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Abstract. An important source of secondary organic aerosol (SOA) are highly oxygenated molecules (HOMs) formed by 20

atmospheric oxidation of volatile organic compounds. HOM formation is governed by the fate of HOM peroxy radicals (RO₂·) 21

which depends on the availability of reaction partners (RO₂·, HO₂·, NO) and on their overall lifetime - factors often 22

insufficiently explored in laboratory studies.23

We performed α-pinene photooxidation experiments systematically exploring these parameters and present the impacts on 24

HOM and SOA formation within a generic framework explaining the changes in HOM production. Steady -state experiments 25

were performed in the SAPHIR-STAR atmospheric simulation chamber. The reaction regime was shifted by increasing HO₂· 26

and NO, separately and simultaneously, while keeping the α-pinene primary oxidation conditions constant. (NH₄)₂SO₄ particles 27

were added to observe gas-phase HOM condensation and investigate product volatilities.28

We find decreasing SOA formation potential when moving away from RO₂·-dominated regimes. One reason is the suppression 29

of HOM accretion product formation from HOM-RO₂·+RO₂·. Alkoxy radicals (RO·) from RO₂·+RO₂· or RO₂·+NO play 30

another important role. RO· are crucial intermediates in certain HOM formation pathways but also produce lower-mass, more 31

fragmented HOM with higher volatility, decreasing SOA formation potential. Additionally, RO₂·+NO forms organic nitrates, 32

which we show have higher volatility than other termination products. Our mechanistic considerations illustrate which factors33
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impact the HOM product distribution and explain the reduced SOA formation through changes in HOM composition and 34 

volatility. 35 

1. Introduction 36 

Secondary organic aerosol (SOA) is an important constituent of atmospheric aerosol with global models estimating annual 37 

production rates of 16 to 121 Tg a−1 (Tsigaridis et al., 2014). One important source of SOA are highly oxygenated molecules 38 

(HOMs) produced by the atmospheric oxidation of volatile organic compounds (VOCs). 39 

Autoxidation is a key process in HOM formation. It allows for reaching the high degree of oxidation necessary for the 40 

partitioning of oxidation products into the particle phase. During the autoxidation, after the initial attack of an oxidant, O2 41 

attaches to the radical site forming a peroxy radical (RO₂·), which quickly undergoes an intramolecular H-shift forming a 42 

hydroperoxide group and reforming a reactive radical that can undergo another autoxidation step. This mechanism leads to the 43 

fast formation of HOMs with high oxygen numbers and high O/C ratios (Ehn et al., 2014; Crounse et al., 2013). 44 

Each time a peroxy radical is formed during the autoxidation chain there are multiple possible reaction pathways. The 45 

intramolecular H-shift described above continues the autoxidation chain, but different termination reactions are also possible. 46 

Bimolecular termination reactions with NO, HO₂· and other RO₂· are the main termination pathways in the atmosphere. 47 

Intramolecular termination is another possibility. Therefore, the reactivity related to the composition of the atmosphere in 48 

terms of RO₂·, HO₂· and NO determines if and which HOMs are formed from autoxidation.  49 

The complexity and variability of the atmosphere cannot easily be simulated in laboratory studies, for example due to the 50 

simple fact that higher than atmospheric VOC concentrations must be applied because of instrumental detection limits. In 51 

recent years this led not only to an increased awareness and reevaluation of atmospheric simulation chamber experiment 52 

results, but also to efforts to better characterize and design such experiments, see for example Kenagy et al. (2024) and Yang 53 

et al. (2025).  In experiments focusing on understanding HOM formation pathways a common concern is the overemphasis of 54 

RO₂·+RO₂· reactions. RO₂· cross reactions form accretion products, which due to their low volatility may lead to an 55 

overestimation of SOA yields (Schervish and Donahue, 2021). Furthermore, depending on the RO₂·+RO₂· reaction rate 56 

coefficients the overall amount of formed HOMs may decrease due to interruptions of the autoxidation chain in more 57 

competitive surroundings, i.e., mixtures with higher reactivity due to either availability of termination reactions with faster 58 

reaction rate coefficients and/or higher availability of reaction partners.  59 

In this study we present a set of experiments systematically varying the importance of HOM-RO₂· reactions with HO₂·, NO 60 

and other RO₂·, as well as varying the overall reaction rate of bimolecular reactions in competition to autoxidation on the 61 

example of the α-pinene photooxidation system. 62 

For the analysis, we introduce a characterization of the chemical reaction regime based on two general concepts: 1) The speed 63 

of bimolecular reactions, which also determines the size of the chemical sink, as defined by the pseudo-first order reaction rate 64 
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sum of HO₂·, NO, and RO₂· in competition to the ongoing autoxidation. And 2) the composition of this HOM-RO₂· sink as 65 

percentages of reactions with HO₂·, NO, and RO₂·.  66 

This characterization relies on the application of generic reaction rate coefficients and cannot capture individual reaction 67 

pathways. However, our results demonstrate that such a simplified scheme can still be used to understand the changes in 68 

concentration and product distribution of HOMs in different chemical regimes. In our experiments we have also utilized 69 

targeted seeding, which allows direct conclusions on how changes in the gas-phase product composition affect the SOA 70 

formation potential of the system.  71 

While this work presents the whole framework of experiments and analysis, its focus is on the influence of NO. The results 72 

focusing on the effects of HO₂· have been previously published in Baker et al. (2024).  In the anthropogenic atmosphere, NO 73 

is a ubiquitously important trace gas, even in rural or remote areas (for measured examples see Peng et al. (2019)). This 74 

ubiquity makes understanding the influence of NO in chemical regimes that are otherwise defined by biogenic influences 75 

especially interesting. 76 

2. Method 77 

2.1. Generic chemistry scheme 78 

The expected α-pinene+·OH reaction pathways have been described in detail in our previous publication describing the system 79 

with high HO₂· (Baker et al., 2024). Therefore, here only the key points are introduced before moving on to the expected 80 

reaction pathways of RO₂·+NO.  81 

The key species in the autoxidation of α-pinene are peroxy radicals with the sum formulas C10H15Ox· and C10H17Ox·. The 82 

hydrogen number depends on the initial radical formation step. The oxygen number increases in steps of two with increasing 83 

number of autoxidation steps. The autoxidation is rapid and H-shift rates of about 0.01 – 0.1 s−1 and faster have been reported 84 

(Piletic and Kleindienst, 2022; Berndt, 2021; Xu et al., 2019; Vereecken et al., 2007). The H-shift rate is dependent on the 85 

relative position of the hydrogen to the peroxy group and the surrounding functional groups (Otkjaer et al., 2018; Vereecken 86 

and Nozière, 2020). The autoxidation chain will run until all available H-shift reactions are slower than the competing 87 

termination reactions or no H-shifts are available.  88 

The termination reactions discussed here are the bimolecular reactions with NO, HO₂· and other RO₂·, as well as internal 89 

termination. The scheme of a possible internal termination reaction that was discussed for cyclohexene by Rissanen et al. 90 

(2014) is shown in Supplement Fig. S1. The result of such a reaction is the elimination of ·OH and the formation of a carbonyl 91 

termination group, leading to C10Hn-1Ox-1 in comparison to the precursor peroxy radical.  92 

From now on the notations of “carbonyl”, “hydroperoxide”, etc. always refer to the functional group formed in the termination 93 

reaction of the RO₂·. Furthermore, we use the term “family” for groups of oxidation products that only differ in the number of 94 

oxygens, but have the same number of carbon, hydrogen, and nitrogen atoms.  95 
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The main expected products of RO₂·+HO₂· termination are hydroperoxides (RO₂·+HO₂· → ROOH + O2). The reaction of 96 

RO₂·+RO₂· has three possible termination pathways. Firstly, the formation of an alcohol and a carbonyl: RO₂·+R’O2·→R-OH 97 

+ R’=O + O2. As for the termination forming a hydroperoxide with HO₂·, the number of carbon atoms is the same as that of 98 

the VOC precursor, therefore such HOM products are referred to as monomers (HOM-Mon).  99 

Secondly, RO₂·+RO₂· can lead to accretion product formation in the simplest case by RO₂·+R’O2·→R-O-O-R’+O2 besides 100 

other mechanisms leading to accretion products with less C-atoms than in the precursor VOC (Peräkylä et al., 2023; Franzon 101 

et al., 2024). This HOM accretion product class (HOM-Acc) has a higher number of carbon atoms than the VOC precursor, 102 

and due to the high molecular weights and large number of oxygen atoms HOM-Acc are expected to be of extremely low 103 

volatility. In the case of the reaction of a “larger” (higher oxidation degree, higher molar mass) HOM-RO₂· with a “smaller” 104 

less oxidized RO₂· the accretion product formation will increase the SOA yield, as the small RO₂· is scavenged into the particle 105 

phase. For HOM-RO₂· it is expected that both a HOM-Mon or a HOM-Acc product would be of such low volatility that it 106 

contributes to SOA formation (Pullinen et al., 2020; McFiggans et al., 2019). 107 

The third possible RO₂·+RO₂· reaction is the formation of alkoxy radicals (RO₂·+R’O2·→RO·+R’O·+O2). Kang et al. (2025) 108 

showed recently the role of isomerization of HOM-RO· in HOM formation. The reactions of alkoxy radicals are described in 109 

Sect. 2.1.1.  110 

In systems containing NOx (NO+NO2) a new class of products is formed: organic nitrates (ON). For HOM-RO₂· in general, 111 

the reaction with NO is the major expected reaction pathway as only acyl peroxy radicals (RC(=O)O2·) form stable products 112 

in reactions with NO2. ON formed by reaction of other peroxy radicals with NO2 are often thermally unstable and decompose 113 

back into the reactants. The RO₂·+NO2 reaction leads to the formation of peroxyacetyl nitrates (PAN-like organic compounds) 114 

(Seinfeld and Pandis, 2016). For PAN compounds formed in α-pinene oxidation Noziere and Barnes (1998) reported 115 

dissociation rates similar to PAN itself. 116 

The reaction of RO₂·+NO has two possible pathways: The formation of an alkoxy radical (RO₂·+NO→RO·+NO2) or the 117 

formation of an ON (RO₂·+NO→RONO2). If an ON is formed, NO is added to the molecule without the loss of any group. 118 

Therefore, in comparison to the termination with HO₂· or RO₂· the termination with NO results in products of higher mass and 119 

O/C ratio. ON formed from C10H15Ox· will have the molecular formula of C10H15NOx+1, while ON formed from C10H17Ox· will 120 

have the molecular formula of C10H17NOx+1. Thus, ON can be uniquely related to one of the precursor radical families. 121 

The branching ratio of RO₂·+NO to the formation of an ON (termination) or the formation of an alkoxy radical depends on the 122 

size and substitution of the RO₂·, as well as on pressure and temperature. The alkoxy radical formation is normally the expected 123 

major reaction pathway (Ziemann and Atkinson, 2012). The “master chemical mechanism” (MCM v3.3.1) (Jenkin et al., 1997; 124 

Saunders et al., 2003) adopted a branching ratio of about 0.7 into alkoxy radical formation for a-pinene derived RO₂·. Kang et 125 

al. (2025) determined a similar ratio of 0.64 for HOM-RO₂·. Unlike HO₂·, NO is thus expected to directly influence the 126 

oxidation chain, while HO₂· is mainly expected to determine the termination group. However, it should be noted that the 127 

reaction with HO₂· can in limited cases facilitate alkoxy radical formation (RO₂·+HO₂·→RO·+·OH+O2) (Jenkin et al., 2019).  128 
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Furthermore, the NOx and HOx (·OH+HO₂·) cycles interact via the reaction of HO₂· and NO (HO₂· + NO →·OH + NO2), and 129 

at high NO2 concentrations via the reaction of ·OH and NO2 forming HNO3 (Seinfeld and Pandis, 2016). These interactions 130 

lead to a nonlinear effect of NOx on HOM formation, as discussed by Nie et al. (2023). Overall, the interactions of HOM-RO₂· 131 

with NOx are complex and further depend on the NO/NO2 ratio. 132 

2.1.1. Reactions of alkoxy radicals 133 

Alkoxy radicals are highly reactive species with three major reaction pathways: RO· can react with O2 forming a carbonyl and 134 

HO₂·. However, this reaction is only important for small, less functionalized alkoxy radicals, and for HOM-RO· the reaction 135 

with O2 is too slow to compete with the other reaction pathways.  136 

The second reaction pathway is an α-bond scission, which results in two molecules: an alkyl radical and a closed-shell molecule 137 

containing a carbonyl group. The alkyl radical can reform a RO₂· radical, which may continue the autoxidation chain. We refer 138 

to such scission reactions as “fragmentation” as it leads to formation of products with less carbon atoms than the VOC 139 

precursors (HOM-Frag products). Due to the lower molar mass and higher volatility of such fragments they are less likely to 140 

contribute to SOA formation.  141 

The third reaction pathway is an intramolecular H-shift as shown in Fig. 1. This isomerization reaction will form an alcohol 142 

from the alkoxy group and an alkyl radical. The alkyl radical then adds O2 to reform a RO₂·, and the whole process is called 143 

an alkoxy-peroxy step (Vereecken and Peeters, 2010).  144 

 145 

Figure 1 Reaction scheme of alkoxy-peroxy step 146 

H-shifts retaining the carbon backbone become more likely with increasing functionality of the alkoxy radical (Vereecken et 147 

al., 2007). The formed RO₂· can again continue the autoxidation chain, as reported by Nie et al. (2023) and Mentel et al. (2015). 148 

Kang et al. (2025) recently reported that circa 50 % of alkoxy radicals formed in α-pinene+·OH systems undergo isomerization, 149 

so that inclusion of alkoxy-peroxy steps can lead to an extension of the autoxidation chain length and thus lead to HOMs with 150 

higher oxidation degrees. Next to peroxy radicals, alkoxy radicals are the second important radical species in the HOM 151 

formation mechanism. Especially in systems with NO, alkoxy radicals play a major role due to their fast formation from 152 

RO₂·+NO.  153 

2.2. Categorization of the chemical regime 154 

In this work we use a generic framework to categorize the chemical reaction regime for (HOM-)RO₂· based upon two 155 

mechanistical aspects: 156 
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1) The expected sum over the bimolecular pseudo first order reaction rates representing the competition with ongoing 157 

autoxidation (reflecting the HOM-RO₂· lifetime with respect to bimolecular termination in competition to lifetime with respect 158 

to autoxidation). 159 

2) The expected contributions of RO₂·, HO₂·, and NO to the bimolecular RO₂· reaction pool. 160 

These two metrics are essential to understand HOM-RO₂· chemistry and its impact on SOA formation. The framework is based 161 

on the box modeling for the gas-phase chemistry (see Sec. 3.3) and generic reaction rate coefficients for the reactions of RO₂· 162 

with RO₂·, HO₂·, and NO. The applied generic reaction rate coefficients can be found in Tab. 1 and were chosen in accordance 163 

with MCM v3.3.1 (Jenkin et al., 1997; Saunders et al., 2003) and Roldin et al. (2019). 164 

Table 1 Overview of applied generic reaction rate coefficients kReaction for bimolecular HOM-RO₂· reactions 165 

Reaction Equation Resulting reaction rate 

coefficient (T= 293.15 K) 

Reference 

HOM-RO₂·+NO 
2.70 ∙ 10−12 ∙ exp(

360

T
) 

9.2·10‑12 cm3·s−1 MCM v3.3.1 (Jenkin et al., 

1997; Saunders et al., 2003) 

HOM-RO₂·+HO₂· 
2.91 ∙ 10−13 ∙ exp(

1300

T
) 

24.5·10‑12 cm3·s−1 MCM v3.3.1 (Jenkin et al., 

1997; Saunders et al., 2003)) 

HOM-RO₂·+R’O₂· - 5.0·10‑12 cm3·s−1 Roldin et al. (2019) 

For our discussions we use the in the laboratory relatively easy to achieve “simple” RO₂·+RO₂· dominated case as the reference 166 

point, utilizing the framework to understand and explain the observed shifts in the HOM product distribution between the 167 

different chemical regimes. 168 

This comparison method was introduced in Baker et al. (2024) and is possible due to the constant turnover of α-pinene+·OH. 169 

The turnover is calculated as kOH·[α-pinene]SS·[OH]SS, utilizing the steady-state (SS) concentrations of the reaction partners 170 

and a reaction rate coefficient of 𝑘𝑂𝐻 = 5.36 ∙ 10−11 cm3s−1 (Atkinson and Arey, 2003). However, to further account for 171 

small variations in the turnover due to experimental imperfections a normalization with the calculated turnover was applied 172 

for all comparisons.  173 

A constant turnover is important to avoid effects of oxidant scavenging (McFiggans et al., 2019) and to assure comparability 174 

between the different chemical regimes: The entry channel into the α-pinene photooxidation was kept constant, so that the 175 

production of first-generation RO₂· was constant. Thus, the different chemical reaction regimes only shifted the reaction 176 

pathways of RO₂· produced in the oxidation. 177 

2.2.1. Estimation of RO₂· bimolecular reaction rate in competition to ongoing autoxidation 178 

The bimolecular reaction rate 𝑆𝑅𝑂2
 is calculated as shown in Eq. (1) and the calculation results in a pseudo-first order reaction 179 

rate (unit: s−1). The calculation applies the generic reaction rate coefficients from Tab. 1 as well as the box-modeled steady-180 

state concentrations of the reaction partners. The concentration of RO₂· is calculated as the sum of the concentrations of all 181 

RO₂· species in the MCM v3.3.1 (Jenkin et al., 1997; Saunders et al., 2003). 182 
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 𝑆𝑅𝑂2
= 𝑘RO2+NO ∙ [𝑁𝑂]𝑆𝑆 + 𝑘RO2+HO2

∙ [𝐻𝑂2]𝑆𝑆 + 𝑘RO2+RO2
∙ [𝑅𝑂2]𝑆𝑆 (1) 

The bimolecular termination represented by 𝑆𝑅𝑂2
 is in competition with the ongoing autoxidation (and wall loss) of the RO₂·. 183 

As a benchmark, we chose a reaction rate coefficient of 𝑘𝑎𝑢𝑡𝑜𝑥. = 0.1 s−1 for the ongoing autoxidation of HOM-RO₂· derived 184 

from a-pinene+·OH. This value is chosen in accordance with values reported in the literature (Piletic and Kleindienst, 2022; 185 

Berndt, 2021; Xu et al., 2019; Vereecken et al., 2007), but of course omits the large variety of individual autoxidation reaction 186 

rate coefficients. However, we expect autoxidation steps with reaction rate coefficients close to 𝑘𝑎𝑢𝑡𝑜𝑥.  and faster to be 187 

significant contributors in the autoxidation chain leading to HOM-RO₂· formation. 188 

Therefore, if the termination reaction rate can compete with such autoxidation rates, an earlier termination of the autoxidation 189 

is expected. Products with a lower degree of oxidation and thus higher volatility will be formed, and the fast termination will 190 

reduce the overall amount of observed HOMs and SOA. 191 

2.2.2. RO₂· reaction partner contribution to bimolecular reaction rate 192 

The termination pathways with NO, HO₂·, RO₂· lead to different closed-shell products, as explained in Sec. 2.1. Certain 193 

functional groups correlate with the importance of one reaction partner. Carbonyls are products of RO₂·+RO₂· (or internal 194 

termination), ON can only be formed in the RO₂·+NO reaction, and more fragmentation is expected in systems with NO due 195 

to the increased importance of alkoxy radical formation (Sec. 2.1.1). Hydroperoxide formation is expected to dominate in 196 

systems with high HO₂·, and all systems shifting away from RO₂·+RO₂· will reduce the importance of accretion product 197 

formation from RO₂·+RO₂·. Especially the formation of less HOM-Acc or more fragmentation products is expected to decrease 198 

the SOA formation potential. Furthermore, the volatility of the HOM can be influenced by the specific functional group formed 199 

in the termination, further affecting the SOA formation potential. 200 

The calculation of the contribution of one reaction partner uses the same variables as the calculation of the total bimolecular 201 

sink size and is calculated as shown in Eq. (2).  202 

 
𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 =

𝑘RO2+reactant ∗ [𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡]𝑆𝑆

𝑆𝑅𝑂2

 
(2) 

3. Experimental methods 203 

3.1. Chamber set-up and experimental conditions 204 

All experiments were performed as steady-state experiments in the continuously stirred tank reactor SAPHIR-STAR at the 205 

Forschungszentrum Jülich. The detailed chamber, measurement, and experiment set-up for this measurement campaign were 206 

described in Baker et al. (2024). The SAPHIR-STAR reactor is a borosilicate glass cylinder with a volume of 2000 L. The 207 
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inflow during the experiments was 32 L min−1, resulting in a residence time of circa 60 minutes. The temperature was 20 °C 208 

and the relative humidity 50 % in all experiments. 209 

·OH was produced via ozone photolysis and the subsequent reaction of O(1D) with water vapor. Photolysis was achieved with 210 

two UV-C lamps (wavelength 254 nm) mounted in quartz cylinders in the middle of the chamber oriented perpendicular to the 211 

cylinder axis. In all experiment phases ·OH was the dominant sink of a-pinene (compared to O3) with α-pinene+·OH 212 

accounting for ≥ 75 % of the α-pinene turnover. 213 

An important feature of SAPHIR-STAR is the movable shielding surrounding the lamps. The shielding can be set to cover a 214 

defined percentage of the lamp and was used to adjust the ·OH production in the chamber after changes in the chemical regime. 215 

Considering all experiments and experiment phases this led to photolysis frequencies of j(O1D) ranging from 0.8∙10−3 s−1 to 216 

2.6∙10−3 s−1. Additionally, the ozone inflow was adjusted to keep the ·OH concentration approximately constant across all 217 

chemical regimes. 218 

The ·OH concentration was calculated from the decay of α-pinene as described by Kiendler-Scharr et al. (2009). The applied 219 

reaction rate coefficients were 𝑘𝑂𝐻 = 5.36 ∙ 10−11 cm3s−1 (Atkinson and Arey, 2003) for the α-pinene+·OH reaction and 220 

𝑘𝑂3
= 9.25 ∙ 10−17 cm3s−1 for the α-pinene+O3 reaction, both at 20 °C. 221 

In experiments with NO addition, a set of UV-A lamps (wavelength 365 nm) was utilized to photolyze NO2 to NO and O3. 222 

The UV‑A lamps were turned on during all experiment phases including background measurements to assure no additional 223 

change in the system upon NO addition due to the UV-A light turning on (due to heat or photolysis). The j(NO2) photolysis 224 

frequency was experimentally determined as 1.0·10−3 s−1. It should be mentioned that this is lower than typical atmospheric 225 

values, for example, Cho et al. (2023) measured j(NO2) during summer in Germany and reported values of around 4.0·10−3 s−1. 226 

For NO addition experiments two series of experiments were performed. In the first series only NO was added, while in the 227 

second series both the concentrations of NOx and HO₂· were increased. The HO₂· concentration was increased via the addition 228 

of CO and the subsequent reaction of CO + ·OH + O2 → CO2 + HO₂·. The ·OH concentration was kept stable by the 229 

adjustments of the lamp opening and the O3 concentration as described above (for details on the experimental method see 230 

Baker et al. (2024)).  231 

3.2. Instrument set-up 232 

A large suite of instruments was used to measure gas and particle phase. A cavity ring down spectrometer (G2401 Cavity 233 

Ringdown Spectrometer, Picarro Inc.) was applied to measure CO2, CO, CH4 and H2O. O3 was measured with a UV-234 

photometer (O342e, Envea GmbH). The VOC precursor concentration was measured via proton-transfer-reaction mass 235 

spectrometry (PTR-TOF-MS; Ionicon GmbH). 236 

NO and NOx were measured by chemiluminescence (nCLD899, Eco Physics GmbH coupled to a home-built photolytic 237 

converter). However, due to a drift in measurement signal, data in two experiments needed further correction (for details see 238 
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Supplement Sec. S2). In each steady state VOC, O3, and NO/NOx sampling was switched between inlet and outlet of the 239 

chamber to provide input concentrations as well as steady-state concentrations of the reactants. 240 

To measure the particle number concentration a condensation particle counter (CPC, Model 3788, TSI GmbH) was used, while 241 

a scanning mobility particle sizer (SMPS; Model 3080, TSI GmbH) with a CPC (Model 3788, TSI GmbH) provided 242 

information about the particle size distribution. A high-resolution aerosol mass spectrometer (HR-TOF AMS; Aerodyne Inc.) 243 

was used to measure the aerosol composition. 244 

The main instrument for detection of the oxidized product species was a chemical ionization mass spectrometer (CIMS). We 245 

utilized a multi-scheme ionization (MION, Karsa Oy) inlet CIMS coupled to a long TOF (LTOF, Tofwerk AG, resolution 246 

~8500 for peaks at >200 m/Q). For more information on the MION inlet see Rissanen et al. (2019). As the MION allows 247 

switching between different reagent ion chemistries, bromide and nitrate were used as the reagent ions in this study (inlet flow 248 

10 L min‑1, resulting in inlet reaction times of 60 ms for bromide and 600 ms for nitrate). The bromide mode was used for 249 

detection of the HO₂· radical and lesser oxidized products (Albrecht et al., 2019; Sanchez et al., 2016). 250 

The nitrate mode was used for the detection of closed shell HOMs, and HOM-RO₂·. However, in experiments with organic 251 

nitrate formation not all HOM-RO₂· that were detectable in the pure RO₂·, HO₂· regimes could be assigned due to two factors. 252 

Firstly, ON-HOM compounds can have similar (odd) molar masses to certain HOM-RO₂·, leading to overlapping peaks. 253 

Furthermore, the fast reaction of specific HOM-RO₂· with NO decreased their steady-state concentrations, making the clear 254 

identification of a small shoulder on a larger ON-HOM peak difficult (for details see Supplement Sec. S4). 255 

Bianchi et al. (2017) suggested using the terminology of HOM only for compounds with six or more oxygen. However, as we 256 

are interested in the shift of the product’s oxidation degree between different regimes, we also included a few products with 257 

four and five oxygen. The identified compounds for each regime are listed in Supplement Sec. S3. 258 

3.3. Modeling set-up 259 

A zero-dimensional box model applying the chemistry represented in the MCM v3.3.1 (Jenkin et al., 1997; Saunders et al., 260 

2003) was utilized for experiment planning and evaluation. The model was set up using the boundary conditions of the 261 

SAPHIR-STAR chamber with constant input of temperature, relative humidity, chamber inflows, inflow concentrations of 262 

α−pinene, O3, NO, and CO, as well as the lamp status of the UV-C and UV-A lamps. Photolysis frequencies in the model were 263 

scaled to match J(O1D) and J(NO2) determined in chamber characterization experiments, and the lamps were numerically 264 

switched on/off. A scaling factor representing the uncovered percentage of the lamp was additionally implemented for the 265 

UV−C light. Differential equations were solved using FACSIMILE within the institute software package EASY (EASY 266 

Version 5.69b). More details on the model set-up can be found in the Supplement of Baker et al. (2024).  267 

The model calculations were able to reproduce the concentrations observed for α-pinene, O3, CO, NO2, and ·OH within the 268 

experimental uncertainties. Somewhat larger discrepancies were observed for NO due to the low steady-state concentrations 269 

(<1 parts per billion by volume (ppbv)), however, there were no absolute discrepancies larger than 0.2 ppbv. 270 

https://doi.org/10.5194/egusphere-2026-4788
Preprint. Discussion started: 13 August 2026
c© Author(s) 2026. CC BY 4.0 License.



10 

 

The box model is a crucial tool for our analysis framework as it provides the necessary input on the expected HO₂· and RO₂· 271 

sum concentrations. However, since no direct measurements of these concentrations are available, larger uncertainties apply. 272 

The modeled HO₂· and RO₂· sum concentrations and further details on the model set-up can be found in the Supplement 273 

Sec. S5.   274 

4. Results and Discussion 275 

For the analysis of the effects of NO and HO₂· availability on HOM and SOA formation we utilize a framework to characterize 276 

the chemical regime based on two parameters: The overall bimolecular reaction rate for RO₂· and the expected contribution of 277 

HO₂·, NO, and RO₂· to this reaction rate. These parameters were determined using generic rate coefficients (see Sec. 2.2) and 278 

box model results for the concentrations of the reaction partners. 279 

As explained in Sec. 3.1 two different experiment series were performed. In the experiments for the “NO system” only NO 280 

was added, while in the experiments for the “mixed system” NO was added, and the concentration of HO₂· was increased. For 281 

an overview of all performed steady states see Supplement Tab. S5. For the visualization of the effects, we focus on four 282 

cases: Two in the NO system and two in the mixed system with both increased NO and HO₂·. The characteristics within our 283 

framework of these four cases as well as of the high HO₂· and base case are shown in Fig. 2. Figure 2a) visualizes the chemical 284 

regime of each case in a triangular plot in a similar manner to Peng et al. (2019). 285 

In the NO system a “middle NO” case ([NO]SS= 0.2 ppbv) was chosen where 70 % of RO₂· were expected to be terminated 286 

with NO. The remaining 30 % were equally divided between RO₂·+HO₂· and RO₂·+RO₂·. At the high NO level 287 

([NO]SS = 0.5 ppbv), the reaction of RO₂·+NO was expected to dominate 95 % of the termination reactions (see Fig. 2 a)).  288 

The total bimolecular reaction rate was calculated as 0.06 s−1 for the middle NO case and as 0.17 s−1 for the high NO case (see 289 

Fig. 2 b)). With the assumption of an average autoxidation rate of 0.1 s−1 at middle NO the bimolecular reaction rate was still 290 

expected to be slower than many autoxidation rates, while at high NO the pseudo-first order reaction rate of kRO2+NO·[NO] was 291 

faster than the average expected autoxidation rate. However, the model results and assumed reaction rate coefficients cannot 292 

describe the system fully and have high uncertainties. Moreover, as shown by Kang et al. (2025), HOM alkoxy radicals can 293 

continue the autoxidation chain via an alkoxy-peroxy step, meaning that a part of the bimolecular NO and RO₂· reactions do 294 

not lead to termination of the autoxidation chain. 295 

For the mixed case with high HO₂· and NO for the lower NO addition ([NO]SS= 0.2 ppbv), the overall pseudo-first order 296 

reaction rate coefficient was 0.09 s−1, which is close to the utilized generic average autoxidation rate of 0.1 s−1. Thus, it can be 297 

expected that the chemical termination reduces the amount of observed autoxidation products. This middle NO, high HO₂· 298 

case is especially interesting because the contribution to the chemical sink by RO₂·+HO₂· and RO₂·+NO was expected to be 299 

about equal (approximately 50 % by RO₂·+HO₂· and 45 % by RO₂·+NO, with the remaining 5 % by RO₂·+RO₂·). Note that 300 

reaction of HOM-RO₂· with HO₂· is expected to only result in HOM-RO in specific constellations (Iyer et al., 2018; Eddingsaas 301 

et al., 2012; Hasson et al., 2005; Jenkin et al., 2019). Therefore, alkoxy radical formation is expected to be suppressed by HO₂·. 302 
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In the high NO, high HO₂· case ([NO]SS= 0.4 ppbv), the termination was expected to be dominated by RO₂·+NO (80 %), with 303 

HO₂· contributing around 18 %. The total bimolecular reaction rate was expected to be significantly larger with a pseudo-first 304 

order rate coefficient around 0.17 s−1. These calculations and comparisons of generic reaction rate coefficients only serve as 305 

trend indicators.  306 

 307 

Figure 2 Classification of the chemical regimes covered by the experiments: a) Triangle plot showing the distribution between 308 
bimolecular reactions for RO₂· with NO, HO₂· and RO₂·. Which grid lines correspond to which axes are indicated by the 309 

inclination of the axes’ labels. b) (Pseudo) first order bimolecular reaction rate in comparison to average autoxidation rate. 310 

4.1. Termination product contributions as proof of utility for the chemical regime framework 311 

The generic framework introduced above describes the reaction pathways expected for HOM-RO₂·. To demonstrate the value 312 

of the framework, we can compare the HOM families representing the termination pathways measured under different 313 

conditions to the expected contribution of a reaction partner (NO, HO₂·, RO₂·) as shown in Fig. 2a). In the following we will 314 

present two cases showing the evolution of both products from NO and HO₂· in the different chemical regimes. 315 

The termination of RO₂·+NO leads to formation of ON-HOM with the dominant source of ON in our system being RO₂·+NO. 316 

Another possible ON source is the reaction of acyl peroxy radicals with NO2 forming PAN-like compounds. Though we cannot 317 

fully exclude this reaction pathway we checked the importance of PAN-like ON-HOM and found their influence to be minor. 318 

For this investigation the UV-A light was turned off during one experiment at middle NO concentrations. With the UV-A light 319 

off the concentration of NO decreased while the importance of NO2 increased. In steady state this led to a decrease in NO 320 

concentration of about 40 %, while the sum of all detected ON compounds decreased by 30 %. The similar decrease in NO 321 

and ON indicates that indeed the major source of ON-HOM in our system was RO₂·+NO reactions, though the slightly smaller 322 

decrease in ON-HOM indicates some formation from RO₂·+NO2.  323 
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The formation of ON-HOM was observed in two product classes: HOM-Mon and HOM-Frag. Within the HOM-Mon class a 324 

few observed ON-HOM contained two nitrogen atoms, however, their contribution was minor (for more details see Supplement 325 

Sec. S7). For an overview of all identified ON see the peaklist in Supplement Tab. S2 and Tab. S3. 326 

To characterize the contribution of the ON-HOM to the overall product sum for different contributions of RO₂·+NO to the 327 

termination reactions, we utilized three different NO levels for both the NO system and the mixed system (see Supplement 328 

Tab. S5 for an overview of framework parameters).  329 

In the NO system’s high NO case a contribution of RO₂·+NO of close to 100 % was realized, and thus no further significant 330 

increase in contribution of ON products is possible at a given branching ratio between ON and alkoxy radical formation. 331 

Indeed, assuming a given branching ratio into ON formation, the ON contribution should increase linearly with increasing 332 

contribution of RO₂·+NO termination to the chemical sink. 333 

In Fig. 3 the contribution of the ON-HOM to the overall product sum is plotted against the calculated RO₂·+NO contribution 334 

to the bimolecular RO₂· reactions. The RO₂·+NO contribution serves only as a guideline as it is based on the application of 335 

generic reaction rate coefficients. The uncertainty is further increased as there were no HO₂· or RO₂· measurements to verify 336 

the modeled [RO₂·]SS sum and [HO₂·]SS concentrations. Despite these caveats Fig. 3 shows a good linear trend supporting the 337 

merit of the simple estimations by our framework.  338 

 339 

Figure 3 Contribution of measured ON-HOM product sum to overall product HOM sum as a function of the RO₂·+NO 340 
contribution to the overall RO₂· bimolecular reaction rate. Linear trend (blue dotted line) is forced through zero.  341 

Furthermore, the results for both the mixed system with available HO₂· and the pure NO system fall on the same line. For the 342 

high NO case where the termination was dominated by the reaction with NO, ON-HOM contributed around 50 % of all 343 

observed HOM. Our results compare well to Pullinen et al. (2020), who reported a contribution of ON-HOM of about 50 % to 344 

the total observed HOM sum for α-pinene photooxidation under high NOx conditions. We observed a higher contribution of 345 

ON than the assumed branching ratios of ON formation from RO₂·+NO of 0.3 utilized in the MCM v3.3.1 (Jenkin et al., 1997; 346 
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Saunders et al., 2003)). However, this is to be expected as the other 0.7 branch into alkoxy formation. Alkoxy radicals can 347 

continue the autoxidation chain by performing a so-called alkoxy-peroxy step, reforming a peroxy radical. For plausibility let 348 

us consider the three first reaction cycles forming RO₂· and let us assume according to Kang et al. (2025) that 50 % of HOM-349 

RO· undergo an alkoxy-peroxy step forming HOM-RO₂· and thus continue the reaction chain. Let us also apply a 0.3 branching 350 

ratio into ON formation as utilized in the MCM v3.3.1 (Jenkin et al., 1997; Saunders et al., 2003)). A visualization of the 351 

calculation can be found in Supplement Fig. S3. After these three cycles, 45 % of the original HOM-RO₂· have terminated as 352 

an ON, while only 4 % are still continuing the reaction. This simple consideration agrees well with our observations in chemical 353 

regimes where RO₂·+NO is expected to be the dominant termination pathway.  354 

A correspondent comparison for the termination products of RO₂·+HO₂· is somewhat more complicated since there is no well-355 

defined product class which can only be assigned to RO₂·+HO₂·. The best option is to look at the fraction of C10H18Oz since 356 

they can only arise from C10H17Ox· radicals. C10H18Oz are the expected hydroperoxide termination products from 357 

C10H17Ox·+HO₂·, with the other distinct C10H17Ox· products being C10H17NOz-ON. However, C10H18Oz can also be the alcohol 358 

termination product from C10H17Ox·+RO₂·, so that the fraction of C10H18Oz is only an unambiguous indicator for the importance 359 

of RO₂·+HO₂· in systems where the RO₂·+RO₂· termination is negligible. Additionally, systems without significant 360 

contribution of RO₂·+NO cannot be utilized for the comparison, as here C10H18Oz is the only product that can be clearly 361 

attributed to C10H17Ox·. This approach is superior to other potential options that utilize or additionally utilize the RO₂·+HO₂· 362 

termination products of C10H15Ox·, as C10H16Oz cannot only also be the alcohol termination product of C10H15Ox·+RO₂·, but 363 

also the carbonyl product from C10H17Ox·+RO₂· or internal termination of C10H17Ox·. The fraction of C10H18Oz of clear 364 

C10H17Ox· products is therefore used as the best available indicator for the contribution of RO₂·+HO₂· to the bimolecular 365 

termination sink under the following boundaries: a) Contribution of RO₂·+RO₂· to the termination sink ≤5 % and b) availability 366 

of NO as a termination partner. Figure 4 shows the available data which obey these constraints. 367 
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 368 

Figure 4 Contribution of measured C10H18Oz product sum to unambiguous C10H17Ox· product sum (C10H18Oz+ C10H17NOz) as a 369 
function of the calculated RO₂·+HO₂· contribution to the RO₂· bimolecular reaction rate. Linear fit is forced through the 1-to-1 370 

point as in a hypothetical system with the RO₂·+HO₂· termination contributing 100 %, C10H18Oz is the only unambiguous 371 
C10H17Ox· product and therefore would contribute 100 % to the C10H17Ox· product sum.  372 

Within the above-described limits, the expected linear trend between C10H18Oz contribution and the importance of RO₂·+HO₂· 373 

termination reactions can be observed. The good correlation between the expected contribution to HOM-RO₂· termination 374 

pathways in the framework and the actual observed HOM product distribution for both products from NO and HO₂· show that 375 

at least for relative considerations our simple generic chemical framework is able to capture the actual termination to closed 376 

shell products. 377 

4.2. Interruption of the autoxidation chain 378 

The second important framework parameter is the overall bimolecular reaction rate. Fast bimolecular reaction can result in an 379 

earlier end of the autoxidation process if it leads to closed shell products. In this case, less HOM compounds will be produced, 380 

and a reduction of the overall HOM signal will be observed. The change of overall HOM signal in the different chemical 381 

regimes in comparison to the RO₂· dominated base case with low bimolecular reaction rate is shown in Fig. 5a) as a function 382 

of the total bimolecular reaction rate. All compared conditions were normalized by the α-pinene ·OH turnover to ensure direct 383 

comparability.  384 
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 385 

Figure 5 Relative change in HOM signal for the different chemical regimes compared to the base case in unseeded systems (all 386 
data normalized to α-pinene ·OH turnover) as a function of the total bimolecular reaction rate. Marker shape and color indicate 387 

chemical system. a) sum of all HOM products  b) sum of C10-HOM-RO₂·, has to be used cautiously as the detection of HOM-RO₂· 388 
is impacted by the presence of ON-HOM (for details see Supplement S4). c) sum of HOM-Mon d) sum of HOM-Frag e) sum of 389 

HOM-Acc. 390 

Figure 5a) shows that the HOM suppression effect is significant but limited: While the bimolecular reaction rate increased by 391 

a factor of about six, the maximum reduction observed in the overall HOM sum was less than a factor of two compared to the 392 

base case. Furthermore, the decrease in HOM seems to level off at higher pseudo-first order bimolecular reaction rates.  393 

A look at the different chemical systems shows the different effects of NO and HO₂·. The systems with high HO₂· (both, only 394 

HO₂· and HO₂· + NO) seem to fall along one curve, while the pure NO systems at comparable termination sink rates show less 395 

suppression of HOM. The smaller effect of NO at similar bimolecular reaction rates shows that reaction with NO does not 396 

exclusively lead to termination of the autoxidation chain, while the reaction with HO₂· often does. This is expected due to the 397 

formation and isomerization of alkoxy radicals which, as recently shown by Kang et al. (2025), can be important to the 398 

continuation of the autoxidation chain due to the occurrence of alkoxy-peroxy steps (see Fig. 1). This continuation of the 399 

autoxidation chain through alkoxy radicals could also explain the off-leveling in HOM reduction observed with increasing 400 

bimolecular reaction rate due to NO, though of course competitive autoxidation rates higher than 0.17 s−1 will also play a role. 401 

Additionally, as discussed in Baker et al. (2024), the presence of HO₂· leads to a stronger than expected reduction in HOM 402 

due to missing C10H15Ox-HOM-RO₂· formation. C10H15Ox-RO₂· have been observed as a major pathway for HOM formation 403 

in the α-pinene oxidation system (Kang et al., 2025; Shen et al., 2022). The specific pathways leading to C10H15Ox-HOM-RO₂· 404 

formation are expected to be dependent on alkoxy radical steps along the reaction pathway, both when starting from first-405 

generation α-pinene oxidation products like pinonaldehyde (MCM mechanism, (Jenkin et al., 1997; Saunders et al., 2003)), 406 

and when assuming an H-abstraction from α-pinene (Shen et al., 2022; Wang et al., 2026). Thus, in systems dominated by 407 

HO₂· the reduced HOM formation can be explained by the decrease in alkoxy radical formation and the therefore missing 408 

C10H15Ox· pathway. The shift between C10H15Ox· and C10H17Ox· is further discussed in Sec. 4.4.  409 
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In conclusion, both, the pure NO and HO₂· cases illustrate the importance of crucial bimolecular reaction steps along the HOM 410 

formation pathways, and how such steps have to be considered to understand the SOA formation potential of a given system.  411 

Furthermore, they highlight the important role of alkoxy radicals in the autoxidation chain. The role of alkoxy radicals becomes 412 

even clearer when looking at the changes in specific product classes in the different systems, which are discussed in the next 413 

section.  414 

4.3. Shift in the HOM-product distribution 415 

Figure 5b) to 5e) show the behavior of the individual product classes with increasing bimolecular reaction rate for the different 416 

chemical regimes.  The C10-HOM-RO₂· sum (Fig. 5b)) and the HOM-Acc sum (Fig. 5c)) decrease consistently and reach a 417 

stable level, showing no significant differences between the pure NO and the other systems. The decrease and their similar 418 

behavior are consistent with our expectations. Higher bimolecular reaction rates suppress the formation of HOM-RO₂· by 419 

autoxidation and present a sink for already formed HOM-RO₂·. As HOM-Acc can only be formed by RO₂·+RO₂· they follow 420 

the same trend. As mentioned in the previous section, it is interesting that the decrease seems to approach asymptotically a 421 

finite value, as this is likely caused by persistent autoxidation forming HOM-RO₂· with rates faster than 0.17 s−1 and the 422 

reformation of HOM-RO₂· via alkoxy-peroxy steps. 423 

The HOM-Mon signal sum shows a behavior close to that observed for the total HOM sum in the systems containing NO, but 424 

no significant reduction in the high HO₂· case (for a detailed discussion of the HO₂· case see Baker et al. (2024)). 425 

Especially interesting is the behavior of the HOM-Frag class, as here we see a different behavior compared to the other product 426 

classes: No clear decreasing trend can be observed, on the opposite, even at high bimolecular reaction rates an increase can 427 

still be seen in the high NO system. The major HOM-Frag formation pathway comprises alkoxy radicals which mainly stem 428 

from either RO₂·+RO₂· or RO₂·+NO. Supplement Fig. S4 shows the change of the HOM-Frag sum compared to the base case 429 

as a function of the sum of the generic reaction rates for RO₂·+RO₂· and RO₂·+NO, with the color scale indicating the overall 430 

bimolecular reaction rate shown on the x-axis in Fig. 5.   This visualization shows that for the fragment formation it is very 431 

important if pathways into alkoxy formation are available, with the overall bimolecular reaction rate playing only a secondary 432 

role. However, absolute comparisons are limited at much larger bimolecular reaction rates compared to the base case since 433 

changes due to missing HOM sources combine with changes due to different HOM-RO₂· termination pathways.  434 

The importance of the HOM-Frag formation with NO in the system is also visible in the relative contribution of the product 435 

classes. While the contribution of HOM-Mon stayed approximately constant in all cases, a shift from HOM-Acc to HOM-Frag 436 

contribution was observed with increasing NO (see Supplement Fig. S5). In comparison, in the high HO₂· system a shift in the 437 

HOM product distribution from HOM-Acc to HOM-Mon was observed (Baker et al., 2024). 438 
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4.4. Contribution of C10H15Ox· and C10H17Ox· formation pathways to HOM 439 

NO and HO₂· are expected to have opposite effects on the formation of alkoxy radicals. While NO facilitates the alkoxy 440 

formation, reactions of HO₂· with RO₂· have – with exceptions - minor or no pathway into alkoxy radicals and thus suppresses 441 

alkoxy formation compared to the base and NO cases. This should influence the HOM-RO₂· families available in the reaction 442 

system, as alkoxy radical steps are involved in C10H15Ox· formation (see Sec. 4.2). In contrast, C10H17Ox· is expected to be 443 

formed during autoxidation directly starting from α-pinene, and no alkoxy radical formation is necessary in the classical 444 

autoxidation chain. Thus, the main sources of closed-shell HOM products are expected to shift with the changes in the chemical 445 

regime leading to shifts in the product distribution. To specifically investigate the effect of NO on the system, we start the 446 

discussion with the results from the NO system (for results of the HO₂· system see Baker et al. (2024)), before moving on to 447 

account for the NO and HO₂· mixed cases.  448 

Figure 6a) shows the contribution of the different HOM-Mon families to the non-ON HOM-Mon product sum in the NO 449 

system. As C10H18Oz can only be formed from C10H17Ox-HOM-RO₂·, and C10H14Oz can only be formed from C10H15Ox-HOM-450 

RO₂·, the contributions of these families give the best indication of the importance of their radical precursor families. In 451 

contrast, C10H16Oz products can be formed by both C10-HOM-RO₂· precursor families. Therefore, in the case with NO if a 452 

precursor family has a specific fast pathway into C10H16Oz that was not important in the base case, the HOM-Mon family 453 

contributions are no longer a good indicator. C10H16Oz is also formed by internal termination (Sec. 2.1 and Supplement Fig. 454 

S1), which we will discuss in the next section (Sec. 4.5). 455 

The contribution of C10H16Oz did not significantly change, while a clear decrease in contribution by C10H18Oz and an increase 456 

in contribution by C10H14Oz was observed with increasing NO. At high NO, the contribution of C10H18Oz decreased to below 457 

10 %, while C10H14Oz contributed around 50 %. In comparison, in the NOx-free base case C10H14Oz contributed around 30 %.  458 

https://doi.org/10.5194/egusphere-2026-4788
Preprint. Discussion started: 13 August 2026
c© Author(s) 2026. CC BY 4.0 License.



18 

 

 459 

Figure 6 Contribution of a) the C10H14Oz, C10H16Oz and C10H18Oz families to the non-ON HOM-Mon and b) the C20H30Oz, C20H23Oz 460 
and C20H34Oz families to the C20-HOM-Acc in the base case and at the two NO levels in the NO system (unseeded experiments). 461 

This clear shift towards C10H14Oz indicates a growing importance of the C10H15Ox-HOM-RO₂· in the non-ON products. This 462 

indication is corroborated by the observations in the C20-HOM-Acc products shown in Fig. 6b). Here, we see a similar trend: 463 

the contribution of C20H30Oz-HOM-Acc, which are formed from two C10H15Ox-RO₂·, increased with NO availability, while 464 

the contribution of C20H34Oz-HOM-Acc, which are formed from two C10H17Ox-RO₂·, decreased. The C20H32Oz-HOM-Acc, 465 

which are formed from both radical families, remained about the same. 466 

As a hypothesis we propose that the increased importance of C10H15Ox· products compared to C10H17Ox· is due to the increased 467 

importance of alkoxy radical formation in systems with higher availability of NO. A further possibility could be a fast pathway 468 

of C10H17Ox-HOM-RO₂· into ON-HOM formation (fast compared to ON-HOM formation from C10H15Ox·). Such a pathway 469 

would result in less contribution of C10H17Ox· products to non-ON species.  470 

To exclude this possibility, we compare the ratio of ON-products formed by the two HOM-RO₂· families in relation to the 471 

contribution of RO₂·+NO in both the pure NO and the mixed system (Fig. 7). The ON-HOMs investigated are C10H15NOz for 472 

C10H15Ox· and C10H17NOz for C10H17Ox·. In Fig. 7 two types of systems are separated: Systems, where the bimolecular RO₂· 473 

termination is strongly dominated by NO and HO₂· (RO₂·+RO₂· < 5 %), and systems with a higher importance of RO₂·+RO₂·. 474 

This separation is helpful as alkoxy radical formation is also expected from RO₂·+RO₂·, which would also increase the 475 

importance of C10H15Ox·.  476 
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 477 

Figure 7 Ratio of the sum of all C10H17NOz products to the sum of all C10H15NOz products as a function of the expected RO₂·+NO 478 
contribution. Data set is separated by expected importance of RO₂·+RO₂· reactions (threshold 5 %). Linear fit applies to systems 479 

with RO₂·+RO₂· < 5 %.  480 

With increasing contribution of RO₂·+NO the ratio of C10H17NOz to C10H15NOz decreases, indicating no fast pathway of 481 

C10H17Ox·+NO into ON formation, as then the opposite trend would be expected. Thus, the shift towards C10H15Ox· is observed 482 

in non-ON HOM-Mon, HOM-Acc, and ON-HOM, indicating that there is indeed a shift in the importance of the two radical 483 

precursor families. Similar comparisons can be found in the Supplement Sec. S11 for the non-ON HOM-Mon and the C20-484 

HOM-Acc. 485 

In conclusion, the available RO₂· reaction partners influence not only the HOM-RO₂· termination pathway, but also which 486 

HOM-RO₂· families are formed. In general, systems with a high significance of alkoxy radical formation, either by RO₂·+NO 487 

or RO₂·+RO₂·, show a lower importance of C10H17Ox·, i.e., the RO₂· radical family which is formed directly from an ·OH 488 

addition to α-pinene. Instead, the C10H15Ox· family is of higher importance. This observation may help bridge the gap between 489 

the high importance of C10H15Ox· HOM-products reported for α-pinene + ·OH experiments in atmospheric simulation 490 

chambers (Shen et al., 2022; Kang et al., 2025) and the dominance of C10H17Ox· reported from flow-tube studies focusing on 491 

the early reaction steps (Berndt et al., 2016; Berndt, 2021). 492 

4.5. Indications for the importance of internal termination for RO₂· and RO· 493 

Internal termination of HOM-RO₂· is another potentially significant termination pathway. To investigate the importance of 494 

this pathway, we can compare the observed decrease of closed shell products to the expected decrease. 495 

This approach is based on the principle that in steady state the concentration of a bimolecular reaction product is defined by 496 

[Product]SS=k·[Reactant(A)]SS·[Reactant(B)]SS, i.e., by the product of the precursor concentrations. For the formation of 497 

carbonyl products from RO₂·+RO₂· like C10H14Oz from C10H15Ox·, this means that the relative decrease in the steady-state 498 
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concentration must reflect the decrease observed in their precursor HOM-RO₂·. Further decrease is expected if the steady-state 499 

concentrations of both reaction partners are decreased, as is the case for RO₂·+RO₂· reactions in our comparison between the 500 

RO₂·+RO₂· dominated base case and systems with higher importance of NO and HO₂·. 501 

In the system with high HO₂· the decrease of C10H14Oz was similar to the decrease measured in C10H15Ox·, but smaller than 502 

the decrease expected for the formation via RO₂·+RO₂·, since there was a reduction in both reaction partners (C10H15Ox-HOM-503 

RO₂· and the RO₂· pool). This led to the hypothesis that internal termination of C10H15Ox-HOM-RO₂· may be an important 504 

formation pathway for C10H14Oz-HOM (Baker et al., 2024).  505 

In the system with NO the observed decrease of C10H14Oz was even significantly smaller than the decrease observed in 506 

C10H15Ox-HOM-RO₂·. An overview of the changes in all HOM-Mon families between NO cases and the base case can be 507 

found in Supplement Fig. S9. The C10H15Ox-HOM-RO₂· decreased by around 50 % and 70 % of the RO₂·+RO₂· dominated 508 

system in the middle and high NO case. Furthermore, from our model calculations a strong reduction in the overall available 509 

RO₂· is expected with the RO₂· pool decreasing by around 70 % (middle NO) and 90 % (high NO) of the RO₂·+RO₂· dominated 510 

system (for modeled RO₂· concentrations see Supplement Tab. S5). And yet the C10H14Oz family signal only decreased by 511 

20 % (middle NO) and 50 % (high NO) compared to the RO₂·+RO₂· dominated system. This persistence of C10H14Oz cannot 512 

be explained even when assuming an internal termination pathway for C10H15Ox-HOM-RO₂·, as then the C10H14Oz family 513 

signal should still be reduced at least by as much as the C10H15Ox-HOM-RO₂· family signal. 514 

A possible explanation for this smaller-than-expected reduction in C10H14Oz compared to C10H15Ox· is an internal termination 515 

pathway for alkoxy radicals. In this case C10H14Oz would be formed from a C10H15Ox-1· alkoxy radical. This could explain our 516 

observations, as alkoxy radicals represent a sink for the observed C10H15Ox-HOM-RO₂· but are too reactive to be directly 517 

measured. The C10H15Ox-1· alkoxy radical could undergo internal termination analogous to the mechanism proposed by 518 

Rissanen et al. (2014) for RO₂· shown in Supplement Fig. S1. In this case, an intramolecular H-shift would lead to the formation 519 

of an alcohol group from the alkoxy radical. The resulting alkyl radical attached to the hydroperoxide group would form a 520 

carbonyl, and ·OH would be lost from the molecule. Another potential source of C10H14Oz discussed for the particle phase is 521 

the hydrolysis and loss of HNO3 from C10H15NOz, (Takeuchi and Ng, 2019), however, such reactions may not be likely in the 522 

gas phase. Further investigations are necessary to fully elucidate the reason for the unexpected behavior of the C10H14Oz family. 523 

However, formation through internal termination of alkoxy radicals offers an intriguing explanation.  524 

4.6. Impact on product volatility and SOA formation potential 525 

The previous sections discussed in detail how NO and HO₂· availability influences HOM formation pathways. We now address 526 

the question of how these changes in the HOM product distribution influence the formation of SOA. In general, there are two 527 

major factors which will lead to a reduction in observed SOA formation: Firstly, if less HOM products are produced, naturally 528 

less SOA will be produced as well. Secondly, if the formed HOM products have a higher volatility, they are more likely to 529 

stay in the gas phase, and the SOA amount produced will be reduced as well. Note, if a compound with a given volatility 530 
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partitions into the particle phase depends on the available organic mass concentration (Donahue et al., 2006; Stolzenburg et 531 

al., 2022).  532 

In Baker et al. (2024) we already showed for the high HO₂· system that there is no significant change in the volatility of the 533 

produced HOMs, and that the main source of SOA suppression is the missing HOM-Acc formation compared to the base case. 534 

The same experimental strategy is now applied to test for a volatility shift in the systems with NO. In short, the gas-phase 535 

HOM product distribution is measured in steady state under two conditions: Once in the absence of ammonium sulfate seed 536 

particles, and once in the presence of ammonium sulfate seed particles. The HOM compounds with low enough volatility 537 

condense on the available particle surface, and we compare their fraction remaining in the gas phase as a proxy of their 538 

volatility. Consequently, the fraction remaining of either specific molecular formulas or product sums can be compared 539 

between reaction systems. In the system with NO, the ON-HOM present a new product class, providing a broader product 540 

distribution compared to the RO₂· dominated base case and the system with high HO₂·. 541 

Figure 8a) shows the fraction remaining in the gas phase as a function of the molar mass of each detected HOM. The data 542 

shown is from the mixed system with HO₂· and NO, with higher contribution to the bimolecular reactions by NO. This 543 

experiment was chosen to get a good representation of the ON-HOM. Information about particle size distributions and particle-544 

phase concentrations for all investigated systems can be found in Supplement Sec. S13. 545 

 546 

Figure 8 Gas-phase fraction remaining in presence of seed for the high NO, high HO₂· case (bimolecular reaction rate 0.18 s−1, 547 
contribution by NO 81 %, by HO₂· 18 %). a) all HOM-compounds, b) all HOM-compounds with organic nitrate’s molar mass 548 

being shifted by the nitrate termination group (NO2) to (𝑀−46 𝑔 𝑚𝑜𝑙−1) for compounds containing one nitrate group (red 549 
markers) and to (𝑀−92 𝑔 𝑚𝑜𝑙−1) for compounds with two nitrate groups (orange markers). All data normalized with α-pinene 550 
·OH turnover. Markers represent compounds that were detected with relative standard deviation <30 %. Error bars represent 551 

results of error propagation (see Supplement Sec. S13) 552 

The decrease of the fraction remaining with increasing molar mass of products shows clear differences between product 553 

classes. ON-HOMs show higher fractions remaining at the same molar masses compared to HOMs containing no nitrogen. 554 

Indeed, it seems that the nitrate termination group does not result in the same decrease of volatility as the non-ON termination 555 
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groups (hydroperoxide, carbonyl or alcohol). As a result, the volatility of an ON-HOM is more comparable to a non-ON HOM 556 

of lower molar mass. Interestingly, Fig. 8b) shows that a more similar trend between non-ON and ON compounds is achieved 557 

if the weight of the nitrate termination group is subtracted from the ON-HOM’s molar mass to compare it to a carbonyl HOM 558 

formed from the same precursor. This observation fits the results published by Pullinen et al. (2020), who concluded that a 559 

non-ON and an ON product from the same HOM-RO₂· precursor shows no significant difference in effective uptake 560 

coefficients, even though the ON product has a higher oxygen number and is heavier. The smaller than expected decrease in 561 

volatility compared to non-ON termination products could potentially be connected to missing hydrogen bonds from the 562 

organic nitrate group. Sagawa and Shikata (2014) showed that nitro groups do not form strong hydrogen bonds with water 563 

molecules. While we focused on volatility in our analysis, another important parameter impacting the gas-to-particle 564 

partitioning could thus be the solubility. Suda et al. (2014) showed that nitrate functionalization led to a decrease in 565 

hygroscopicity. All experiments in this work were performed at the same humidity level, however experiments at different 566 

humidity levels would help to elucidate the effect of solubility. 567 

Further hints towards higher volatility of ON-HOM can be found in Presto et al. (2005), who found higher volatility of ON 568 

studying α-pinene ozonolysis, and in Graham et al. (2023), who reported higher volatility of  α-pinene+NO3 derived SOA 569 

compared to α-pinene+O3 derived SOA. 570 

In comparison to the fraction remaining plot for the RO₂· dominated base, and the high HO₂· case (Baker et al., 2024), we can 571 

see even further suppression of HOM-Acc, as only three compounds remain in the high molar mass range which fulfill the 572 

plotting criteria of a significant signal increase compared to the background upon oxidation start and an average steady-state 573 

signal with a relative standard deviation <30 %. We also observe a further shift towards lighter HOM-Frag compounds, which 574 

additionally often show higher fractions remaining than the HOM-Frag observed in the base case. In conclusion, a higher 575 

volatility of the HOM product distribution in the system with NO compared to the base case is expected mainly due to three 576 

reasons: Suppression of low volatility HOM-Acc products, a shift towards higher volatility HOM-Frag products, and the 577 

formation of ON-HOM, which have higher volatility than the respective non-ON closed shell products. 578 

To assess the overall effect of these factors on SOA formation we calculated the wall-loss-corrected SOA yields for all cases 579 

as described by Sarrafzadeh et al. (2016) (for details on the calculation see Supplement Sec. S15, for the utilized data see 580 

Sec. S13). The result as a function of the generic total bimolecular reaction rate of each case is shown in Fig. 9. The SOA yield 581 

is dependent on many factors including temperature, available organic aerosol mass concentration, and of course VOC+·OH 582 

turnover. However, the experiments here were performed to be comparable (constant temperature, approximately same 583 

turnover, low organic aerosol mass concentrations in all cases) allowing a direct relative comparison. Figure 9 shows that with 584 

increasing bimolecular reaction rate the SOA yield decreases before reaching a stable level. Significant reductions in SOA 585 

yield were observed with maximum reductions of circa a factor of two. This may also be an estimator for the bias of SOA 586 

yields if results from RO₂· dominated laboratory systems are directly transferred to atmospheric situations, where HO₂· and 587 

NO dominate.  However, as discussed in Sec. 4.2, in comparison the bimolecular reaction rate increased by circa a factor of 588 
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six, showing the persistence of SOA formation. Interestingly, while marker shape and color in Fig. 9 indicate the chemical 589 

system, all systems seem to fall along one trend line.  590 

 591 

Figure 9 Wall-loss corrected SOA yield in the different chemical regimes as a function of the total bimolecular reaction rate. Error 592 
bars indicate observed variation of repetitions. 593 

This is different compared to the overall gas-phase HOM product sum (Fig. 5a)), where the pure NO system showed smaller 594 

reductions than systems with higher HO₂· availability. The development of the SOA yield with increasing bimolecular reaction 595 

rate instead resembles the decrease shown for the C10-HOM-RO₂· and the HOM-Acc product signal in the gas phase (see 596 

Fig. 5b) and 5e)). This difference is explained by our previous considerations regarding product volatility. In the system with 597 

NO, the overall amount of gas-phase HOM products produced was not or not as strongly reduced, however, the produced 598 

products had lower molar masses and higher volatilities (HOM-Frag and ON-HOM) in comparison to the RO₂· dominated 599 

base case leading to a smaller SOA formation potential.  600 

5. Conclusion 601 

This study utilized generic RO2· and recent HOM formation chemistry to develop experiments and data analysis approaches, 602 

with the goal to bridge the gap between the understanding of mechanistic pathways determined in laboratory experiments and 603 

SOA formation in the real atmosphere. We investigated changes in HOM and SOA formation across a range of reaction 604 

conditions. To this end, the bimolecular RO₂· reaction rate as well as the contribution of HO₂·, NO, and RO₂· to it were varied. 605 

At the same time, the α-pinene OH turnover was kept constant to keep the entry channel into HOM formation constant as well. 606 

By detailed analysis of the HOM product distribution under different experimental conditions, we determined important factors 607 

influencing the SOA formation potential. Two such factors are the molar mass and volatility of the formed oxidation products. 608 

While HOM accretion product formation increases the SOA formation potential, formation of HOM fragments and organic 609 
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nitrate containing HOM products can decrease it. Targeted seeding experiments revealed that organic nitrate HOM products 610 

partition less into the particle phase compared to non-nitrogen containing HOM products of similar molar mass. Both, the 611 

extend of formation and the partitioning behavior of organic nitrate HOM observed in this study, agree well with results 612 

previously published by Pullinen et al. (2020). 613 

The study presented here highlights the important role of alkoxy radical formation. Alkoxy radicals are mainly formed from 614 

RO₂·+NO or RO₂·+RO₂· and influence the HOM product distribution in multiple ways. On one hand, alkoxy radicals can 615 

fragment, forming HOM-Frag and decreasing the SOA formation potential. On the other hand, alkoxy radicals can undergo 616 

alkoxy-peroxy steps, which, as our results show, are an integral part of autoxidation under atmospheric conditions. Our results 617 

regarding the importance of alkoxy radical chemistry are in line with recent works (Wang et al., 2021; Kang et al., 2025). 618 

Alkoxy-peroxy steps are responsible for HOM formation pathways from C10H15Ox· and facilitate continuation of the 619 

autoxidation chain, even at high bimolecular reaction rates. In contrast, in systems which have high bimolecular reaction rates 620 

due to the reaction of RO₂·+HO₂·, such alkoxy radical pathways are missing.  621 

Reaction regimes with low bimolecular RO2 reaction rates and high importance of RO2+RO2 reactions showed the highest 622 

HOM production and SOA yields. However, moving away from RO2+RO2 dominated reaction systems towards higher 623 

bimolecular reaction rates and increasing importance of RO2+NO led to a maximum decrease in HOM production of only 624 

45 %. At the same time, the maximum decrease in SOA yield was about 50 %. This persistent HOM formation could be caused 625 

by both, fast RO₂· intramolecular H-shifts during autoxidation,  and the importance of alkoxy-peroxy steps. Here additional 626 

experiments with large bimolecular reaction rates due to RO2·+HO2· could help to elucidate the role of fast intramolecular H-627 

shifts. 628 

Even for increases in the RO2· bimolecular reaction rate by up to a factor of six the decrease in SOA yield stabilized at a 629 

maximum factor of circa two, which could be an estimator for the bias of SOA yields from RO₂· dominated laboratory systems 630 

compared to more realistic conditions, which are in general dominated by HO₂· and NO. 631 

The methodological approach of characterizing the reaction regime in combination with mechanistic considerations of known 632 

HOM-RO2· chemistry provide a conclusive picture of the HOM-RO2· reaction pathways. Our work presents a compelling 633 

argument for utilizing the expected overall bimolecular RO₂· reaction rate, as well as the contributions by HO₂·, NO, and RO₂· 634 

reactions, not only for experimental design, but also for the interpretation and transfer of experimental results to the real 635 

atmosphere in models. This work focuses on the α-pinene+OH system as an example, but similar effects can be expected for 636 

all monoterpenes. It will thus be useful to extend the characterization framework. This will of course require a well 637 

characterized generic chemistry of the precursor VOC, which, however, may become possible with advances in automated 638 

mechanism generation (Vereecken et al., 2018; Aumont et al., 2005; Aumont et al., 2026). A next step could then also be the 639 

extension to more complex systems with strong sources of small RO2∙ radicals, like CH3O2∙. 640 

Our findings highlight that bimolecular reactions do not only represent an interruption in HOM formation, but also open new 641 

formation pathways by reaction of (HOM-)RO₂·+NO, leading to fast alkoxy and then peroxy radical formation. This has 642 

interesting and important implications for HOM formation in the atmosphere: While in general termination is the main 643 
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expected reaction outcome of RO₂·+NO for lower-oxidized “conventional” RO₂·, the same is not necessarily the case for 644 

HOM-RO₂·. Indeed, more “urban” atmospheric conditions with higher availability of NO might be more efficient in SOA 645 

formation than previously assumed, while the current understanding of more “pristine” environments with high importance of 646 

HO₂· could lack critical pathways into HOM formation. 647 
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