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Abstract. The oxidation of A3-carene and one of its main
oxidation products, caronaldehyde, by the OH radical and
O3 was investigated in the atmospheric simulation chamber
SAPHIR under atmospheric conditions for NO, mixing ra-
tios below 2 ppbv. Within this study, the rate constants of the
reaction of A3-carene with OH and O3 and of the reaction of
caronaldehyde with OH were determined to be (8.0 £0.5) x
107" em®s~! at 304K, (4.44£0.2) x 10717 em®s~! at 300K
and (4.6+1.6) x 107" em3s~! at 300K, in agreement with
previously published values. The yields of caronaldehyde
from the reaction of OH and ozone with A3-carene were de-
termined to be 0.30£0.05 and 0.06£0.02, respectively. Both
values are in reasonably good agreement with reported litera-
ture values. An organic nitrate (RONQO,) yield from the reac-
tion of NO with RO, derived from A3-carene of 0.25 +0.04
was determined from the analysis of the reactive nitrogen
species (NO,) in the SAPHIR chamber. The RONO; yield
of the reaction of NO with RO, derived from the reaction
of caronaldehyde with OH was found to be 0.10 & 0.02. The
organic nitrate yields of A3-carene and caronaldehyde oxi-
dation with OH are reported here for the first time in the gas
phase. An OH yield of 0.65 4= 0.10 was determined from the
ozonolysis of A3-carene. Calculations of production and de-
struction rates of the sum of hydroxyl and peroxy radicals
(RO, = OH + HO; + RO;) demonstrated that there were no
unaccounted production or loss processes of radicals in the
oxidation of A3-carene for conditions of the chamber ex-
periments. In an OH-free experiment with added OH scav-
enger, the photolysis frequency of caronaldehyde was ob-
tained from its photolytical decay. The experimental photol-
ysis frequency was a factor of 7 higher than the value calcu-
lated from the measured solar actinic flux density, an absorp-

tion cross section from the literature and an assumed effec-
tive quantum yield of unity for photodissociation.

1 Introduction

On a global scale, the emission of carbon from biogenic
volatile organic compounds (BVOCs) exceeds 1000 Tg per
year (Guenther et al., 2012). Among all BVOC emissions,
monoterpenes are the second most important class of species,
contributing up to 16 % to the total emissions. As they are
unsaturated and highly reactive, knowledge of their atmo-
spheric chemistry is crucial to understand the formation of
secondary pollutants such as ozone (O3) and particles (e.g.
Seinfeld and Pandis, 2006; Zhang et al., 2018).

Of the total global annual monoterpene emissions, A3-
carene contributes 4.5 %, making it the seventh most abun-
dant monoterpene species (Geron et al., 2000). A3-Carene
is primarily emitted by pine trees. Measured emission rates
are up to (85+17) ngg(dw)_lh_1 (nanograms monoter-
penes per gram dry weight (dw) of needles and hour)
from Scots pine trees (Komenda and Koppmann, 2002)
and 57ngg(dw)~'h~! from maritime pine. Therefore, A3-
carene regionally gains in importance, for example, in boreal
forests and the Mediterranean region. Hakola et al. (2012)
measured the mixing ratios of monoterpenes over a boreal
forest in Hyytiili, Finland, and found A3-carene to be the
second most abundant monoterpene after «-pinene. How-
ever, while the atmospheric chemistry of some monoterpenes
such as a-pinene or B-pinene has been investigated in a num-
ber of experimental and theoretical studies (e.g. Peeters et al.,
2001; Aschmann et al., 2002b; Eddingsaas et al., 2012; Rol-
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Figure 1. Structures of A3-carene and its oxidation product
caronaldehyde, as well as «-pinene and its oxidation product pinon-
aldehyde.

letter et al., 2019, and references therein), only few studies
exist investigating the photooxidation of A3-carene.

The similarity of its structure and type of products, e.g.
caronaldehyde and pinonaldehyde that have been reported
in literature (e.g. Arey et al., 1990; Hakola et al., 1994; Yu
et al., 1999), suggest that A’-carene behaves similarly to a-
pinene (Colville and Griffin, 2004) regarding its oxidation
mechanism. The structural relations between A>-carene and
o-pinene as well as their oxidation products caronaldehyde
and pinonaldehyde are shown in Fig. 1. However, recent the-
oretical and experimental studies show that while the struc-
tural differences between the two molecules may be small,
they may have an impact on the oxidation mechanism, e.g.
due to the impact of unimolecular peroxy radical reactions
(Draper et al., 2019; Moller et al., 2020).

In the atmosphere, monoterpenes mainly react with the hy-
droxyl radical (OH) and ozone (O3) during daytime and O3
and the nitrate radical (NO3) during nighttime. From the re-
action of A3-carene with OH, organic peroxy radicals (RO;)
are formed that can subsequently react with NO regenerating
either eventually OH or forming organic nitrates (RONO>).
Organic nitrates terminate the radical chain. They are typi-
cally less volatile and more hydrophilic than their parent or-
ganic compound, making them important for secondary or-
ganic aerosol (SOA) formation. Recent measurements sug-
gest that 17 % to 23 % of organic aerosols contain molecules
with nitrate functional groups (Rollins et al., 2013). RONO,
species serve also as NO, (NO, = NO; 4+ NO) reservoirs,
hereby influencing, for example, O3 formation (Farmer et al.,
2011).
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In oxidation product studies, caronaldehyde was found to
be the main daytime organic oxidation product from the oxi-
dation of A3-carene (Arey et al., 1990; Reissell et al., 1999).
The vapor pressure of this compound is lower than the vapor
pressure of A3-carene, possibly making it a contributor to
particle formation in the atmosphere (Yokouchi and Ambe,
1985; Hallquist et al., 1997).

In the present study, the following reactions of A3-carene
were investigated in a series of experiments in the atmo-
spheric simulation chamber SAPHIR:

A3-carene + OH — product, R1D)
A3-carene + O3 — product 4+ OH, (R2)
caronaldehyde + OH — product, (R3)
caronaldehyde + #v — product. (R4)

The reaction rate constants of Reactions (R1)-(R3) and the
photolysis frequency of Reaction (R4) are determined from
the experimental decay of the respective VOC and compared
to previously published values. Furthermore, the OH yield of
Reaction (R2) and the caronaldehyde yield of Reactions (R1)
and (R2) are determined under atmospheric conditions. The
organic nitrate yields of the reactions of NO with RO; radi-
cals formed in Reactions (R1) and (R3) are obtained for the
first time in the gas phase. Radical and trace gas measure-
ments are used for analysis if unaccounted radical reactions
are of importance in the oxidation mechanism of A3-carene.

2 Methods
2.1 Experiments in the SAPHIR chamber

SAPHIR is a double-walled atmospheric simulation cham-
ber made of Teflon (FEP) film. It is of cylindrical shape (5 m
diameter, 18 m length) with an inner volume of 270m>. A
shutter system allows for experiments to be conducted both
in the dark (shutters closed) and the sunlit (shutters opened)
chamber. With the shutters opened, the chamber is exposed to
sunlight, therefore allowing for natural photooxidation con-
ditions. The pressure of the chamber is kept 35Pa higher
than the outside pressure to avoid leakage from ambient air
into the chamber. Ultrapure nitrogen and oxygen (Linde, pu-
rity 99.99990 %) are used to mix the synthetic air for the
experiments. The space between the two FEP films is per-
manently flushed with ultrapure nitrogen. In order to com-
pensate for the air lost to small leakages and sampling from
the instruments, a flow of synthetic air is continuously intro-
duced into the chamber leading to a dilution of trace gases of
about 4 % per hour. OH radicals are produced mainly from
nitrous acid (HONO) photolysis. HONO is formed on the
chamber walls upon illumination of the chamber. The pho-
tolysis of HONO also leads to the formation of nitric oxide
(NO), so the NO, concentration increases continuously over
the course of an experiment. A more detailed description of
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Table 1. Experimental conditions for all discussed oxidation experiments. Concentrations are given for the conditions in the SAPHIR cham-
ber at the time of the first VOC injection; VOC concentrations refer to the first injection.

Expt. no. Date Type of experiment

RH/ NO/ O3/ VOC/ T/
%  ppbv  ppbv ppbv K

El 13 June 2019 A3—carene, OH oxidation, low NOy 60 0.8 35 5 303
E2 21 May 2020 A3—carene, OH oxidation, low NO, 40 0.3 90 6 305
E3 31 May 2020 A3-carene, ozonolysis, dark chamber 20 0.1 120 7 300
E4 31 May 2020 A3-carene, ozonolysis, dark chamber? 20 0.1 120 7 300
ES 27 May 2020  caronaldehyde, photolysis? 40 <15 80 17 300
E6 27 May 2020  caronaldehyde, OH oxidation 40 <15 80 17 300

4 ~ 100 ppmv CO added as OH scavenger

the SAPHIR chamber and its features can be found elsewhere
(e.g. Rohrer et al., 2005).

In total, six experiments were conducted to study the
OH-induced photochemical degradation and ozonolysis of
A3-carene as well as the photolysis and photooxidation of
caronaldehyde under different conditions. Experimental con-
ditions for each experiment are summarized in Table 1.

Two experiments, experiment E1 and experiment E2, were
conducted to investigate the OH reaction of A3-carene with
NO mixing ratios of less than 0.8 ppbv. Additionally, the
ozonolysis of A3-carene was studied under dark conditions
(chamber roof closed) in two experiments, one without (ex-
periment E3) and one with (experiment E4) the addition of
an OH scavenger. Two experiments focused on the photoly-
sis (experiment ES) and reaction with OH (experiment E6)
of caronaldehyde with NO mixing ratios below 2 ppbv.

Before each experiment, the chamber was flushed with
synthetic air until the concentrations of trace gases were be-
low the detection limit of the instruments. Experiments E3
and E4 as well as Experiments E5 and E6 were conducted
on the same day, and flushing of the chamber was only done
overnight prior to experiments E3 and ES, respectively. At
the beginning of the experiments, the chamber air was hu-
midified by boiling Milli-Q water and adding the water va-
por together with a high flow of synthetic air into the cham-
ber. Relative humidity (RH) for the photooxidation experi-
ments was around 80 % at the beginning of the experiment
(water vapor mixing ratio ~ 2 %) but decreased during the
day mostly due to a rise in temperature inside the cham-
ber. RH values at the end of the experiment were typically
35 % (water vapor mixing ratio ~ 0.7 %). For the ozonoly-
sis experiment, relative humidity was 20 % at the beginning
of the experiment. For some of the photooxidation experi-
ments, ozone produced by a discharge ozonizer was injected
into the chamber to reach mixing ratios of up to 60 ppbv to
suppress NO in its reaction with O3. Up to 100 ppmv of CO
was injected into the chamber as an OH scavenger for exper-
iments E4 and E5 to study the ozonolysis of A3-carene and
the photolysis of caronaldehyde under OH-free conditions.
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During the first 2 h after opening the roof, the “zero-air”
phase, no further reactive species were added, allowing for
characterizing chamber sources of, for example, nitrous acid
(HONO), formaldehyde (HCHO) and acetone, and to quan-
tify the background OH reactivity. The sum of OH reactant
concentrations ([X]) weighted by their reaction rate coeffi-
cient with OH (kon+x) is called OH reactivity (koy). OH
reactivity observed in the SAPHIR chamber in the zero-
air phase cannot be attributed to a specific species and is
therefore seen as background reactivity. Background OH re-
activity in the range of 0.5s~! is commonly observed in
the SAPHIR chamber due to contaminants coming from the
chamber wall upon humidification or irradiation. For the ex-
periments in this study, a higher background reactivity of up
to 5s~! was observed possibly due to a higher contamina-
tion of the chamber caused by previous experiments. Specific
contaminants can remain in the chamber even after flushing
the chamber with a high flow of ultrapure synthetic air, be-
cause they are adsorbed on the chamber’s Teflon film. Upon
humidification or illumination of the chamber, these contam-
inants can be desorbed resulting in a higher than usual back-
ground OH reactivity. After the injections of the VOCs, OH
reactivity was dominated by their reaction with OH, and the
background reactivity could be well described from measure-
ments in the zero-air phase, so its influence is negligible for
the analysis in this work, which concentrates on the times
right after the injection of the VOC, when the total OH reac-
tivity was dominated by the VOC.

Following the zero-air phase, A3-carene (Fluka, purity
99 %) was injected two to three times as a liquid into a heated
volume. The vapor was transported into the SAPHIR cham-
ber with the abovementioned replenishment flow of synthetic
air. A3-Carene mixing ratios ranged from 3.1 to 6.0 ppbv in
the chamber right after the injections.

Caronaldehyde was synthesized by ChiroBlock GmbH
(Wolfen, Germany) as an enantiomeric mixture of (4)-
and (—)-caronaldehyde with a purity of > 95 % determined
by 'H-NMR measurements. The liquid was dissolved in
dichloromethane (DCM) for stability reasons. The concen-
tration of caronaldehyde in DCM was 0.5 molL~!. To ex-
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clude influences of the solvent on the chemistry observed in
the experiments, additional test experiments were conducted
in which only DCM was injected into the chamber. It was
found that DCM did not interfere with the measurements and
that DCM chemistry did not play a role for the analysis here.
Caronaldehyde was injected as a liquid dissolved in DCM
and evaporated as done for liquid A3-carene. Caronaldehyde
mixing ratios in the chamber were 5 to 9 ppbv right after the
injections. Potential wall loss of caronaldehyde was deter-
mined in a test experiment and was found to be negligible
on the timescale of the experiments. Therefore, wall loss of
caronaldehyde was not considered in the analysis of experi-
ments.

2.2 Instrumentation

A3-Carene and caronaldehyde were detected by proton-
transfer-reaction time-of-flight mass spectrometer instru-
ments (VOCUS-PTR-MS, Aerodyne). Both instruments
were calibrated for A3-carene. The measured concentrations
were compared to the rise of the OH reactivity measure-
ments when A3-carene was injected. It was found that the
A3-carene concentration was underestimated by the VOCUS
by a factor of 3 throughout all experiments. Therefore, the
concentrations were scaled, so the measured rise of A3-
carene by these mass spectrometric methods matched the in-
crease in the measured OH reactivity at the time of the in-
jections using a A3-carene +OH reaction rate constant of
8.0 x 107" cm?s~!. The uncertainty of this calibration cor-
rection is given by the uncertainty in the A3-carene + OH re-
action rate constant and the uncertainty in the OH reactivity
measurements that is 10 % (Fuchs et al., 2017a). Pinonalde-
hyde was used as a substituent to calibrate the instrument
for caronaldehyde, as there is no calibration standard for
caronaldehyde. The concentrations obtained from this cali-
bration were in good agreement with the rise of the OH reac-
tivity during caronaldehyde photooxidation experiments us-
ing a reaction rate constant of 4.1 x 10~ cm3s~1.
Formaldehyde (HCHO) was measured by a Hantzsch
monitor (AL4021, AeroLaser GmbH) and with a cavity ring-
down instrument (G2307, Picarro). On average, the concen-
trations measured by both instruments agreed within 15 %
(Glowania et al., 2021). HONO concentrations were mea-
sured by a custom-built long-path absorption photometer
(LOPAP) (Kleffmann et al., 2002; Li et al., 2014). NO and
NO; were measured using a chemiluminescence instrument
(Eco Physics) equipped with a blue-light photolytic converter
for the conversion of NO, to NO. CO and water vapor were
measured with a cavity ring-down instrument (G2401, Pi-
carro) and O3 with an UV absorption instrument (Ansyco).
Total and diffuse spectral actinic flux densities measured by
a spectral radiometer outside of the chamber were used to
calculate photolysis frequencies (j) following Eq. (1):

j=/0(?»)¢(?»)Fx()»)d)u ey
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with o being the absorption cross section, ¢ the quantum
yield and F; the mean spectral actinic flux density inside the
chamber. Absorption cross sections and quantum yields were
taken from recommendations in literature. The actinic flux
spectra within the chamber were calculated in a model using
the spectral radiometer measurements as input. As explained
in more detail in Bohn et al. (2005) and Bohn and Zilken
(2005), this model takes into account chamber-specific pa-
rameters such as the time-dependent effects of shadings of
the chamber steel frame and the transmittance of the Teflon
film. RO, radicals (OH, HO,, RO;) were measured by laser-
induced fluorescence (LIF), in which OH is excited at 308 nm
(Holland et al., 1995; Fuchs et al., 2011). HO, and RO,
are chemically converted to OH so that the sum of radi-
cals could be detected as OH in separate measurement cells
(Fuchs et al., 2008, 2011). In the experiments in 2019, HO;
was additionally measured by bromide chemical ionization
mass spectrometry (Br-CIMS) as described by Albrecht et al.
(2019). The measurements usually agreed within 15 %. The
detection sensitivity for RO, from A3-carene was found to
be in the range of the detection sensitivity for methyl per-
oxy radicals. For some experiments in this work, the fraction
of RO, formed from A3-carene (RO2 carene) is used and cal-
culated as described in the following section. In all exper-
iments, OH reactivity (kog) was measured using a pump-—
probe instrument (Lou et al., 2010; Fuchs et al., 2017b). An
overview of the instrumentation including their accuracies is
given in the Supplement (Table S1).

2.3 OH reactivity and peroxy radical distribution

The OH reactivity measured in the SAPHIR chamber rep-
resents the sum of all species that react with OH. It can be
separated into a fraction attributed to inorganic species (NO,
CO, NOy) and formaldehyde (here named kOHjnorg), as well
as a fraction contributed to by VOC species (kOHyoc). This
allows us to distinguish between reactions forming RO, and
those that do not. Equation (2) allows us to calculate the frac-
tion contributed to by VOC species by subtracting kOHinorg
from the total measured reactivity. koH+x) represents the re-
action rate constant of the respective compound X with OH.

kOHvyoc =kOHgbs — (kou+NO[NO] + kon+N0, [NO2 ]
+ kon+colCO] + kon+HcHo [HCHOY]) ()

Included in kOHyoqc is the reactivity from A3-carene but
also from reaction products like oxygenated VOCs (OVOCs).
kOHcarene, the fraction of OH reactivity from A3-carene, can
be calculated using its OH reaction rate constant and mea-
sured concentrations (Eq. 3).

kOHcarene = kOH+-carene[carene] 3

Since the RO, measurement is the sum of all RO, pro-
duced in the chamber, it can be assumed that the fraction of
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RO, radicals produced by A3-carene to the total RO, con-
centration is equal to the ratio of OH reactivity from the A3-
carene + OH reaction to the total measured OH reactivity,
assuming that every VOC + OH reaction leads to the forma-
tion of an RO; radical and that all RO, species have similar
chemical lifetimes. The concentration of RO, formed by A3-
carene oxidation can therefore be estimated using Eq. (4).

kOH,
[ROZ,carene] - e

———[RO2 obs 4
kOHVOC [ 2,obs] ( )

2.4 Determination of reaction rate constants and OH
yield from ozonolysis

Reaction rate constants for the reaction of OH with A3-
carene as well as its oxidation product caronaldehyde and
for the ozonolysis of A3-carene are determined by minimiz-
ing the root-mean-square error (RMSE) between measured
VOC concentration time series and results from a simplified
box model while the reaction rate constant is varied. The box
model includes a minimum number of reactions required to
describe the loss of the VOC. For the ozonoylsis and OH ox-
idation of A3-carene, the model consists of Reactions (R1),
(R2) and the dilution of the trace gases from the chamber
replenishment flow. The model for the reaction of caronalde-
hyde with OH consists of Reactions (R3) and (R4) and the di-
lution of trace gases. The model is constrained to measured
oxidant concentrations (OH and O3), temperature, pressure
and dilution rates. For the determination of the caronalde-
hyde + OH reaction rate constant, the model is additionally
constrained to the measured photolysis frequency.

To determine the OH yield of the ozonolysis of A3-carene,
the same method is applied, but the model is constrained to
the determined reaction rate constants while the OH yield is
varied. When ozonolysis experiments are conducted in the
dark chamber, it is assumed that OH production only occurs
through the ozonolysis of A3-carene and that there are no
other photolytic sources (see Sect. 3.1). For this analysis, it is
of no importance whether the correct absolute concentration
of A3-carene or caronaldehyde is used in the box model, as
the relative decay of modeled and measured A3-carene or
caronaldehyde are compared.

2.5 Determination of product yields — organic nitrate
RONO;

The yield of nitrates (RONO;) from the reaction of
RO2, carene + NO can be determined from the analysis of the
concentrations of reactive nitrogen species in the chamber.
NO, NO; and HONO were directly measured in the exper-
iments, and their sum is called NO7 for the analysis in this
work (Eq. 5):

[NO?] = [HONO] + [NO2] + [NO]. 5)

The source of all reactive nitrogen species in the experiment
is the chamber source of HONO in the sunlit chamber. Its
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variable source strength Q(HONO) depends on temperature,
relative humidity and solar ultraviolet radiation (Rohrer et al.,
2005). HONO photolysis leads to the production of NO that
is further oxidized to higher nitrogen oxides over the course
of the experiment.

As HONO can be reformed by the reaction of NO with
OH, a photostationary state between HONO, NO and OH is
usually reached within several minutes. Therefore, measure-
ments of NO, OH, juono and HONO can be used to calcu-
late the source strength of HONO (Eq. 7).

d[HONO
% = Q(HONO) — juono[HONO]

+ kon+No[OH][NO] ~ 0, (6)
Q(HONO) = juono[HONO] — koH+No[OH][NO]. (N

For the experimental conditions in this work (jgono & 8 X
10~* s~ 1) photostationarity is reached within 20 min. Chemi-
cal loss of NO}‘, in the chamber occurs due to the formation of
RONO; (R6, Table 2) and HNO3 (R2, Table 2). Additionally,
NO’; species are lost due to replenishment flow that com-
pensates for chamber leakage and gas sampling of analyti-
cal instruments. The difference between the time-integrated
production and loss terms can then be used to determine the
concentration of NO; at a given time 7.

[NOYl, = / (Q[HONO] — kon+N0,[OH][NO:]
t

- kROg,carene+NO,R10 [ROZ,carene] [NO]
— Lgy)dt’, 3)

where Lgj is the loss due to the replenishment flow, diluting
the chamber air with the first-order rate coefficient k; = 1.6 x
1075 s~ Lgj is calculated by Eq. (9).

Lgit = (INOJ + [NO2] 4 [HONODkq €))

With respect to analysis of total nitrogen oxide concentra-
tion in the chamber, Eq. (8) assumes that HNO3 and RONO,
formation are effective sinks for NO, and that it does not
play arole, if nitrates remain as HNO3 or RONO in the gas-
phase or if they are, for example, deposited on the chamber
wall as long as neither NO nor NO, are reformed. Possible
decomposition pathways could be, for example, due to pho-
tolysis, which would lead to a reformation of NO,. However,
reported atmospheric lifetimes of RONO; species are in the
range of several days due to their small absorption cross sec-
tions (Roberts and Fajer, 1989), much longer than the dura-
tion of the chamber experiment. NO; loss due to the forma-
tion of nitrate radicals (NOs3) from the reaction of NO, with
ozone is also neglected in Eq. (6). For the experimental con-
ditions in this work, the photolytic back-reactions, reforming
NO; from NOs3, are fast enough such that the NO3 concentra-
tion in the sunlit chamber remains negligibly small. The for-
mation of other oxidized nitrogen species such as acetyl per-
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oxy nitrate (PAN) is also assumed to be negligible. The ther-
mally unstable PAN species are formed from reaction of acyl
peroxy radicals with NO;. For experiments in the SAPHIR
chamber with comparable temperature conditions, the mix-
ing ratios of PAN formed in the oxidation of acetaldehyde
emitted by chamber sources are typically less than 100 pptv.
Combining Eqgs. (5) and (8), the amount of RONO, formed
can be calculated as follows.

[RONO;]; = / kNO+RO, (R10)[RO2, carene |[INO]ds’
t

= ¢rRONO, X / kr0,+NO[RO2, carene INOJd?’
t

= / (Q[HONO] — komxNo, [OH][NO2] — Lgi)ds’
t

— ([NOJ] + [NOz] 4 [HONO]) (10)

Applying Eq. (10), the reaction yield of organic nitrates
(¢roONO,) can be derived from the calculated A[RONO,] and
measured RO2 carene concentrations.

To prove this concept of calculating organic nitrate yields,
reference experiments with CH4 were performed. An upper
limit of 0.001 was found for the nitrate yield. Within the un-
certainty of the measurements, this value is in good agree-
ment with literature (Scholtens et al., 1999; Butkovskaya
et al., 2012). To exclude possible errors in the analysis for
larger molecules for which nitrate formation is significant,
such as unknown chamber sources of reactive nitrate species,
a similar analysis was performed for an «-pinene experiment
conducted in the SAPHIR chamber. For this experiment, an
organic nitrate yield of (32£6) % was found, which is in rea-
sonable agreement with the reported literature values. A de-
tailed description of the reference experiments with CH4 and
a-pinene will be given in a publication currently in prepara-
tion.

2.6 Determination of product yields

The experiments conducted in SAPHIR allow us to deter-
mine the product yields of caronaldehyde from the reaction
of A3-carene with OH and Os. The product yield determi-
nation for caronaldehyde is done using measured caronalde-
hyde concentrations and relating them to the concentration
of A3-carene consumed by OH or Oz. The concentrations
of A3-carene and caronaldehyde were measured by VOCUS
or PTR-TOF-MS. A correction was applied to the A3-carene
and caronaldehyde concentrations similar to corrections de-
scribed by Galloway et al. (2011) and Kaminski et al. (2017).
To derive the concentration of A3-carene that reacted with
OH or O3, measured A3-carene concentrations were cor-
rected for dilution in the chamber and the reaction with O3
or OH, respectively. The measured product concentrations of
caronaldehyde were corrected for loss due to photolysis and
dilution.
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2.7 Determination of radical sources and sinks

The experiments performed in the SAPHIR chamber that in-
vestigated the OH oxidation of A3-carene allow us to calcu-
late production and destruction rates of the total RO, con-
centration. The atmospheric lifetimes of the RO, radicals
range from only a few seconds for the OH radical to min-
utes for HO, and RO; radicals. Therefore, steady-state con-
ditions of RO, concentrations can be assumed, so radical
production and destruction rates are always balanced for
the timescale of the chamber experiments. If there are im-
balances between the calculated production and destruction
rates, chemical reactions leading to the formation or destruc-
tion of radicals must be missing in the calculations. Table 2
gives an overview of the formation and loss reactions con-
sidered in the analysis including the respective reaction rate
constants used. The reaction rate constants of the individual
reactions were either taken from recent experimental stud-
ies, from measurements in this study or from calculations
applying structure—activity relationship (SAR) as described
in Jenkin et al. (2019).

The main RO, formation processes include the photolysis
of ozone (Reaction R11), HONO (Reaction R12) and HCHO
(Reaction R13) as well as the ozonolysis of A3-carene (Reac-
tion R14). The formation of RO, radicals from the photolysis
of caronaldehyde (R4) was also considered. The formation
rate of RO, radicals P (RO,) can be calculated by Eq. (11).

P(ROy) =jHoNo[HONO] + ®oH-R11 X jo(1p)[O3]
+ 2 jucro[HCHO]
+ ®oH+RO, X k14[A3-carene][O3]
+ ®rO, —R4 X Jearonal[caronal] (11)

®x indicates the yield of the respective radical X from the
given reaction. Loss processes include the reactions of radi-
cals with NO, that lead to the formation of HONO from the
reaction of OH with NO (Reaction R5), nitric acid (HNO3)
from the reaction of OH with NO, (Reaction R6) or or-
ganic nitrates (RONO,) from the reaction of RO2 carene and
NO (Reaction R10). Depending on the experimental con-
ditions, radical loss through radical self-reactions becomes
more important, leading to the formation of hydrogen per-
oxide (H,O,) from the reaction of two HO, radicals (Reac-
tion R7), the formation of peroxides (ROOH) from the reac-
tion of HO, with RO, (Reaction R8) and the self-reaction of
RO; (Reaction R9). The loss rate of RO, radicals L(RO,) is
calculated by Eq. (12).

L(RO,) =(ks[NO2] + ks[NO])[OH] + (ks[HO,]
+2 x ko[RO3] + k10[NO])[RO,]
+ 2k7[HO,]? (12)

Direct measurements of all relevant species allow us to cal-
culate the total formation and loss rates for the RO, radicals.

https://doi.org/10.5194/acp-21-12665-2021
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Figure 2. Measured A3-carene, caronaldehyde (a) and O3 (b) mix-
ing ratios in the experiment investigating the ozonolysis of A3-
carene (experiment E3). The shaded area indicates the time where
CO was injected as an OH scavenger (experiment E4). Vertical lines
give the times when trace gases were injected.

The error of the loss and production rates of the RO, radi-
cals is determined by error propagation, taking uncertainties
in the measurements and kinetic parameters into account.

3 Results and discussion
3.1 Ozonolysis of A3-carene

The ozonolysis of A3-carene was investigated in the dark
SAPHIR chamber in two experiments in order to determine
the rate constant (experiment E3) and OH yield (experi-
ment E4) of the ozonolysis reaction, as well as the yield
of caronaldehyde. Measured time series of Os, A3_carene
and caronaldehyde are shown in Fig. 2. In total, 6.5 ppbv
of A3-carene was consumed in experiment E3, and 7 ppbv
was consumed in experiment E4. The roof of the chamber
was closed for the whole duration of both experiments, to
eliminate photolytical OH production. Since there was no
OH scavenger present in experiment E3, the reaction system
was also influenced by OH that is formed from ozonolysis

https://doi.org/10.5194/acp-21-12665-2021
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Figure 3. Measured and modeled A3-carene concentrations for the
ozonolysis experiment E4. During the second part of the experiment
(a), 90 ppmv of an OH scavenger (CO) was injected to suppress OH
so that A3-carene reacted only with ozone. The modeled decay is
fitted with a rate constant of (4.440.2) x 10717 cm3s~1. During
the first part of the experiment (b), when no CO was present, the
measured decay of A3-carene is significantly faster than expected
from ozonolysis alone. The measured time series of A3-carene can
be best matched if an OH yield of 0.65 %= 0.10 from its ozonolysis
reaction is assumed. Red colored areas indicate the accuracy of the
measured A3-carene concentrations.

(Sect. 3.1.2). OH concentrations were in the range of 1.0 to
2.0 x 10®cm™3. CO was injected into the chamber as an OH
scavenger prior to the beginning of experiment E4.

3.1.1 Rate constant of the ozonolysis reaction of
A3-carene

Optimization of the ozonolysis reaction rate constants as
described in Sect. 2.4 results in a value of (4.4+0.2) x
1077 cm?s~1. The stated error arises from the accuracy of
the O3 and A*-carene measurements. The average tempera-
ture inside the SAPHIR chamber during the experiment was
300 K. The value reported in this study is slightly higher than
values reported by Atkinson et al. (1990) and Chen et al.
(2015) but still agrees within the stated errors (Table 3).
Reaction rate constants determined by Atkinson et al.
(1990) and Chen et al. (2015) were (4.05£+0.4) x 1077 and
(3.7£0.4) x 1077 ecm3s~!, respectively. Both values were
obtained from relative reaction rate measurements by com-
paring the rate of decay of A3-carene from ozonolysis to the
rate of decay of a well-known reference compound («-pinene
in Atkinson et al., 1990, and cyclohexene in Chen et al.,
2015). Additionally both studies also determined the reaction
rate constant with an absolute rate technique using a pseudo-
first-order approach. In Atkinson et al. (1990), reactive im-

Atmos. Chem. Phys., 21, 12665-12685, 2021
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Table 2. Formation and loss reactions of the RO, radicals considered in the budget analysis (Fig. 11). Reaction rate constants are given for
298 K and 1 atm. The reaction rate constants in the actual analysis are calculated using temperature and pressure data measured during the

experiments in SAPHIR.
Reaction k (298K, 1 atm) Reference
em3s~!
Radical loss RS OH + NO — HONO 7.5% 10712 Burkholder et al. (2020)
R6  OH+NO, — HNOj 1.1x 10~ Burkholder et al. (2020)
R7 HO;+HO; — Hy0, + 0y 1.4 x 10712 Burkholder et al. (2020)
HO; + HOy + M — Hy0, + Oy 1.1x107122 Burkholder et al. (2020)
R8  HO;+ ROy gbs. — ROOH + 0, 23x 1071 Jenkin et al. (2019)
R9 ROy obs. + RO ops. — products 1.3x10713 Jenkin et al. (2019)
RI0 RO, carene + NO — RONO, 9.0 x 10712 Jenkin et al. (2019)
Radical formation R11 O3+ hv (< 340nm) — O(ID) + 0, jO(l D) measured
o('D) + H,0 — 20H 2.1x 10710 Atkinson et al. (2004)
o(lD)+M— OCGP)+M 33x 1071 Atkinson et al. (2004)
R12  HONO + hv (< 340) - OH+NO JHONO measured
R13  HCHO + hv (< 335) + Oy — 2HO, 4+ CO JHCHO measured
R14  A3-carene 403 — 0.65 x OH+ RO, + products 4.4 x 10-17 Table 3, this work
R4 caronaldehyde +hv — HO, 4+ RO, + products Jearonal measured

2 pressure dependent value given as 4.6 x 10732 x (M) in Burkholder et al. (2020); © the yield @ of this reaction is determined in Sect. 3.2.3.

Table 3. Rate constants of the reaction of A3-carene with O3 and OH as well as of the reaction of caronaldehyde with OH. Experimental
values obtained in this study are compared to reported literature values.

Reaction Reaction rate constant/cm3 s~ ! Technique Temperature/ K Reference
A3-carene + 03 (4.44+0.2) x 10717 absolute rate 300 this study
5.9+ 1) x 10717 relative rate 295  Witter et al. (2002)
(3.7+0.2) x 10717 relative rate 299  Chen et al. (2015)
(4.940.8) x 10717 absolute rate® 299  Chen et al. (2015)
(3.5+0.2) x 10717 absolute rate® 299  Chen et al. (2015)

(3.7£0.2) x 10717

absolute rated 299

Chen et al. (2015)

(3.8+£0.2) x 10717 relative rate 296  Atkinson et al. (1990)
(5.2+0.6) x 10717 absolute rate 296  Atkinson et al. (1990)
48x 10717  SAR® 298  Jenkin et al. (2020)
A3-carene + OH (8.0+0.5) x 1011 absolute rate 304  this study
(8.0£0.1) x 107112 relative rate 304 Dillon et al. (2017)
(8.7+£0.4) x 10711 relative rate 294 Atkinson et al. (1986)
85x 10711 SAR 298  Peeters et al. (2007)
Caronaldehyde + OH (4.1+£03) x 10711 absolute rate 300  this study
(4.84+0.8) x 10711 relative rate 296  Alvarado et al. (1998)
(12.140.8) x 10711 relative rate 208  Hallquist et al. (1997)
(2.9+0.8) x 10711 SAR 298  Jenkin et al. (2018)

4 temperature-dependent reaction rate coefficient given by Dillon et al. (2017): (2.48 +0.14) x exp(357 £ 17)/T x 10-17

b

purities in the used A3-carene sample were reported, whose
presence would reduce the initially measured reaction rate
constant from the absolute technique from (5.2+0.6) x 10717
to (4.1£0.6) x 10717 cm?s~!. Chen et al. (2015) used three
different set-ups to determine the reaction rate constant with

Atmos. Chem. Phys., 21, 12665-12685, 2021

3.1

cm’s™ '
measured in a flow reactor; ¢ measured in a 7.3 m> Teflon chamber; d measured in a 90 m> Teflon chamber; © structure—activity relationship

an absolute rate technique: two simulation chambers with
volumes of 90 m> (HELIOS) and 7.3 m> and a laminar flow
reactor. The values determined in the simulation chambers
were (3.5+0.2) x 1077 cm3s™! in the smaller simulation
chamber and (3.7£0.2) x 10~!7 cm3s~! in HELIOS. A rate

https://doi.org/10.5194/acp-21-12665-2021
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Table 4. OH yield of the reaction of A3-carene with 0O3. Experimental values obtained in this study are compared to reported literature

values.
OH yield Technique Reference
0.65+0.10 absolute rate this study
1.1£1.0 OH scavenging with c-hexane  Atkinson et al. (1992)
0.6+1.0 OH scavenging with c-hexane?  Atkinson et al. (1992)
0.86+0.11  OH scavenging with 2-butanol ~ Aschmann et al. (2002b)
0.56 to 0.59 theoretical calculations Wang et al. (2019)

2 with revisited yields of c-hexanone and c-hexanol by Berndt et al. (2003) as explained in the text

Table 5. Caronaldehyde yields for the reaction of A3-carene with OH and OH as well as caronaldehyde yields for the reaction of A3-carene
with O3 obtained from this study compared to literature values. Given A3-carene concentrations are initial concentrations.

Reaction Yield/ % Expt. conditions Reference
caronaldehyde A3-carene/ ppbv NO/ppbv RH/%  Product quantification
A3-carene + OH 30+5 5 0.8 45 PTR-MS this study
31 975 9756 0 GC-FID?  Arey et al. (1990)
34+0.8 9800 0 0 GC-FID Hakola et al. (1994)
A3-carene + O3 55+£2 6 0.1 18 PTR-MS this study
8.5b 89.9 n/a¢ n/a¢ GC-MS  Yuetal. (1999)
<gd 9800 0 0 GC-FID/GC-MS  Hakola et al. (1994)
0.47 £0.05° 15000 0 0 GC-FID/GC-MS  Ma et al. (2009)

@ GC-FID: gas chromatograph with flame ionization detector, GC-MS: gas chromatograph with mass spectrometer;

b combined yield for gas and aerosol phase; € no values

given in the publication; 9 yield obtained in the absence of an OH scavenger; ¢ obtained from filter samples.

constant of (4.940.8) x 1017 cm3 s~! was determined in the
flow reactor. The 30 % discrepancy between the determined
reaction rate constant is explained by interferences in the O3
measurements and increased uncertainties due to higher wall
losses in the flow reactor. Witter et al. (2002) reported a faster
reaction rate constant of (5.941.0)x10™7 cm3 s, obtained
with a relative rate technique using 2-methyl-2-butene as ref-
erence compound. The value reported by Witter et al. (2002)
is higher than the other reported values. Although the rea-
son for this discrepancy is not clear, in their study Witter
et al. (2002) also determined the ozonolysis reaction rate
constants for other monoterpenes, e.g. limonene, «-terpinene
and «o-pinene, and the determined values were mostly on the
upper end of reported literature values. The rate constants
were on average 20 % higher than comparable values, which
may point to a general overestimation of monoterpene reac-
tion rate constants. The ITUPAC Task Group on Atmospheric
Chemical Kinetic Data Evaluation recommend to use a value
of (4.9£0.2) x 1077 cm®s~! (Atkinson et al., 2004), which
is an average of the relative rate constants determined by
Atkinson et al. (1990) and Witter et al. (2002) and is in good
agreement with the value determined in this work. Using the
SAR published by Jenkin et al. (2020), a reaction rate con-
stant of 4.7 x 107'7 cm3s~! can be calculated. The value re-
ported in this study is in relatively good agreement with this
theory-derived value.

https://doi.org/10.5194/acp-21-12665-2021

3.1.2 Determination of the OH yield from the
ozonolysis of A3-carene

During experiment E3, when no OH scavenger was present,
A3-carene was not only consumed by O3 but also by OH that
is produced from the ozonolysis reaction. Because OH pro-
duction from the ozonolysis was the only OH source, the OH
yield from ozonolysis of A3-carene can be determined from
this experiment. The chamber roof was closed for the whole
experiment, and there are no photolytic sources for OH for-
mation. The reaction rate constant determined in the previous
section for the period, when an OH scavenger was present in
the SAPHIR chamber, is used in the box model to determine
the OH yield of the ozonolysis as explained in Sect. 2.4. The
OH yield from ozonolysis is optimized until the measured
decay of A3-carene matches the modeled decay (Fig. 3). A
comparison of the experimental decay to model runs with
different OH yields is shown in Fig. S1.

The OH yield is found to be 0.65 +0.10 in the experiment
in this work. The error is mainly due to the uncertainties in
the reaction rate constants and the accuracies of the O3 mea-
surement. Reported literature values for the OH yield from
the ozonolysis of A3-carene determined in experiments are
1.1+£1.0 (Atkinson et al., 1992) and 0.86 +-0.11 (Aschmann
et al., 2002a). Wang et al. (2019) theoretically calculated the
OH yield to be 0.56 to 0.59. Table 4 shows the value de-
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Figure 4. Yield of caronaldehyde for Reactions (R1) (OH + A3-
carene) and (R2) (O3+ A3—carene) determined from the slope of
the relation between consumed A3-carene and measured caronalde-
hyde concentrations. For Reaction (R1), the result from experiments
El and E2 are shown. Concentrations were corrected for dilution
and chemical loss (see text for details). Caronaldehyde yields from
the oxidation of A3-carene are determined as the slopes of the
shown solid linear regression lines (black: OH oxidation R1, green:
ozonolysis R2). Dashed lines indicate the error of the regression
analysis.

termined here compared with reported literature values. The
value reported here is closer to the theoretical than to the
other measured values, but it agrees with the yield reported
by Aschmann et al. (2002a) within the reported uncertain-
ties. As discussed in Wang et al. (2019), the high OH yield
reported in Atkinson et al. (1992) could have been overesti-
mated because of the high uncertainty in the determination
of the OH yield. Atkinson et al. (1992) derived the OH yield
by measuring the concentration of cyclohexanol and cyclo-
hexanone produced in the reaction of OH and cyclohexane
that was used as OH scavenger in their experiments. More
recent investigations of the yield of cyclohexanol and cyclo-
hexanone from the reaction of cyclohexane and OH indicate
alarger yield of 0.88 (Berndt et al., 2003), as compared to the
value of 0.5 used by Atkinson et al. (1992). This higher value
would reduce the OH yield in the ozonolysis of A3-carene
in the experiments by Atkinson et al. (1992) to 0.6, which
would agree well with the OH yield determined in this work
and the value calculated by Wang et al. (2019).

The ozonolysis of A3-carene is initiated by O3 attack-
ing the C=C double bond, forming an energy-rich primary
ozonide (POZ). Mostly, the energy retained in the POZ leads
to a decomposition into Criegee intermediates, retaining one
structure bearing a carbonyl functionality on one side of the
molecule and the Criegee functionality on the other. These
Criegee intermediates then isomerize to form dioxiranes, sec-
ondary ozonides (SOZs) or vinyl hydroperoxides. A theo-
retical study of the ozonolysis of A3-carene by Wang et al.
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(2019) found the formation yields dioxiranes, SOZ and vinyl
hydroperoxides to be 0.16, 0.24 and 0.56, respectively. Colli-
sional stabilization of the Criegee intermediates was found to
be of minor importance with a yield of only 0.04 in the same
study. OH (and an alkoxy radical) is formed from the vinyl
hydroperoxide (ROOH) by breakage of the —O—OH bond
(Aschmann et al., 2002a; Ma et al., 2009). The fate of the
alkoxy radical formed from this reaction has yet to be inves-
tigated, but it might result in the formation of highly oxidized
molecules (HOMs) (Wang et al., 2019).

3.1.3 Caronaldehyde yield from ozonolysis

The caronaldehyde yield for the A3-carene 4+ O3 reaction
was determined from experiment E4, where an OH scav-
enger was injected into the chamber so that caronaldehyde
is exclusively formed form the ozonolysis reaction. The cor-
rections described in Sect. 2.5 were applied. Caronaldehyde
was formed from the ozonolysis of A3-carene with a yield
of (5.5+£2) % as shown in Fig. 4. The uncertainty is de-
rived from measurements and errors of the applied correc-
tions (Sect. 2.6) for the respective experiment.

The determined caronaldehyde yields from this study and
reported literature values are given in Table 5. The obtained
value is in reasonably good agreement with most of the re-
ported literature values. Yu et al. (1999) reported a caronalde-
hyde yield of 8 %, using 2-butanol to scavenge OH radicals.
Hakola et al. (1994) determined the caronaldehyde yield to
be < 8 %. In the presence of cyclohexane as an OH scav-
enger, caronaldehyde was not detected in the ozonolysis of
A3-carene in the experiments conducted by Hakola et al.
(1994). Ma et al. (2009) reported a caronaldehyde yield
of (0.47+£0.05) % from filter samples, using cyclohexane,
methanol or ethanol to scavenge OH radicals. However, due
to its relatively high vapor pressure, it is likely that caronalde-
hyde was mainly present in the gas phase, so only a small
fraction of the formed caronaldehyde was collected on the
filters.

The formation of caronaldehyde from A3-carene ozonol-
ysis most likely results from the stabilization and subsequent
reaction with water of one of the Criegee intermediates; the
formation mechanism of caronaldehyde in the absence of wa-
ter has yet to be clarified (Ma et al., 2009). The stabilization
of the Criegee intermediate is found to be a minor pathway by
Wang et al. (2019), possibly explaining the small caronalde-
hyde yield found for the ozonolysis of A3-carene. Further
reaction products that have not been measured in this study
include a range of multifunctional organic acids according to
studies conducted by, for example, Ma et al. (2009).

3.2 OH reaction of A3-carene
The first oxidation steps of the OH-induced photochemical

oxidation of A3-carene relevant for this study are shown in
Fig. 5 (Colville and Griffin, 2004). The OH oxidation is ini-

https://doi.org/10.5194/acp-21-12665-2021
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Figure 5. Simplified scheme of the first reaction steps of the OH photooxidation of A3-carene (adapted from Colville and Griffin, 2004).
Yields shown in black are from SAR by Jenkin et al. (2018). H abstraction has only little influence on the presented product yields. RO, +
RO, reactions could lead to other products than the formation of the alkoxy radical that produces caronaldehyde + HO», so the yield of

caronaldehyde from RO, + RO, reactions is expected to be less than 1.

tiated by addition of OH to the C=C double bond or by the
abstraction of an H atom rapidly followed by addition of
O;. From the OH addition, two peroxy radical isomers are
formed. The branching ratios of the specific attack on the
C=C double bond (Fig. 5) and the H abstraction are estimated
using the structure—activity relationship (SAR) method de-
scribed in Jenkin et al. (2018). Branching ratios are 10 % for
H abstraction, 30 % for OH addition to C1 and 60 % for OH
addition to C2 of the double bond. Due to the small fraction
of H abstraction, a relatively small influence of these reac-
tions on the results of the following analysis can be expected.

Peroxy radicals (RO») can react with NO, HO» or undergo
radical self-reactions with RO,. The reaction of A3-carene-

https://doi.org/10.5194/acp-21-12665-2021

derived RO2 carene With NO and possible reaction products
are discussed in Sect. 3.2.2 and 3.2.3. RO; +RO; and RO, +
HO; reactions are discussed in Sect. 3.2.4.

OH-induced photooxidation of A3-carene was investi-
gated in the SAPHIR chamber during two experiments with
NO, mixing ratios below 1 ppbv (Table 1). Figure 6 shows
an overview of all measured species in experiment E1 that
are representative for experiments at low NO, mixing ra-
tios. Time series of concentration measurements for the other
experiment are shown in the Supplement (Figs. S2 and S3).
For all experiments, A3-carene was injected three times into
the chamber, increasing the mixing ratio by approximately
5 ppbv each injection.

Atmos. Chem. Phys., 21, 12665-12685, 2021
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Figure 6. Overview of measured concentrations for selected species in the SAPHIR chamber for the A3-carene + OH oxidation experiment
El. Dashed lines indicate times when A3-carene was injected into the chamber. Measured concentrations are shown in the illuminated

chamber only starting with the opening of the roof (zero-air phase).

3.2.1 Rate constant of the OH + A3-carene reaction

In order to determine the rate constant of the reaction of
A3-carene with OH, measured time series were compared
to model results from a box model, in which OH and O3
concentrations were constrained to the measurements. A re-
action rate constant was determined from all experiments.
The determined value represents the mean value from all ex-
periments. The given error is the standard error of the mean.
The optimization error was much smaller than the variabil-
ity of the results in different experiments. On average, the
temperature inside the SAPHIR chamber was 304 K during
the experiments. OH concentrations usually ranged from 5
to 8 x 106 cm™3. Ozonolysis only played a minor role in
the experiments, contributing to a maximum of 5 % to the
A3-carene consumption. The reaction rate constant for the
ozonolysis reaction was taken from this work (Sect. 3.1.1).

Atmos. Chem. Phys., 21, 12665-12685, 2021

The optimized rate constant of the OH reaction with A3-
carene is (8.0 £0.5) x 107" em3 s~ as shown in Fig. 7.

Table 3 shows a comparison of reported literature values to
the reaction rate constants obtained in this study. The deter-
mined value for the OH 4 A3-carene reaction rate constant
from this study agrees well with both experimentally and the-
oretically derived literature values. Dillon et al. (2017) deter-
mined a temperature-dependent rate coefficient; for compa-
rability with data in this work, only the rate coefficient de-
termined at 304 K is used. Dillon et al. (2017) determined a
reaction rate constant of (8.140.1) x 10~ cm3s~! using an
absolute rate approach, and Atkinson et al. (1986) reported a
value of (8.740.4) x 107" em3s~1 at 294K using a relative
rate determination approach. From a site-specific structure—
activity relationship (SAR), Peeters et al. (2007) predict the

reaction rate constant to be 8.5 x 1071 ecm3s~! at 298 K. In
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Figure 7. Comparison of the modeled and measured A3-carene de-
cay for the OH-oxidation experiment E2. Shown is the result of
optimization of the rate constant of the OH reaction with A3-carene
in the model calculations resulting in a reaction rate constant of
79%x 10~ M em3s1.

this reaction rate constant, the contribution of H abstraction
is not considered.

3.2.2 Caronaldehyde yield from the reaction of
A3-carene with OH

Table 5 compares the product yields of the A3-carene + OH
reaction obtained in this study to reported literature values.
The caronaldehyde yield of (30 +5)% determined in this
study as shown in Fig. 4 in good agreement with reported
literature values within the range of the uncertainty of the
measurements. The given error reflects the range of values
determined in the considered experiments. Arey et al. (1990)
reported a yield of 31 % and Hakola et al. (1994) a yield of
(34 £0.8) %. In both studies, caronaldehyde was quantified
using GC-FID. Hakola et al. (1994) additionally used GC—
MS and 'H NMR to verify the structure and purity of the
measured compound.

As shown in Fig. 5, caronaldehyde is mainly formed from
the decomposition of alkoxy radicals (RO). These alkoxy
radicals are mainly formed from the reaction of RO, with
NO. A similar RO radical is also formed from the RO, +RO»
reaction, as well as from the photolysis of hydroperoxides
(ROOH) that result from the RO, 4+ HO; reaction. Since the
RO, + NO reaction mainly leads to the formation of RO
(the branching ratio of an alternative pathway is discussed
in Sect. 3.2.3), yields of caronaldehyde as found in this and
previous studies can be expected. Other reaction products of
the A3-carene + OH reaction determined in previous studies
include formaldehyde with a yield of 20 % (Orlando et al.,

https://doi.org/10.5194/acp-21-12665-2021
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2000) and acetone with a yield of 15 % (Reissell et al., 1999;
Orlando et al., 2000). Caronic acid, hydroxy-caronic acid iso-
mers and hydroxy-caronaldehyde isomers have additionally
been found in the aerosol phase of smog chamber experi-
ments investigating the A3-carene + OH reaction by Larsen
et al. (2001).

3.2.3 Determination of alkyl nitrate yield for the
reaction of A3-carene + OH

Organic nitrates are formed from the reaction of RO, radi-
cals with NO as shown in Fig. 5 for the reaction of the RO,
formed in the first oxidation step of A3-carene. An alterna-
tive pathway for the NO+RO; reaction is the formation of an
alkoxy radical and NO, that ultimately leads to the formation
of caronaldehyde (Sect. 3.2.2). The nitrate yield ®rono, for
the reaction of A3-carene 4+ OH is determined following the
procedure described in Sect. 2.4 using RO2 carene. Figure 8
shows the accumulation of reactive NO, species over the
course of experiment E2. In total, 8.1 ppbv of reactive nitro-
gen species were formed over the course of the experiment.
The contributions of NO, NO; and HONO are almost con-
stant with 2.2 ppbv, while the contributions of RONO; and
HNOs3 increase continuously over the course of the experi-
ments due to their continuous production from the reaction
of RO2 carene With NO and OH with NO,. The formation of
HNOs3 and RONO; before the injection of A3-carene is not
relevant for the analysis and therefore not shown in Fig. 8.
An organic nitrate yield of (25 £4) % was found from ex-
periments E1 and E2. To our knowledge, only one other study
investigated the organic nitrate yield of A3-carene. Based
on RONO; measurements in the aerosol phase using a TD-
LIF instrument (thermal dissociation laser-induced fluores-
cence), Rollins et al. (2010) calculated an organic nitrate
yield of 25 % for the photooxidation of A3-carene in experi-
ments with high NO, conditions (100 ppbv of A3-carene and
500 ppbv of NO). This yield represents the fraction of SOA
molecules that are hydroxynitrates, and Rollins et al. (2010)
suggest that the organic nitrate fraction of SOA molecules
produced in photooxidation are similar to the total yield of
RONO; from RO, + NO. The SAR by Jenkin et al. (2019)
predicts an organic nitrate yield of 19 %. This calculation is
based on the number of C atoms in the peroxy radical and
therefore possibly has a relatively high uncertainty. The value
obtained in this study for experiments with NO, mixing ra-
tios below 1 ppbv is in good agreement with both the exper-
imental and the SAR-derived values. Due to their structural
similarities, it can be assumed that organic nitrate yields for
A3-carene could be comparable to reported determined or-
ganic nitrate yields of a-pinene. Noziere et al. (1999) report
an organic nitrate yield of (18 £9) % and Rindelaub et al.
(2015) (26 == 7) % for the reaction of «-pinene with OH. The
organic nitrate yield of 1 % by Aschmann et al. (2002b) was
not measured directly but approximated from API-MS mea-
surements. This leads to a high uncertainty and likely ex-
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Figure 8. Determination of the organic nitrate yield for the A3-
carene + OH oxidation experiment E2. The red line shows the time-
integrated HONO emission calculated as described in the text.
NO, and HONO concentrations were measured, while the time-
integrated NO, loss by HNO3 formation and time-integrated NO
loss by RONO, formation are calculated as described in the text.
The yield of (25 £4) % for alkyl nitrates is optimized such that the
total NOy, produced over the course of both experiments, E1 and
E2, is accounted for.

plains the difference with the values by Noziere et al. (1999)
and Rindelaub et al. (2015). The nitrate yield obtained in this
study for A3-carene is in reasonable agreement with the val-
ues reported for o-pinene, as can be expected due to their
structural similarities.

3.3 Photooxidation of caronaldehyde

A simplified reaction scheme for caronaldehyde degradation
chemistry is shown in Fig. 9. Caronaldehyde can be oxidized
by the reaction with OH, forming RO, radicals through H ab-
straction and fast subsequent addition of O;. The formed
peroxy radicals can then undergo reactions with NO, HO,
and RO;, resulting in similar product species such as ex-
plained before. Photolysis of caronaldehyde is an additional
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loss path. Due to their structural similarities, it can be as-
sumed that caronaldehyde photolyzes in a similar way like
pinonaldehyde. Photolysis leads to the C—C bond scission
next to the aldehydic functional unit of the molecule, leading
to the formation of HCO and an alkyl radical. Both species
subsequently react with O, forming CO, HO; and a peroxy
radical.

The reaction of caronaldehyde with OH was investigated
in experiment E6. Caronaldehyde was injected twice into the
chamber to reach mixing ratios of 5 ppbv directly after the
first and 6 ppbv directly after the second injection. The OH
concentration was 7 x 10® cm™3 for the period after the first
injection. Prior to the second injection, 50 ppmv of CO was
injected into the chamber as an OH scavenger to study the
photolysis of caronaldehyde separately. The temperature in
the chamber ranged from 295 to 305K during the experi-
ment.

3.3.1 Photolysis frequency of caronaldehyde

As CO was injected into the chamber as an OH scavenger
and as wall loss was found to be negligible in the time-
frame of the experiment, the decay of caronaldehyde mea-
sured can only be due to photolysis and dilution. The absorp-
tion spectrum of caronaldehyde was measured by Hallquist
et al. (1997) in the range from 275 to 340 nm at 300 K. This
spectrum and an assumed quantum yield for dissociation of
1 was used to calculate the photolysis frequency for the con-
ditions of the experiment in the sunlit chamber using Eq. (1)
(Sect. 2.2), resulting in a mean loss of caronaldehyde due to
photolysis of 1.3 x 107 s~!. The calculated photolysis fre-
quency was included in a model to compare the measured
to the modeled decay. The modeled decay was found to be
too slow and requires a photolysis frequency that is larger
by a factor of 7 to match the experimental decay. The ab-
sorption cross section by Hallquist et al. (1997) used in this
work is the only reported measurement. It was measured in
a 0.48 m> borosilicate reactor at low pressure. During their
experiments, dichloromethane and methanol solvents used
in the synthesis of caronaldehyde were present in the reac-
tor. Even though the authors corrected for possible interfer-
ences caused by these two species regarding the caronalde-
hyde concentration measured by IR spectroscopy, potential
errors in the measurement of caronaldehyde concentrations
might explain the discrepancy. Although there is no mecha-
nistic explanation, it cannot be fully excluded that the faster
decay observed in the experiments in this work compared
to that by Hallquist et al. (1997) is the result of an alter-
native OH independent loss process occurring in the illumi-
nated chamber. The absorption cross sections that have to be
applied to explain the decay of caronaldehyde in photolysis
experiments in SAPHIR suggest further investigation of this
reaction and the absorption cross section of caronaldehyde.
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Figure 9. Simplified scheme of the first reaction steps of the OH photooxidation of caronaldehyde, adapted from the oxidation mechanism of
pinonaldehyde. Yields shown in black are from SAR by Jenkin et al. (2018). Additional reactions like, for example, the formation of carbonic

acids from RO, with HO, are not shown in the scheme.

3.3.2 Rate constant of the caronaldehyde + OH
reaction

The measured decay of caronaldehyde was compared to
the results from the box model constraining the photolysis
frequency to the value with a correction by a factor of 7
calculated as explained above. The temperature inside the
SAPHIR chamber was 300 K, and the OH concentration was
8 x 10°cm™3. The optimum OH reaction rate constant is
(3.6+0.7) x 10~ cm?s~!. The reaction rate constant was

https://doi.org/10.5194/acp-21-12665-2021

also optimized with the model constrained to the photolysis
frequency as calculated with the absorption spectrum mea-
sured by Hallquist and a quantum yield of 1. This yields
an OH reaction rate constant of (5.5+0.7) x 10~ " ecm3s~!.
Both values agree reasonably well with the reaction rate
constant of (4.8 +0.8) x 107" em3s™! measured by Al-
varado et al. (1998) within the error. The structure—activity
relationship by Jenkin et al. (2018) predicts a total reac-
tion rate constant of 2.9 x 10~ em?s~! which is consis-
tent with the two measured values within the uncertainty
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Figure 10. Determination of the organic nitrate yield for the reac-
tion of caronaldehyde with OH for experiment E6. HONO and NOy
concentrations are measured, while RONO, and HNO3 concentra-
tions are calculated as described in the text.

of SAR. Hallquist et al. (1997) also determined the reac-
tion rate constant of caronaldehyde with OH resulting in a
value of (12.1£3.6) x 107" cm?s~!. This value is signifi-
cantly higher than both values reported here and by Alvarado
et al. (1998). Both Alvarado et al. (1998) and Hallquist et al.
(1997) determined the reaction rate constant using a relative
rate technique, and both studies were performed in smaller
reaction volumes than the 270 m3 SAPHIR chamber. The
measurements by Hallquist et al. (1997) were performed in
a 0.153m? borosilicate glass reactor, while the studies by
Alvarado et al. (1998) were performed in an 7.9 m?> Teflon
chamber. Wall losses of caronaldehyde in the range of (4—
7) x 1077 s~ were observed in the borosilicate chamber in
the dark and further increased when the chamber was irra-
diated. Even though the determined reaction rate constant is
corrected for the measured wall loss, it causes further uncer-
tainty. Additionally, the initial caronaldehyde mixing ratio in
the experiments in this work and the study performed by Al-
varado et al. (1998) were significantly lower than those used
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by Hallquist et al. (1997) (20 ppbv, this study; 113 ppbv, Al-
varado et al., 1998; 3252 ppbv, Hallquist et al., 1997). The
reason for the high reaction rate constant reported by Hal-
Iquist et al. (1997) is not entirely clear, but it may arise from
enhanced wall losses in the irradiated chamber unaccounted
for in the experiments by Hallquist et al. (1997).

3.3.3 Determination of alkyl nitrate yields for the
reaction of caronaldehyde + OH

The nitrate yield from the reaction of caronaldehyde with
OH is determined for experiment E6. The organic nitrate
yield ®rono, is found to be (10 & 2) %, following the pro-
cedure described in Sect. 2.5. As shown in Fig. 10, 3.5 ppbv
of RONO, was formed in the chamber during experiment
E6 along with 1.2 ppbv of HNO3. NO, and HONO con-
centrations were 2 and 1 ppbv, respectively. The error is de-
rived from the accuracies of measured concentrations. To our
knowledge, this is the first report of a measured organic ni-
trate yield for the caronaldehyde + OH reaction.

Generally, the nitrate yields from aldehydes are typically
smaller than those of monoterpenes. Organic nitrate yields
for other aldehydes used in current chemical models like the
MCM3.3.1 are 5 % for pinonaldehyde, the main daytime ox-
idation product of «-pinene, and 12 % for pentanal. Calcula-
tion of the organic nitrate yield from the caronaldehyde ox-
idation according to Jenkin et al. (2019) is 5.5 %. The value
determined in this study is within the range of nitrate yields
reported in the literature but somewhat higher than values re-
ported for similar aldehydes and calculations from SAR.

3.4 Production and destruction rates of RO, radicals
in the oxidation of A3-carene

Field studies in forested environments, where A3-carene was
one of the main monoterpenes emitted, found that both mea-
sured OH and HO; concentrations cannot be reproduced by
models (Kim et al., 2013; Hens et al., 2014). The analysis of
radical formation and loss reactions for those environments
revealed that a photolytic HO, source missing in the model
calculations is one possible explanation for the observed dis-
crepancies. In the following, radical formation and loss rates
of the sum of radicals (RO, ) and their differences are deter-
mined according to Egs. (6) and (7). The results of this anal-
ysis for experiment E1 with NO, mixing ratios below 1 ppbv
are shown in Fig. 11.

The turnover rates in this experiment reach maximum val-
ues between 2 and 3 ppbvh~!. The main radical formation
process is HONO photolysis, contributing more than 70 %
to the average formation rate. Assuming that the photoly-
sis frequency is higher by a factor of 7 (see Sect. 3.3.1),
the formation of one HO, and one RO; radical per pho-
tolyzed caronaldehyde molecule would have a higher influ-
ence on the radical budgets of the A3-carene + OH reaction
than previously assumed. This may therefore help to reduce
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Figure 11. RO, production and destruction rates for the OH-induced photooxidation in experiment E1, excluding (a) and including (b) the
higher photolysis frequency determined in this work. Dashed lines indicate times when trace gases were injected.

the discrepancies between measured and modeled HO, con-
centrations in field studies. The photolysis of caronaldehyde
contributes on average 0.3 ppbvh™!; 60% of the average
loss rate is due to the reaction of RO, with NO, species.
The remaining RO, losses can be explained by radical self-
reactions, as can be expected for the experimental conditions
because the reaction of the peroxy radical with HO» (35 %)
or RO, radicals becomes competitive.

For experiments with NO, mixing ratios below 1 ppbv in
the experiments in this work, the RO, budgets are closed
within the uncertainty. It can therefore be assumed that there
are no primary radical production or loss processes that are
unaccounted for in this analysis. The contribution of the pho-
tolysis of caronaldehyde to the radical formation is in the
range of the error of the analysis, and the loss and forma-
tion of radicals would also be closed if this process was not
considered. In the scope of this work, it is therefore not possi-
ble to distinguish whether the caronaldehyde photolysis will
contribute significantly to reduce the previously observed
discrepancies between measured and modeled HO; concen-
tration in field studies. Possible reaction pathways leading
to the formation and loss of radicals in the A3-carene oxi-
dation are shown in Fig. 5. The reaction of RO, with HO;

proceeds with a reaction rate constant of 1.9 x 10~ em3s~!

https://doi.org/10.5194/acp-21-12665-2021

(Jenkin et al., 2019), mainly leading the formation of hy-
droperoxide species ROOH. The reaction of RO, with RO,
results in the formation of either a diol or an alkoxy radical
RO, which again most likely decomposes forming caronalde-
hyde. The reaction rate constant of this reaction is calculated
tobe 1.2 x 10713 em®s~! (Jenkin et al., 2019). In the exper-
iments presented here, this reaction only contributes < 1 %
to the loss of total RO, radicals. Isomerization reactions
like intramolecular H shifts as investigated by Vereecken and
Noziere (2020) can form a new pathway to product formation
from RO,. For the RO, described here, an intramolecular
1,5-H-shift from the OH functional group to the peroxy radi-
cal unit —OO would be the fastest of the possible isomeriza-
tion reactions with a reaction rate constant of 3.5 x 107> s~!
expected from the SAR in (Vereecken and Noziere, 2020).
Compared to the other described RO, loss rates, especially
the loss in the reaction with NO (0.07s~! at 0.3 ppbv NO)
and HO, (1.9 x 1073 s~ at 1.0 x 108 cm™3 HO,), this iso-
merization reaction is too slow to be significant for atmo-
spheric conditions like in the experiments here.

Atmos. Chem. Phys., 21, 12665-12685, 2021
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4 Summary and conclusion

The photooxidation of A3-carene was investigated for NO,
mixing ratios below 1.5 ppbv in the atmospheric simulation
chamber SAPHIR. Photooxidation experiments were per-
formed under atmospheric conditions with A3-carene mix-
ing ratios in the range of 5 to 7 ppbv. In this study, the
gas-phase organic nitrate yield of the A3-carene + OH re-
action was determined for the first time and found to be
(25 +4) %. The comparison of the obtained organic nitrate
yield to yields obtained in the aerosol phase (Rollins et al.,
2010) and to the organic nitrate yield of the structurally sim-
ilar monoterpene «-pinene shows that the determined value
is in accordance with the reported values. The reaction rate
constant of the reaction of A3-carene with OH was deter-
mined to be (8.0+0.5) x 10~ cm3s~! using an absolute
rate technique approach. The obtained value was found to
be in good agreement with reaction rate constants reported
in the literature within the stated error. Additionally, the
ozonolysis of A3-carene was studied. A reaction rate con-
stant of (4.4 4+0.2) x 107 cm?s~! was found, with an OH
yield of 0.65=+0.10. The yield of the oxidation products
caronaldehyde was determined for the A3-carene + OH and
A3-carene + O3 reactions and found to be (0.33 & 0.03) and
(0.055+£0.02), respectively, in good agreement with reported
literature values. The photolysis and OH-induced photoox-
idation of caronaldehyde were also studied. The photoly-
sis frequency was calculated using the absorption spectrum
measured by Hallquist et al. (1997), but it was found that
to explain the observed caronaldehyde decay the absorption
cross section would need to be higher by a factor of 7 as-
suming a maximum quantum yield of 1. The caronaldehyde
+ OH reaction rate constant was found to be (3.6 £0.7) x
107" em3s~!, in relatively good agreement with reported
literature values. The experimental budget analysis of the
loss and production processes of RO, radicals for the A3-
carene + OH reaction shows that primary loss and produc-
tion reactions are balanced within the uncertainty of the ex-
periment of +0.5 ppbvh~!. The formation of HO; and RO,
radicals from the photolysis of caronaldehyde was consid-
ered an additional radical source with the photolysis fre-
quency determined in this work. The contribution of the pho-
tolysis reaction to the radical formation was about 10 %. The
fact that radical formation and loss reactions are well bal-
anced indicates that there are no primary formation or loss
processes unaccounted for in this analysis.

Data availability. Data  from the experiments in the
SAPHIR chamber used in this work are available on
the EUROCHAMP data home page. 13 June 2019:
https://doi.org/10.25326/BQNH-P286 ~ (Hantschke et  al,
2021a), 21 May 2020: https://doi.org/10.25326/AGPD-
MP70 (Hantschke et al, 2021b), 27 May 2020:
https://doi.org/10.25326/8K59-JC53 (Hantschke et al., 2021c),
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