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Multifunctional organic nitrates (LIM-ONO,) were formed from the NOs-initiated oxidation of limonene
in the Simulation Chamber for Atmospheric Reactions and Kinetics (SCHARK), detected quantitatively by
thermal dissociation cavity ring-down spectroscopy (TD-CRDS) and identified by high-resolution time-
of-flight chemical-ionization (iodide) mass spectrometry (HR-ToF-ICIMS). Based on HR-ToF-ICIMS
signal intensities, the most abundant LIM-ONO, were C;oH;7;NO4 and CioH17NOs, together representing
>60% of the total LIM-ONO, signal. We developed a method for cold-trapping LIM-ONO, from
the chamber, enabling us to examine their photolysis in the absence of precursor chemicals after re-
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injection into the SCHARK. The photolytic loss frequency of CioH17,NO,4 in the chamber when irradiated
with LEDs emitting at 370 + 13 nm was (169 + 0.06) x 107* s71. By comparison to the photolysis
DOI: 10.1039/d6cp00964f frequency of a chemical actinometer (Cly), we were able to gain insight into the quantum yield (0.3-0.8)

and absorption cross section of CjgH;;NO,4 at these wavelengths and make an estimate of its atmo-

Open Access Article. Published on 05 May 2026. Downloaded on 5/6/2026 4:49:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/pccp

1. Introduction

The oxidation of volatile organic compounds (VOCs) influences
both air quality and climate through processes such as tropo-
spheric ozone (O;) formation and secondary organic aerosol
(SOA) production.” Around 90% of all VOC emitted are bio-
genic, and the total global emissions of these biogenic volatile
organic compounds (BVOCs) is estimated at ~1000 Tg per year,
with monoterpenes accounting for ~ 5% of the total.” Although
the contribution of monoterpenes to total BVOC emissions is
small, they are highly reactive towards key atmospheric oxi-
dants (e.g. O;, OH and NOj;) and potent producers of new
particles. While OH-initiated oxidation dominates during the
daytime, NOj; radicals (formed by the reaction of O; with NO,,
R1) play a central role in BVOC removal at night. These
reactions lead to the formation of organic nitrates (RONO,,
R2), which act as a temporary reservoir for reactive nitrogen.>®
or can represent a permanent sink for NO, when organic
nitrates partition into the particle phase and are removed via
deposition® or hydrolysis.'®** During the day, NO; undergoes
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spheric lifetime with respect to photolysis.

rapid photolysis or reacts with NO to form NO,® which drasti-
cally reduces its lifetime. In environments (e.g. forested
regions) with high levels of BVOCs, NO; may contribute to
their oxidation during the daytime."*™*

NO, + O3 - NO; + O, (R1)

NO; + VOC + (0,) - RONO, + products (R2)
There are several reaction steps between the initial for-
mation of the nitrated organic radical (the product of electro-
philic addition of NO; to a double bond in the BVOC) and the
formation of stable, multifunctional organic nitrates. The iden-
tity of the stable end-products depends on the fate of the
nitrated peroxy radicals (RO,) formed when the nitrated
organic radical reacts with O,. RO, can react with NO, NOs,
other peroxy radicals or undergo auto-oxidation. In our experi-
ments, even though NO; radicals initiate the oxidation of
limonene, their mixing ratios are strongly suppressed by the
high limonene mixing ratio and RO, + NO; reactions are not
expected to play an important role. As there is no NO source in
our chamber (under the dark conditions in which LIM-ONO,
are formed) and the reaction with NO, forms thermally
unstable peroxy nitrates that readily dissociate back to reac-
tants, most products are expected to form in RO, + RO, type
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reactions. RO, + HO, reactions are expected to be of minor
importance for our system.

The chemical mechanisms involved in monoterpene degra-
dation have not yet been fully characterized for most commonly
emitted monoterpenes and the available literature does not
provide a comprehensive understanding of organic nitrate
formation pathways or their contribution to SOA composition
and NO, removal.® This is particularly pronounced for limo-
nene, a monoterpene prevalent in urban, forested and indoor

617 Limonene is highly reactive towards NOj
1

environments.
radicals, with a rate coefficient of 1.2 x 10™** em® molecule™* s~
at 298 K.'"® By comparison, the rate coefficients for NO; +
o-pinene (6.2 x 107** cm® molecule™ s at 298 K) and
NO; + isoprene (6.5 x 10"* cm® molecule " s~ at 298 K) are
much lower.*® The reaction of NO; with limonene leads to the
formation of long-chain multifunctional organic nitrates, many
of which can partition into the particle phase or contribute to
SOA formation.'®>* Experimental studies have identified a
variety of oxidation products from the limonene + NOj; reaction,
including hydroxy nitrates, carbonyl nitrates and hydroperoxy
nitrates, which have been detected in both the gas and particle
phases.”*™*

The photolysis of organic nitrates derived from biogenic
trace gases such as isoprene and a-pinene has been identified
as a potential loss process that directly affects the abundance of
reactive nitrogen in the atmosphere. If photolysis occurs after
the organic nitrates have undergone long distance transport,
reactive nitrogen can be released in remote areas where ozone
production efficiency is high. Many RONO, species absorb
dissociatively in the actinic region, releasing e.g. NO, and
multifunctional alkoxy radicals (R3) that lead to further,
organic oxidation products.'®?°>® Experimental and theoreti-
cal studies have shown that the photochemical behaviour of
organic nitrates strongly depends on their molecular structure.
Measurements of Roberts and Fajer®® and Barnes et al.*° pro-
vided UV absorption cross sections for simple alkyl nitrates and
a series of difunctional organic nitrates, including C3-C4
carbonyl nitrates and dinitrates. Barnes et al.*° demonstrated
that the UV-absorption spectra of carbonyl-substituted (keto)
nitrates are red-shifted relative to non-substituted alkyl nitrates
and have a factor five higher absorption cross sections at
wavelengths above 290 nm. Subsequent work by Muller et al.*’
and Xiong et al.*® demonstrated that conjugated nitrooxy carbonyl
compounds formed from isoprene oxidation exhibit strong
absorption in the near-UV region and undergo rapid photolysis
under atmospherically relevant conditions.

Muller et al.”” further showed that o- or B-nitrooxy carbonyl
groups in isoprene derived nitrates enhance UV absorption and
result in photolysis rates 3-20 times higher than those for OH
loss. Xiong et al.®® studied the photolysis of the isoprene-
derived 4,1-nitrooxy-enal, a conjugated carbonyl-nitrate, and
showed that conjugation between the carbonyl and nitrate
functional groups enhances absorption in the actinic region,
resulting in efficient photolysis with daytime atmospheric life-
times of less than one hour. These findings highlight that
certain conjugated carbonyl nitrates originating from BVOCs
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are highly photolabile and that photolysis can represent a
major daytime sink for this class of compounds. Recent work
by Wang et al.*! has demonstrated that multifunctional organic
nitrates (from o-pinene, B-pinene and limonene) can photolyse
efficiently under actinic radiation, thereby reforming NO,.

RONO, + v - NO, + RO (R3)

Despite the potential importance of photolysis as a loss
mechanism for atmospheric organic nitrates of biogenic origin,
information regarding the photolytic lifetimes of such nitrates
and their relative importance compared to e.g. deposition®'* or
hydrolysis** remains sparse.

One factor that has hindered research into the photochemi-
cal degradation of atmospherically relevant organic nitrates is
the difficulty of synthesizing the multifunctional nitrates
involved. As a result, mainly surrogate species with similar
structures have been examined so far.”**”*'**3% In this study,
we generate atmospheric organic nitrates (LIM-ONO,) in the
gas-phase via NO; induced oxidation of limonene in a simula-
tion chamber, isolate them from precursor molecules by sam-
pling into a cold-trap and then re-inject them into a precursor-
free chamber to examine their behaviour during photolysis.
Our goal is to produce the first dataset on the photolysis of
selected LIM-ONO, species and to estimate their photodisso-
ciation quantum yields and atmospheric lifetimes.

2. Experimental

2.1. SCHARK chamber

The Simulation Chamber for Atmospheric Reactions and
Kinetics (SCHARK) was used for the measurements described
here. This cubic chamber (side length 1 m) is made of PFA film
(0.13 mm thick) and has a volume of 1 m® The volume
surrounding the PFA film is permanently flushed with dry-
zero air to minimize contamination from laboratory air and the
permeation of water vapour. Gases entering the chamber pass
through a circular loop of perforated PFA tubing (10 holes of
1 mm diameter) located at the bottom of the chamber. Together
with a magnetically coupled Teflon-coated fan, the gas-jets thus
created, result in complete mixing in 40 s.*®> The chamber was
operated at ambient pressure and temperature (298 £+ 5 K) in
dynamic-flow mode. The exchange constant (ken) of the
chamber was determined by following the exponential decrease
in the concentration of O; that had been injected into the
chamber and is given by kexen (s~') = 1.82 x 10> F, where F is
the mass flow rate into the chamber in standard litres per
minute (SLM).*® The uncertainty in keyep, is 3% (20).

A total of 26 evenly distributed light-emitting diodes (LEDs)
with a central wavelength of around 370 nm and a width (full-
width at half-maximum) of 13 nm were used to provide a
homogeneous light flux through the chamber. The LEDs have
the advantage over e.g. black-lamps that they result in less
heating of the chamber and thus less desorption of organic
nitrates adsorbed on the chamber walls, which could complicate
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the analysis of e.g. decays rates due to photolysis. An emission
spectrum of the LEDs is given in the Results section.

2.2. HR-ToF-ICIMS

Measurements of organic nitrates, organic acids, alcohols and
N,0Os were conducted with a high-resolution time-of-flight
Iodide-chemical-ionization mass spectrometer (HR-ToF-ICIMS,
Lee et al,”” Aerodyne Research Inc, USA) with a resolution of
5000 at m/z 250. The primary iodide ions were generated from
photoionization of 40 parts-per-million CH;I by volume (hereafter
ppmv) in a flow of 1.0 L (STD) min~" (hereafter SLM) N,***°
before entering the ion-molecule-reactor, which was kept at 60 °C
and 170 mbar. The HR-ToF-ICIMS sampled a total flow of 2.1 SLM
into the ion-molecule reactor with 25% originating from the
SCHARK. The remaining 75% was purified air, 10% of which
was humidified to ~100% relative humidity at room temperature
to maintain I and I-H,O  reagent ions at a constant level and
ratio. During data processing, ions were identified using Tofware
V4.0.3 (Aerodyne Research Inc.). HR-ToF-ICIMS signals were
normalized to the total reagent ion signal, corrected for inlet flow
dilution, and baseline-subtracted to yield normalized counts
per second (ncps). The limit of detection (LOD) was determined
as three times the standard deviation (3¢) interval of the respec-
tive ion signal during zero-air measurement. In order to focus on
the major products, only ions with signal intensities exceeding
three times the LOD were included in the analysis. The HR-ToF-
ICIMS was calibrated for N,Os by comparison with a thermal-
dissociation cavity-ringdown-spectrometer (TD-CRDS).** No cali-
bration standards are available for the limonene derived organic
nitrates measured here; however, total multifunctional organic
nitrates were also quantified using a TD-CRDS as described below.
An average detection sensitivity of the HR-ToF-ICIMS for the
organic nitrates is reported in Section 3.1.

2.3. Five-channel cavity ring-down spectrometer

A five-channel cavity ring-down spectrometer’® was used to
measure NO,, NO,, > PNs (peroxy nitrates, RO,NO,) and > ANs
(multifunctional (‘“‘alkyl”) nitrates, RONO,). The “blue-
channels” of the instrument used laser diodes emitting at
409 nm where NO, absorbs. NO, was measured directly after
sampling through an unheated inlet whereas } PNs and ) ANs
were thermally dissociated to NO, by heating their separate PFA
and Quartz inlets®® to 448 and 648 K, respectively. The five-
channel cavity ring-down spectrometer was operated in NO,
rather than NO, mode to minimize bias from secondary reac-
tions when measuring » ANs and ) PNs following thermal
dissociation.*

The cavity ring-down spectrometer was connected to the
SCHARK via ~160 cm of i-inch (0.635 cm ID) PFA tubing.
Sample air entered each cavity at a flow rate of 2.1 SLM. Zeroing
of the instrument was performed by overfilling the inlet line
with dry zero air. Ring-down times were converted to mixing
ratios using the effective absorption cross section ¢, of NO, at
409 nm. The value of ¢, was calculated from the overlap
between the laser emission and the NO, absorption spectrum.*'
The laser emission spectrum was recorded with a dedicated CCD

This journal is © the Owner Societies 2026
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spectrometer (Ocean Optics HR4000). The effective cross section
was typically within a few percent of 6.4 x 10~*° cm* molecule .

The LOD for NO, and ) ANs was determined by measuring
zero air over a period of one hour. The 2¢ standard deviation for
NO, and ) ANs are 40 and 30 pptv, respectively (for an
integration time of 1 s). Using these values the detection limits
for NO, and } ANs are 40 and 50 pptv, respectively. Note that
the LOD for > ANs is obtained by error propagation in both the
NO, and ) ANs channels. The total uncertainty of the NO,
measurements includes the uncertainty associated with the
absorption cross section*’ and fluctuations in the laser emis-
sion spectrum, which together amount to 6.5%.*> The total
uncertainty associated with the > ANs measurements depends
on the total uncertainty of the NO, channel and amount to
~9%. Mixing ratios attributed to Y PNs were below the detec-
tion limit under our experimental conditions and are therefore
not discussed further in this study.

2.4. Experimental procedure

Limonene nitrates were formed by the reaction of limonene
with NO; in dry air in the SCHARK chamber. NO; was gener-
ated by thermal decomposition of N,Os, which was introduced
into the chamber by passing ~500 cm® (STD) min~* (hereafter
sccm) dry zero air over N,Os crystals held at 195 K (dry ice
acetone bath). N,O5 was synthesized by flowing 150 sccm of NO
(5% in N,, Westfalen) and 200 sccm of O, with ~4% O3
(generated via electrical discharge) through a 2 L glass reaction
vessel.** The resulting N,Os was trapped as colourless crystals
in a glass vessel held at 195 K. The N,Os crystals were stored at
243 K until use (for a maximum of 2 days). This source of NO;
was preferred to the in situ reaction between NO, and O; as the
latter also reacts with limonene. Limonene was introduced into
the chamber via flow-controllers connected to a steel canister
containing 430 ppmv limonene (96%, Sigma-Aldrich) in
He (5.0, Westfalen). O; was continuously monitored during
the photolysis experiments using a commercial UV absorption
instrument (2B Technologies Model 205), operating at 254 nm.
The LOD of the O; monitor was 2 ppbv for a 10 s
averaging time.

Each experiment had a duration of between 3 and 5 hours,
after which the SCHARK chamber was cleaned by flushing first
with humidified zero air (for 1-2 hours) to remove residual
reactive nitrogen species, followed by dry zero air (overnight) to
remove remaining humidity.

3. Results and discussion

3.1. Formation of limonene-nitrates (LIM-ONO,)

Fig. 1 shows the results of an experiment in which a flow of
2.8 scem limonene (C;oH;¢) in air (430 ppmv) in a total flow of
12.5 SLM zero-air was introduced into the chamber (prefilled
with zero-air), resulting (after ~20 min) in a limonene concen-
tration of ~20 ppbv. This was followed by three injections of
N,Os (at 08:07, 08:42 and 09:56) initiating the formation of
various LIM-ONO, that were detected using HR-ToF-ICIMS

Phys. Chem. Chem. Phys.
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Fig. 1 Time series of mixing ratios of N,Os5 and selected LIM-ONO, formed in the reaction between NOz and limonene in air as detected by HR-ToF-
ICIMS. The NO, and >~ ANs measurements were made using the TD-CRDS. Limonene was initially present at 20 ppbv with three additions of N,Os (08:07

to 08:30, 08:42 to 09:04 and 09:56 to 10:06).

(lower 4 panels in Fig. 1). The mixing ratio of N,O5 that was
injected was approximately 16 ppb, derived by numerical
simulation of the measured mixing ratios in the SCHARK
(Fig. s1).

With one exception (C;H;;NOs), the strongest signal inten-
sities (molecules in bold in the following text) observed were
from C10 nitrates clustered with iodide. These were observed at
m/z 342.02 (C1oHy,NO,), 358.02 (C1oH;,NO5), (C1oH;5NO5) and
353.98 (C;oH;3NO;). Weaker signals were observed from
C10H15NOs, C10H15NO7, C10H;6N,06 and C;oH;;NOg.

In addition to C10 nitrates we also observed C,H,;N,Og,
C,H.NO,, C;H;NO,, C;H;NOs;, C,H,NOs;, C,HgN,0, C,HoNO,,
CeHoNOs, CcH;,N,0,, C;HoNOg, C,H,;NOs, C;H;;NOg, CgH,3NOs,
CgH13NOs, CgH15NO4, CoH13NOg, CoH13NO7, CoHy5NO5, CoHy5sNOg.
The m/z ratios, relative signal intensities and saturation mass
concentration for all nitrates detected are listed in Table S1
and displayed in Fig. S2 which segregate the nitrates into low,
semi and intermediate volatility VOCs (LVOC, SVOC and IVOC,
respectively).">*®> The high abundance of IVOC compared to
LVOC indicates that significant aging and partitioning into the
particle phase has not occurred in our experiments. In Fig. 1 we
plot the signal intensities for seven organic nitrates (those in
bold-type above), selected either for their large signal intensi-
ties or because they are expected to be the main products of the
reaction. The total multifunctional alkyl nitrate mixing ratio
(XANs) as determined from the TD-CRDS measurement
reached a maximum of 1.7 ppbv (at ~09:00), coincident with
the maximum HR-ToF-ICIMS signals and maximum NO, mix-
ing ratio (13 ppbv). With the exception of N,Os, the mixing
ratios/signals of the trace-gases shown in Fig. 1 exhibit similar

Phys. Chem. Chem. Phys.

trends in production (as long as N,Ojs is present) and loss (due
to flow-out of the SCHARK) when N,Os has depleted to zero.
The time scale (~60-90 s) for N,Os to disappear after its flow
into the SCHARK was ceased is commensurate with its thermal
decomposition rate coefficient at 1 bar and 298 K (4.4 X
107> s7') and the fact that each NO; formed is rapidly sca-
venged (within 0.2 s) by limonene (20 ppbv).

Fig. 2 shows the time-dependent contributions of the 4
dominant organic nitrates to the total signal, with the remain-
ing signals summed and shown in grey. The relative composi-
tion does not change significantly with the number of N,Os
additions. The pie-chart inset indicates the contributions of
each LIM-ONO, signal at 10:07 after the three N,O5 injections.
Note that the data are based on the HR-TOF-ICIMS signal
intensities rather than mixing ratios of each nitrate during
the gas-phase sampling period and the actual composition
could be different. The largest signal is associated with
C10H17NO, which accounts for 38.5% of the total LIM-ONO,
signal. This is followed by C;,H;,NOs (28.5%), C;H;,NO5 (5%)
and C;oH;5NOs5 (4.6%). The remaining 22 nitrate species each
contribute less than 4.5%, but together account for 23.1% of
the total signal. No significant experiment-to-experiment varia-
tion in the fractional contribution of the 4 main organic
nitrates was observed.

Table 1 lists the LIM-ONO, species identified by the HR-ToF-
ICIMS and indicates which ones could be cold-trapped and re-
injected into the SCHARK before subject to photolysis. The
likely functional groups are those previously reported in the
literature (where available). While the exact structures remain
uncertain, the LIM-ONO, are likely formed via RO, + RO,

This journal is © the Owner Societies 2026
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Fig. 2 Time-dependent stack plot of the LIM-ONO, composition (based on HR-ToF-ICIMS measurements) formed in the SCHARK during the NOs-
initiated oxidation of limonene. The pie chart shows the relative contribution of the LIM-ONO, species after three N,Os injections (at 10:07) under the
assumption that all LIM-ONO?2 species have the same ionization efficiencies for association with |~

Table 1 LIM-ONO, detected during the NOs initiated oxidation of limonene

LIM-ONO, Functional groups (excluding nitrate) Ref. Trapping behaviour Photolysis behaviour  J(107*s7")
C10H;7NO, Hydroxy (Fig. S3) Mayorga et al.> Always - 1.69 + 0.06
Ayres et al.*®
Devault et al.* 5.32 + 0.07°
Fry et al.*’
C10H;,NO; Hydroperoxy/carbonyl, hydroxy (Fig. S3) Ayres et al.*® Sometimes + —
Mayorga et al.>
Devault et al.”*
C,H,,NO; Hydroxy, carbonyl Takeuchi et al.*” Sometimes + —
C,0H15NO5 Dicarbonyl (Fig. S3) Devault et al.** Always - —
Ayres et al.*®
C10H13NO5 — Always — —
C10H15NOg Faxon et al.** Always + —
C10H15NO, Takeuchi et al.*” Sometimes + —
CoH;5NO; Carbonyl, hydroxy (see Fig. S3) Faxon et al.** Never + —
Mayorga et al.>
Fry et al.*’
CoH;5NOg Mayorga et al.> Never + —
CoH;3NOg Mayorga et al? Never + —
CoH;3NO; Mayorga et al.”® Never + —
C10H17NOg Dicarbonyl, hydroxy (see Fig. S3) Mayorga et al.> Never + —
Fry et al.*’
Faxon et al.”*
C1oH16N,06 Dinitrate — Always - 1.22 + 0.06

Notes: Faxon et al.,>* Takeuchi et al.*” and Fry et al.' reported particle-phase measurements. Additionally Fry et al.'® proposed a gas phase
mechanism. + indicates an increase in the CIMS signal, — indicates a decrease in the CIMS signal. “ indicates that the measured photolysis

frequency was determined in the absence of cyclohexane.

reactions, since the high limonene concentration in the cham-
ber suppresses reactions of RO, with NO;. A simple numerical
simulation indicates that, under high limonene conditions in
the chamber, product formation from RO, + RO, reactions
exceeds that from RO, + NO; reactions by a factor of ~200
(Fig. S1). The proposed gas-phase mechanisms leading to the
formation of some of the LIM-ONO, species observed are
shown in Fig. S3.

The main LIM-ONO, species (C;0H;7;NO,, C;0H;7NOs,
C,H;;NO;5 and C;0H;15NOs) observed in our experiments are
consistent with previous reports. Devault et al>* identified

This journal is © the Owner Societies 2026

C10H17NO, and C;(H;7;NO5 as the most intense contributors
in the I-CIMS mass spectra, with additional detection of
C10H;5NOs. Mayorga et al.>® reported signals corresponding
to CioHy517NO, 5 and CoHy3,5NOsg in both gas and particle
phases, indicating that C,oH;5,7;NO, s are likely first-generation
products. Takeuchi et al.*’ identified C;H,,NOj as a characteristic
product in thermal desorption particle-phase analysis. HR-ToF-
ICIMS measurements (Faxon et al.>*) report dominant SOA spe-
cies including C;oH;5NOg, C10H;7;NOg and CoH;3NO;.

Fig. 3 shows a correlation between the total multifunctional
alkyl nitrates (in pptv) measured by TD-CRDS and the summed
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Fig. 3 Correlation between total alkyl nitrates measured by TD-CRDS and summed, nitrogen-weighted organic nitrates signal detected by HR-ToF-
ICIMS during the formation of LIM-ONO,. The blue line represents the result of an unweighted, least-squares regression to the data forced through the
origin with a slope of (21.22 + 0.14) ncps pptv™* (r = 0.99). The spread in CRDS data close to “zero" mixing ratios reflect fluctuations in zero measured
before the first injection of N,Os and is similar to the LOD for this device. Only data are included during which N,Os was completely depleted.

HR-ToF-ICIMS signals (in normalised counts per second, ncps)
of the individual organic nitrates in the absence of N,Os. The
HR-ToF-ICIMS signals were multiplied by a factor 1 or 2
according to the number of nitrogen atoms in each species. A
linear regression (blue line) was performed on the data
obtained when N,Os was absent (N,O5 can also be detected
with the TD-CRDS at the TD-temperature for organic nitrates
(648 K) and may therefore introduce artefacts in the data).

Assuming equal sensitivity of the HR-ToF-ICIMS to all
detected LIM-ONO,, the regression slope provides an estimate
of the HR-ToF-ICIMS sensitivity of 21 ncps pptv_*. An absolute
sensitivity comparison to other CIMS instruments is hampered
by various technical and operational factors.*®*® Therefore, a
relative comparison with the sensitivity of commonly calibrated
species for this CIMS appears to be most appropriate.
A sensitivity of 21 ncps pptv_ ' is broadly consistent with that
observed for iodide clusters from N,Os (~30 ncps pptv ')
under identical operational conditions.®® As N,Os is detected
(as an iodide-cluster) with high sensitivity by HR-ToF-ICIMS, we
conclude that reaction of I" with LIM-ONO, (to form iodide-
clusters) occurs at a similar rate coefficient.

3.2. LIM-ONO, extraction/isolation

In order to extract and isolate LIM-ONO, formed as described
above, a flow of 5 SLM from the chamber was passed through a
glass spiral (Fig. S4) submerged in a cooling liquid at —30 °C.
To avoid further reaction in the condensed phase, the sampling
was conducted only in periods when N,O5 (and thus NO;) was
completely depleted. Between experiments, the glass spiral was
cleaned with distilled water, followed by drying at 100 °C.
Typically, LIM-ONO, were collected over a period of ~3 hours
in this manner and subsequently stored in the glass-spiral at

Phys. Chem. Chem. Phys.

—78 °C (acetone/dry ice mixture) overnight, during which the
SCHARK was flushed with humidified zero air in preparation
for the next day’s experiments.

Fig. 4a shows the time-series signals of three specific LIM-
ONO, (C10H;7NO,, C1oH;5NOs, C;oH13NO5) measured by the
HR-ToF-ICIMS during an experiment in which N,O5; had been
injected to form LIM-ONO, and products was sampled (after
N,Os5 had decayed to zero) via the glass-spiral at either room
temperature (09:20 to 09:26 and 09:32 to 09:40) or when the
glass-spiral was cooled to —30 °C (shaded grey). Note that
(according to CPC measurements) no particles were present
in the SCHARK during sampling into the cold trap.

The almost complete loss of the C;oH;7;NO, signal when
sampling through the spiral at —30 °C indicates efficient
trapping of these LIM-ONO,. In contrast, experiments using a
GC-MS™° revealed that, at —30 °C, limonene was not trapped in
the glass spiral to a significant extent at the typical mixing
ratios used for the SCHARK experiments.

The fact that the LIM-ONO, signals did not immediately go
to zero when the glass-spiral was cooled, reflects the fact that
we are dealing with molecules that have a high surface affinity
(as would be expected for trace gases with large molecular weight
and a high degree of substitution by polar groups) and that some
desorption from the PFA-tubing between the glass-spiral and the
HR-ToF-ICIMS takes place. The three different time-series of
C1oH;7NO,, C10H;sNOs and C;0H;3NOs indicate that they have
different affinities for the tubing between the glass-spiral and the
HR-ToF-ICIMS, with C,,H;,NO, (hydroxy-nitrate, blue) being less
“sticky” (i.e. the signal decays more rapidly) than C;oH;5NOs
(di-carbonyl-nitrate, orange) and C,;,H;3NO5 (dark grey).

The temperature dependent desorption of LIM-ONO, from
the glass spiral was examined by passing a flow of 200 sccm

This journal is © the Owner Societies 2026
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Fig. 4
room temperature or —30 °C (grey shaded area). (B) Desorption of trapped

(A) HR-ToF-ICIMS time series for C1oH17NO4, C10H15NOs and Ci9H13NOs while sampling from the SCHARK through a glass-spiral held at either

C10H17NO4, C10H15NOs and C1oH13NOs from the glass-spiral while warming

from —78 °C (overnight storage temperature) to 35 °C with a continuous flow of zero-air (200 sccm).

zero-air through the glass-spiral prior to further dilution (5-10
SLM) and transport (via ~2 m of PFA tubing) to the HR-ToF-
ICIMS (i.e. bypassing the SCHARK). Fig. 4b shows the results
obtained when the glass-spiral was continuously warmed from
—78 °C to 35 °C over a period of ~80 minutes. The first LIM-
ONO, to start desorbing was C;o,H;;NO, at a temperature
of ~0 °C with the maximum signal at 20 °C after which the
signal decreased. A single (albeit broad) desorption feature is
observed, indicating that the physical adsorption of C;,H;,NO,
on the glass-surface is limited to one type of site or that
multiple adsorption sites have similar binding energies.
Desorption of both C;0H;5NOs and C;0H;3NOs started at a
temperature of ~15 °C with the maximum signals obtained
at 30 and 35 °C, respectively. As expected, the nitrates requiring

This journal is © the Owner Societies 2026

higher temperatures to desorb from the glass surface are those
that displayed the slowest decrease in Fig. 4a. This result is
intuitive and related to the vapour pressure of the LIM-ONO,
and their affinity for surfaces. Similar plots illustrating the
adsorption (trapping) and desorption of the other LIM-ONO,
are shown in Fig. S5 and S6. In Fig. S5 we see that the signals of
nearly all the C10 LIM-ONO, decrease when the sample is
passed through the glass-spiral at —30 °C. Exceptions to this
are C;oH;,NOg and CoH;5NO5 whose signals clearly increases
during the trapping phase. As trapping only took place after
N,Os and NO; were consumed, it is unlikely that these signals
arise through condensed-phase chemistry involving NO; or
N,Os. However, we cannot rule out that the co-condensation
of HNO; in the trap (Fig. S6c) may have led to some chemical
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reactions in which e.g. C1oH;7,NOg, and CoH;5NO5 are formed.
We also note that several C3 nitrates (e.g. C3HsNO,, C3H;NO5)
and a C4-dinitrate (C,HgN,Og) were also trapped at —30 °C. The
trapping behaviour of the most abundant limonene nitrates are
summarized in Table 1. Trapping behaviour designated
“always” means that the species could be effectively trapped
in the glass-spiral, stored overnight (while the SCHARK was
flushed) and transferred into the chamber by rapidly warming
with warm water at ~40-50 °C while passing 500 sccm of zero
air through the glass-spiral in all experiments. Trapping beha-
viour designated ‘“‘sometimes” means that we could trap the
molecules in some of the experiments but not in all and
“never” means that this LIM-ONO, was not trapped. We have
no definite explanation for the lack of reproducibility, which
may be related to changes in composition of the mixture and
effects related to competitive adsorption on the cold glass-
surface.

3.3. Interaction of LIM-ONO, with chamber walls in the
SCHARK

As LIM-ONO, compounds have a high affinity for surfaces, we
expect that some fraction is lost to the walls of the SCHARK
chamber. Such effects must be corrected for when deriving e.g.
production rates through NO; + limonene chemistry or loss
rates due e.g. due photolysis. The ability to trap LIM-ONO, and
re-inject them into a clean chamber in which the production
rate is zero, allows us to check for the wall losses of each
individual LIM-ONO,.

Wall loss rate coefficients (kyay) for LIM-ONO, were quanti-
fied by injecting LIM-ONO, from the glass-spiral into the
SCHARK and monitoring their concentration decrease over
time in the dark and in the absence of oxidants (e.g. Oz or
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NOj3). Time dependent LIM-ONO, signals measured by the HR-
ToF-ICIMS decayed exponentially and the time series was fitted
to a first-order expression (eqn (1)) to derive the species-specific
wall-loss rate constant ky.

[LIM-ONO,]; = [LIM-ONO, ] X exp — (kwan + Kexcn) t (1)

where [LIM-ONO,], and [LIM-ONO,], are the LIM-ONO, signals
directly after the addition and after ¢ seconds, respectively and
kexen (1.09 x 07* s7") accounts for flow out of the chamber.
Note that this expression assumes no sources of LIM-ONO,
(i.e. desorption from the walls).

For C;yH;,NO, (Fig. 5, lower panel) the observed exponential
decay constant in the C;oH;;NO, signal is similar to kex.n (solid
black line), indicating that this compound does not exhibit a
measurable wall loss within the uncertainty of the experiment.
The behaviour of C;oH;,NO;5 is markedly different: the observed
decay constant (kwany + kexch) is significantly smaller than the
exchange rate. In the absence of chemical production of
C;10H;7NO;5 this can only be explained in terms of multi-phase
equilibria, in which C,,H;,NOj5 that has been adsorbed to the wall
during the injection phase (i.e. before ¢ = 0) desorbs back into the
gas-phase, thereby reducing its overall decay rate. Close inspec-
tion of the signal during injection reveals a sharp decrease in
signal as soon as the injection stops (e.g. from 700 to 460 ncps for
C10H17NOs). This is not a mixing effect but clear evidence for
uptake of the LIM-ONO, to the chamber walls. For C;,H;,NO,
(lower panel of Fig. 5) the initial, fractional decrease after injection
stops is smaller and the loss rate no longer significantly different
from kexcnh. Fig. S7 shows that none of the major LIM-ONO,
species are totally free from wall effects as the decay rates are
often lower than keh. The LIM-ONO, with the largest signal
(C10H17NO,) shows a relatively small initial decrease in signal
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Fig. 5 LIM-ONO; signal (C1oH17NO,4 and C1oH17NOs) in SCHARK. The black lines are calculated from the exchange rate constant keycn. The orange line is
the first-order exponential fit to the data: the decay constant for C;oH;7NOs is 4.45 x 107°s7L, Negative times correspond to the period prior to and

during the injection of LIM-ONOs.
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after injection into the “clean” SCHARK and its long-term beha-
viour is consistent with a trace gas whose only loss is due to flow
out of the chamber. For these reasons, we now focus our analysis
on C;oH;,NO, for which auxiliary data such as absorption cross
sections are available (see below).

3.4. Photolysis and lifetime of the dominant LIM-ONO,
(C10H17NO4)

To investigate the behaviour of the various LIM-ONO, species
under irradiation (at a wavelength of 370 + 13 nm), a cold-
trapped sample was transferred from the glass-spiral into the
SCHARK by warming rapidly using a water-bath at ~40-50 °C
while passing 500 sccm of zero air through the glass-spiral (see
Section 3.2). To examine the potential formation of OH and
assess its contribution to the overall loss of LIM-ONO, during
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photolysis, experiments were carried out either with or without
cyclohexane (120 ppmv) that serves as a OH scavenger.

The time profiles for the measured signal intensity for
C10H7NO, under irradiation (from experiments both with
and without added cyclohexane) are displayed in Fig. 6 (left
y-axis). Following a short period (2 min) after injection of LIM-
ONO, to allow for mixing in the SCHARK, the LEDs were
switched on to irradiate the gas-mixture. During irradiation,
the NO, mixing ratio increases as expected if the main process
in LIM-ONO, photolysis is cleavage of the O-NO, bond. Note
however, that NO, is rapidly photolysed using the LEDs (Jyo, =
14.0 x 107% s7") to form O(*P) and thus O;. No increase in the
O; concentration was observed, which is related to the 2 ppbv
detection limit of the ozone-monitor. In addition, the
NO, formed also react with peroxy radicals generated during
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Fig. 6 Time-dependent signals of C;oH:7NO4 during a photolysis experiment with (B) and without (A) cyclohexane as OH scavenger. The LEDs were
switched on at Time = 0 min. The black lines are calculated from the exchange rate constant kexch. The orange lines show the first-order exponential fit to
the data during photolysis. The decay constants were 7.32 x 10~* s (without cyclohexane) and 3.69 x 10~* s™* (with cyclohexane) The measured NO, is

shown on the right y-axis.
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photolysis (and also from OH scavenging by cyclohexane) to
form e.g. peroxy nitrates which will sequester some of the NO,.
For this reason, the NO, profile cannot be analysed to calculate
e.g. the relative importance of O-NO, bond fission in compar-
ison to formation of other photochemical fragments.

A control experiment confirmed that no detectable nitrate-
containing products were produced or released from the cham-
ber walls when the LEDs were switched on without prior
injection of LIM-ONO, from the glass-spiral.

In the presence of cyclohexane, the overall loss of C;,H;;NO,
is by photolysis, flow out of the chamber and wall loss and is
given by:

[C10H17NOy]; = [C10H17NO4]o X exp — (J¢, 1,80, T Kwall + Kexch) &

(2)

This expression does not consider loss processes for
C10H;7,NO, through reaction with other trace gases. A potential
exception to this is the reaction with O;. Although O; is not
present in the initial mixture injected into the SCHARK prior to
photolysis, it will be generated via the photolysis of the primary
photo-product NO,. The amount of O; that can be generated
per LIM-ONO, photolysed is a complex function of the recycling
of NO via reactions with peroxy radicals:

LIM-ONO, + v — LIM-O + NO, (R4)
NO, + v —» NO + O(’P) (R5)
OCP)+0,+M - 0;+M (R6)
LIM-O + O, — RO, (R7)

RO, + NO — LIM-O + NO, (R8)
LIM-ONO, + O3 — products (R9)

Where LIM-O is the alkoxy radical formed when the O-NO,
bond breaks during photolysis. The rate coefficient for reac-
tion of LIM-ONO, with O; has been reported to be 1.7 x
10" em® molecule ' s7*.3' It would thus require the presence
of ~40 ppb O; to induce a positive bias of 10% in our loss term
for C,0H;7NO,. As we observed <2 ppbv O; (the LOD of the
ozone monitor) we conclude that neglecting the reaction
between photochemically generated O; and C;0H;7;NO, in the
further analysis is justified.

For C;0H;,NOy, the slope of the regression from the experi-
ment with added cyclohexane (Jc, n,,no, + Kkwall + Kexcn) Was
3.69 x 10~* s, Using the chamber exchange constant for the
flow conditions of this experiment (keyen, = 2.00 x 10~* s~ ') and
the fact that no significant wall loss was observed (kyan + kexch &
Kexcn, see above) we derive Jc, y1, no, = (1.69 £ 0.06) x 10 * s

In the absence of cyclohexane, C;,H;;NO, was lost much
more rapidly due to reaction with photochemically formed OH.
The loss frequency (after subtracting kexcn) was 5.32 (£0.07) x
10~* s '. This indicates that a large fraction (0.75) of
C10H17,NO, was lost via reaction with OH when cyclohexane
was not added. A likely source of OH during irradiation is the
photolysis of HONO which absorbs strongly at wavelengths of
/= 360-370 nm and has a SCHARK photolysis frequency of

Phys. Chem. Chem. Phys.
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Juono = 3.5 x 107 s7. HONO was indeed detected (but not
quantified) by HR-ToF-ICIMS and is presumably formed from
the interaction of NO, with the chamber surface as has often
been documented for Teflon environmental chambers.>!

The photolysis frequency of CioHi;NO4 (Jc,m,,n0,) IS 2
function of the photon flux through the SCHARK chamber,
the absorption cross sections of C;oH;;NO, over the LED
emission spectrum (/1 = 370 £ 13 nm), and the photodissocia-
tion quantum yield (¢) at these wavelengths. To put our
observed loss frequency on a physical basis we performed
chemical actinometry using Cl, which absorbs at 1 = 370 +
13 nm with known cross sections and quantum yields.

[CL] = [CLy]o x exp — (]cl2 + Kexen) ¢ (3)

The relative loss rate of C;,H;,NO, and Cl, due to photolysis
is given by:

d[CioH7NO4] /d? 7av(C1oH17NO4) ¢, (CioH17NO4) feyohysNo,

d[Cly]/dz av(Chy) bay(Cl2) Jai,
(4)

where o; are average absorption cross sections weighted by
wavelength dependent emission intensity of the LEDs, ¢; are
primary photodissociation quantum yields and f; are the
photon flux during irradiation. As we are dealing with
pseudo-first-order loss processes, the left-hand term can be
modified to:

d[cloH17NO4]/dl[C10H17NO4}
d[Cl,]/d¢[Cl,]

JC10H17NO4
Jay,

orsimply

where J; are photolysis frequencies (s™'). As the same operating
parameters and number of LEDs were used to photolyse both
Cl, and C;oH;;NO,, the last terms on the right-hand side of
eqn (4) effectively cancel, so that the relative decay rate of Cl,
and C;oH;;NO, is only related to physical constants of the
molecules (¢ and ¢). For such experiments, Cl, represents an
ideal actinometer as its absorption cross sections®> and photo-
dissociation quantum yield (unity) are well established."® How-
ever, it is important to avoid secondary chemistry including Cl,
re-combination or loss via reaction with reactive species such as
alkyl fragments. For these reasons, experiments to determine
Ja, were conducted in the presence of ~3 ppmv ethane,
which reduces the Cl atom lifetime to ~0.2 ms and prevents
recombination. The C,Hs radicals thus formed were quasi-
instantaneously scavenged by O, (timescale of 30 ns for ~200
mbar [O,]) to effectively prevent their reaction with Cl,. The
C,H;0, peroxy radicals formed do not react with Cl,.

Cl, + hv - 2Cl (R10)
Cl + C,Hg — HCl + C,H;5 (R11)
CHs + 0, + M — C,H;0, + M (R12)

A mixture of 500 scem Cl, (nominal 80 ppmv in N,) and
10 SLM dry zero air was introduced in the chamber (for
~11 min), together with a single injection of ethane (6 mL of
a 48% gas mixture in N,). Resulting in initial mixing ratios of

This journal is © the Owner Societies 2026
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~3 ppmv ethane (calculated from volumes and mixing ratio)
and 290 ppbv Cl, (measured by CRDS).

After switching off the Cl, flow and waiting a few minutes for
complete mixing, the LEDs were switched on and the Cl,
mixing ratio decreased exponentially as shown in Fig. S8. In
the absence of chemical losses other than photolysis, the Cl,
loss is described by eqn (3). The sum (], + kexcn) Was derived by
fitting the data shown in Fig. S8 to expression (3). Jci, was then
obtained by subtracting the chamber exchange constant
(1.82 x 10~* s7'), yielding an experimental, effective first-
order photolysis frequency of Jo;, = (1.99 + 0.01) x 107 % s,

This is a factor ~11.8 larger than the value of J¢ u, no, =
(1.69 £ 0.06) x 10~* s~" obtained under quasi-identical condi-
tions (i.e. fwas unchanged).

At this point in the analysis, we have derived:

7ay(C1o0H17NOy) ¢, (C1oH17NOy) 1

=—=0.085
qu(CIZ) ¢3V(C12) 11.8 (5)

(for A =370 £ 13nm)

If we now assume that the photodissociation quantum yield
for C;0H;,NO;, is unity at all wavelengths emitted by the LEDs
(i.e. the same quantum yield as Cl,) the 2nd term on the left-
hand side of eqn (5) disappears. In this case, the value of
0.085 represents the ratio of the absorption cross sections of
C,0H,7,NO, and Cl, weighted over the LED emission spectrum.
The Cl, absorption cross section averaged over the region of overlap
with the LED emission is ,,(Cl,) = 7.90 x 10> cm® molecule ",
which yields a weighted average absorption cross section for
C,0H;7NO, over the same wavelength range (4 = 355-400 nm) of
Oav (C10H17NO,) = 6.72 x 10 2' cm? molecule .
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This cross section can be compared to the spectrum of
C10H;,NO, reported by Wang et al>®' (blue datapoints in
Fig. 7), but with some caveats. Firstly, the spectrum reported
by Wang et al.>" was that of a sample dissolved in ether, which
causes a solvatochromatic wavelength shift of unknown mag-
nitude compared to the gas-phase. For this reason, Wang
et al.>" used ethyl ether as solvent because of its low polarity,
which reduces the magnitude of the wavelength shift.
Secondly, the spectrum of Wang et al.*" covers the range 1 =
200-367 nm and thus does not extend through the full range
of wavelengths emitted by our LEDs (4 = 355-400 nm).
To account for the second limitation, we have extrapolated
the Wang et al.*" spectrum to longer wavelengths assuming an
exponential decrease in cross section with increasing wave-
length. Here we also consider two different scenarios. In the
first, (Extrapolation 1) we extend the observed exponential
decrease in cross section observed by Wang et al.*' between
A =330 and 365 nm (dashed line in Fig. 7). As apparent from
the log-plot, the discontinuation in the slope between 310 and
365 nm compared to shorter wavelengths may indicate a
contribution from a different electronic transition. Alterna-
tively, this could reflect a solvent effect or artefacts associated
with low optical density and stray light at longer wavelengths.
For this reason, in the second scenario (Extrapolation 2), we
assume that the second feature in the absorption spectrum
between ~ 4 =310 and 365 nm is an artefact and we instead
extend the exponential decrease in cross section between
260 and 310 nm to longer wavelengths. This behaviour is
described by the solid blue line in Fig. 7 and leads to
significantly lower cross sections at the longer wavelengths
where our LEDs emit.

Cl, (Maric 1993)

1x1078 - :
] - — - Extrapolation 1
—— Extrapolation 2

C4oHy7NO, (Wang et al, 2023)

1x107"°

1x102°

Cross section (cm? molecule™)

LED (normalised emission intensity)

1x102! T T T
260 280 300 320

0.0

T T T T
340 360 380 400

Wavelength (nm)

Fig. 7 Absorption spectra of Cl,>% and CyoH;;NO, (dissolved in ether) reported by Wang et al.*! The solid and dashed lines are different extrapolations
of the Wang et al. spectrum to longer wavelengths. The normalised LED emission spectra of the photolysis light sources used are also shown (right
y-axis) with our LED emission spectrum the purple shaded area and the “black-lights” used by Wang et al. as a broken, purple line. The average
cross-section, weighted by the LED emission spectrum in the same spectral region is either 2.27 x 1072° cm? molecule* (Extrapolation 1) or 8.57 x 10~

cm? molecule™ (Extrapolation 2).
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Using either scenario we can calculate the average cross
section, weighted by the emission of our LEDs. Using scenario
Extrapolation 1 (dotted line), we obtain o,, (355-400 nm) =
2.27 x 107%° cm? molecule™, whereas under scenario Extra-
polation 2 the cross sections are reduced to g,, (355-400 nm) =
8.57 x 107>' cm” molecule™". The latter value is in reasonable
agreement (within 25%) with that derived from our photolysis
experiments and assuming that the quantum yield is unity
(6 =6.72 x 10~*' cm”® molecule ).

Alternatively, by inserting the (extrapolated) average cross
sections of Wang et al. into eqn (6) we can derive the effective
quantum yield (¢,y) over this wavelength range. Under scenario
Extrapolation 1, we obtain ¢,, (355-400 nm) = 0.30 and under
scenario Extrapolation 2 we obtain ¢,, (355-400 nm) = 0.78 at
1 bar and 298 K. The quantum yield reported by Wang et al.*'
are much smaller with a value of 0.071 £ 0.035 and a chamber
photolysis lifetime of C;oH;;NO, of 21 h. In contrast, we
measured a chamber photolysis lifetime due to photodissocia-
tion of 1.6 h for C;(H;;NO,.

In order to understand these differences in chamber life-
times and derived quantum yields we first compare the emis-
sion spectra (normalised to An.) of the lamps used to
photolyse limonene nitrates in both studies, which are plotted
in Fig. 7. We see that the emission of the “black-lights’”” used by
Wang et al. is broader (extending from ~ 320 to 400 nm) with a
FWHM of ~40 nm and thus (compared to the LEDs) has more
extensive overlap with the absorption spectrum of C;,H;,NO,
at shorter wavelengths. As photodissociation quantum yields
often decrease at longer wavelengths (lower photon energies)
the difference in emission wavelengths cannot be the cause of
the lower quantum yields observed by Wang et al. There are
also large differences in the photon flux in both chambers.
Wang et al.®' report (in their SI) a photolysis frequency for
NO, in their chamber of 2.1 x 10> s~! which was obtained
by photolysing NO, and modelling its loss (which is partially
defined by reformation in the NO + O; reaction). We prefer
to calculate Jyo, from the accurately measured value of Joi,
(1.99 x 1072 s7") and the relative overlap of the LEDs with the
well-known spectra of Cl, and NO, and associated quantum
yields (both unity over the entire wavelength range of our
LEDs). Our value of Jyo, = 14.0 x 10~° s~ ! is a factor ~7 larger
than that in the Wang et al. chamber and helps explain why we
see almost complete loss of C;yH;;NO, within 80 min (Fig. 6)
whereas Wang et al. observe a depletion of only 40% over a
period of >4 hours (their Fig. 2), despite the better overlap
between lamp emission and the UV absorption spectrum of
C10H17NO,.

A further explanation for the derivation of such different
quantum yields is that we are actually dealing with different
molecules of the formula C;,H;,NO, that are detected (in both
Wang et al. and in this work) as clusters with I". Should this be
the case, our analysis, which uses the (extrapolated) cross-
sections from Wang et al. is inappropriate. As the C;,H;,NO,
molecule in this work was generated in the reaction of NO; with
limonene and not by wet-synthetic methods as in Wang et al.,
we cannot rule this out. However, in the absence of a further
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analytical tool (e.g. gas chromatography) which to compare
both samples, this remains purely speculative.

In summary, we observe that C;,H;;NO, is a photolabile
organic nitrate formed in the NO;-initiated oxidation of limo-
nene, even when irradiated at the relatively long wavelengths
emitted by our LEDs (4 = 355-400 nm) and that our data
are compatible with a large quantum yield (possibly unity)
if our extrapolation of the C;o,H;;NO, spectrum reported by
Wang et al.*' is appropriate.

By convoluting the extrapolated C,,H;,NO, spectrum (Scenario:
Extrap 2) with the solar spectral photon flux (measured on a cloud
free day (23. July) at a Latitude of 35° and Longitude 32°) and a
quantum yield of 0.78 we can derive a diel profile for Jo u ~o,
(Fig. S9). The maximum photolysis frequency is ~2.2 x 10 *s™*
(at 10 UTC), which translates to a lifetime of 75 minutes. The
average lifetime (over the entire diel profile) is 3.2 h and thus
comparable to the deposition lifetimes of organic nitrates from
BVOC.>™ In Fig. $9 we also display the atmospheric photolysis
frequency using our actinic flux measurements but using the
Wang et al®" cross sections (without extrapolation to longer
wavelengths) and their quantum yield (0.071). The maximum
photolysis frequency thus obtained is 2.8 x 10~> s~ " which is very
similar to their reported value (3.0 &= 1.5 x 10> s™') obtained
using the TUV model for a solar zenith angle of 28.14° (12:00 solar
time, 1 August at 33.7° Latitude north (Atlanta, overhead Os;
column 300 Dobson units and albedo 0.1). The factor 7.8 larger
value obtained in this work is thus clearly related to the larger
quantum yield (0.78 from this work and 0.071 by Wang et al.*").

3.5. Photolysis of C1oH;sN,O6

A simpler analysis was performed for the di-nitrate (C;oH;6N,Og),
whose temporal evolution under irradiation is shown in Fig. 8.
Similar to the analysis above, in the presence of cyclohexane, we
assume that the loss of C;oH;6N,O¢ occurs only by photolysis and
chamber outflow and is described by:

kexch) t

(6)

[C10H16N206]: = [C10H16N206]o x €xp — (J¢, 1, .N,0, +

For C;0H16N,Og, the fit to the data according to eqn (6) results
in a loss constant in the presence of cyclohexane of 3.22 x
10~ * s™'. Using the chamber exchange constant (kexen = 2.00 x
10" s7) we derive Je, w1, v,0, = (1.22 + 0.06) x 10~* 5. This
value is lower than that obtained for the mono-nitrate
C1oH17NO, (Je, 1, no, = (1.69 + 0.06) x 10~* s7), indicating a
slower photochemical loss (photolysis lifetime = 2.3 h) of the di-
nitrate at the wavelengths emitted by our LEDs (4 = 355-400 nm).
However, in the absence of an absorption spectrum for
C1oH16N,0g, the available data do not allow a more detailed
quantitative interpretation of this difference and we can only
conclude that, like C;,H,;NO,, the lifetime of C;,H;(N,Oq is
strongly influenced by its photolysis.

3.6. Other LIM-ONO,

Fig. S10 shows a time series of 13 LIM-ONO, species and NO,.
During the irradiation period (yellow shaded area) in the
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Fig. 8 Time-dependent signal of C;o0H;6N>Og during a photolysis experiment with cyclohexane as OH scavenger. The LEDs were switched on at Time =
0 min. The black line is calculated from the exchange rate constant keycn. The orange line shows the first-order exponential fit to the data during

photolysis with the decay constant given by 3.22 x 107* s™%,

presence of cyclohexane, we observe that the mixing ratios of
the LIM-ONO, species with the strongest HR-ToF-ICIMS signal
(C1oH17;NO4) decrease, as does that of the di-nitrate
C1oH16N,Og, both of which are treated in detail above. In
contrast to the photolytic loss of C;,H;;NO, and C;,H;6N,O0s,
the mixing ratios of several shorter-chain nitrates (C2-9)
increase during illumination as do those of some C10 nitrates
(i.e. C19oH13NOs, C19H15NO5, C10H;7;NOg). The formation of
shorter-chain nitrates appears to be consistent with the obser-
vations of Takeuchi et al>® who reported their production
during photolysis of organic nitrates formed from o-pinene
and B-pinene oxidation by the OH and NO; radicals. The
formation of shorter chain nitrates could be understood if
dissociative absorption leads not only to O-NO, bond fission
but also to fission of a C(O)-C bond or if secondary reactions of
the alkoxy radical formed in the primary photolysis step
undergo further reactions that result in C-C bond fission.
The increase in the signals of several C10-nitrates (notably
C10H15NOs, C1oH;5NOg and C;oH;5NO;) can be explained by
reactions of an initially formed alkoxy radical with O, to form a
peroxy radical that can reform a nitrate via reaction with NO.
Indeed, the main product of C,,H;,NO, photolysis observed by
Wang et al®' was C;oH;,NOs. Which was attributed to for-
mation of the C;,H;,0, alkoxy radical and its decomposition
and reaction with O, in the presence of NO. The photolytic
formation of C10-nitrates is potentially also explained if the
RO, + RO, reactions that produce the nitrated products
described above also form peroxides (C10 “dimers”) of the
form ROOR (C20), which can dissociate by O-O bond fission.
These ROOR have very low volatility and are likely to stick to the

This journal is © the Owner Societies 2026

walls of the chamber or form particles rather than reside in the
gas-phase. Previous studies have observed the formation of e.g.
C20 dimers from the reaction of limonene with NO; radicals,
primarily as highly oxygenated organic molecules in both the
gas and particle phases.>*** The fact that we did not observe
particles does not rule out the presence of very small particles
formed by coagulation of ROOR type molecules and not
detected by the CPC. ROOR dimers cannot be reliably identified
with our HR-ToF-ICIMS due to the limited mass calibration
range and the low sensitivity to C20 compounds. However, their
low volatility means they would be collected efficiently in the
cold-trap and re-injected into the SCHARK chamber. ROOR
formed from NO; + limonene are likely reservoirs of C10
nitrates in our experiments, and their photolysis (either in
the gas-phase or adsorbed on the chamber walls) is a potential
explanation for some of the observed formation of C10 nitrates
under irradiation in the SCHARK chamber.

4. Conclusions

In this study, we investigated the formation, isolation and
photolysis of limonene-derived organic nitrates under con-
trolled chamber conditions. Multifunctional organic nitrates
formed from the reaction of limonene with NO; were success-
fully trapped at —30 °C, without co-condensation of limonene,
allowing their re-injection into the chamber for photochemical
investigation. By comparing the total multifunctional alkyl
nitrates (in pptv) measured by the TD-CRDS with the summed
HR-ToF-ICIMS signals (in ncps) of the individual organic
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nitrates and assuming equal sensitivity of the HR-ToF-ICIMS to
all detected LIM-ONO,, we estimated the HR-ToF-ICIMS sensi-
tivity as 21 ncps pptv .

Our experimental approach further enabled the determina-
tion of in-chamber (4 = 355-400 nm) photolysis frequencies of
(1.69 + 0.06) x 107* s' and (1.22 £ 0.06) x 10~* s~' for
C10H17NO, and C;oH;sN,Os, respectively. Photolysis of the re-
injected limonene-derived organic nitrates led to the formation
of shorter-chain nitrates (and an increase in NO,). Using
a chemical actinometer (Cl,), with a photolysis frequency of
(1.99 £ 0.007) x 10~* s~" under our irradiation conditions we
derived Jc, u,,no,Jc1, = 0.085. From this ratio and assuming a
quantum yield of unity, we derive a wavelength-averaged
absorption cross section of 6.72 x 10~>' em* molecule " for
C,0H,7,NO,4 which agrees to within 25% with the cross section
extrapolated from the solution-phase spectrum reported by
Wang et al®' Alternatively, using different extrapolations of the
Wang et al. cross-sections, we could estimate the quantum yield to
be between 0.3 and 0.8. Our results demonstrate that C;,H;;NO,
and C;oH;6N,0Os are photolabile limonene-derived nitrates that
undergo photochemical loss at near-UV wavelengths. The measured
photolysis lifetimes of 1.6 h and 2.3 h for C,;oH;;NO, and
C10H16N,0s, respectively, under chamber conditions indicates
much faster degradation than previously reported for C;oH;r
NO,.*! For ambient conditions we derived an averaged diel photo-
lysis frequency of CyoH;,NO, of 8.5 x 10> s~ " (corresponding to a
photolysis lifetime of 3.2 h) which is comparable to other physical
sinks (e.g. dry deposition).
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