO2¢

reactions,”” 33

with the most critical ones shown in Scheme S1b-j. Via bimolecular
reactions with ROze, HO2¢, or NO3, the ROz autoxidation chain will either be terminated
to form a set of closed-shell products (Scheme S1b-d, g-j), including hydroxyperoxide,
alcohol, carbonyl, and accretion products, or be continued via the formation of alkoxy
radicals (RO, Scheme Sle-f). Unimolecular termination pathways generally lead to the
formation of carbonyls (Scheme S1h-i) or epoxides (Scheme S1j).*> However, the specific
HOM-ON formation mechanism remains elusive for the B-pinene + NOs system. In
addition, the knowledge of the chemical composition of HOM-ON is incomplete and their
contribution to SOA formation is unquantified.

In this study, experiments of NOs-initiated oxidation of B-pinene were performed in

the SAPHIR chamber in Jiilich, Germany (Simulation of Atmosphere PHotochemistry In
7
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a large Reaction chamber). A large number of HOM-ON were identified and quantified.
An example formation pathway was proposed and further constrained based on the time
series. An estimate of production yields of these HOM-ON formed from the B-pinene +
NOs reaction was provided to evaluate their role in the SOA formation.

Experimental and Methods

Experimental Setup. The experiments were performed in the SAPHIR chamber at
Forschungszentrum Jiilich, Germany. It is a double-walled Teflon chamber with a volume
of 270 m>. A detailed description of SAPHIR can be found elsewhere.’* 3> Before the
experiment, the chamber was purged with synthetic air at ~330 m® h™! for about 4 h to clean
the chamber and eliminate any interference from previous experiments. During the whole
experimental period, the chamber was kept under an over-pressure of 35 Pa, leading to a
dilution rate of 1.5x107 s’!. The shutter system was closed to prevent photochemical
reactions, including NOs photodissociation. A fan was continuously operated to mix the
trace gases with homogenization within 2 min.

Experiments were designed to probe the time series of gas-phase HOM-ON formed
from B-pinene + NO3, with the detailed experimental procedure shown in Figure S1. First,
ozone was added into the chamber, followed by NO:2 to form in-situ NO3 radicals along
with the simultaneous formation of dinitrogen pentoxide (N20s) as per the reactions below
NO, + 03 - NO; + 0, (R1)

NO; + NO, & N,05 (R2)
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Through the equilibrium with N2Os, sufficiently high concentrations of NOs radicals were
ensured. A concentration ratio (~2:1) of NO2 and O3 was selected to ensure that more than
98% of B-pinene reacted with NOs radicals instead of O3 during each experimental period,
as shown in Figure S2. About 16 min after NO2 addition, concentrations of NO3 and N20Os
reached 90 ppt and 1.5 ppb, respectively, and B-pinene was added into the chamber,
initiating the oxidation reaction. Another two [-pinene additions were deployed at
respectively 50 min and 100 min after the first -pinene addition. Later on, 12 ppb O3 and
16 ppb NO2 were introduced into the chamber, followed by one more addition of B-pinene.
Four experimental periods were performed to probe the time series of products and
distinguish first- and second-generation products. With no seed particles used in these
experiments and low concentrations of B-pinene and NOs, a negligible amount of particles
were formed and observed, as shown in Figure S3. This is in contrast to previous studies,'*-
22,2636 which used seed aerosol and/or high concentrations of B-pinene and NO3, leading
to particle formation. Due to the low particle number and surface area concentrations in
our work, particles are expected to have negligible effects on the gas-phase products’
partitioning. Experiments were performed under dry conditions (relative humidity <3%)
and at an average temperature of 300.0 + 2.0 K.

Instrumentation. The chamber was equipped with a comprehensive set of instruments as
described by Zhao et al.?” In this experiment, a home-built diode laser-based, cavity ring-

down spectrometer was used to measure in-situ concentrations of NO3 and N20s.% A
9
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proton transfer reaction time-of-flight mass spectrometer (PTR-TOF-MS, Ionicon Analytik,
Austria) was used to measure the concentrations of VOC, including B-pinene and acetone.
From the measured concentrations, the B-pinene consumption during the experiments can
be derived and agrees with the expectations when considering the dilution (a loss rate
coefficient of 1.5x107 s'') and the reaction with NO3 (a reaction rate constant of 2.5x10°12
cm® molecule™! s1).%

The chemical composition of produced HOM-ON was characterized online using a
15NOs™ chemical ionization mass spectrometer (CI-API-TOF-MS, Aerodyne Research Inc.),
which detects products with six or more oxygen atoms efficiently.*’ Nitrogen-15 was used
to distinguish the nitrogen-14 atoms in the chamber-produced ON, most of which are
expected to complex with the '’NOs™ ion.*! The mass spectral data within the m/z 4-1400
range were analyzed using a Tofware analysis toolkit (Tofwerk/Aerodyne) in Igor Pro
(WaveMetrics, Inc.). High-resolution analysis was applied to identify ions with a resolving
power m/z/Am/z of ~3500. Isotopes were constrained during the peak assignment process.
The mass spectrum of the first experimental period was selected to assign peaks, as it
showed a mass spectrum similar to other experimental periods and the end of the
experiments and contained the same products as other periods (Figure S4). We observed a
few peaks such as m/z 289 and 334 corresponding to CsHioN20s-'>’NOs™ and

CsHoN3O10-'"NO3,!° which are products of isoprene + NO3 reactions.*? Their time series

are shown in Figure S5. These peaks were observed before the beginning of B-pinene +
10
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NOs experiments, their concentrations increased slowly during the whole experimental
period, and no obvious and regular response to each B-pinene addition was observed. This
indicates that these compounds are residuals on the chamber wall from prior experiments
of isoprene + NO3 one day before and with also possible small contributions from the
reaction of B-pinene + NO3.** Moreover, these compounds do not contain double bonds
according to their formula,** we expect that they do not react with NO3 or O3 during the B-
pinene experiment, which is confirmed by the lack of response to O3z and NO:2 addition
before the experiment. Additionally, the HOM-ON formed in the reaction of B-pinene with
NOs were absent before the first f-pinene addition. Therefore, we conclude that residual
compounds do not have significant influence on the B-pinene + NOs reactions. We would
like to note that our CIMS easily detects these HOM evaporated from the residue on the
chamber wall despite their low concentrations because of its high sensitivity to HOM.
The concentrations of O3 and NOx were measured using an O3 analyzer (ANSYCO,
model O341M) and a NOx analyzer (ECO PHYSICS TR480), respectively. The SOA was
monitored using an SMPS (TSI DMA3081/TSI CPC3785). Measurements of physical
parameters, including the temperature, relative humidity, and flow rate, were also
conducted in these experiments.
Yield of products. The peak area of ions identified using the mass spectrometer was
normalized to the total ion signal and then converted to concentrations using a calibration

coefficient (C) of 2.5%10' molecule cm™ nc! (normalized count), determined using H2SO4
11
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as described by Pullinen et al.*® A mass-independent transmission efficiency equal to
H2SO4 (with an uncertainty of -0%/+14%) was used when applying the calibration
coefficient to HOM, as determined in our previous study.* The determination of this
calibration value and its application to HOM are described in details in the Supporting
Information (SI) (section S1). The concentrations of the identified ON with more than 6 O
atoms were summed to the total concentrations of HOM-ON after a wall loss rate of 6x10"
45! and a dilution rate of 1.5x10 s! were accounted for.*® Previous studies have shown
that the wall loss rate of some compounds changes as the experiment continues,*” which
could affect the determined HOM yield. As the HOM yield in this study was determined
over a short period after each injection (~10 min), we do not expect a large change in the
wall loss rate during this period. In addition, considering the low volatility of HOM leading
to their irreversible loss to the wall, a narrow distribution of the wall loss rates is expected.
Sensitivity analysis shows that the HOM yield in this study is not sensitive to the wall loss
rate, with a respective change of 23% and -11% in HOM yield from an increase of +100%
or -50% in the wall loss rate. One uniform wall loss rate is thus used to determine HOM in
this study. Such simplification may introduce additional uncertainty in HOM yield
calculation. The molar yield of these HOM-ON was calculated following eq 1, where

concentrations of produced HOM-ON is divided by the concentrations of B-pinene that

reacted with NOs.

y = [HOM ON]

[B pinenelreacted

(M
12
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Herein, [HOM-ON] represents the product concentration formed 10 min after each B-
pinene addition. In other words, the molar yield Y refers to the primary yield, which mostly
involves first-generation products and contains negligible multigeneration products. The
uncertainty on the molar yield was estimated to be -55%/+117% from the combined
uncertainties of HOM-ON peak intensity (~10%), B-pinene concentration (~15%),
calibration factor (-52%/+101%), and transmission efficiency (-0%/+14%) using error
propagation. The HOM-ON molar yield was averaged over four experiment periods, and
uncertainties were estimated based on this value. Molar yields were later converted into
mass yields using the molecular mass of each compound following Ehn et al.®

Results and Discussion

Overview of HOM-ON. Two distinct regions at m/z 280-460 (red) and m/z 510-690 (blue)
in the mass spectrum of the first B-pinene + NO3 experimental period (between the first
and second B-pinene addition) were observed and segregated into monomers (C = 7-10, N
= 1-2) and accretion products (C = 17-20, N = 2-4) (Figure 1a). Based on the above peak
assignment methods, 153 compounds were identified, including 99 monomers, 46
accretion products, and 8 other compounds. Their detailed formula can be found in Table
S1. Most of the identified products contained at least one N atom and more than six O
atoms. This oxygenated feature agrees with the definition of HOM,?” and these compounds

can thus be classified as HOM-ON.
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The Kendrick mass defect (O-based) plot of these identified HOM-ON is shown in
Figure 1b, indicating their relative abundance and O/C ratio. Overall, the majority of the
identified HOM-ON are monomers, with a fraction of 65.7%, with the rest being composed
of accretion products (31.2%) and other compounds (3.1%). An average O/C ratio of 1.23
and 0.81 is observed for monomers and accretion products, respectively. Previous B-pinene
+ NO:s studies generally detected O/C < 1 for monomers®®2!:3® and 0.45-0.55 for accretion
products.?! 3! This O/C difference can be attributed to the use of NO3™ as a reagent ion.
Specifically, NO3~ CIMS preferentially detects compounds containing high numbers of O

atoms and multiple hydrogen bond donors,*" 43

compared with other reagent ions such as
I.* The HOM-ON on each horizontal line in Figure 1b share the same number of C, N,
and H-atoms, with an increasing number of O atoms from left to right, allowing further
grouping into product families based on the chemical formula. We distinguished six groups
of monomer families (Ci0Hi5-17NOe¢-15, C7H9-11NOs-12, CoH13.1sNOs-14, CsH11-13NOs-12,
Ci0H14-16N20s-16, and CoH10-12N209-12) and five accretion product families (C20H32N209-19,

Ci17H26N2012-18, Ci9H30N2011-19, C20H31N301221, and C20H30N4O14-22). These product

families can be further assigned as the first- or second-generation based on their time series.

14
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Figure 1. (a) Representative average mass spectrum of HOM-ON formed in this study, shown here
for the first experimental period between the first and second B-pinene addition. (b) Kendrick mass
defect (O-based) of identified products, with the area representing relative abundance and the color
denoting the O/C value. (c) Stacked bar chart of identified product families, with first-generation
products in green shades, second-generation products in yellow shades, and the remainder in gray.

Generally, first-generation products constituted a major fraction of total products (see
figure 1c), with a value of 87.6%, including monomers of Ci0Hi5-17NOe-15 (41.6%), C7Ho-
11NOs-12 (9.6%), CoH13-15NOs-14 (6.0%), and CsH11-13NOs-12 (1.8%) and accretion products
of C20H32N2009.19 (23.7%), C17H26N2012-18 (3.8%), and Ci9H30N2011-19 (1.1%). Second-

generation products, including monomers of CioH14-16N20s-16 (6.0%) and CoH10-12N209-12
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(0.74%) and accretion products of C20H31N3012-21 (2.5%) and C20H30N4014-22 (0.080%)
were observed. Finally, the remaining 3.1% of the identified products could not be
attributed to any of the above product families or could their structure be elucidated by a
suitable mechanism pathway, but they are clearly products from B-pinene + NOs reactions
based on their time series; here, they are simply grouped as “others”. All of the above-
identified compounds are organic nitrates, and their formation mechanism will be
discussed below. We would like to note that low peaks constituting less than 0.1% of the
largest product peak C10H1sNO1o were not assigned.
First-Generation HOM-ON and Their Formation Mechanism. A number of monomer
and accretion product families were observed with a typical first-generation time series.
They were quickly formed after each B-pinene addition and reached a peak concentration
about 7 min later. This rapid reaction rate indicates an autoxidation formation pathway,
which has a short time-scale of tens of seconds per oxidation step or less.*” The detailed
chemical composition and possible formation mechanism of these first-generation products,
including C10 HOM-ON, C7-9 HOM-ON, and accretion products, are discussed in the
following sections.

First-generation C10 HOM-ON. Among the first-generation product families,
Ci0H15-17NQOe6-15 was the most abundant. Considering how the RO2e radical chain is
terminated to form closed-shell products (see the SI),** they are likely to be formed via

Ci10H16NOxe. It has been well-established that the reaction of B-pinene + NOs is initiated
16
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by the addition of NOs radical to the C=C double bond resulting in a nitrooxyalkyl radical
C10H16NO3* (NO3-Re), as shown in Scheme S2. In the atmosphere, this NO3-Re will be
quickly converted to a nitrooxyperoxy radical Cio0HisNOse (NO3-ROz2¢) by reaction with
O2. Via autoxidation, Ci10H16NOse radicals rapidly undergo unimolecular H-shift and O
addition, resulting in a progressive series of C1o0H16NOzn+1° radicals. Meanwhile, ROz« such
as the C10H16NOse radical can be involved in bimolecular reactions, including reaction with
ROz, NO3, HO2¢, NO2, and NO.>® Their reaction loss rates (Figure S6) were quantified
using a zero-dimensional (0D)-model based on the Master Chemical Mechanism (MCM)
v3.3.1,%* %! with detailed calculations in Section S2. The loss rates of ROz¢ + RO2¢ and
ROz + NOs reactions are much higher than the reaction RO2¢ with HO2¢, NO2, and NO,
especially within the short period after each B-pinene addition. Overall, bimolecular
reactions within this study were then dominated by RO2¢ + RO2¢ and RO2¢ + NOs reactions,
where both reactions form nitrooxyalkoxy radicals (NO3-ROv¢), while the RO2e self- and
cross-reactions also lead to radical chain termination (Russel mechanism, see Scheme
S1b,c).

For the formation of Ci0H16NOz2ne, an “alkoxy-peroxy” pathway provides a plausible
mechanism.®3 4 For example, the nitrooxyalkoxy radical C10H1sNOse can be competitively
formed from the initially formed NO3-RO2¢ (C10H16NOse) and then undergo H-migration
and Oz addition forming CioHisNQOge.>> 53 This peroxy radical can then again undergo

further autoxidation; such an autoxidation path through an alkoxy radical stage is called an
17
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alkoxy-peroxy pathway, and yields the progressive series of C10H16NO2n* products (with
an even number of O atoms). In this study, both C10H16NOzn+1+ and C10H16NO2ne radicals
were observed, with time series of the most abundant radicals C10Hi6NOge and C10H16NOse
shown in Figure 2a. Both C10H16NOge and C10H16NOse concentrations followed a typical
time series as expected for a first-generation radical, quickly formed after each B-pinene
addition, reaching a peak about 2-3 min later, and followed by a subsequently sharp decay.
Interestingly, the peak concentration of the C10H16NOge showed about 30-60 s earlier than
that of Ci10H1s6NOse. This time lag is also observed between other Ci0H16NO2n+1¢ and
C10H16NOz2ne, as shown in Figure S7. As the individual wall loss rate for each compound
was not determined, we are unable to compare their formation rates precisely. However,
considering that the major sink of ROz is via chemical reactions leading to closed-shell
products rather than wall loss, this time lag can be explained by the formation mechanism
of C10H16NOz2ne, which is expected to involve a longer-lived ROz« intermediate that must
undergo a bimolecular step forming NO3-ROe« in either NO3-ROz¢ + RO2¢ or NO3-RO2e +
NOs reactions, as opposed to directly produced CioH16NOzn+1. TO our knowledge, no
previous studies have reported such temporal lag between the formation process of radicals
containing odd and even oxygen atoms.

According to previous studies, the final fate of these radicals in general is radical chain
termination by ROz which is expected to produce an equal amount of carbonylnitrates and

hydroxynitrates via the Russell mechanism, termination by HO32e¢ resulting in
18
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hydroperoxynitrates,® or termination by unimolecular decomposition forming small
radical fragments such as OH or NO2 (see the SlI). The time series of a typical NO3-ROz2+
(C10H16NOge) along with the corresponding termination products (carbonylnitrates of
C10H15NOs, hydroxynitrates of Ci10H17NOs, and hydroperoxynitrates of Ci1oH17NQOg) are
shown in Figure 2b. Note that hydroxynitrate formed from CioHi16NOxe and
hydroperoxynitrate formed from C10H16NOx-1* share the same product formula and cannot
be distinguished based on the mass spectra. Thus, C10H17NOs and C10H17NOg here are
mixtures containing both hydroxynitrates and hydroperoxynitrates, whereas these
corresponding termination products demonstrated a typical time series of first-generation
products, with a quick peak appearance after each -pinene addition and subsequent decay.
Notably, the carbonylnitrates C10H1sNOs showed a much higher signal than the other two
termination products. The dominance of carbonylnitrates was commonly observed within
the CioH15.17NQOs-15 family and will be discussed in detail below. Additionally, the
termination products, especially for carbonylnitrates of C10H1sNOs, peaked about 3-6 min
later than C10H16NOge. This time window is suggested to be due to the termination process
in the autoxidation chain. To our knowledge, this is the first time such temporal formation

lag between radicals and the corresponding termination products is demonstrated.
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Figure 2. Time series of (a) CioH1sNOsge (green) and CioH1sNOge (red) peroxy radicals, (b)
C10H16NOg* peroxy radical (red) and its corresponding termination products, including
carbonylnitrates of CioHisNOsg in dark blue, hydroxynitrates of CioH17NOg in yellow, and
hydroperoxynitrates of C19H17NQg in light blue, and (c) accretion products of C2oHz2N2014 (lime)
and CzoH32N2016 (rose). The four vertical markers indicate B-pinene additions into the chamber.
All signals were averaged over binned 30 s intervals.

For C10H16NOs-15¢ peroxy radicals (corresponding to the CioHis.17NQOe-15 family),
similar relative abundances were observed independent of odd or even numbers of O atoms
(Table 1). This illustrates the importance of the alkoxy-peroxy pathway in this product
family. For termination products, it should be noted that every CioHi7NOx signal, as
discussed above, comprises contributions of both hydroxynitrates and hydroperoxynitrates.
Nevertheless, it is obvious that carbonylnitrates showed much higher abundances than
hydroxynitrates, apparently different from the 1:1 equivalence of carbonyl/hydroxy
products in the Russell mechanism, which was an important bimolecular termination
channel in this study. Several mechanisms have been described in the literature that can
explain this higher abundance of carbonyls. Given that these HOM-RO2+ formed via
autoxidation contain multiple -OOH groups, the likely mechanism is the H-migration of an
a-OOH hydrogen atom, forming an OH and a carbonyl (see Reaction S1h) and no
alcohol 3% 33 5456 gych a H-shift termination pathway was likewise used to explain the
formation of the highest intensity peak of carbonylnitrate C10H1sNO7 from A-3-carene +
NOs.*! Alternative possible pathways leading to higher abundance of carbonyls include:
(1) the reaction of alkoxy RO« + O2 forming carbonyls and HO2+,>” (2) decomposition of

B-nitrooxyperoxynitrate,”® (3) self-reactions of RO2* via the Bennett and Summers
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mechanism, and (4) possible unequal yield of carbonyl and hydroxyl corresponding to a
given RO2¢ in the cross reactions, and some other pathways. However, kinetic studies have
found relatively lower rate constants (4.7x10* s for the reaction of RO+ with Oz than that
of other RO- reactions, including decomposition (1.5x10% s? - 1.3x10% s?) and
isomerization (2.5x10° s - 3.4x107 s1).5% 5961 The decomposition of p-
nitrooxyperoxynitrate formed in RO2¢ + NO: reactions is fast in the particle phase but
preferentially redissociates back to NO3-RO2z* in the gas-phase.®” The Bennett and
Summers mechanism of ROz¢ + RO2¢ — 2RuC=0 + H202 was mostly reported in
heterogeneous oxidation reactions and was not previously included in the gas-phase
reactions.%® % For cross-reactions between a small and big RO2e, statistically an equal
amount of hydroxyl and carbonyl products are expected for a large number of different
ROze, despite potential preferences in a single case, unless an ROz¢ is a tertiary or acyl
RO2¢. An equal amount of hydroxyl and carbonyl is also recommended in current MCM®>
% and the review of Jenkin et al.>® Furthermore, overall bimolecular loss rates of ROz are
less than 1.5x102 s, as shown in Figure S6. If we assume a unimolecular termination
reaction rate of >0.1 s for the HOM-RO:e as reported both experimental measurements®*
54,67.68 and theoretical studies®® % 70 for RO2» with an a-OOH hydrogen, the unimolecular
termination pathway outweighs bimolecular reactions. Although the exact chemical
structures of the ROz in this study are different from those in the literature,3% % © they

likely contain a-OOH hydrogen atoms and can be assumed to have similar unimolecular
22



373

374

375

376

377
378
379
380

381
382
383

reaction rates. Therefore, instead of the above discussed alternative four pathways,
unimolecular termination pathways are likely to be the major contributor to the high gas-

phase yields of carbonylnitrates observed.

Table 1. Family of C10H15-17NOe-15 Observed, Including Nitrooxyperoxy Radicals, along
with  Their  Termination Products, Carbonylnitrates, Hydroxynitrates, and
Hydroperoxynitrates.?

nitrooxyperoxy radical

carbonylnitrate

hydroxynitrate

hydroperoxynitrate

m m-17 m-15 m+1
C10H16NO7e C10H15NOs C10H17NO~
1.9% 4.8% 1.1%
C10H16NOsge C10H15NO7 C10H17NO7 C10H17NOs
14.2% 34.6% 1.1% 7.8%
C10H16NOge C10H15NOs C10H17NOs C10H17NOg
10.0% 32.7% 7.8% 4.4%
C10H16NO10° C10H15NOg C10H17NOg C10H17NO10
2.5% 26.6% 4.4% 3.0%
C10H16NO11 C10H15NO10 C10H17NO10 C10H17NO11
4.2% 100% 3.0% 2.1%
C10H16NO12¢ C10H15sNO11 C10H17NO11 C10H17NO12
8.7% 42.0% 2.1% 3.5%
C10H16NO13e C10H15NO12 C10H17NO12 C10H17NO13
5.2% 14.3% 3.5% 1.9%
C10H16NO14¢ C10H15NO1s C10H17NO13 C10H17NO14
1.1% 11.7% 1.9% 0.6%
C10H16NO1se C10H15NO14 C10H17NO14 C10H17NO15
0.80% 13.2% 0.6% 0.19%
C10H15NO1s C10H17NO1s
2.8% 0.19%

4 The relative intensities for the species detected in this study during the first reaction period
are shown on the second line in the same cell. Their relative intensities were normalized to
the largest product signal of C10H1sNOxo.
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Scheme 1 shows a plausible subset of the degradation scheme, based on structure-
activity relationships (SARs) and recent experimental data,?® ’* and starting at the tertiary
NOs-Re Ci10H16NOse (R1) preferentially formed upon initial NOs addition to B-pinene.
Similar to the OH-initiated oxidation,’® " breaking of the four-membered ring has been
reported as a favorable pathway, forming R2,% 2 which after O, addition forms an
unsaturated tertiary C10H16NOse (R3) radical. A structure similar to R3 was reported in the
B-pinene + OH system and was suggested to undergo quick unimolecular reactions.’? 747
Moreover, recent studies have shown that a C=C double bond in an ROz radical is a key
functionality, leading to fast unimolecular reactions.>® ’” Thus, we suggest that R3 opens a
gateway to fast unimolecular reactions, including autoxidation. The expected rate
coefficient of the following unimolecular H-shift has been derived using the SAR by
Vereecken and Noziére.®® Nitrooxyperoxy radical R5 can undergo a rapid scrambling
reaction to produce R6, which can either undergo a 1,5 H-shift to form R7, or be terminated
via 1,6 H-shift to form carbonylnitrate C10Hi1sNOs (P1) + OH. Similar unimolecular H-
shift termination reactions are suggested for R8, R10, and R12, producing carbonylnitrates.
All of these C10H16NOzn+1¢ radicals (R5, R8, R10, R12) could also undergo bimolecular
reactions with RO2¢/NOs to form Ci0H16NO2ne. Taking R5 as an example, the resulting
R13 followed by an H-shift leads to the formation of R14. Both the -OH group and the
C=C double bond within R14 further favor fast unimolecular reactions,*® leading to more

oxidized C10H16NO2ne radicals via autoxidation or to the formation of P1. Note that Scheme
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1 is just one of many possible unimolecular reaction chains, and some radicals observed in
this study are not included in Scheme 1, such as the formation of Ci10H16NOase. Further
rigorous studies are needed to constrain its unimolecular pathway. Additionally, the C=C
double bond in some of these products can be attacked by the NOgz radical and lead to
second-generation products, which was also observed in this study and will be discussed
below. Note that this is not the only pathway leading to HOM. Nah et al.*® proposed a ring-
retaining pathway, with a simplified mechanism shown in Scheme S3a. However, this
pathway cannot explain the formation of the second-generation products (e.g., CioH14-
16N20s-16) and C7 compounds in this study. Moreover, according to previous studies,’ ’’
the ring-opening pathway is more likely to lead to autoxidation and to HOM in many
monoterpene oxidation reactions, such as a-pinene + NOs'® and B-pinene + OH>7 77 due
to the steric hindrance for H-shift in the ring-retaining ROze. Particularly, for B-pinene, the
yield of ring-opening RO2¢ is expected to be high, as shown in the work of Vereecken and
Peeters’2 and Kaminski et al.” for the reaction of B-pinene + OH. Overall, combining our
observation and the literature above, HOM formation is more likely to be formed via the
ring-opening pathway in B-pinene + NOgz reactions, although the autoxidation pathway is
complex and still not fully clear in this reaction system and multiple pathways might be
present simultaneously. Claflin and Ziemann? proposed another ring-opening pathway
(Scheme S3b). For the two ring-opening pathways, their relative importance is currently

unclear. Compared to Nah et al.* and Claflin and Ziemann,?! Scheme 1 provides a
25



424 formation pathway for RO2¢ containing the C=C double bond, which leads to fast HOM-
425  ON formation and provides a plausible explanation for the second-generation products

426  observed in this study.
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427  Scheme 1. Example Unimolecular Pathway Chain of p-pinene + NOs Reactions Leading to the Formation of HOM-ON, specifically

428  Carbonylnitrates.?
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430 2 The formula of radicals and products observed in the experiments were highlighted in red-dashed boxes. This is only a small subset of
431 the full oxidation mechanism omitting many competing channels and is not intended to be complete.
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First-Generation C7-9 HOM-ON. Besides C10 products, C7-9 compounds were also
observed in this study, including product families of C7Hg-11NOs-12, CoH13-1sNOs-14, and
CsH11-13NOag-12, consistent with the study by Nah et al.*® These first-generation products
were suggested to be formed from the decomposition of NO3-RO- radicals followed by an
autoxidation pathway. This decomposition process was already recognized as another
important unimolecular reaction, forming ring-opened products.”® ™ 78 7® Taking C7Ho-
11NOs-12 as an example for R3, besides the fast H-shift as shown in Scheme 1, it can
undergo bimolecular reactions with RO2¢ or NOs3 reactions forming a NO3-ROe, which will

further decompose into acetone and an unsaturated NOs3-Re, such as C7HioNO3ze,” 76

as
shown in Scheme S4. Radicals like C7H10NOse can react with Oz, forming C7H10NOse,
which can then further undergo autoxidation.

Similar to the CioH15.17NOe.15 family, the C7He-11NOs-12 family followed a typical
first-generation time series, with a representative radical C7H10NOoe and its corresponding
termination products shown in Figure S8. When B-pinene was added, C7H10NOye peaked
instantaneously, followed by the formation of C7HoNOs, C7H11NOs, and C7H11NOy. A time
window of 3-4 min between the peaks of radicals and termination products was observed,
indicating the typical period of the termination processes. Carbonylnitrates were again
observed as the dominant termination products, suggesting termination by unimolecular H-

shift and OH formation to be a major reaction pathway in the C7Ho-11NOs-12 family as well.

Moreover, higher concentrations, as well as higher carbonylnitrate abundance, were
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observed in C7H10NOz2n+1* compared to C7HioNO2ne. This indicates that the alkoxy-peroxy
channel is a minor, less competitive pathway in the C7Ho-11NOs-12 family. Additionally, a
distinct increase of acetone from 0.04 ppb to 0.44 ppb was observed throughout the
experiments, as shown in Figure S1. This confirms the presence of fragmentation process
in B-pinene + NOs, such as the above discussed Cio decomposition to form C7 compounds
and acetone. The two remaining product families, CoH13-15NOs-14 and CgH11-13NOs-12, were
hypothesized to be formed in a similar pathway, but the exact bond scission position is not
yet known.

First-Generation Accretion Products. Three accretion product families were found
to follow a typical first-generation product time series, including C20H32N20o-19,
Ci17H26N2012-18, and C19H30N2011-19. Recent studies have identified the importance of rapid
reaction of RO2* + RO2* — ROOR + O2 in the formation of gas-phase accretion products.*-
82 Figure S10 lists the expected accretion products produced from the above-identified
NO3-RO2¢ monomers. These three accretion product families can all be explained via ROz¢
self- or cross-reaction channels. Notably, C20H32N209-19 were the most abundant accretion
products, consistent with the dominance of its corresponding parent NO3-ROze. Figure 2¢
shows the time series of C20H32N2014,16, formed from self-reaction of Cio0H16NOsgge
discussed above. Both of them peaked about 6-8 min after each B-pinene addition and
decayed afterward. This is consistent with a quick formation process from ROz reactions.

Moreover, C20H32N2014 was the most abundant product among the C20H32N209-19 family.
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Its corresponding precursor C10H16NOsge also dominated among C10H16NOxe as shown in
Figure S11. However, it should be noted that accretion products with the same formula
could arise from cross-reactions of several combinations of ROze; for example,
Ci0H16NO7* + CioHi16NOg* or CioHisNOs* + CioHi6NOio* could both contribute to
C20H32N2014. Currently, we cannot quantify the relative contribution of different RO2¢
recombinations to the accretion products, as the reaction rate coefficients of ROze self- or
cross-reactions depend on specific ROz¢, and many of them are unknown.®! The two
remaining product families, Ci7H26N2012-18 and Ci9H30N2011-19, showed a similar first-
generation time series and likewise followed ROze self- and cross-reaction channels.

Second-Generation HOM-ON and Their Tormation Mechanism. Two monomer
families (Ci0H14-16N20s-16 and CgHi10-12N209¢-12) and two accretion product families
(C20H31N3012-21 and C20H30N4014-22), which contain two N atoms (monomers) and three or
more N atoms (accretion products), showed a time series differing from first-generation
products. They mostly showed a concentration peak after B-pinene addition at a much later
phase than typical first-generation products, shown in Figure S9. These compounds were
assigned as second-generation reaction products. Among those, CioH14-16N20s-16
dominated and were suggested to be formed via NOs addition to the first-generation
carbonylnitrates products (C10H1sNOs-15). As discussed above, the carbonylnitrates formed
via unimolecular H-shift termination reactions contain one C=C double bond, which can

be attacked by NOs radicals to form CioH1sN20xe. For example, P2 in Scheme 1 could form
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a tertiary dinitrooxyalkyl radical [(NOs)2-Re] CioHisN2011e, which will be quickly
converted to a dinitrooxyperoxy radical [(NO3)2-RO2¢] C10H15sN2013¢ via O2 addition, as
shown in Scheme S5. This radical can undergo a unimolecular H-shift to either propagate
the radical chain or terminate it by the formation of carbonyldinitrates + OH. Via
bimolecular reactions of RO2¢ + ROz, carbonyldinitrates (Ci0H14N20x) and
hydroxydinitrates (C10H16N20x) can be formed, and hydroperoxydinitrates (C10H16N20x)
can be formed via ROz¢ + HOze. These second-generation HOM-ON have not been
reported in previous B-pinene + NOs studies because these studies mainly focused on the
first-generation products and/or used different analysis methods.?* 23 The observation of
these dinitrates in this study highlighted the importance of the C=C double bond formed in
R2 in Scheme 1.

Accretion products, such as C20H31N3012-21 and C20H30N4O14-22, were also observed
and are generated from self- or cross-reactions of later generation ROze, likely formed via
reactions of C10H15sN20xe + C10H16NOxe and Cio0H15N20xe + Ci0H15N20xe, respectively.
Figure 3a shows the time series of a typical (NO3z)2-RO2¢ C10H15N209e, compared against
that of C20H30N4O1s, the accretion products resulting from its self-reaction. Both of them
gradually increased after each B-pinene addition. Moreover, when CioH1sN20ge reached
peak concentration, the signal of C20H30N4O16 showed the largest rate of change. This is

consistent with the kinetics shown in eq 2.

d[C20H30N4016]
% = ky[C1oH15N20g *]* — k\y[C20H30N,016] (2)
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where kr and kw are rate constant of CioHisN20o¢e self-reaction and the wall loss rate of
C20H30N4O1s, respectively. A linear relationship between the rate of accretion products
produced and the squared concentrations of ROz¢ has also been reported in previous HOM
studies.® 82 Accretion products of C20H31N30x formed from CioHisN20xe + C1oH16NOxe
were also observed in this study, with the representative time series of C20H31N3O16 and its
corresponding precursors ROze, C10HisN20ge and C10H16NOge, as shown in Figure 3b. The
radical C10H15N20o¢ and its accretion product C20H31N3016 likewise followed a time series
typical of second-generation products, as well as a similar kinetic dependence. The
concentrations of C20H31N3016 peaked earlier than its precursor ROz corresponding
second-generation Ci10Hi1sN209e while C20H30N4O22 showed up later than CioHisN2Ooe.
This can be because another precursor RO2z¢ of C20H31N3016, C10H16NOoe, is a first-
generation feature that accelerates the formation of C20H3i1N3O16. Additionally,
C20H31N3016 showed a small peak after B-pinene addition, especially those in third and
fourth B-pinene additions. This shows that C20H31N3016 followed the trend of its first-
generation radical C10Hi16NOoe more and indicated a role in the cross-reaction formation of
C20H31N3016. Overall, the above discussion on kinetics further confirms the contribution
of ROz self- and cross-reactions to the accretion product formation in this study.

Finally, we observed a family of Co products with second generation behavior. We
suggest that the second-generation CoH10-12N209-12 Was likely to be formed by a secondary

NOs addition pathway, similarly to CioH1s4-16N20s-16. However, the first generation of
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unsaturated Co compounds from B-pinene + NO3 was not detected with our technique, such

that the detailed formation mechanism of CoH10-12N209-12 cannot be elucidated at this time.

15
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Figure 3. Time series of (a) a representative second-generation peroxy radical (CioH1sN2012°,
orange) and its self-reaction accretion product (Cz0H30N4O16, cyan), and (b) C2oH31N3016 (Navy)
resulting from the cross-reaction of C1oH1sN2O12° (orange) and C10H1sNOge (red). The four vertical
markers indicate B-pinene additions into the chamber. All signals were averaged over binned 30 s
intervals for plotting.
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Production Yield Determination. The molar yield of HOM-ON (0O>6) in the NOs3
oxidation of B-pinene was estimated to be 4.8% (-2.6%/+5.6%). The large uncertainty in
HOM yield is attributed to a number of factors, including the HOM-ON peak intensity, 3-
pinene concentration, calibration factor, and transmission efficiency, as described in the
Experimental and Methods section and the SI. Note that the HOM produced during this
short reaction time (10 min) consists of 93.4% first-generation products and 4.4% second-
generation products. This reported value refers to a primary HOM yield. Compared to
molar yields of HOM from B-pinene oxidation by Os or OH radicals (<0.1%),%* the NO3
radical is exceptionally efficient in oxidizing B-pinene to produce HOM. Moreover, the
average value of all currently determined HOM yields is around 5%, including OH, Os3,
and ClI systems.?” 3 This means the reaction of -pinene + NOs is competitive enough to
produce a sizable fraction of the HOM products. Using the signal-weighted average of the
mass of the produced HOM-ON (353.7 g mol!), we estimate the mass yields to be roughly
2.6 (=353.7 gmol /136.1 g mol ™) times the molar yield. The value in this study is slightly
larger than the factor 2.4 calculated for the o-pinene ozonolysis system.® This indicates
that reactions with NOs radicals lead to higher mass oxidation products, as expected, and
contribute more to SOA than ozonolysis reactions. The converted mass yields of HOM-
ON from B-pinene + NO3 were averaged to 12.5% (-6.8%/+14.6%), assuming that the
volatility of HOM-ON was low enough to condense irreversibly onto the particle phase.®

4 Considering the SOA yields of B-pinene + NO3,'820: 22 23. 26 these HOM-ON should
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contribute a significant fraction, especially at low organic aerosol loadings in ambient
atmosphere. Note that the volatility of HOM-ON was not determined in this study. Yet

Pullinen et al.*

determined a range of 0.5-1 for effective uptake coefficients of HOM-ON
from B-pinene + OH. Therefore, it is reasonable to approximate the uptake of most of the
HOM-ON as being irreversible when estimating their contribution to SOA. Even an uptake
coefficient of 0.5 would cause HOM to condense efficiently on particles. Assuming that
all HOM condensing on particles provides an upper limit of the contribution of HOM-ON
to SOA, and most of HOM will thus reside in the particle phase. Although HOM-ON in
this study are not identical to those in Pullinen et al.,* they are expected to have generally
similar structures, and HOM-ON contribution to SOA formation is considered to be
significant in B-pinene + NO3 reactions.
Atmospheric Implications

We observed a large number of HOM-ON formed from NOs3 oxidation of B-pinene in
the SAPHIR chamber, including six monomer (C=7-10, N=1-2, O=6-16) and five accretion
product (C=17-20, N=2-4, 0=9-22) families. An example formation mechanism was
proposed and constrained based on the time series of the closed-shell HOM, which were
different for first- and second-generation products and depended on the precursor ROze.
Such HOM-ON are expected to be formed under the conditions of the nocturnal planetary

boundary layer (PBL), especially when both biogenic VOC and anthropogenic NOx sources

are present. Recent field studies have shown that these HOM-ON are prevalent at night-
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time in the Southeastern US and contribute to a large fraction of SOA.!> 1> The precursor
peroxy radicals, especially Ci0Hi16NOoe, formed from monoterpene + NOs are observed at
night-time in SORPES station in eastern China, where the BVOC oxidation is strongly
influenced by NOx.%

Direct experimental evidence was provided in our study to highlight the importance of
the unimolecular H-shift termination pathway in the NOs system, producing unsaturated
carbonyInitrates as first-generation products, similar to OH systems.32 5 ™ We expect that
a large portion of HOM-ON formed at night-time in the ambient atmosphere over a forest
environment affected by anthropogenic emissions contains a carbonyl group and one or
more -OOH groups, in addition to the initiating -NO3 group. These unsaturated first-
generation carbonylnitrates are anticipated to react further with additional NO3 and lead to
the formation of second-generation products. Although some studies found that second-
generation ON containing two or more nitrogens were much less abundant than
mononitrates,*® second-generation products might be important when NOs3 is abundant or
during the next day when unsaturated carbonylnitrate can react with OH.

The production yields of HOM-ON from B-pinene + NO3 were estimated with a mean
molar yield of 4.8% (-2.6%/+5.6%). This yield is much higher than the HOM yield in -
pinene oxidation by OH (0.58%) and O3 (0.12%) reported by Jokinen et al.®> and HOM
yield in the isoprene oxidation by NO3 (1.2%).8” This higher HOM yield of B-pinene +

NOs indicated the potential significance of HOM-ON to the formation of SOA in the
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nocturnal PBL in areas influenced by biogenic VOC and anthropogenic NOx emissions as
observed by a number of field studies.® Incorporating the HOM-ON yield determined in
this study into future models can lead to a better interpretation of ambient data and a more
accurate prediction of atmospheric and climate effects of B-pinene + NOs reactions.
Furthermore, negligible second-generation products are included in the production yield.
It is unclear that whether their contribution to HOM yields will outweigh the first-
generation products and further influence the SOA formation in the ambient atmosphere.
Further laboratory studies and field observations are needed.

SUPPORTING INFORMATION

Additional information deriving the calibration coefficient of CIMS and HOM yields
(Section S1) and calculations of RO2¢ bimolecular loss rates (Section S2); figures showing
the experimental procedure (Figure S1); relative contributions of reactions of B-pinene with
NOs and Os to total B-pinene loss (Figure S2); SMPS data (Figure S3); the average mass
spectrum of each experimental period (Figure S4); time series of residuals (Figure S5);
ROz bimolecular loss rates (Figure S6); peroxy radicals of CioHisNOxe (Figure S7); C7
compounds (Figure S8); second-generation products (Figure S9); and permutation
reactions of identified first-generation NO3-ROze radicals (Figure S10) and CioHi16NOx®
(Figure S11). Schemes demonstrating HOM formation mechanism involving ROae
(Scheme S1); general autoxidation of NOj3; oxidation of B-pinene (Scheme S2); the

simplified HOM formation pathway proposed in prior studies (Scheme S3); the possible
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formation pathway of C7 compounds (Scheme S4); and example formation pathway of
second-generation products (Scheme S5); tables listing HR peak list (Table S1); reaction
rates used to calculate RO2* bimolecular loss rates (Table S2); and relative intensities of
the C7Ho9-11NOs-12 product family (Table S3).
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Abstract

The reactions of biogenic volatile organic compounds (BVOC) with the nitrate radical

(NOs3) are major night-time sources of organic nitrates and secondary organic aerosol (SOA)
in regions influenced by BVOC and anthropogenic emissions. In this study, the formation

of gas-phase highly oxygenated organic molecules-organic nitrates (HOM-ON) from NOs-

initiated oxidation of a representative monoterpene, B-pinene, was investigated in the

SAPHIR chamber (Simulation of Atmosphere PHotochemistry In a large Reaction

chamber). Six monomer (C = 7-10, N =1-2, O = 6-16) and five accretion product (C = 17-

20, N =2-4, O = 9-22) families were identified and further classified into first- or second-

generation products based on their temporal behavior. The time lag observed in the peak

concentrations between peroxy radicals containing odd and even number of oxygen atoms,

as well as between radicals and their corresponding termination products, provided

constraints on the HOM-ON formation mechanism. The HOM-ON formation can be

explained by unimolecular or bimolecular reactions of peroxy radicals. A dominant portion

of carbonylnitrates in HOM-ON was detected, highlighting the significance of
unimolecular termination reactions by intramolecular H-shift for the formation of HOM-

ON. A mean molar yield of HOM-ON was estimated to be 4.8% (-2.6%/+5.6%),

suggesting significant HOM-ON contributions to the SOA formation.

Keywords: NOs radical, biogenic volatile organic compounds, organic nitrate, secondary

organic aerosol, anthropogenic-biogenic interaction, night-time oxidation
3



43 Synopsis: The reactions of nighttime anthropogenic oxidants with biogenic organics form
44 low-volatile vapors, potentially contributing a large fraction of particulate organic matter.
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Introduction

Biogenic volatile organic compounds (BVOC), such as isoprene (CsHs) and monoterpenes
(Ci0Hi6) emitted from terrestrial vegetation, constitute a large fraction of global gas-phase
organic compounds.' In the ambient conditions, BVOC are primarily oxidized by OH in
the daytime,> ®> NO3 radicals at night-time,* > and O3 during both day- and night-time.%’
These reactions are believed to be the dominant contributor to the formation of secondary
organic aerosols (SOA), influencing regional and global climate, air quality, and human
health.® ? Compared to SOA formation from OH- and Os-initiated oxidation of BVOC,
night-time NO3 oxidation of BVOC has been less investigated, but these reactions are
highly relevant in ambient conditions, particularly in regions influenced by anthropogenic
NOx (NO + NO3) and natural BVOC emissions.!%!? Reactions of BVOC + NOs3 can form
organic nitrates (ON), which serve as a temporary or permanent sink for NOx and affects
regional O3 budgets and nitrogen cycles.'> ' Due to their semi-/low-volatility, ON can also
partition into the condensed phase participating in SOA formation. The results from the
Southern Oxidant and Aerosol Study (SOAS) have shown that a large fraction of night-
time SOA formation can be explained by reactions of BVOC + NOs3, about half of which
is from monoterpenes + NO3.!> Therefore, this anthropogenic-biogenic interactions
between NO3 and BVOC, especially monoterpenes, is critical to understand night-time

SOA formation.
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Among the monoterpenes, B-pinene has high emission rates (being the second most
abundant monoterpene, after o-pinene),'® high reactivity with NO3 (with a second-order
rate constant of 2.5x107'2 cm?® molecule™ s at 298 K),!” and high SOA yields with NO3
(with SOA mass yields of 27-104%'%23 compared to 0-16% for a-pinene?*2%). The reaction
of B-pinene with NOs3 contributes a significant fraction of the SOA produced by
monoterpene + NO3 and was therefore often selected as a representative monoterpene in
recent laboratory studies.!> 12! 26 Previous studies have investigated B-pinene + NOs,
mostly focusing on the determination of the SOA yield, chemical characterization of
particle-phase products, and possible formation mechanism of products containing a low
number of oxygen atoms. For example, Fry et al.'!” measured the SOA yield. Boyd et al.?°
additionally found that neither humidity nor peroxy radical fate affects SOA yields,
determined ON fraction in the aerosols, and proposed a formation mechanism of the
detected gas-phase ON (CioHisNOsgs and CioH17NOa;s), which are formed by the
bimolecular reactions of ROze. Claflin and Ziemann?! observed monomers (Cio ON),
dimers (C20 ON), and trimers (C3o ON) in the particle-phase products from reactions of 3-
pinene + NO3 and highlighted oligomerization reactions in the particle-phase mechanism.

Despite previous efforts by a number of laboratory studies, the understanding of the
chemistry of B-pinene with NOs, especially regarding gas-phase reaction products
containing a high number of oxygen atoms, is still incomplete. In particular, highly

oxygenated organic molecules-organic nitrates (HOM-ON), a new class of gas-phase
6
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compounds containing at least 6 oxygen atoms,?” have been recently observed and found
to play a potentially significant role in SOA formation in the NO3 oxidation of BVOC:s,
including B-pinene.”®* Nah et al.*® observed a series of HOM-ON of C7-10 with 4-9 oxygen
atoms in both particle- and gas-phase products of NO3 oxidation of B-pinene. Takeuchi and
Ng3! additionally observed a substantial contribution of accretion products such as
C20H32N20s-11 in the particle phase. These HOM-ON are known to be formed in a short
time-scale via autoxidation,*® which involves successive intramolecular H-shifts in peroxy
radicals (RO2¢*) and subsequent O2-addition,* ** resulting in an oxygenated RO2* radical
reaction chain, shown in Scheme Sla. Recent studies have summarized general RO2¢

reactions,”” 33

with the most critical ones shown in Scheme S1b-j. Via bimolecular
reactions with ROze, HO2¢, or NO3, the ROz autoxidation chain will either be terminated
to form a set of closed-shell products (Scheme S1b-d, g-j), including hydroxyperoxide,
alcohol, carbonyl, and accretion products, or be continued via the formation of alkoxy
radicals (RO, Scheme Sle-f). Unimolecular termination pathways generally lead to the
formation of carbonyls (Scheme S1h-i) or epoxides (Scheme S1j).*> However, the specific
HOM-ON formation mechanism remains elusive for the B-pinene + NOs system. In
addition, the knowledge of the chemical composition of HOM-ON is incomplete and their
contribution to SOA formation is unquantified.

In this study, experiments of NOs-initiated oxidation of B-pinene were performed in

the SAPHIR chamber in Jiilich, Germany (Simulation of Atmosphere PHotochemistry In
7
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a large Reaction chamber). A large number of HOM-ON were identified and quantified.
An example formation pathway was proposed and further constrained based on the time
series. An estimate of production yields of these HOM-ON formed from the B-pinene +
NOs reaction was provided to evaluate their role in the SOA formation.

Experimental and Methods

Experimental Setup. The experiments were performed in the SAPHIR chamber at
Forschungszentrum Jiilich, Germany. It is a double-walled Teflon chamber with a volume
of 270 m>. A detailed description of SAPHIR can be found elsewhere.’* 3> Before the
experiment, the chamber was purged with synthetic air at ~330 m® h™! for about 4 h to clean
the chamber and eliminate any interference from previous experiments. During the whole
experimental period, the chamber was kept under an over-pressure of 35 Pa, leading to a
dilution rate of 1.5x107 s’!. The shutter system was closed to prevent photochemical
reactions, including NOs photodissociation. A fan was continuously operated to mix the
trace gases with homogenization within 2 min.

Experiments were designed to probe the time series of gas-phase HOM-ON formed
from B-pinene + NO3, with the detailed experimental procedure shown in Figure S1. First,
ozone was added into the chamber, followed by NO:2 to form in-situ NO3 radicals along
with the simultaneous formation of dinitrogen pentoxide (N20s) as per the reactions below
NO, + 03 - NO; + 0, (R1)

NO; + NO, & N,05 (R2)
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Through the equilibrium with N2Os, sufficiently high concentrations of NOs radicals were
ensured. A concentration ratio (~2:1) of NO2 and O3 was selected to ensure that more than
98% of B-pinene reacted with NOs radicals instead of O3 during each experimental period,
as shown in Figure S2. About 16 min after NO2 addition, concentrations of NO3 and N20Os
reached 90 ppt and 1.5 ppb, respectively, and B-pinene was added into the chamber,
initiating the oxidation reaction. Another two [-pinene additions were deployed at
respectively 50 min and 100 min after the first -pinene addition. Later on, 12 ppb O3 and
16 ppb NO2 were introduced into the chamber, followed by one more addition of B-pinene.
Four experimental periods were performed to probe the time series of products and
distinguish first- and second-generation products. With no seed particles used in these
experiments and low concentrations of B-pinene and NOs, a negligible amount of particles
were formed and observed, as shown in Figure S3. This is in contrast to previous studies,'*-
22,2636 which used seed aerosol and/or high concentrations of B-pinene and NO3, leading
to particle formation. Due to the low particle number and surface area concentrations in
our work, particles are expected to have negligible effects on the gas-phase products’
partitioning. Experiments were performed under dry conditions (relative humidity <3%)
and at an average temperature of 300.0 + 2.0 K.

Instrumentation. The chamber was equipped with a comprehensive set of instruments as
described by Zhao et al.?” In this experiment, a home-built diode laser-based, cavity ring-

down spectrometer was used to measure in-situ concentrations of NO3 and N20s.% A
9
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proton transfer reaction time-of-flight mass spectrometer (PTR-TOF-MS, Ionicon Analytik,
Austria) was used to measure the concentrations of VOC, including B-pinene and acetone.
From the measured concentrations, the B-pinene consumption during the experiments can
be derived and agrees with the expectations when considering the dilution (a loss rate
coefficient of 1.5x107 s'') and the reaction with NO3 (a reaction rate constant of 2.5x10°12
cm® molecule™! s1).%

The chemical composition of produced HOM-ON was characterized online using a
15NOs™ chemical ionization mass spectrometer (CI-API-TOF-MS, Aerodyne Research Inc.),
which detects products with six or more oxygen atoms efficiently.*’ Nitrogen-15 was used
to distinguish the nitrogen-14 atoms in the chamber-produced ON, most of which are
expected to complex with the '’NOs™ ion.*! The mass spectral data within the m/z 4-1400
range were analyzed using a Tofware analysis toolkit (Tofwerk/Aerodyne) in Igor Pro
(WaveMetrics, Inc.). High-resolution analysis was applied to identify ions with a resolving
power m/z/Am/z of ~3500. Isotopes were constrained during the peak assignment process.
The mass spectrum of the first experimental period was selected to assign peaks, as it
showed a mass spectrum similar to other experimental periods and the end of the
experiments and contained the same products as other periods (Figure S4). We observed a
few peaks such as m/z 289 and 334 corresponding to CsHioN20s-'>’NOs™ and

CsHoN3O10-'"NO3,!° which are products of isoprene + NO3 reactions.*? Their time series

are shown in Figure S5. These peaks were observed before the beginning of B-pinene +
10



165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

NOs experiments, their concentrations increased slowly during the whole experimental
period, and no obvious and regular response to each B-pinene addition was observed. This
indicates that these compounds are residuals on the chamber wall from prior experiments
of isoprene + NO3 one day before and with also possible small contributions from the
reaction of B-pinene + NO3.** Moreover, these compounds do not contain double bonds
according to their formula,** we expect that they do not react with NO3 or O3 during the B-
pinene experiment, which is confirmed by the lack of response to O3z and NO:2 addition
before the experiment. Additionally, the HOM-ON formed in the reaction of B-pinene with
NOs were absent before the first f-pinene addition. Therefore, we conclude that residual
compounds do not have significant influence on the B-pinene + NOs reactions. We would
like to note that our CIMS easily detects these HOM evaporated from the residue on the
chamber wall despite their low concentrations because of its high sensitivity to HOM.
The concentrations of O3 and NOx were measured using an O3 analyzer (ANSYCO,
model O341M) and a NOx analyzer (ECO PHYSICS TR480), respectively. The SOA was
monitored using an SMPS (TSI DMA3081/TSI CPC3785). Measurements of physical
parameters, including the temperature, relative humidity, and flow rate, were also
conducted in these experiments.
Yield of products. The peak area of ions identified using the mass spectrometer was
normalized to the total ion signal and then converted to concentrations using a calibration

coefficient (C) of 2.5%10' molecule cm™ nc! (normalized count), determined using H2SO4
11
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as described by Pullinen et al.*® A mass-independent transmission efficiency equal to
H2SO4 (with an uncertainty of -0%/+14%) was used when applying the calibration
coefficient to HOM, as determined in our previous study.* The determination of this
calibration value and its application to HOM are described in details in the Supporting
Information (SI) (section S1). The concentrations of the identified ON with more than 6 O
atoms were summed to the total concentrations of HOM-ON after a wall loss rate of 6x10"
45! and a dilution rate of 1.5x10 s! were accounted for.*® Previous studies have shown
that the wall loss rate of some compounds changes as the experiment continues,*” which
could affect the determined HOM yield. As the HOM yield in this study was determined
over a short period after each injection (~10 min), we do not expect a large change in the
wall loss rate during this period. In addition, considering the low volatility of HOM leading
to their irreversible loss to the wall, a narrow distribution of the wall loss rates is expected.
Sensitivity analysis shows that the HOM yield in this study is not sensitive to the wall loss
rate, with a respective change of 23% and -11% in HOM yield from an increase of +100%
or -50% in the wall loss rate. One uniform wall loss rate is thus used to determine HOM in
this study. Such simplification may introduce additional uncertainty in HOM yield
calculation. The molar yield of these HOM-ON was calculated following eq 1, where

concentrations of produced HOM-ON is divided by the concentrations of B-pinene that

reacted with NOs.

y = [HOM ON]

[B pinenelreacted

(M
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Herein, [HOM-ON] represents the product concentration formed 10 min after each B-
pinene addition. In other words, the molar yield Y refers to the primary yield, which mostly
involves first-generation products and contains negligible multigeneration products. The
uncertainty on the molar yield was estimated to be -55%/+117% from the combined
uncertainties of HOM-ON peak intensity (~10%), B-pinene concentration (~15%),
calibration factor (-52%/+101%), and transmission efficiency (-0%/+14%) using error
propagation. The HOM-ON molar yield was averaged over four experiment periods, and
uncertainties were estimated based on this value. Molar yields were later converted into
mass yields using the molecular mass of each compound following Ehn et al.®

Results and Discussion

Overview of HOM-ON. Two distinct regions at m/z 280-460 (red) and m/z 510-690 (blue)
in the mass spectrum of the first B-pinene + NO3 experimental period (between the first
and second B-pinene addition) were observed and segregated into monomers (C = 7-10, N
= 1-2) and accretion products (C = 17-20, N = 2-4) (Figure 1a). Based on the above peak
assignment methods, 153 compounds were identified, including 99 monomers, 46
accretion products, and 8 other compounds. Their detailed formula can be found in Table
S1. Most of the identified products contained at least one N atom and more than six O
atoms. This oxygenated feature agrees with the definition of HOM,?” and these compounds

can thus be classified as HOM-ON.
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The Kendrick mass defect (O-based) plot of these identified HOM-ON is shown in
Figure 1b, indicating their relative abundance and O/C ratio. Overall, the majority of the
identified HOM-ON are monomers, with a fraction of 65.7%, with the rest being composed
of accretion products (31.2%) and other compounds (3.1%). An average O/C ratio of 1.23
and 0.81 is observed for monomers and accretion products, respectively. Previous B-pinene
+ NO:s studies generally detected O/C < 1 for monomers®®2!:3® and 0.45-0.55 for accretion
products.?! 3! This O/C difference can be attributed to the use of NO3™ as a reagent ion.
Specifically, NO3~ CIMS preferentially detects compounds containing high numbers of O

atoms and multiple hydrogen bond donors,*" 43

compared with other reagent ions such as
I.* The HOM-ON on each horizontal line in Figure 1b share the same number of C, N,
and H-atoms, with an increasing number of O atoms from left to right, allowing further
grouping into product families based on the chemical formula. We distinguished six groups
of monomer families (Ci0Hi5-17NOe¢-15, C7H9-11NOs-12, CoH13.1sNOs-14, CsH11-13NOs-12,
Ci0H14-16N20s-16, and CoH10-12N209-12) and five accretion product families (C20H32N209-19,

Ci17H26N2012-18, Ci9H30N2011-19, C20H31N301221, and C20H30N4O14-22). These product

families can be further assigned as the first- or second-generation based on their time series.
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Figure 1. (a) Representative average mass spectrum of HOM-ON formed in this study, shown here
for the first experimental period between the first and second B-pinene addition. (b) Kendrick mass
defect (O-based) of identified products, with the area representing relative abundance and the color
denoting the O/C value. (c) Stacked bar chart of identified product families, with first-generation
products in green shades, second-generation products in yellow shades, and the remainder in gray.

Generally, first-generation products constituted a major fraction of total products (see
figure 1c), with a value of 87.6%, including monomers of Ci0Hi5-17NOe-15 (41.6%), C7Ho-
11NOs-12 (9.6%), CoH13-15NOs-14 (6.0%), and CsH11-13NOs-12 (1.8%) and accretion products
of C20H32N2009.19 (23.7%), C17H26N2012-18 (3.8%), and Ci9H30N2011-19 (1.1%). Second-

generation products, including monomers of CioH14-16N20s-16 (6.0%) and CoH10-12N209-12
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(0.74%) and accretion products of C20H31N3012-21 (2.5%) and C20H30N4014-22 (0.080%)
were observed. Finally, the remaining 3.1% of the identified products could not be
attributed to any of the above product families or could their structure be elucidated by a
suitable mechanism pathway, but they are clearly products from B-pinene + NOs reactions
based on their time series; here, they are simply grouped as “others”. All of the above-
identified compounds are organic nitrates, and their formation mechanism will be
discussed below. We would like to note that low peaks constituting less than 0.1% of the
largest product peak C10H1sNO1o were not assigned.
First-Generation HOM-ON and Their Formation Mechanism. A number of monomer
and accretion product families were observed with a typical first-generation time series.
They were quickly formed after each B-pinene addition and reached a peak concentration
about 7 min later. This rapid reaction rate indicates an autoxidation formation pathway,
which has a short time-scale of tens of seconds per oxidation step or less.*” The detailed
chemical composition and possible formation mechanism of these first-generation products,
including C10 HOM-ON, C7-9 HOM-ON, and accretion products, are discussed in the
following sections.

First-generation C10 HOM-ON. Among the first-generation product families,
Ci0H15-17NQOe6-15 was the most abundant. Considering how the RO2e radical chain is
terminated to form closed-shell products (see the SI),** they are likely to be formed via

Ci10H16NOxe. It has been well-established that the reaction of B-pinene + NOs is initiated
16



272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

by the addition of NOs radical to the C=C double bond resulting in a nitrooxyalkyl radical
C10H16NO3* (NO3-Re), as shown in Scheme S2. In the atmosphere, this NO3-Re will be
quickly converted to a nitrooxyperoxy radical Cio0HisNOse (NO3-ROz2¢) by reaction with
O2. Via autoxidation, Ci10H16NOse radicals rapidly undergo unimolecular H-shift and O
addition, resulting in a progressive series of C1o0H16NOzn+1° radicals. Meanwhile, ROz« such
as the C10H16NOse radical can be involved in bimolecular reactions, including reaction with
ROz, NO3, HO2¢, NO2, and NO.>® Their reaction loss rates (Figure S6) were quantified
using a zero-dimensional (0D)-model based on the Master Chemical Mechanism (MCM)
v3.3.1,%* %! with detailed calculations in Section S2. The loss rates of ROz¢ + RO2¢ and
ROz + NOs reactions are much higher than the reaction RO2¢ with HO2¢, NO2, and NO,
especially within the short period after each B-pinene addition. Overall, bimolecular
reactions within this study were then dominated by RO2¢ + RO2¢ and RO2¢ + NOs reactions,
where both reactions form nitrooxyalkoxy radicals (NO3-ROv¢), while the RO2e self- and
cross-reactions also lead to radical chain termination (Russel mechanism, see Scheme
S1b,c).

For the formation of Ci0H16NOz2ne, an “alkoxy-peroxy” pathway provides a plausible
mechanism.®3 4 For example, the nitrooxyalkoxy radical C10H1sNOse can be competitively
formed from the initially formed NO3-RO2¢ (C10H16NOse) and then undergo H-migration
and Oz addition forming CioHisNQOge.>> 53 This peroxy radical can then again undergo

further autoxidation; such an autoxidation path through an alkoxy radical stage is called an
17
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alkoxy-peroxy pathway, and yields the progressive series of C10H16NO2n* products (with
an even number of O atoms). In this study, both C10H16NOzn+1+ and C10H16NO2ne radicals
were observed, with time series of the most abundant radicals C10Hi6NOge and C10H16NOse
shown in Figure 2a. Both C10H16NOge and C10H16NOse concentrations followed a typical
time series as expected for a first-generation radical, quickly formed after each B-pinene
addition, reaching a peak about 2-3 min later, and followed by a subsequently sharp decay.
Interestingly, the peak concentration of the C10H16NOge showed about 30-60 s earlier than
that of Ci10H1s6NOse. This time lag is also observed between other Ci0H16NO2n+1¢ and
C10H16NOz2ne, as shown in Figure S7. As the individual wall loss rate for each compound
was not determined, we are unable to compare their formation rates precisely. However,
considering that the major sink of ROz is via chemical reactions leading to closed-shell
products rather than wall loss, this time lag can be explained by the formation mechanism
of C10H16NOz2ne, which is expected to involve a longer-lived ROz« intermediate that must
undergo a bimolecular step forming NO3-ROe« in either NO3-ROz¢ + RO2¢ or NO3-RO2e +
NOs reactions, as opposed to directly produced CioH16NOzn+1. TO our knowledge, no
previous studies have reported such temporal lag between the formation process of radicals
containing odd and even oxygen atoms.

According to previous studies, the final fate of these radicals in general is radical chain
termination by ROz which is expected to produce an equal amount of carbonylnitrates and

hydroxynitrates via the Russell mechanism, termination by HO32e¢ resulting in
18
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hydroperoxynitrates,® or termination by unimolecular decomposition forming small
radical fragments such as OH or NO2 (see the SlI). The time series of a typical NO3-ROz2+
(C10H16NOge) along with the corresponding termination products (carbonylnitrates of
C10H15NOs, hydroxynitrates of Ci10H17NOs, and hydroperoxynitrates of Ci1oH17NQOg) are
shown in Figure 2b. Note that hydroxynitrate formed from CioHi16NOxe and
hydroperoxynitrate formed from C10H16NOx-1* share the same product formula and cannot
be distinguished based on the mass spectra. Thus, C10H17NOs and C10H17NOg here are
mixtures containing both hydroxynitrates and hydroperoxynitrates, whereas these
corresponding termination products demonstrated a typical time series of first-generation
products, with a quick peak appearance after each -pinene addition and subsequent decay.
Notably, the carbonylnitrates C10H1sNOs showed a much higher signal than the other two
termination products. The dominance of carbonylnitrates was commonly observed within
the CioH15.17NQOs-15 family and will be discussed in detail below. Additionally, the
termination products, especially for carbonylnitrates of C10H1sNOs, peaked about 3-6 min
later than C10H16NOge. This time window is suggested to be due to the termination process
in the autoxidation chain. To our knowledge, this is the first time such temporal formation

lag between radicals and the corresponding termination products is demonstrated.
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Figure 2. Time series of (a) CioH1sNOsge (green) and CioH1sNOge (red) peroxy radicals, (b)
C10H16NOg* peroxy radical (red) and its corresponding termination products, including
carbonylnitrates of CioHisNOsg in dark blue, hydroxynitrates of CioH17NOg in yellow, and
hydroperoxynitrates of C19H17NQg in light blue, and (c) accretion products of C2oHz2N2014 (lime)
and CzoH32N2016 (rose). The four vertical markers indicate B-pinene additions into the chamber.
All signals were averaged over binned 30 s intervals.

For C10H16NOs-15¢ peroxy radicals (corresponding to the CioHis.17NQOe-15 family),
similar relative abundances were observed independent of odd or even numbers of O atoms
(Table 1). This illustrates the importance of the alkoxy-peroxy pathway in this product
family. For termination products, it should be noted that every CioHi7NOx signal, as
discussed above, comprises contributions of both hydroxynitrates and hydroperoxynitrates.
Nevertheless, it is obvious that carbonylnitrates showed much higher abundances than
hydroxynitrates, apparently different from the 1:1 equivalence of carbonyl/hydroxy
products in the Russell mechanism, which was an important bimolecular termination
channel in this study. Several mechanisms have been described in the literature that can
explain this higher abundance of carbonyls. Given that these HOM-RO2+ formed via
autoxidation contain multiple -OOH groups, the likely mechanism is the H-migration of an
a-OOH hydrogen atom, forming an OH and a carbonyl (see Reaction S1h) and no
alcohol 3% 33 5456 gych a H-shift termination pathway was likewise used to explain the
formation of the highest intensity peak of carbonylnitrate C10H1sNO7 from A-3-carene +
NOs.*! Alternative possible pathways leading to higher abundance of carbonyls include:
(1) the reaction of alkoxy RO« + O2 forming carbonyls and HO2+,>” (2) decomposition of

B-nitrooxyperoxynitrate,”® (3) self-reactions of RO2* via the Bennett and Summers
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mechanism, and (4) possible unequal yield of carbonyl and hydroxyl corresponding to a
given RO2¢ in the cross reactions, and some other pathways. However, kinetic studies have
found relatively lower rate constants (4.7x10* s for the reaction of RO+ with Oz than that
of other RO- reactions, including decomposition (1.5x10% s? - 1.3x10% s?) and
isomerization (2.5x10° s - 3.4x107 s1).5% 5961 The decomposition of p-
nitrooxyperoxynitrate formed in RO2¢ + NO: reactions is fast in the particle phase but
preferentially redissociates back to NO3-RO2z* in the gas-phase.®” The Bennett and
Summers mechanism of ROz¢ + RO2¢ — 2RuC=0 + H202 was mostly reported in
heterogeneous oxidation reactions and was not previously included in the gas-phase
reactions.%® % For cross-reactions between a small and big RO2e, statistically an equal
amount of hydroxyl and carbonyl products are expected for a large number of different
ROze, despite potential preferences in a single case, unless an ROz¢ is a tertiary or acyl
RO2¢. An equal amount of hydroxyl and carbonyl is also recommended in current MCM®>
% and the review of Jenkin et al.>® Furthermore, overall bimolecular loss rates of ROz are
less than 1.5x102 s, as shown in Figure S6. If we assume a unimolecular termination
reaction rate of >0.1 s for the HOM-RO:e as reported both experimental measurements®*
54,67.68 and theoretical studies®® % 70 for RO2» with an a-OOH hydrogen, the unimolecular
termination pathway outweighs bimolecular reactions. Although the exact chemical
structures of the ROz in this study are different from those in the literature,3% % © they

likely contain a-OOH hydrogen atoms and can be assumed to have similar unimolecular
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reaction rates. Therefore, instead of the above discussed alternative four pathways,
unimolecular termination pathways are likely to be the major contributor to the high gas-

phase yields of carbonylnitrates observed.

Table 1. Family of C10H15-17NOe-15 Observed, Including Nitrooxyperoxy Radicals, along
with  Their  Termination Products, Carbonylnitrates, Hydroxynitrates, and
Hydroperoxynitrates.?

nitrooxyperoxy radical

carbonylnitrate

hydroxynitrate

hydroperoxynitrate

m m-17 m-15 m+1
C10H16NO7e C10H15NOs C10H17NO~
1.9% 4.8% 1.1%
C10H16NOsge C10H15NO7 C10H17NO7 C10H17NOs
14.2% 34.6% 1.1% 7.8%
C10H16NOge C10H15NOs C10H17NOs C10H17NOg
10.0% 32.7% 7.8% 4.4%
C10H16NO10° C10H15NOg C10H17NOg C10H17NO10
2.5% 26.6% 4.4% 3.0%
C10H16NO11 C10H15NO10 C10H17NO10 C10H17NO11
4.2% 100% 3.0% 2.1%
C10H16NO12¢ C10H15sNO11 C10H17NO11 C10H17NO12
8.7% 42.0% 2.1% 3.5%
C10H16NO13e C10H15NO12 C10H17NO12 C10H17NO13
5.2% 14.3% 3.5% 1.9%
C10H16NO14¢ C10H15NO1s C10H17NO13 C10H17NO14
1.1% 11.7% 1.9% 0.6%
C10H16NO1se C10H15NO14 C10H17NO14 C10H17NO15
0.80% 13.2% 0.6% 0.19%
C10H15NO1s C10H17NO1s
2.8% 0.19%

4 The relative intensities for the species detected in this study during the first reaction period
are shown on the second line in the same cell. Their relative intensities were normalized to
the largest product signal of C10H1sNOxo.
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Scheme 1 shows a plausible subset of the degradation scheme, based on structure-
activity relationships (SARs) and recent experimental data,?® ’* and starting at the tertiary
NOs-Re Ci10H16NOse (R1) preferentially formed upon initial NOs addition to B-pinene.
Similar to the OH-initiated oxidation,’® " breaking of the four-membered ring has been
reported as a favorable pathway, forming R2,% 2 which after O, addition forms an
unsaturated tertiary C10H16NOse (R3) radical. A structure similar to R3 was reported in the
B-pinene + OH system and was suggested to undergo quick unimolecular reactions.’? 747
Moreover, recent studies have shown that a C=C double bond in an ROz radical is a key
functionality, leading to fast unimolecular reactions.>® ’” Thus, we suggest that R3 opens a
gateway to fast unimolecular reactions, including autoxidation. The expected rate
coefficient of the following unimolecular H-shift has been derived using the SAR by
Vereecken and Noziére.®® Nitrooxyperoxy radical R5 can undergo a rapid scrambling
reaction to produce R6, which can either undergo a 1,5 H-shift to form R7, or be terminated
via 1,6 H-shift to form carbonylnitrate C10Hi1sNOs (P1) + OH. Similar unimolecular H-
shift termination reactions are suggested for R8, R10, and R12, producing carbonylnitrates.
All of these C10H16NOzn+1¢ radicals (R5, R8, R10, R12) could also undergo bimolecular
reactions with RO2¢/NOs to form Ci0H16NO2ne. Taking R5 as an example, the resulting
R13 followed by an H-shift leads to the formation of R14. Both the -OH group and the
C=C double bond within R14 further favor fast unimolecular reactions,*® leading to more

oxidized C10H16NO2ne radicals via autoxidation or to the formation of P1. Note that Scheme
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1 is just one of many possible unimolecular reaction chains, and some radicals observed in
this study are not included in Scheme 1, such as the formation of Ci10H16NOase. Further
rigorous studies are needed to constrain its unimolecular pathway. Additionally, the C=C
double bond in some of these products can be attacked by the NOgz radical and lead to
second-generation products, which was also observed in this study and will be discussed
below. Note that this is not the only pathway leading to HOM. Nah et al.*® proposed a ring-
retaining pathway, with a simplified mechanism shown in Scheme S3a. However, this
pathway cannot explain the formation of the second-generation products (e.g., CioH14-
16N20s-16) and C7 compounds in this study. Moreover, according to previous studies,’ ’’
the ring-opening pathway is more likely to lead to autoxidation and to HOM in many
monoterpene oxidation reactions, such as a-pinene + NOs'® and B-pinene + OH>7 77 due
to the steric hindrance for H-shift in the ring-retaining ROze. Particularly, for B-pinene, the
yield of ring-opening RO2¢ is expected to be high, as shown in the work of Vereecken and
Peeters’2 and Kaminski et al.” for the reaction of B-pinene + OH. Overall, combining our
observation and the literature above, HOM formation is more likely to be formed via the
ring-opening pathway in B-pinene + NOgz reactions, although the autoxidation pathway is
complex and still not fully clear in this reaction system and multiple pathways might be
present simultaneously. Claflin and Ziemann? proposed another ring-opening pathway
(Scheme S3b). For the two ring-opening pathways, their relative importance is currently

unclear. Compared to Nah et al.* and Claflin and Ziemann,?! Scheme 1 provides a
25



424 formation pathway for RO2¢ containing the C=C double bond, which leads to fast HOM-
425  ON formation and provides a plausible explanation for the second-generation products

426  observed in this study.

26



427  Scheme 1. Example Unimolecular Pathway Chain of p-pinene + NOs Reactions Leading to the Formation of HOM-ON, specifically

428  Carbonylnitrates.?
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430 2 The formula of radicals and products observed in the experiments were highlighted in red-dashed boxes. This is only a small subset of
431 the full oxidation mechanism omitting many competing channels and is not intended to be complete.
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First-Generation C7-9 HOM-ON. Besides C10 products, C7-9 compounds were also
observed in this study, including product families of C7Hg-11NOs-12, CoH13-1sNOs-14, and
CsH11-13NOag-12, consistent with the study by Nah et al.*® These first-generation products
were suggested to be formed from the decomposition of NO3-RO- radicals followed by an
autoxidation pathway. This decomposition process was already recognized as another
important unimolecular reaction, forming ring-opened products.”® ™ 78 7® Taking C7Ho-
11NOs-12 as an example for R3, besides the fast H-shift as shown in Scheme 1, it can
undergo bimolecular reactions with RO2¢ or NOs3 reactions forming a NO3-ROe, which will

further decompose into acetone and an unsaturated NOs3-Re, such as C7HioNO3ze,” 76

as
shown in Scheme S4. Radicals like C7H10NOse can react with Oz, forming C7H10NOse,
which can then further undergo autoxidation.

Similar to the CioH15.17NOe.15 family, the C7He-11NOs-12 family followed a typical
first-generation time series, with a representative radical C7H10NOoe and its corresponding
termination products shown in Figure S8. When B-pinene was added, C7H10NOye peaked
instantaneously, followed by the formation of C7HoNOs, C7H11NOs, and C7H11NOy. A time
window of 3-4 min between the peaks of radicals and termination products was observed,
indicating the typical period of the termination processes. Carbonylnitrates were again
observed as the dominant termination products, suggesting termination by unimolecular H-

shift and OH formation to be a major reaction pathway in the C7Ho-11NOs-12 family as well.

Moreover, higher concentrations, as well as higher carbonylnitrate abundance, were
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observed in C7H10NOz2n+1* compared to C7HioNO2ne. This indicates that the alkoxy-peroxy
channel is a minor, less competitive pathway in the C7Ho-11NOs-12 family. Additionally, a
distinct increase of acetone from 0.04 ppb to 0.44 ppb was observed throughout the
experiments, as shown in Figure S1. This confirms the presence of fragmentation process
in B-pinene + NOs, such as the above discussed Cio decomposition to form C7 compounds
and acetone. The two remaining product families, CoH13-15NOs-14 and CgH11-13NOs-12, were
hypothesized to be formed in a similar pathway, but the exact bond scission position is not
yet known.

First-Generation Accretion Products. Three accretion product families were found
to follow a typical first-generation product time series, including C20H32N20o-19,
Ci17H26N2012-18, and C19H30N2011-19. Recent studies have identified the importance of rapid
reaction of RO2* + RO2* — ROOR + O2 in the formation of gas-phase accretion products.*-
82 Figure S10 lists the expected accretion products produced from the above-identified
NO3-RO2¢ monomers. These three accretion product families can all be explained via ROz¢
self- or cross-reaction channels. Notably, C20H32N209-19 were the most abundant accretion
products, consistent with the dominance of its corresponding parent NO3-ROze. Figure 2¢
shows the time series of C20H32N2014,16, formed from self-reaction of Cio0H16NOsgge
discussed above. Both of them peaked about 6-8 min after each B-pinene addition and
decayed afterward. This is consistent with a quick formation process from ROz reactions.

Moreover, C20H32N2014 was the most abundant product among the C20H32N209-19 family.
30



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

Its corresponding precursor C10H16NOsge also dominated among C10H16NOxe as shown in
Figure S11. However, it should be noted that accretion products with the same formula
could arise from cross-reactions of several combinations of ROze; for example,
Ci0H16NO7* + CioHi16NOg* or CioHisNOs* + CioHi6NOio* could both contribute to
C20H32N2014. Currently, we cannot quantify the relative contribution of different RO2¢
recombinations to the accretion products, as the reaction rate coefficients of ROze self- or
cross-reactions depend on specific ROz¢, and many of them are unknown.®! The two
remaining product families, Ci7H26N2012-18 and Ci9H30N2011-19, showed a similar first-
generation time series and likewise followed ROze self- and cross-reaction channels.

Second-Generation HOM-ON and Their Tormation Mechanism. Two monomer
families (Ci0H14-16N20s-16 and CgHi10-12N209¢-12) and two accretion product families
(C20H31N3012-21 and C20H30N4014-22), which contain two N atoms (monomers) and three or
more N atoms (accretion products), showed a time series differing from first-generation
products. They mostly showed a concentration peak after B-pinene addition at a much later
phase than typical first-generation products, shown in Figure S9. These compounds were
assigned as second-generation reaction products. Among those, CioH14-16N20s-16
dominated and were suggested to be formed via NOs addition to the first-generation
carbonylnitrates products (C10H1sNOs-15). As discussed above, the carbonylnitrates formed
via unimolecular H-shift termination reactions contain one C=C double bond, which can

be attacked by NOs radicals to form CioH1sN20xe. For example, P2 in Scheme 1 could form
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a tertiary dinitrooxyalkyl radical [(NOs)2-Re] CioHisN2011e, which will be quickly
converted to a dinitrooxyperoxy radical [(NO3)2-RO2¢] C10H15sN2013¢ via O2 addition, as
shown in Scheme S5. This radical can undergo a unimolecular H-shift to either propagate
the radical chain or terminate it by the formation of carbonyldinitrates + OH. Via
bimolecular reactions of RO2¢ + ROz, carbonyldinitrates (Ci0H14N20x) and
hydroxydinitrates (C10H16N20x) can be formed, and hydroperoxydinitrates (C10H16N20x)
can be formed via ROz¢ + HOze. These second-generation HOM-ON have not been
reported in previous B-pinene + NOs studies because these studies mainly focused on the
first-generation products and/or used different analysis methods.?* 23 The observation of
these dinitrates in this study highlighted the importance of the C=C double bond formed in
R2 in Scheme 1.

Accretion products, such as C20H31N3012-21 and C20H30N4O14-22, were also observed
and are generated from self- or cross-reactions of later generation ROze, likely formed via
reactions of C10H15sN20xe + C10H16NOxe and Cio0H15N20xe + Ci0H15N20xe, respectively.
Figure 3a shows the time series of a typical (NO3z)2-RO2¢ C10H15N209e, compared against
that of C20H30N4O1s, the accretion products resulting from its self-reaction. Both of them
gradually increased after each B-pinene addition. Moreover, when CioH1sN20ge reached
peak concentration, the signal of C20H30N4O16 showed the largest rate of change. This is

consistent with the kinetics shown in eq 2.

d[C20H30N4016]
% = ky[C1oH15N20g *]* — k\y[C20H30N,016] (2)
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where kr and kw are rate constant of CioHisN20o¢e self-reaction and the wall loss rate of
C20H30N4O1s, respectively. A linear relationship between the rate of accretion products
produced and the squared concentrations of ROz¢ has also been reported in previous HOM
studies.® 82 Accretion products of C20H31N30x formed from CioHisN20xe + C1oH16NOxe
were also observed in this study, with the representative time series of C20H31N3O16 and its
corresponding precursors ROze, C10HisN20ge and C10H16NOge, as shown in Figure 3b. The
radical C10H15N20o¢ and its accretion product C20H31N3016 likewise followed a time series
typical of second-generation products, as well as a similar kinetic dependence. The
concentrations of C20H31N3016 peaked earlier than its precursor ROz corresponding
second-generation Ci10Hi1sN209e while C20H30N4O22 showed up later than CioHisN2Ooe.
This can be because another precursor RO2z¢ of C20H31N3016, C10H16NOoe, is a first-
generation feature that accelerates the formation of C20H3i1N3O16. Additionally,
C20H31N3016 showed a small peak after B-pinene addition, especially those in third and
fourth B-pinene additions. This shows that C20H31N3016 followed the trend of its first-
generation radical C10Hi16NOoe more and indicated a role in the cross-reaction formation of
C20H31N3016. Overall, the above discussion on kinetics further confirms the contribution
of ROz self- and cross-reactions to the accretion product formation in this study.

Finally, we observed a family of Co products with second generation behavior. We
suggest that the second-generation CoH10-12N209-12 Was likely to be formed by a secondary

NOs addition pathway, similarly to CioH1s4-16N20s-16. However, the first generation of
33



533

534

535
536
537
538
539
540

unsaturated Co compounds from B-pinene + NO3 was not detected with our technique, such

that the detailed formation mechanism of CoH10-12N209-12 cannot be elucidated at this time.

15
(a) C10H15N209-
— C20H30N4016
73 10
g
% 5
&

Time elapsed (h)

(b) —— C10H16NO9-
- C10H15N209-
_ —— C20H31N3016
_é 304
£ 20-
8
10
O T T T T T T T T

Time elapsed (h)

Figure 3. Time series of (a) a representative second-generation peroxy radical (CioH1sN2012°,
orange) and its self-reaction accretion product (Cz0H30N4O16, cyan), and (b) C2oH31N3016 (Navy)
resulting from the cross-reaction of C1oH1sN2O12° (orange) and C10H1sNOge (red). The four vertical
markers indicate B-pinene additions into the chamber. All signals were averaged over binned 30 s
intervals for plotting.
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Production Yield Determination. The molar yield of HOM-ON (0O>6) in the NOs3
oxidation of B-pinene was estimated to be 4.8% (-2.6%/+5.6%). The large uncertainty in
HOM yield is attributed to a number of factors, including the HOM-ON peak intensity, 3-
pinene concentration, calibration factor, and transmission efficiency, as described in the
Experimental and Methods section and the SI. Note that the HOM produced during this
short reaction time (10 min) consists of 93.4% first-generation products and 4.4% second-
generation products. This reported value refers to a primary HOM yield. Compared to
molar yields of HOM from B-pinene oxidation by Os or OH radicals (<0.1%),%* the NO3
radical is exceptionally efficient in oxidizing B-pinene to produce HOM. Moreover, the
average value of all currently determined HOM yields is around 5%, including OH, Os3,
and ClI systems.?” 3 This means the reaction of -pinene + NOs is competitive enough to
produce a sizable fraction of the HOM products. Using the signal-weighted average of the
mass of the produced HOM-ON (353.7 g mol!), we estimate the mass yields to be roughly
2.6 (=353.7 gmol /136.1 g mol ™) times the molar yield. The value in this study is slightly
larger than the factor 2.4 calculated for the o-pinene ozonolysis system.® This indicates
that reactions with NOs radicals lead to higher mass oxidation products, as expected, and
contribute more to SOA than ozonolysis reactions. The converted mass yields of HOM-
ON from B-pinene + NO3 were averaged to 12.5% (-6.8%/+14.6%), assuming that the
volatility of HOM-ON was low enough to condense irreversibly onto the particle phase.®

4 Considering the SOA yields of B-pinene + NO3,'820: 22 23. 26 these HOM-ON should
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contribute a significant fraction, especially at low organic aerosol loadings in ambient
atmosphere. Note that the volatility of HOM-ON was not determined in this study. Yet

Pullinen et al.*

determined a range of 0.5-1 for effective uptake coefficients of HOM-ON
from B-pinene + OH. Therefore, it is reasonable to approximate the uptake of most of the
HOM-ON as being irreversible when estimating their contribution to SOA. Even an uptake
coefficient of 0.5 would cause HOM to condense efficiently on particles. Assuming that
all HOM condensing on particles provides an upper limit of the contribution of HOM-ON
to SOA, and most of HOM will thus reside in the particle phase. Although HOM-ON in
this study are not identical to those in Pullinen et al.,* they are expected to have generally
similar structures, and HOM-ON contribution to SOA formation is considered to be
significant in B-pinene + NO3 reactions.
Atmospheric Implications

We observed a large number of HOM-ON formed from NOs3 oxidation of B-pinene in
the SAPHIR chamber, including six monomer (C=7-10, N=1-2, O=6-16) and five accretion
product (C=17-20, N=2-4, 0=9-22) families. An example formation mechanism was
proposed and constrained based on the time series of the closed-shell HOM, which were
different for first- and second-generation products and depended on the precursor ROze.
Such HOM-ON are expected to be formed under the conditions of the nocturnal planetary

boundary layer (PBL), especially when both biogenic VOC and anthropogenic NOx sources

are present. Recent field studies have shown that these HOM-ON are prevalent at night-
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time in the Southeastern US and contribute to a large fraction of SOA.!> 1> The precursor
peroxy radicals, especially Ci0Hi16NOoe, formed from monoterpene + NOs are observed at
night-time in SORPES station in eastern China, where the BVOC oxidation is strongly
influenced by NOx.%

Direct experimental evidence was provided in our study to highlight the importance of
the unimolecular H-shift termination pathway in the NOs system, producing unsaturated
carbonyInitrates as first-generation products, similar to OH systems.32 5 ™ We expect that
a large portion of HOM-ON formed at night-time in the ambient atmosphere over a forest
environment affected by anthropogenic emissions contains a carbonyl group and one or
more -OOH groups, in addition to the initiating -NO3 group. These unsaturated first-
generation carbonylnitrates are anticipated to react further with additional NO3 and lead to
the formation of second-generation products. Although some studies found that second-
generation ON containing two or more nitrogens were much less abundant than
mononitrates,*® second-generation products might be important when NOs3 is abundant or
during the next day when unsaturated carbonylnitrate can react with OH.

The production yields of HOM-ON from B-pinene + NO3 were estimated with a mean
molar yield of 4.8% (-2.6%/+5.6%). This yield is much higher than the HOM yield in -
pinene oxidation by OH (0.58%) and O3 (0.12%) reported by Jokinen et al.®> and HOM
yield in the isoprene oxidation by NO3 (1.2%).8” This higher HOM yield of B-pinene +

NOs indicated the potential significance of HOM-ON to the formation of SOA in the
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nocturnal PBL in areas influenced by biogenic VOC and anthropogenic NOx emissions as
observed by a number of field studies.® Incorporating the HOM-ON yield determined in
this study into future models can lead to a better interpretation of ambient data and a more
accurate prediction of atmospheric and climate effects of B-pinene + NOs reactions.
Furthermore, negligible second-generation products are included in the production yield.
It is unclear that whether their contribution to HOM yields will outweigh the first-
generation products and further influence the SOA formation in the ambient atmosphere.
Further laboratory studies and field observations are needed.

SUPPORTING INFORMATION

Additional information deriving the calibration coefficient of CIMS and HOM yields
(Section S1) and calculations of RO2¢ bimolecular loss rates (Section S2); figures showing
the experimental procedure (Figure S1); relative contributions of reactions of B-pinene with
NOs and Os to total B-pinene loss (Figure S2); SMPS data (Figure S3); the average mass
spectrum of each experimental period (Figure S4); time series of residuals (Figure S5);
ROz bimolecular loss rates (Figure S6); peroxy radicals of CioHisNOxe (Figure S7); C7
compounds (Figure S8); second-generation products (Figure S9); and permutation
reactions of identified first-generation NO3-ROze radicals (Figure S10) and CioHi16NOx®
(Figure S11). Schemes demonstrating HOM formation mechanism involving ROae
(Scheme S1); general autoxidation of NOj3; oxidation of B-pinene (Scheme S2); the

simplified HOM formation pathway proposed in prior studies (Scheme S3); the possible
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formation pathway of C7 compounds (Scheme S4); and example formation pathway of
second-generation products (Scheme S5); tables listing HR peak list (Table S1); reaction
rates used to calculate RO2* bimolecular loss rates (Table S2); and relative intensities of
the C7Ho9-11NOs-12 product family (Table S3).
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