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Abstract

Nitrogen oxides (NO, = NO; + NO) play a crucial role in secondary organic aerosol (SOA) formation. The effects of NO, on
SOA formation from single precursors have been extensively studied. However, in the real atmosphere, biogenic and
anthropogenic precursors often coexist, and it remains unclear whether the effects of NO, in such mixtures can be directly
extrapolated from those observed in single-precursor systems. In this study, we investigated the effects of NO, on SOA particle
mass yields and chemical composition from a-pinene, n-dodecane, and their mixture under high- and moderate-NO, conditions
in the Manchester Aerosol Chamber. The results show that SOA particle mass yields were higher under high-NO; conditions
across all systems. Enhanced oxidant levels and alkoxy radical (RO) isomerisation appear to more than compensate for the
negative impacts associated with the formation of more volatile products via the reaction of organic peroxy radicals (RO-)
with NO. However, compared with the single-precursor systems, the increase in SOA particle mass yields in the mixed-
precursor system was less pronounced. In the mixed-precursor system, enhancement of RO, + NO termination pathways was
stronger, and the contribution of a-pinene-derived alkoxy-peroxy pathway may have been comparatively weaker. These
changes would be expected to favour the formation of more volatile products and thus suppress SOA formation. Collectively,
these observations provide evidence that the effects of NO; in the mixed-precursor systems cannot be interpreted as a simple

combination of behaviours observed in individual precursor systems.
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1 Introduction

Atmospheric secondary organic aerosol (SOA) is a significant component of fine particulate matter and plays an important
role in air quality, climate, and human health (Hallquist et al., 2009; Jimenez et al., 2009; Ramanathan et al., 2001). The
precursors of SOA include gas-phase organic compounds emitted from both biogenic and anthropogenic sources (Kanakidou
et al., 2005; Srivastava et al., 2022). These compounds undergo oxidation to form less volatile products, which can
subsequently partition into the particle phase, leading to the formation of SOA particles (Atkinson and Arey, 2003;
Baltensperger et al., 2005; Kroll and Seinfeld, 2008; Robinson et al., 2007). In the atmosphere, these processes can be
influenced by the presence of inorganic trace gases and other SOA precursors (Atkinson, 2003; McFiggans et al., 2019;
Ziemann and Atkinson, 2012). Such complexity makes it challenging to achieve a comprehensive understanding and accurate

prediction of SOA formation.

Nitrogen oxides (NOx = NO; + NO) are important trace gases in the atmosphere and play a critical role in SOA formation
(Atkinson, 2000; Lane et al., 2008; Ziemann and Atkinson, 2012). On the one hand, NO can react with peroxy radicals (RO>),
forming organic nitrates (RONO;) and alkoxy radicals (RO) (Ziemann and Atkinson, 2012). RO radicals can subsequently
undergo fragmentation, isomerisation, or reaction with O, (Orlando et al., 2003). NO; can react with RO, to form
peroxynitrates (RO>NO,). On the other hand, NO, modulates O3 and OH levels through its interactions with RO, radicals (RO«
= OH + HO; + RO) (Atkinson, 2003; Chen et al., 2022; Clapp and Jenkin, 2001; Pusede et al., 2015). O3 concentrations
depend strongly on the relative abundance of SOA precursors to NO, (Chen et al., 2022). Since O3 photolysis is an important
source of OH radicals, NO, can indirectly influence OH formation by controlling O levels (Pullinen et al., 2020). In addition,
NO; can alter OH concentrations through the reactions HO, + NO — OH + NO; and OH + NO; — HNOj (Chen et al., 2022).

These factors collectively influence SOA formation and may either enhance or suppress SOA particle mass yields.

a-Pinene (CioHi¢), which constitutes nearly 50% of global monoterpene emissions, is considered one of the most important
biogenic SOA precursors in the troposphere (Andreae and Crutzen, 1997; Lee et al., 2006; Pathak et al., 2007). The effects of
NO, on SOA formation from a-pinene have been extensively investigated (Eddingsaas et al., 2012; Ng et al., 2007; Stirnweis
etal., 2017; Zhao et al., 2018). It is generally recognised that NO, can suppress SOA formation from a-pinene. This suppression
is typically attributed to the formation of more volatile products formed via RO, + NO reactions compared with those formed
through RO> + HO; or RO, + RO» pathways. Increasing attention has recently been directed towards the effects of NO, on
highly oxygenated molecules (HOMs), which are formed through the autoxidation of RO, radicals and are considered
important contributors to SOA formation (Bianchi et al., 2019; Ehn et al., 2014; Kang et al., 2025; Pospisilova et al., 2020;
Pullinen et al., 2020). Pullinen et al. (2020) showed that NO, suppresses the formation of HOM accretion products and thus
reduces SOA formation potential. More recently, several studies have reported that NO may also enhance HOM formation by

promoting RO radical formation, allowing continued autoxidation through RO isomerisation (Kang et al., 2025; Nie et al.,
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2023). This enhancement may partially compensate for the RO, sink introduced by NO. Although first-generation RO radicals
derived from a-pinene predominantly undergo C—C bond scission, isomerisation of HOM-RO radicals can compete with
fragmentation, thereby contributing to radical chain propagation (Dibble, 2001; Kang et al., 2025; Vereecken and Peeters,
2010).

When the influence of NO, on oxidant concentrations is also considered, the effects become more complex. Modelling studies
have shown that biogenic SOA formation can be enhanced under increasing NOx levels on a regional scale, due to the increases
in OH and Os concentrations (Pye et al., 2019). Laboratory studies have also demonstrated the important role of NO, in
modulating oxidant levels. Sarrafzadeh et al. (2016) observed an increase in SOA yields with rising NO, concentrations under
low-NO, conditions, which was attributed to enhanced OH concentrations. Therefore, the effect of NO, on SOA formation
arises from its combined influence on oxidant levels and RO, radical chemistry. Both factors should be considered when

investigating NO,-related processes.

SOA formed from anthropogenic precursors makes a significant contribution to the total SOA burden in urban environments
(Kelly et al., 2018). Alkanes constitute an important fraction of anthropogenic gas-phase organic compounds. Previous studies
have shown that, for some long-chain alkanes, SOA particle mass yields increase with increasing NO, concentrations under
comparable OH exposures (Loza et al., 2014). This behaviour was attributed to the preference of RO radicals for isomerisation
over fragmentation, thereby preserving the carbon backbone and promoting the formation of lower-volatility products (Lim
and Ziemann, 2009). Recent studies have further suggested that HOM yields from alkane oxidation increase with NO

concentrations, likely reflecting the enhanced importance of RO radical isomerisation (Wang et al., 2021).

However, these findings are derived from single-precursor systems. In the real atmosphere, NO, is often co-emitted with other
anthropogenic SOA precursors. Existing studies have shown that the coexistence of multiple precursors can also
simultaneously influence oxidant levels and RO, radical reaction pathways, ultimately influencing SOA particle mass yields.
For example, McFiggans et al. (2019) demonstrated that mixing a-pinene with isoprene substantially suppresses SOA
formation from a-pinene. This suppression was attributed to competition for available OH by isoprene and the scavenging of
a-pinene-derived HOM-RO, radicals. More recent studies have investigated systems involving both biogenic and
anthropogenic precursors and reported that the overall SOA particle mass yields in these mixtures deviate from values predicted
by additive calculations (Voliotis et al., 2022). These observations suggest that non-linear effects may arise when multiple
precursors coexist. Therefore, in mixed-precursor systems, the effects of NO, on SOA formation may not be directly
extrapolated from those observed in single-precursor systems. To accurately predict SOA formation, it is necessary to consider
not only the effects of NO, but also the interactions between different precursors. However, studies investigating the effects of

NOy on SOA formation in mixed-precursor systems remain limited.
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In this study, we investigated the effects of NO, on SOA particle mass yields and chemical composition from a-pinene, n-
dodecane, and their mixture in the Manchester Aerosol Chamber (MAC). n-Dodecane (Ci2Hz) is a representative long-chain
alkane primarily emitted from diesel fuel combustion (Zhao et al., 2015). High-resolution mass spectrometry was used to
directly characterise the product distribution at the level of chemical formula in the particle phase. Based on changes in the
fractions of CHON and fragmented products, as well as shifts in the oxygen-number parity of representative products, we
inferred the influence of NOx on radical chemistry. Combined with the effects of NO, on oxidant levels, these observations

further suggested potential implications for SOA particle mass yields.
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99 Table 1. Summary of experimental conditions.

Experiment Experiment Type [n-dodecane],* [a-pinene] 0" [NOx] 0” [precursor] 0” [Seed] 0” [01] SOA SOA particle

max

No. (ppb) (ppb) (ppb) /INOJ, (g m-3) ®pb)  (ug m'3) mass yields

o-Pinene experiments

1 a-pinene (high NO,) - 59.4 57 1.0 31.0 37.9 39.9 0.12
2 a-pinene (high NO,) - 48.9 54 0.9 56.1 39.0 42.1 0.16
3 a-pinene (moderate NO,) - 41.6 17 2.4 44.6 10.1 11.0 0.08
4 a-pinene (moderate NOy) - 419 21 2.0 45.8 15.4 13.1 0.06

n-dodecane experiments

5 n-dodecane (high NOy) 160 - 281 0.6 37.8 103.1 177.5 NA®
6 n-dodecane (high NO,) 160 - 156 1.0 31.2 98.4 1229 0.17
7 n-dodecane (moderate NO,) 160 - 63 2.5 29.2 61.1 49.0 0.09
8 n-dodecane (moderate NO,) 160 - 55 29 16.3 53.4 343 NAP
Mixed-precursor experiments
9 Mixture (high NO,) 80 24.8 160 0.7 345 85.9 71.4 NA®
10 Mixture (high NO,) 80 27.4 121 0.9 36.9 76.2 63.9 0.11
11 Mixture (moderate NO,) 80 13.4 47 2.0 34.2 422 29.4 0.08
100 The subscript “0” indicates the initial concentration.

101 ®NA: no available data.
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2 Methodology
2.1 Diagnostic tools for peroxy radical chemistry

RO; radicals are key intermediate species in atmospheric chemistry. Relevant reaction pathways have been extensively

described in previous studies (Atkinson, 2000; Ziemann and Atkinson, 2012).

In the absence of NO,, RO, mainly react with HO, or with other RO, radicals, forming closed-shell products such as
hydroperoxides, carbonyls, alcohols, and accretion products (Atkinson, 2000; Ziemann and Atkinson, 2012). The presence of
NO, introduces additional reaction pathways leading to the formation of organic nitrates and peroxynitrates (Atkinson, 2000).
Consequently, increasing NO, concentrations are expected to enhance the contribution of CHON compounds. However, as

peroxynitrates are generally thermally unstable at room temperature, this study primarily focuses on the RO, + NO pathway.

In addition to forming closed-shell products, reactions of RO, with RO;, NO, and potentially HO; can also generate RO radicals
(Orlando et al., 2003). Among these pathways, reaction with NO proceeds rapidly and strongly favours RO formation, making
RO; + NO an important source of RO radicals in the presence of NO,. The resulting RO radicals can subsequently undergo
fragmentation, isomerisation or reaction with O,. However, for a-pinene and n-dodecane systems, the RO + O, pathway is

generally considered to be of minor importance and is therefore not discussed further here (Ziemann and Atkinson, 2012).

For primary RO radicals derived from a-pinene, the relatively low energy barrier for C-C bond scission favours fragmentation
(Dibble, 2001). Accordingly, products with carbon numbers lower than 10 in the a-pinene system are used here as indicators
of RO chemistry. In principle, increasing NO, concentrations are expected to enhance the relative importance of the RO, + NO

pathway, thereby promoting RO chemistry and increasing the fraction of fragmentation products.

For some long-chain and highly functionalised RO radicals, isomerisation can also represent an important reaction pathway
(Lim and Ziemann, 2009; Ziemann and Atkinson, 2012). Following formation from RO, RO radicals can undergo
isomerisation and subsequent O, addition, regenerating RO; radicals. This process, commonly referred to as the alkoxy-peroxy
pathway, alters the oxygen-number parity of the resulting RO> radicals (Kang et al., 2025). Such shifts in oxygen-number
parity can therefore serve as indicators of the extent of RO isomerisation. As RO; radicals were not directly measured in this

study, the oxygen-number parity of representative closed-shell products is used as a diagnostic proxy.

For a-pinene, CioHi50x and CioH70x are expected to be the major RO, families (Berndt et al., 2016; Jenkin et al., 1997,
Johnson and Marston, 2008; Kang et al., 2025; Vereecken and Peeters, 2004). Within the C;oH;70x family, the first-generation

RO, radical is CioH;70;. Through autoxidation, this radical evolves into a series of CioH;70x RO; radicals containing odd
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numbers of oxygen atoms (hereafter denoted as CioH702x+1). When these RO, radicals react with NO, they form CioH7NOay
products with even numbers of oxygen atoms. If any of CioHi702x+1 RO» radicals undergo an alkoxy-peroxy pathway, their
oxygen-number parity shifts from odd to even, forming CioH702« RO,. Subsequent reaction of these radicals with NO
produces C1oH17NOxx+1 products with odd numbers of oxygen atoms. For Ci9H;50x family, the autoxidation chain is assumed
to begin with C;oH504, generating a series of CioH50x RO; radicals with even numbers of oxygen atoms (hereafter denoted
as CioH1502x). Reaction of these radicals with NO forms CioHsNOay+ products with odd numbers of oxygen atoms. If these
RO, radicals undergo an alkoxy-peroxy pathway, their oxygen-number parity shifts from even to odd, forming CioH1502x+1
RO; radicals. Termination of these radicals with NO yields CioH;sNOx products with even numbers of oxygen atoms.
Therefore, the oxygen-number parity of CioH;7NO, and C;oH;sNO, can be used to diagnose the importance of RO
isomerisation in the a-pinene system. An enhancement in RO isomerisation is expected to increase the fraction of CoHi7NO,
products with odd numbers of oxygen atoms and CioHsNO;, products with even numbers of oxygen atoms within their

respective product families.

For n-dodecane, Ci2H»504 are expected to be the major RO, family (Zhang et al., 2014). Within this family, the first-generation
RO; radical is C12H250,. Through autoxidation, this radical evolves into a series of C2H250x RO; radicals containing even
numbers of oxygen atoms (hereafter denoted as Ci2H2502x). When these RO; radicals react with NO, they form Ci2H25sNOox+1
products with odd numbers of oxygen atoms. If any of these RO; radicals undergo the alkoxy-peroxy pathway, their oxygen-
number parity shifts from even to odd, forming Ci2H2502¢+1 RO> radicals. Subsequent reaction of these radicals with NO
produces Ci2H2sNO»x products with even numbers of oxygen atoms. Therefore, the oxygen-number parity of Ci2HzsNOy
products can be used to diagnose the importance of RO isomerisation in the n-dodecane system. An enhancement in RO
isomerisation is expected to increase the fraction of Ci2H2sNO, products with even numbers of oxygen atoms within this

product family.

However, if an even number of alkoxy-peroxy steps occurs, the original oxygen-number parity is restored, making these
products indistinguishable from those formed without undergoing this pathway. Consequently, this approach cannot distinguish
between RO, radicals that have undergone an even number of alkoxy-peroxy steps and those that have not undergone this
process. Despite this limitation, the approach can still provide meaningful insight when multiple alkoxy-peroxy steps are not

prevalent.
2.2 Manchester Aerosol Chamber

The experiments were conducted in the MAC at the University of Manchester. A detailed description of the chamber is provided
in Shao et al. (2022). The MAC is an 18 m? fluorinated ethylene propylene (FEP) Teflon chamber operated in batch mode,

providing a closed system without continuous inflow of reactants or clean air. The Teflon bag is supported by aluminium
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frames, with the upper and lower frames being movable, allowing the chamber volume to expand or collapse. This design

maintains constant pressure inside the chamber and prevents sampling-induced dilution.

All the reactants (SOA precursors, NOy, and seed) were injected into the chamber and mixed thoroughly before the start of the
photochemical experiment. The desired amount of liquid SOA precursors (a-pinene, analytical standard, Sigma-Aldrich; n-
dodecane, anhydrous, > 99.0 %, Sigma-Aldrich) were introduced into a heated glass bulb using a syringe to facilitate
vaporisation and were subsequently carried into the chamber by N,. NO, was introduced from a custom-made cylinder, using
N as the carrier gas. Seed aerosols were generated by nebulising aqueous ammonium sulfate solutions ((NH4),SO4, ACS
reagent, > 99.0 %, Sigma-Aldrich) with an atomiser (ATM 230, Topas), passed through an aerosol residence chamber, and then

introduced into the chamber.

The chamber was illuminated by two fixed light sources comprising two xenon arc lamps (XBO 6000W/HSLA OFR, Osram)
and a series of halogen lamps (50W/4700K MR16, Solux), which provide irradiation over the wavelength range of 290-800
nm to approximate the atmospheric radiation spectrum. In addition, to enhance OH radical production, a UVC lamp (TUV
130W XPT SE UNP/20, Philips) was installed, with over 90 % of its length covered to minimise its contribution to the overall

irradiation.
2.3 Experimental conditions and procedures

Table 1 summarises the key experimental conditions and results. All experiments were conducted at a relative humidity of 50
+ 5 % and a temperature of approximately 25 °C in the presence of (NH4),SO4 seed particles (36.1 = 10.3 pg m™). Experiments
were performed under two NO, conditions (Fig. S1). For the high-NO; experiments, the initial precursor/NO, ratios ranged

from 0.6 to 1.0, while for the moderate-NO, experiments, the ratios ranged from 2.0 to 2.9.

NO; served as the source of O3, and the subsequent Oz photolysis in the moist chamber atmosphere generated OH radicals,
thereby initiating the photochemical oxidation. OH radicals were the primary oxidant in our experiments. On average, OH
oxidation accounted for approximately 80% of a-pinene decay, while ozonolysis contributed the remaining 20%. In contrast,
n-dodecane lacks double bonds and therefore reacts only with OH. The estimated OH concentrations (2—6 x 10° molecules
cm) were within the range typically observed in the atmosphere (Fig. S2). Details of the estimation method are provided in

Xie et al. (2025).

To control the photochemical conditions across different systems, all experiments were designed to have comparable initial
reactivity towards OH radicals, referred to as iso-reactivity. In the mixed-precursor system, a-pinene and n-dodecane were also

configured to achieve iso-reactivity. This reactivity depends on precursor concentrations and their reaction rate constants with
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OH. The concept of iso-reactivity has been described in detail in previous studies (Voliotis et al., 2022; Voliotis et al., 2021).
The rate coefficients for o-pinene and n-dodecane with OH are 5.33 x 107! and 1.32 x 10""! cm® molecule™ s, respectively
(Atkinson, 2003; Dash et al., 2014). Consequently, larger initial concentrations of n-dodecane were required to achieve iso-
reactivity. The target mixing ratios of a-pinene were set to 40 ppb in the single-precursor experiments and 20 ppb in the mixed-
precursor system, whereas those of n-dodecane were set to 160 and 80 ppb, respectively. Under idealised iso-reactivity
conditions, each precursor molecule would initially have an equal probability of reacting with OH. However, as the reactions
progressed, the presence of O3, together with the differing reaction rates of individual precursors towards O3, caused precursor
decay and, consequently, OH reactivity to diverge. For systems involving multiple precursors and oxidants, maintaining fully
comparable reaction conditions is inherently challenging. Nevertheless, these evolving chemical regimes, to some extent,

reflect the complexity of conditions in the real atmosphere.

Each photochemical experiment followed a four-stage procedure: (i) pre-experiment, during which the chamber underwent
repeated flush-fill cycles for approximately 1.5 h to minimise background concentrations before all reactants were introduced;
(i1) stabilisation, during which the chamber was kept in the dark for 20—30 min to allow the initial conditions to stabilise; (iii)
experiment, during which photochemical reactions proceeded for approximately 5 h; and (iv) post-experiment, during which
the lights were turned off and the chamber underwent repeated flush-fill cycles for approximately 1 h, followed by filling the

chamber with O3 (=1 ppm) and leaving it overnight to oxidise residual Osz-reactive species.
2.4 Instrumentation

Gas- and particle-phase chemical compositions were measured using a Filter Inlet for Gases and Aerosols coupled to a
Chemical Ionisation Time-of-Flight Mass Spectrometer (FIGAERO-CIMS, Aerodyne Research Inc.) (Bannan et al., 2019;
Lopez-Hilfiker et al., 2014). The instrument was operated in negative-ion mode using iodide (I') as the reagent ion.
Measurement were conducted in cyclic mode with a cycle duration of 1.5 h, following the sequence: (i) gas-phase sampling
with simultaneous particle collection (30 min); (ii) temperature-programmed thermal desorption of collected particles (25 min);
(iii) isothermal soaking (15 min); (iv) cooling (20 min); and (v) cleaning (2 min). Each experiment consisted of four such
cycles, and the results presented in this study correspond to the final cycle of each experiment. Data were processed using the
Tofware package (v4.0.0) within Igor Pro 7.0.8 (WaveMetrics©). Peak fitting was performed for iodide adducts within the m/z
range of 200-550, which account for most of the total signal. Chamber and instrument background measurement were
performed to correct for potential interferences. Further details of the background measurements are provided in Xie et al.

(2025).

Gaseous SOA precursors were measured using a Vocus Proton-Transfer-Reaction Time-of-Flight Mass Spectrometer (Vocus

PTR-ToF-MS, Tofwerk) (Krechmer et al., 2018; Yuan et al., 2017). The ion source was supplied with a 20 sccm flow of water

10
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vapour. The ion-molecule reactor (IMR) was maintained at 60 °C and 2.0 mbar, with an axial voltage of 568 V and an RF
amplitude 0of 450 V at 1.3 MHz, corresponding to a reduced electric field strength (E/N) of 141 Td. Data acquisition was carried
out in repeating 5 min cycles consisting of 4 min of sampling and 1 min of instrumental background measurement. The o-
pinene concentration was calibrated prior to each experiment. Due to the absence of an n-dodecane gas standard, its initial
mixing ratios were assumed to correspond the target values (160 ppb in the single-precursor system and 80 ppb in the mixed-
precursor system). The consumption of n-dodecane was tracked using the fragment ion CioHa1* as a representative tracer.
However, contributions to this ion signal from other oxidation products or fragment ions cannot be fully excluded, which may
have resulted in an underestimation of n-dodecane consumption (Xie et al., 2025). Nevertheless, the overall trends in SOA

particle mass yields are unlikely to be significantly affected by this uncertainty.

Non-refractory aerosol particles were measured using a Compact Time-of-Flight Aerosol Mass Spectrometer (C-ToF-AMS,
Aerodyne Research Inc.) (Drewnick et al., 2009). Ionisation efficiency (IE) and relative ionisation efficiency (RIE) calibrations
were conducted using size-selected NH4sNO;3 and (NH4)>SOy4 particles. The average IE value for NHsNO; was 2.75 x 107 ions
molecule™!, and the RIE values for NHs* and SO4* were 4.71 + 0.24 and 1.13 + 0.01, respectively. SOA particle wall losses

were corrected using the OA/sulfate correction method (Wang et al., 2018).

NO and NO, were measured using a chemiluminescence NO-NO,-NO, analyser (Model 421, Thermo Fisher Scientific Inc.).
O3 was monitored using a UV absorption O3 analyser (Model 49C, Thermo Fisher Scientific Inc.). Seed aerosol mass
concentrations in the 20-500 nm size range was determined using a Differential Mobility Particle Sizer (DMPS) consisting of
a Vienna-design differential mobility analyser (DMA) coupled to a Condensation Particle Counter (CPC, model 3775, TSI
Inc.).

11
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3 Results

3.1 Formation of O3 and SOA particles
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Figure 1: Time series of (a) O3 concentrations and (b) SOA particle mass concentrations during the photooxidation of
o-pinene, n-dodecane, and their mixture under different NOx conditions. Solid and dashed lines denote experiments
conducted under high- and moderate-NOx conditions, respectively. Where duplicate experiments were available, the
lines represent the mean values, and the shaded area indicates the range between replicates. The insets in panel (b)
show the percentage of precursor consumed at the end of each experiment. The error bars represent £1 standard
deviation derived from duplicate a-pinene experiments, for which replicate PTR-MS measurements were available.

Panel (¢) summarises SOA particle mass yields as a function of the initial precursor/NO, ratios.

Figure 1a and 1b present the time series of O3 and SOA particle mass concentrations for the a-pinene, n-dodecane, and mixture
systems under different NO, conditions. Overall, systems with lower precursor/NO; ratios exhibited higher O3 concentrations

and SOA particle mass yields (Fig. 1c).

In the a-pinene system, the average a-pinene/NO, ratio under high-NO, conditions was 1.0. Upon initiation of photochemical
reactions, O3 concentration increased rapidly, reaching a peak of 38.5 ppb within 2.5 h, after which it gradually decreased. By
the end of the experiment, nearly all a-pinene had been consumed, forming approximately 41.0 ug m= of SOA particles,
corresponding to an average mass yield of 0.14. Under moderate-NO, conditions (a-pinene/NO, ~ 2.2), O3 reached a lower
peak of 12.7 ppb after approximately 1 h and remained relatively stable thereafter. By the end of the experiment, on average

21 % of o-pinene remained unreacted, and SOA particle mass reached 12.1 pg m=, corresponding to a mass yield of 0.07.

For the n-dodecane system, the n-dodecane/NOy ratios were approximately 0.8 under high-NO, conditions and 2.7 under

moderate-NO, conditions. O3 concentrations were substantially higher than those in the a-pinene experiments, reaching 96.3
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and 55.7 ppb after approximately 4 h under high- and moderate-NO, conditions, respectively. Under high-NO, conditions, 37 %
of n-dodecane remained unreacted at the end of the experiment, producing 122.9 ug m of SOA particles, corresponding to a
mass yield of 0.17 (Exp. 5). Under moderate-NO, conditions, 53 % of n-dodecane remained unreacted, and SOA particle mass

reached 49.0 ug m, corresponding to a mass yield of 0.09 (Exp. 7).

In the mixture, the precursor/NOy ratios were approximately 0.8 under high-NO, conditions and 2.0 under moderate-NOx
conditions. Peak O3 concentrations were intermediate between those observed in the single-precursor systems. Under high-
NO, conditions, O3 peaked at 81.1 ppb after about 4 h of reaction. By the end of the experiment, a-pinene was almost
completely consumed, whereas 25 % of n-dodecane remained unreacted, and SOA particle mass reached 63.9 nug m=,
corresponding to a mass yield of 0.11 (Exp. 10). Under moderate-NO, conditions, O3 reached a maximum of 42.2 ppb after
approximately 2.5 h. By the end of the experiment, 44 % of n-dodecane and 7 % of a-pinene remained unreacted, and SOA

particle mass reached 29.4 ug m=, corresponding to a mass yield of 0.08.
3.2 Chemical composition of SOA particles
3.2.1 a-Pinene

Figure 2 presents the high-resolution mass spectra of particle-phase products measured by FIGAERO-CIMS in a-pinene
experiments under high- and moderate-NO, conditions, together with the corresponding difference spectra. The detected

products were mainly distributed within the molecular mass range of 150-280 Da.

CHO compounds dominated the particle-phase composition. Under moderate-NO, conditions, CHON compounds accounted

for only 7 % of the total signal, whereas their contribution increased to 12 % under high-NO, conditions.

a-Pinene-derived products with fewer than 10 carbon atoms were classified as fragments, those with 10 carbon atoms as
monomers, and those with more than 10 carbon atoms as accretion products. Under moderate-NO, conditions, these three
groups contributed 55 %, 30 %, and 15 %, respectively, whereas under high-NO, conditions their proportions shifted to 63 %,
25 %, and 12 % (Fig. 2). Fragments were the dominant group. Among these, C; - Co CHO compounds made the largest
contribution (Fig. S3), including species such as CoHi2,140s, CsH1204.6, and C7H1004.5. Monomers were primarily composed
of CHO compounds such as CioH 14047 and CioH160s.7, along with several CHON compounds (e.g. CioHisNO7.3). Accretion

products such as Ci9H»307.3 were detected; however, their overall contribution was relatively low.

NO; conditions significantly influenced the distribution of CHON and CHO compounds across carbon-number groups (Fig.
3a). Under high-NO, conditions, fragment-CHO (frag-CHO) and fragment-CHON (frag-CHON) compounds increased by 5.8

and 3.1 percentage points, respectively. The fraction of monomer-CHO (mon-CHO) compounds decreased by 7.4 percentage
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points, whereas monomer-CHON (mon-CHON) compounds increased by 2.0 percentage points. The contribution of accretion-

CHO (acc-CHO) compounds also decreased by 3.5 percentage points.

Figure 4a shows the oxygen-number parity of CioHi7NO, and C;oHsNO, under different NO, conditions. The fraction of
CioH17NO, with an odd number of oxygen atoms increased markedly from 40 % under moderate-NO, conditions to 70 %
under high-NO; conditions. The fraction of C1oHisNO, with an even number of oxygen atoms increased slightly from 59 % to

61 %.
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Figure 2: High-resolution mass spectra of particle-phase compounds measured by FIGAERO-CIMS in a-pinene
experiments conducted under high- and moderate-NOx conditions, and the corresponding difference spectra (high-NO.x
minus moderate-NOy). All signal intensities are normalised to 1. The pie charts on the left show the relative
contributions of CHO and CHON compounds, while those on the right show the proportions of fragments (C < 10),
monomers (C = 10), and accretion products (C > 10). The colour scale represents the number of carbon atoms in each

compound.
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Figure 3: Fractional changes in particle-phase products grouped by carbon number under different NO. conditions
(high-NOx minus moderate-NQO.) for (a) a-pinene, (b) n-dodecane, and (c) mixture systems. Hatched bars denote the
total change, while solid bars represent the changes in the CHON and CHO fractions. Frag, Mon, and Acc refer to
fragments, monomers, and accretion products, respectively. The error bars represent =1 standard deviation derived

from duplicate experiments.
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Figure 5: High-resolution mass spectra of particle-phase compounds measured by FIGAERO-CIMS in n-dodecane
experiments conducted under high- and moderate-NOx conditions, and the corresponding difference spectra (high-NOx
minus moderate-NOy). All signal intensities are normalised to 1. The pie charts on the left show the relative
contributions of CHO and CHON compounds, while those on the right show the proportions of fragments (C < 12),
monomers (C = 12), and accretion products (C > 10). The colour scale represents the number of carbon atoms in each

compound.

As shown in Fig. 5, particle-phase products derived from n-dodecane were primarily distributed in the molecular mass range

0f210-310 Da.
Compared with the a-pinene system, the fraction of CHO compounds was lower in the n-dodecane system; however, CHO

compounds still dominated the particle-phase composition under both conditions. CHON compounds accounted for 31 % of

the total signal under moderate-NO, conditions, increasing to 37 % under high-NO, conditions.
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n-Dodecane-derived products with fewer than 12 carbon atoms were classified as fragments, those with 12 carbon atoms as
monomers, and those with more than 12 carbon atoms as accretion products. Under moderate-NO, conditions, these groups
contributed 29 %, 53 %, and 18 %, respectively, whereas under high-NO, conditions, their fractions shifted to 30 %, 57 %,
and 13 % (Fig. 5). Monomers were the dominant group, with the most abundant species including a series of CHO compounds
such as C12H240s, C12H2603.4, and C12H204.5, as well as CHON compounds such as Ci2H2sNOs.¢ and C12H23NOg.7. Among the

accretion products, several Ci3 compounds (e.g. C13H2405-9) and Ca4 species (e.g., C24Hs605) exhibited relatively strong signals.

As shown in Fig. 3b, NO; also influenced the distribution of CHON and CHO compounds across carbon-number groups in the
n-dodecane system; however, the resulting changes differed from those observed in the a-pinene system. Under high-NO,
conditions, changes in frag-CHO and frag-CHON fractions were small, both within £1.0 percentage points. The proportion of
mon-CHON increased by 5.6 percentage points, whereas mon-CHO decreased by 2.2 percentage points. The contribution of

acc-CHO also declined by 3.7 percentage points.

Figure 4b shows the oxygen-number parity of Ci2HosNO, under moderate- and high-NO; conditions. The fraction of
C12H2sNO, with an even number of oxygen atoms decreased from 60 % under moderate-NO;, conditions to 45 % under high-

NO, conditions.
3.2.3 Mixture

As shown in Fig. 6, the mixed-precursor system exhibited a broader molecular mass distribution than the single-precursor

systems, with most compounds distributed within the range of 150-330 Da.

SOA particles formed in the mixture were dominated by CHO compounds, with the fraction of CHON species lying between
those in the o-pinene and n-dodecane single-precursor systems. Under moderate-NO, conditions, CHON compounds
accounted for 19 % of the total signal, increasing to 31 % under high-NO, conditions. This increase was substantially larger

than that observed in the single-precursor systems.

Under moderate-NO, conditions, fragments (C < 10), Cjo compounds, C;» compounds, and accretion products (C > 12)
contributed 39 %, 18 %, 24 %, and 16 % to the total signal, respectively, whereas under high-NO, conditions, these proportions
shifted to 40 %, 17 %, 28 %, and 12 % (Fig. 6). Fragments constituted the largest fraction under both conditions.

As shown in Fig. 3¢, frag-CHO decreased by 1.7 percentage points, while frag-CHON increased by 3.5 percentage points,
resulting in only a minor net change in the overall contribution of fragment product. Similarly, C1o-CHO decreased by 2.3

percentage points, whereas C;o-CHON increased by 1.9 percentage points, leaving the fraction of Cjp compounds largely
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unchanged. In contrast, the fraction of C;-CHON compounds increased by 6.3 percentage points, representing the most

pronounced change. The contribution of acc-CHO also decreased by 3.4 percentage points.

Figure 4c shows the oxygen-number parity of CioHi7NO,, CioHisNO,, and Ci2H2sNO, under moderate- and high- NOx
conditions. The fraction of CoHi7NO, with an odd number of oxygen atoms increased slightly from 42 % under moderate-
NOx conditions to 44 % under high-NO, conditions. The fraction of CioH;sNO, with an even number of oxygen atoms remained

largely unchanged. The fraction of Ci12H2sNO, with an even number of oxygen atoms decreased from 66 % to 52 %.
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Figure 6: High-resolution mass spectra of particle-phase compounds measured by FIGAERO-CIMS in mixture
experiments conducted under high- and moderate-NOx conditions, and the corresponding difference spectra (high-NOx
minus moderate-NOy). All signal intensities are normalised to 1. The pie charts on the left show the relative
contributions of CHO and CHON compounds, while those on the right show the proportions of products with different

carbon numbers. The colour scale represents the number of carbon atoms in each compound.
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4 Discussion
4.1 NOx effects on oxidant levels

Distinct differences in O3 and OH concentrations were observed across the systems under different NO, conditions (Figs. 1a
and S2). Overall, O3 concentrations were higher under high-NO, conditions compared with moderate-NO; conditions,
consistent with enhanced RO, + NO reactions, which produce NO; and thereby facilitate O; formation. OH concentrations
were also typically higher under high-NO conditions, reflecting the combined influence of multiple factors. Elevated Os levels
provided an additional OH source via photolysis, while NO, enhanced radical cycling and promoted OH regeneration. These

effects more than compensated for OH loss through reaction with NO».

However, an exception was observed in the mixed-precursor system. During the first hour of the reaction, O3 concentrations
were comparable under both NO, conditions, while OH concentrations were relatively low under high-NO, conditions (Figs.
la and S2). Consistently, higher concentrations of inorganic nitrates were observed under high-NOy conditions (Fig. S4). This

may indicate that OH loss through reaction with NO; played a more important role under high-NO, conditions.

It should be noted that the inorganic nitrate concentrations were inferred from the nitrate signal measured by the AMS. For the
C-ToF-AMS, nitrate quantification relies on the signals at m/z 30 and 46. However, the m/z 30 signal may include contributions
from interfering fragments such as CH,O" (Kiendler-Scharr et al., 2016). Furthermore, the use of the NO,"/NO™ ratio (m/z
46/30) to estimate the inorganic and organic nitrate fractions may be influenced by other nitrogen-containing organic species,
such as nitro compounds (Kiendler-Scharr et al., 2016). Therefore, the estimated inorganic nitrate concentrations may be

subject to uncertainty. However, these results can still be used to compare differences between systems.
4.2 NOx effects on the chemical composition of SOA particles in single-precursor systems
4.2.1 Formation of CHON compounds

CIMS results show that the fraction of CHON compounds was higher under high-NO, conditions than under moderate-NO,
conditions in both the a-pinene and n-dodecane systems (Figs. 2 and 5). In addition, AMS-based estimates of organic nitrates
within the measured total nitrate indicate that their concentrations were significantly enhanced under high-NO. conditions (Fig.
S5) (Kiendler-Scharr et al., 2016). These observations can be explained by shifts in RO, reaction pathways. NO competes with
HO:; and other RO; radicals for reactions with RO, thereby altering RO, branching. As NO, concentrations increased, a larger

fraction of RO, radicals reacted via RO, + NO pathway, increasing the likelihood of forming nitrogen-containing compounds.

20



422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450

451

452
453

https://doi.org/10.5194/egusphere-2026-2826
Preprint. Discussion started: 11 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

In addition to the uncertainties associated with the estimation of organic nitrate concentrations from AMS measurements,
CIMS also has inherent limitations in the detection of CHON compounds. In particular, its sensitivity towards CHON
compounds with hydroxyl functional groups could be enhanced, potentially leading to an overestimation of their relative
contribution (Iyer et al., 2016; Lee et al., 2014). Nevertheless, the two instruments exhibit consistent trends, providing

confidence in the interpretation of the results.

Previous studies have reported that the mass fraction of organic nitrates in a-pinene-derived SOA can range from 6 % to 80 %
of the total SOA mass (Berkemeier et al., 2020; Noziére et al., 1999; Rollins et al., 2010). Variations in oxidant conditions and
a-pinene/NO; ratios are important factors influencing organic nitrate yields. Zhao et al. (2018) reported that, at an initial o-
pinene/NOy ratio of around 1, organic nitrates accounted for approximately 11 % of the SOA particle mass. Pullinen et al.
(2020) observed that organic nitrate mass fractions ranged from 0 % to 2.7 % under initial NO, concentrations of 0.3—60 ppb,
with the highest-NO, condition corresponding to an a-pinene/NOy ratio of 0.8. In the present study, decreasing the o-
pinene/NO; ratio from 2.2 to 1.0 increased the fraction of CHON compounds from 7 % to 12 %, consistent with the range

reported in previous studies.

Studies directly reporting organic nitrate fractions formed from OH-initiated oxidation of n-dodecane are scarce. Fahnestock
et al. (2015) observed that, under OH-initiated oxidation conditions, SOA mass increased by a factor of 2.3 as the system
transitioned from low-NO (NO = 0) to high-NO (n-dodecane/NO = 2.5) conditions, accompanied by a substantial increase in
nitrate formation. Consistent with these observations, in the present study, decreasing the n-dodecane/NO; ratio from 2.7 to

0.8 led to an increase in the fraction of CHON compounds from 31 % to 37 %.

Compared with the a-pinene system, the n-dodecane system exhibited a higher fraction of CHON compounds. Previous studies
have shown that organic nitrate yields generally increase with precursor molecular size (Yeh and Ziemann, 2014). In addition,
electron-withdrawing functional groups, such as carbonyl and carboxyl groups located on or adjacent to the carbon atom
bearing the peroxy radical group, tend to reduce organic nitrate yields, whereas electron-donating groups, such as hydroxyl
groups, tend to enhance them (Ziemann and Atkinson, 2012). The Van-Krevelen distributions of SOA particles suggest that a-
pinene-derived SOA contains a larger contribution from carbonyl- and carboxyl-containing compounds, whereas alcohol and
peroxide functionalities likely play a more important role in the n-dodecane system (Fig. S6). These differences in chemical

functionality may contribute to the higher CHON fraction observed in the n-dodecane system.
4.2.2 Role of alkoxy radical pathways in SOA formation

Formation of RO radicals represents an important branch of RO, + NO reactions. As described in Sect. 2.1, changes in fragment

abundance and oxygen-number parity can be used as diagnostic indicators of the importance of RO reaction pathways.
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For a-pinene, fragments accounted for more than 50 % of the total signal, indicating a substantial contribution from RO radical
fragmentation (Fig. 2). Compared with moderate-NOy conditions, the fractions of frag-CHO and frag-CHON compounds both
increased significantly under high-NO, conditions, suggesting an enhanced role of RO radical fragmentation pathways (Fig.
3). These fragments were dominated by Cs—Coy compounds, including species such as CsHjo,1205-6, CsH11NO7, and CoH3NO7.
Similar trends have been reported in previous studies (Kang et al., 2025; Pullinen et al., 2020; Zhang et al., 2018).

In addition, in the a-pinene system, the fraction of CioH;7NO, compounds with odd numbers of oxygen atoms increased
markedly under high-NO, conditions, while that of C;oH;sNO, compounds with even numbers of oxygen atoms increased
slightly (Fig. 4). These changes may indicate a greater significance of the alkoxy-peroxy pathway. Together with the increased
contribution of fragments, these observations suggest that RO radical chemistry played a more important role in SOA formation

from a-pinene under high-NOx conditions.

In the n-dodecane system, fragments accounted for a smaller fraction of the total signal than in the a-pinene system. The
influence of NOx on the relative abundance of fragments was much less pronounced, with increases in both frag-CHO and
frag-CHON fractions remaining within 1 percentage point (Fig. 3). This suggests that, although RO, + NO reactions were
enhanced under high-NO, conditions, the resulting changes in RO fragmentation were not sufficient to substantially increase

the contribution of fragment products.

In addition, the fraction of C12H2sNO, compounds with even numbers of oxygen atoms decreased (Fig. 4). If additional alkoxy-
peroxy steps occurred, a higher fraction of even-oxygen Ci2H2sNO, would be expected. However, the observed trend showed
the opposite behaviour. Under moderate-NO; conditions, C12H2sNO, compounds with even and odd numbers of oxygen atoms
accounted for approximately 60 % and 40 % of the total Ci2H,sNO, signal, respectively. This distribution suggests that a
substantial fraction of RO> radicals may already have undergone one alkoxy-peroxy step prior to organic nitrate formation,
leading to a dominance of even oxygen numbers. This is consistent with the strong propensity of n-dodecane-derived RO
radicals to undergo isomerisation due to its long linear carbon chain. As NO, concentrations increased, the probability of a
second alkoxy-peroxy step may also have increased. Such an additional step would reverse the oxygen-number parity again,

thereby increasing the relative contribution of odd-oxygen products.

Overall, higher NO, concentrations shifted RO, reactions towards RO, + NO pathways, leading to an increased fraction of
CHON compounds and a greater importance of RO radical chemistry. However, owing to intrinsic differences in precursor
properties, the resulting changes in product distributions varied between systems. For a-pinene, first-generation RO radicals
preferentially undergo fragmentation rather than isomerisation. Accordingly, increasing NO, concentrations led to pronounced

changes in the relative abundance of fragments. In contrast, RO radicals derived from n-dodecane are intrinsically more prone
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to isomerisation. Under high-NO, conditions, changes in fragment abundance remained small, while shifts in oxygen-number

parity suggested the occurrence of additional alkoxy-peroxy steps.
4.3 NOx effects on the chemical composition of SOA particles in mixed-precursor systems

In the mixed-precursor system, higher NO, concentrations led to a substantial increase in the contribution of CHON compounds,
with a larger enhancement than that observed in the single-precursor systems (Fig. 6). In particular, the fractions of frag-, Cio-,
and C;>-CHON species all increased (Fig. 3). These results suggest a stronger contribution from RO> + NO termination

pathways in the mixed-precursor system under high-NO, conditions than in the single-precursor systems.

However, compared with the a-pinene single-precursor system, changes in fragment abundance and Cio oxygen-parity
indicators were much weaker in the mixed-precursor system (Figs. 3 and 4). Under high-NO, conditions, the increase in frag-
CHON was partly offset by a decrease in frag-CHO, resulting in only a slight increase in the fraction of fragments (by ~1.8
percentage points) relative to moderate-NO, conditions. At the same time, the fraction of odd-oxygen CioH17NO, increased

slightly, while that of even-oxygen CioHsNO, remained largely unchanged.

Taken together, the increase in CHON fractions was not accompanied by a corresponding enhancement in a-pinene-derived
RO radical pathway signatures. These observations suggest that, in the mixed-precursor system, higher NO, concentrations
more strongly favoured RO, + NO termination pathways, whereas their influence on a-pinene-derived RO chemistry remained

comparatively limited.
4.4 Enhancement of SOA particle mass yields under elevated NOx conditions

In this study, higher NO, concentrations led to increased SOA particle mass yields across all systems. However, the magnitude

of this increase was smaller in the mixed-precursor system than in the single-precursor systems.

NOx exerts a dual role in SOA formation by altering both oxidant levels and the fate of RO, radicals, which together determine
SOA particle mass yields (Pullinen et al., 2020; Pye et al., 2019). Under high-NO; conditions, OH and O3 concentrations were
generally higher, which favoured SOA formation through enhanced oxidation (Figs. 1a and S2). At the same time, the fractions
of CHON and fragments increased, while the contribution of accretion products decreased. Since products formed via RO, +
NO reactions are generally more volatile than those formed via RO, + RO, and RO, + HO» pathways, this shift towards RO»
+ NO pathways would be expected to suppress SOA particle mass yields. In addition, enhanced alkoxy-peroxy pathway is

expected to promote SOA formation.
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518 Taken together, the positive effects of NO, on oxidant levels and RO radical isomerisation appear to more than compensate for
519  the negative impacts associated with enhanced formation of more volatile products via RO» + NO pathways, resulting in higher
520 SOA particle mass yields under high-NOy conditions across all systems. In the mixed-precursor system, however, the smaller
521 enhancement in SOA particle mass yields under high-NO, conditions may be related to the stronger enhancement in RO, +

522 NO termination pathways together with the comparatively weaker contribution of a-pinene-derived alkoxy-peroxy pathway.
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5 Conclusions and implications

This study investigated the effects of NO, on SOA particle mass yields and chemical composition from a-pinene, n-dodecane,
and their mixture under OH-dominated photooxidation conditions in the Manchester Aerosol Chamber. We evaluated how NOx
influences oxidant concentrations and radical reaction pathways, and how these effects differ between single- and mixed-

precursor systems.

Across all systems, higher NO, conditions resulted in elevated O3 concentrations and generally higher OH levels, leading to
enhanced precursor oxidation. In single-precursor systems, SOA particle mass yields approximately doubled under high-NO,
conditions. Molecular composition measurements further showed increased fractions of CHON compounds and fragmentation
products, together with reduced contributions from accretion products under high-NO, conditions, indicating a greater
importance of RO, + NO reactions. At the same time, changes in the oxygen-number parity of representative product families
suggest that RO isomerisation became more important. These observations indicate that enhanced oxidant production and RO
isomerisation can more than compensate for the formation of more volatile products associated with RO> + NO termination

pathways, resulting in a net enhancement of SOA formation.

In contrast, the response of the mixed-precursor system differed from those observed in the single-precursor systems. Although
SOA particle mass yields also increased under high-NO, conditions, the enhancement was less pronounced than would be
expected from the responses of the individual precursor systems. Product distributions revealed a stronger increase in the
fraction of CHON compounds, whereas this increase was not accompanied by corresponding enhancements in a-pinene-

derived RO radical pathway signatures.

Previous laboratory studies have suggested that SOA particle mass yields from mixtures cannot always be predicted as a linear
combination of the yields from their individual components (McFiggans et al., 2019; Voliotis et al., 2022). Our results provide
further evidence for such non-linear behaviour under varying NO, conditions and may help explain discrepancies between
yields derived from linear additivity assumptions and those observed in real atmospheric environments. These findings
emphasise the importance of accounting for the coexistence of multiple precursors in the presence of NO, when developing

SOA parameterisations for atmospheric models.

The present study focused on a single pair of representative biogenic and anthropogenic precursors under two NO, regimes.
Although the results show that the effects of NO, in the mixture of a-pinene and n-dodecane cannot be directly inferred from
behaviours observed in single-precursor systems, the extent to which these findings apply to other precursor combinations
remains uncertain. Future studies incorporating a broader range of precursor mixtures and oxidant regimes will be needed to

assess the generality of these results and their relevance to atmospheric SOA formation.
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