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Abstract. A comprehensive chamber investigation of the photochemical secondary organic aerosol (SOA) formation and 

transformation in mixtures of anthropogenic (o-cresol) and biogenic (α-pinene and isoprene) volatile organic compound (VOC) 

precursors in the presence of NOx and inorganic seed particles was conducted. To enable direct comparison across systems, 

the initial concentration (hence reactivity) of the systems towards the dominant OH oxidant was adjusted. Comparing 

experiments conducted in single precursor systems at various initial reactivity levels (referenced to a nominal base case VOC 25 

concentration, e.g. halving the initial concentration for a ½ initial reactivity experiment) and their binary and ternary mixtures, 

we show that the molecular interactions from the mixing of the precursors can be investigated and discuss challenges in their 
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interpretation. The observed average SOA particle mass yields (the organic particle mass produced for a mass of VOC 

consumed) in descending order were found for the α-pinene (32±7%), α-pinene/o-cresol (28±9%), α-pinene at ½ initial 

reactivity (21±5%), α-pinene/isoprene (16±1%), α-pinene at ⅓ initial reactivity (15±4%), o-cresol (13±3%), α-pinene/o-30 

cresol/isoprene (11±4%), o-cresol at ½ initial reactivity (11±3%), o-cresol / isoprene (6±2%) and isoprene systems (0±0%). 

We find a clear suppression of the SOA mass yield from α-pinene when it is mixed with isoprene, whilst no suppression or 

enhancement of SOA particle yield from o-cresol was found when it was similarly mixed with isoprene. The α-pinene / o-

cresol system yield appeared to be increased compared to that calculated based on the additivity, whilst in the α-pinene / o-

cresol/isoprene system the measured and predicted yield were comparable. However, in mixtures where more than one 35 

precursor contributes to the SOA particle mass it is unclear whether changes in the SOA formation potential are attributable 

to physical or chemical interactions, since the reference basis for the comparison is complex. Online and offline chemical 

composition and SOA particle volatility, water uptake and “phase” behaviour measurements that were used to interpret the 

SOA formation and behaviour are introduced and detailed elsewhere.  

1. Introduction 40 

The fine fraction of particulate matter (PM) plays the dominant role in the impact of air pollution on human health and of 

aerosol on climate through direct radiative effects and cloud adjustments. Ambient PM2·5 was the fifth-ranking global mortality 

risk factor in 2015, with exposure to it causing 4.2 million deaths and 103.1 million disability-adjusted life-years (DALYs), 

7.6% of total global deaths and 4.2% of global DALYs (Cohen et al., 2017). Moreover, fine PM is responsible for the aerosol 

effects that make the single greatest contributory uncertainty to radiative forcing (IPCC, 2021).  45 

Organic material makes a major contribution to the mass of fine PM in the atmosphere (Jimenez et al., 2009) and secondary 

organic aerosol (SOA) is the major contributor (Hallquist et al., 2009). Nonetheless, our ability to predict the atmospheric 

burden and hence impacts of fine secondary aerosol particles (Kanakidou et al., 2005; Tsigaridis and Kanakidou, 2018) has 

been limited by basic understanding of the formation of this organic component (Hallquist et al., 2009). Photochemistry 

dictates the levels of NO2, O3 and influences the SOA fraction of PM. It is relatively straightforward to understand and control 50 

primary pollutants. However, these secondary pollutants make a substantial contribution to air quality degradation and are set 

to become increasingly important as primary pollutants are cleaned up. However, understanding the rate and extent of SOA 

formation in the real atmosphere presents several challenges. There are tens of thousands of organic compounds in the 

atmosphere, ranging across more than 12 orders of magnitude in volatility (Goldstein and Galbally, 2007) with possible 

oxidation products running to millions (Aumont et al., 2005). They have extensive biogenic and anthropogenic sources and 55 

are spatially heterogeneous. Their reactivity ranges over many orders of magnitude and their lifetimes at ambient oxidant levels 

range from less than a second to several years. An unknown but substantial proportion of the organic compounds have the 

potential to act as SOA precursors and the degree to which this is influenced by the complex atmospheric mixture is unclear.  
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It has long been established that prediction of the formation of secondary gaseous pollutants in the troposphere requires 

knowledge of the nature of the mixture of volatile organic compounds (VOC), their abundance, chemical regime and airmass 60 

history (see e.g. Jenkin et al., 2017). In contrast, the formation of SOA in the real atmosphere is conventionally considered less 

mechanistically (see Shrivestava et al., 2017 for a discussion of neglected complexities and non-linearities) and frequently 

more empirically. Against the backdrop of this massive complexity of the atmospheric mixture of SOA precursors, the basis 

for our understanding of SOA formation has been primarily derived from experimental investigations of single component 

systems (Thornton et al., 2020; Donahue et al., 2012; Jenkin et al., 2012). A wealth of literature derived from chamber 65 

experiments on biogenic (Thornton et al., 2020; Carlton et al., 2009) and anthropogenic (Schwantes et al., 2017; Nakao et al., 

2012) precursors under a range of chemical environments combined with fundamental kinetic studies (Ziemann and Atkinson, 

2012; Cash et al., 2016) has enabled numerous ways of representing the formation and transformation of atmospheric SOA at 

varying levels of detail (Shrivastava et al., 2017; Charan et al., 2019). There have additionally been studies of SOA formation 

in source-oriented mixtures from diesel (Weitkamp et al., 2007; Nakao et al., 2011a) and gasoline (Nordin et al., 2013; Platt 70 

et al., 2013) exhaust, woodburning (Tiitta et al., 2016), cooking (Reyes-Villegas et al., 2018; Kaltsonoudis et al., 2017) and 

from macroalgal (McFiggans et al., 2004) and plant (Joutsensaari et al., 2005; VanReken et al., 2006; Pinto et al., 2007; Mentel 

et al., 2009; Hao et al., 2009; Wyche et al., 2014) emissions. Building on a well-established framework first suggested by 

Pankow (1994) to account for absorptive partitioning of mixtures of organic components in the atmosphere, attempts have 

been made to provide empirically constrained and mechanistically augmented conceptual frameworks of organic aerosol 75 

(Donahue et al., 2006; Donahue et al., 2011; Schervish and Donahue, 2020), but there is currently no universally accepted 

mechanistic basis for SOA understanding in the complex atmosphere.  

It was established that the scavenging of the OH radical by addition of isoprene significantly inhibits new particle formation 

in plant chamber studies (Kiendler-Scharr et al., 2009) and subsequently Berndt et al. (2018) showed that the presence of 

isoprene could inhibit the production of dimers that can be involved in nucleation or early particle formation. More recent 80 

studies have indicated that the mass and yield of SOA formed from individual precursors may similarly be influenced by the 

presence of other VOC (McFiggans et al., 2019), suggesting that it is necessary to take a more mechanistic approach in order 

to capture observed behaviour of SOA formation in mixtures. In addition to the observed suppression of particle mass and 

yield from α-pinene being attributed to the established scavenging of oxidant by the lower SOA yield isoprene, it was found 

that the C5 peroxy radical isoprene oxidation products scavenged highly oxygenated C10 peroxy radicals that would otherwise 85 

form extremely low volatility condensable compounds. This had also been reported by Berndt et al. (2018) who demonstrated 

a similar scavenging of C10 radical products in the presence of ethylene and isoprene. McFiggans et al. (2019) further reported 

such product scavenging and consequent reduction in α-pinene SOA yield by CO and CH4. Such interactions should be no 

surprise, given our understanding of peroxy radical cross reactions and termination fates in controlling production of secondary 

gaseous pollutants. Moreover, the existence of such interactions in mixtures is somewhat obvious in the light of the 90 

understanding that has emerged over recent years (e.g., Bianchi et al., 2019) of the roles of atmospheric autoxidation of VOC 
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producing highly oxygenated organic molecules (HOM). Following the early postulations of the role of autoxidation in 

atmospheric VOC degradation (Crounse et al., 2013), the importance of HOM in SOA formation has been widely established 

and quantified in monoterpene oxidation (Ehn et al., 2012; Ehn et al., 2014; Jokinen et al., 2015; Berndt et al., 2016; Berndt et 

al., 2018; Bianchi et al., 2019). The termination of the RO2 formed via autoxidation (“HOM-RO2”) will depend on the chemical 95 

conditions (the abundance of NOx, HO2 and the numerous other RO2 species present in the mixture) as well as the formation 

rate of the HOM-RO2. Schervish and Donahue (2020) provide a discussion of the determinants of the fate of HOM-RO2 and 

potential consequences on the distribution of low, extremely low and ultra-low volatility organic compound (LVOC, ELVOC 

and ULVOC respectively) products and hence on SOA formation in α-pinene oxidation. Autoxidation is widespread and 

common and, in atmospheric systems, is unlikely to be restricted to monoterpenes (though unsaturated compounds may be 100 

expected to be more susceptible; see Bianchi et al., 2019). Indeed, the application of recently developed mass spectrometric 

techniques has revealed the presence of HOM in the oxidation of aromatic compounds (Wang et al., 2017; Wang et al., 2020; 

Molteni et al., 2018; Tsiligiannis et al., 2019; Garmash et al., 2020; Mehra et al., 2020; Priestley et al., 2021). The degree to 

which the distribution of highly oxygenated compounds results from direct autoxidation or from multigenerational pathways 

is unclear, though the prevalence of large highly oxygenated RO2 during aromatic oxidation is clear. The attention on aromatic 105 

compounds has been driven by their relevance as anthropogenic VOC emissions, making significant manmade contributions 

to the VOC burden in the polluted troposphere. Given the prevalence and diversity of autoxidation mechanisms, it is probable 

that HOM would be detected on the application of modern mass spectrometry to the investigation of many classes of 

atmospheric VOC. The recent focus on the products of autoxidation in mixtures highlights the need to incorporate them 

alongside the more well-established products of the oxidation of VOCs when understanding gas phase photochemistry. The 110 

implications on production of aerosol particle precursors are less well studied. Since the fractional contribution of HOM to 

particle mass is unclear, the role of autoxidation and influences of interactions on the HOM contributions to SOA mass 

formation in mixtures is unquantified. It is therefore important to additionally maintain a focus on influences of the non-HOM 

components on SOA formation in oxidation of VOC mixtures. 

Given the potential diversity in VOC sources contributing to the pollutant mixture in the ambient atmosphere, it is important 115 

to establish the experimental basis for an understanding of SOA formation beyond the recently studied “simple” biogenic 

mixed systems (Berndt et al., 2018; McFiggans et al., 2019; Shilling et al., 2019). The importance of establishing a framework 

to understand interactions in systems of mixed anthropogenic and biogenic VOC stretches well beyond speculative curiosity. 

Such a framework may be a key to explaining observed non-linearities when natural and manmade pollution mixes (Spracklen 

et al., 2011; Emanuelsson et al., 2013). Using such considerations as motivation, a series of experiments was conceived to 120 

explore SOA formation from typical biogenic and anthropogenic VOC precursors and their binary and ternary mixtures. The 

binary α-pinene/isoprene system reported elsewhere was used as a biogenic mixture with established mechanistic interactions 

in its photo-oxidation. o-cresol was chosen as a representative anthropogenic VOC, being both emitted as a primary pollutant 

and formed through oxidation of other aromatic compounds. The construction of the study is detailed in the methodology 
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section below. The experiments were conducted in the 18m3 Manchester Aerosol Chamber (MAC), a Teflon photochemical 125 

chamber operating in batch mode. The design of experiments on mixed VOCs is complex and requires consideration of aspects 

not encountered in single VOC experiments. This paper explores many of these elements and associated challenges with a 

view to inform best practice in their planning and executions. The objectives were broad and diverse and aimed to: 

i) establish the suitability of the experimental design for investigating SOA formation in VOC mixtures; 

ii) establish the suitability of conventionally reported metrics such as SOA mass yield for quantifying SOA formation in VOC 130 

mixtures; 

iii) use these metrics to quantify any interactions in VOC mixtures leading to changes in the SOA formation from that may be 

expected based on single precursor experiments; 

iv) use a suite of online and offline measurements of chemical and physical properties, to probe the chemistry and physics 

leading to these interactions and the resulting particle properties of potential atmospheric significance. 135 

This paper will address the first three of these and provide an introduction to the findings related to the fourth, which have 

been detailed in a number of companion manuscripts, published (Du et al., 2022a,  Shao et al., 2022a, b, Voliotis et al., 2021, 

Wang et al., 2021, 2022), in review (Voliotis et al., 2022) and in preparation (Du et al., 2022b, Shao et al., 2022c). It is 

envisaged that the experimental programme will act as a springboard to investigate the detailed mechanisms of interactions in 

mixtures of VOC involved in ambient SOA formation. 140 

Importantly, this paper aims to explore whether SOA experiments using multiple VOC precursors can reveal aspects of the 

multiphase atmospheric systems inaccessible to experiments using a single precursor species. 

2. Experimental design 

The mixture of atmospheric VOCs and variability in prevailing oxidising environment is complex and the choice of precursors, 

concentrations and experimental conditions cannot be comprehensive. In addition to representativeness of atmospheric 145 

complexity and concentrations in the multiphase system, numerous infrastructural and measurement considerations must be 

accommodated. There are additional compromises in fully addressing specific objectives of the study. In this section, these 

criteria and the bounds of the study are addressed and the experimental design in response to these requirements are discussed 

along with the choices made. Finally, the capabilities, consequences and compromises inherent in these choices are listed, 

before outlining the methodology employed. 150 
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2.1. VOC mixture and oxidant choices 

Of the tens of thousands (or perhaps millions) of atmospheric organic compounds present in the vapour phase, a handful have 

been studied in previous chamber SOA experiments and fewer in mixtures. The selection of compounds for the study of mixed 

SOA precursors is simultaneously simple and complex in that study of a random mixture might be expected to yield novel 

results. However, care is required to interpret their importance and atmospheric relevance. Disregarding chlorine atoms and 155 

the Criegee radicals as “exotic”, the dominant oxidants at night are the nitrate radical (NO3) and ozone and during the day, the 

hydroxyl radical (OH) and ozone. Whilst arguments (such as possible dominance of daytime oxidising capacity and pathways 

to SOA over night-time) have sometimes been used for oxidant selection, this is fairly arbitrary, and we do not invoke such 

justification for the choice of daytime oxidation conditions for the present study. Similarly arbitrary is the selection of NOx 

regime. Whilst molar VOC : NOx ratio dependence of SOA formation from some precursors has been well studied (e.g. 160 

Pullinen et al. 2020), this is not the case for mixtures of VOC. It has been contended for certain systems that SOA formation 

pathways in low and high NOx regimes change dramatically and consequently influence SOA particle mass yield (e.g. 

Sarrafzadeh et al. 2016). Differences in experimental configurations and conditions lead to apparently conflicting findings and 

controversies remain surrounding the influence of NOx on SOA formation, requiring unambiguous mechanistic resolution. 

Truly low NOx regimes occur in limited locations in the ambient atmosphere, and not in the perturbed northern hemisphere. 165 

With inclusion of an anthropogenic SOA precursor in the mixture, it would be unreasonable to expect there to be a complete 

absence of NOx. This study uses moderate VOC : NOx ratios (molar ratios between roughly 3 and 8) broadly corresponding to 

a perturbed background chemical regime.  

In this study we initiate photochemistry through photolysis of NO2 under the simulated solar irradiation in the MAC to form 

O3 such that they rapidly move towards photostationary state (PSS) with NO, according to reactions R1, R2 and R3: 170 

NO2 + hv → NO + O(3P) (@ λ < 424 nm)   (R1) 

O(3P) + O2 (+ M)→ O3 (+ M)    (R2) 

NO + O3 → NO2 + O2     (R3) 

The O3 is photolysed at wavelengths below 310 nm to yield O(3P) and O(1D), the latter (R4) reacting with available water 

vapour to form the hydroxyl radical, OH (R5).  175 

O3 + hv → O2 + O(1D) (@ λ < 310 nm)   (R4) 

O(1D) + H2O → 2OH     (R5) 
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The O3 will attack the double bond in unsaturated compounds such as α-pinene and isoprene, initiating oxidation and yielding 

secondary OH. The OH will attack all VOCs in the system, either by hydrogen abstraction or OH-addition. A currently 

unquantified contribution to the OH concentration will likely be contributed by the release from the walls of HONO, as has 180 

been seen in previous studies in Teflon reactors under illumination (Rohrer et al., 2005, Ródenas et al., 2013). This is under 

investigation and will influence the photochemical environment in the MAC, but does not directly change the results reported 

here. 

The reactivity of gaseous VOCs towards ambient oxidants spans several orders of magnitude. The ratio of reactivity towards 

each oxidant varies substantially. Reactivity towards ozone will be negligible for saturated VOCs but can lead to lifetimes of 185 

a few minutes for reactive sesquiterpenes, for example. In order for each VOC in a mixture to contribute significantly to the 

distribution of oxidation products in a chamber experiment and thereby influence the pathways to, and potential for, SOA 

formation, it is desirable for them to have comparable reactivity towards the available oxidants. In such a mixture, the oxidation 

of similar amounts of each VOC might be reasonably expected to provide a comparable rate of change of oxidation products 

into the mix. These would then have the opportunity to contribute to SOA production pathways, serving as a useful basis for 190 

the current experiments.  

Choice of the VOCs determines the level and mixture of atmospheric components that are employed to approximately represent 

a given atmospheric situation. McFiggans et al (2019), in their choice of α-pinene and isoprene, looked at binary mixtures of 

abundant biogenically-emitted VOCs (as did Jaoui and Kamens, 2003, previously, in looking at mixtures of α- and β-pinene). 

Much of the global atmosphere is perturbed by anthropogenic pollutants and contributions from natural and manmade sources 195 

will depend upon the mixture and strength of, and distance from, upwind sources (amongst many factors). This study builds 

on the previous binary mixture of low and high yield biogenic SOA precursors (isoprene and α-pinene), adding a moderate 

yield anthropogenic VOC. Studies could equally be focused on a range of high, low or moderate SOA yield anthropogenic 

VOCs or any other combinations. Extension and broadening of the current approach is of substantial interest, but the 

experiments in this study were designed solely to investigate one anthropogenic and two biogenic VOCs and their mixtures. 200 

The biogenic VOCs that were chosen were α-pinene and isoprene to enable comparison of batch reactor experiments with 

previous flowtube (Berndt et al., 2018), well-mixed continuously stirred tank reactor (McFiggans et al., 2019) or flow-through 

chamber studies (Shilling et al., 2019). The anthropogenic aromatic OVOC o-cresol was chosen for its fairly rapid rate constant 

with OH (4.1 x 10-11 cm3molec-1s-1), such that it would exhibit comparable reactivity towards OH as a similar concentration of 

α-pinene or isoprene. A concept of “initial isoreactivity” towards OH was employed to select ratios of the initial concentrations 205 

of the VOCs. A lower concentration of a more reactive VOC was injected than of a less reactive one in a mixture, whilst the 

overall initial mixture reactivity was preserved. The intention behind this approach was to ensure that the production rates of 

first-generation oxidation products were broadly comparable and available to participate in SOA particle mass formation: the 

initial destruction rate of each VOC, and their first-generation oxidation product production rate, will be the same, enabling 
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the opportunity to explore interactions in the mixed systems. This means that the amounts are added in an α-pinene : isoprene 210 

: o-cresol ratio of 309 : 164 : 400 based on the ratios of the inverse of their IUPAC-recommended rate constants at 298K 

(Atkinson et al., 2006; Mellouki et al., 2021). It should be noted that, owing to the means of initiating photochemistry and 

indirect production of OH, it was not guaranteed at the outset that most of the VOC consumption would be attributable to OH 

reaction owing to the reactivity towards ozone of the unsaturated biogenic VOCs. Further, the turnover of products from each 

VOC will depend on this loss rate and the reactivity of their oxidation products to the prevailing oxidants, so isoreactivity will 215 

not be preserved throughout the experiments. In order to construct a systematic investigation of the single precursor, binary 

and ternary mixtures, individual VOC experiments were attempted at full-, half- and third-reactivity for comparison of SOA 

particle mass, composition and properties. This was to enable comparison of the gas or particle components present in the half-

reactivity individual VOC experiment with those from this same VOC in a binary experiment, or those in the third-reactivity 

individual VOC experiment with those from this same VOC in a ternary experiment. 220 

As with reactivity, the SOA particle mass yield of VOCs can vary widely, from unmeasurably low to several tens of percent. 

Intuitively, the presence of a higher yield VOC might be expected to contribute more mass than a lower yield VOC and 

consequently increase the yield of the mixture. What is less clear is the degree to which a lower yield component might reduce 

the yields of a higher yield VOC and vice versa – i.e. how strongly is the chemistry coupled and how do such interactions 

influence SOA particle formation? More fundamentally, the reference for and calculation of yields in VOC mixtures is a 225 

challenge depending on the often arbitrary selected definition; does consumption of all VOCs count, or just of those expected 

to be SOA  precursors (see results and discussion sections 4 and 5)? Using previously reported values for the SOA particle 

mass yields, it was expected that an initial full-reactivity mixing ratio in the 100s ppbv range would provide the 10 (o-cresol, 

Henry et al. 2008; Nakao et all 2011b) to a few 100 µgm-3 (α-pinene, Eddingsaas et al, 2012) required to provide enough 

particle mass on the filter at the end of an experiment (at a final chamber volume of around 10 m3) for molecular 230 

characterisation. 

2.2. Infrastructural and instrumentational considerations 

The SOA precursors in this study were mixtures of VOCs – i.e. compounds almost entirely in the vapour phase under normal 

temperate surface atmospheric conditions. Use of VOCs straightforwardly enables use of the heated glass bulb arrangement in 

the MAC for the injection and vapourisation of small amounts of liquid organic components. This widespread approach  235 

enables comparability with other studies using conventional SOA precursors. Modification of the injection system could enable 

use of solid stock for studies of mixtures of “unconventional” SOA precursors that have had much recent attention, such as 

those falling into the intermediate volatility (IVOC) and semi-volatile (SVOC) classes.  

All experiments employed ammonium sulphate seed particles. Ammonium sulphate is one of the most abundant electrolytes 

in the atmosphere and a component readily and reliably determined by instrumentation reliant on its volatilisation (to contrast 240 



9 

 

with, for example, sodium chloride). Use of seed particles was primarily to enable greater reproducibility by providing 

sufficient particulate mass to act as a condensation sink for partitioning compounds, suppressing nucleation and its attendant 

high sensitivities to small perturbations in experimental conditions. In chamber experiments, there is a competition for 

condensable vapours between the walls and any existing particles such that seeded experiments enable earlier formation of, 

and hence greater, SOA particle mass. Moreover, detection of this particle mass, and determination of their composition and 245 

properties is more straightforward with instruments that require particles to be greater than a certain size. Whilst we previously 

pioneered the technique of generation of SOA particle seeds for use in chamber experiments (Hamilton et al., 2011), use of 

ammonium sulphate avoids the additional complication of the chemistry by residual VOC oxidation products. Ammonium 

sulphate solution is nebulised into a stainless-steel retaining drum prior to mixing into the final fill cycle for the experiment 

(see methods section 2.4, below). It is recognised that inorganic seeds may not present the most effective absorptive medium 250 

for condensational uptake of organic vapours. Our seed generation process is highly reproducible and an implicit assumption 

of the likelihood of comparable efficiency as an absorptive medium across the systems of choice is made. All seeds were 

nebulised from stock solutions, likely existing as metastable aqueous particles at the nominal RH of 50% in the chamber. At 

the varying SOA : seed ratio across the systems, the partitioning through uptake to the strong aqueous solutions and subsequent 

dissolution / absorption may well differ. Moreover, acidic seeds are not accessible in the MAC, because uptake of background 255 

ambient NH3 leads to neutralisation of H+ at any reasonable seed mass loading. Acid-catalysed reactions may be of greater or 

lesser importance across systems. Because of these complications, the assumption of similar efficiency of inorganic seeds as 

an absorptive medium may not hold and should be a focus of further studies. 

Instrumental detection limits and sampling requirements dictate the accessible range of concentrations for the experiments, 

though many of the techniques employed are capable of high precision and time resolution measurement at low concentrations. 260 

Most employ online, or semi-continuous, operation and low concentrations could be readily accommodated by increasing 

instrument integration times. Filters are collected for molecular determination of SOA particle composition by the evacuation 

of the entire chamber through pre-fired quartz filters (section 3). Collection of sufficient mass on the filter provides a lower 

limit to the mass concentration loadings at the end of the experiment and dictates moderately high injected VOC concentration 

(dependent on the particle mass yield of the mixture). This is to maximise the molecular identification and quantification since 265 

the detection limits for the components are enhanced by maximising the total particle mass collected. The consequences of 

higher-than-ambient VOC and PM mass loadings are discussed in section 5. 

Very low NOx studies are not accessible in the MAC, owing to variable and sometimes elevated NOx concentrations in our 

chamber laboratory in the centre of Manchester. Such conditions limit the ability of our Purafil scrubber to completely remove 

NOx at our high inlet flow and may potentially lead to the increase in NOx by diffusion through the Teflon film. Such effects 270 

would be non-negligible when attempting sub-ppbv NOx experiments but present at worst modest challenges at higher NOx 
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conditions, and are unnoticeable under the chosen VOC concentrations and moderate VOC:NOx ratios of the current 

programme. 

The chemical conditions in all experiments were controlled by photo-oxidation under a simulated solar spectrum (Shao et al., 

2022a) at moderate VOC:NOx ratio, with NOx injected as NO2. The seed particles were injected to provide a condensation sink 275 

sufficiently large to compete effectively with the wall for condensable vapours. The interaction of Teflon chamber walls with 

vapours is the subject of considerable ongoing investigation (e.g. Zhang et al., 2014). Vapour-wall interactions have not been 

fully quantified in the MAC. They will vary across systems with vapour pressure of individual condensing oxidation products. 

However, injected seed was sufficient to suppress observable particle formation. Without seeds, nucleation and growth was 

found to occur in all α-pinene containing systems and the o-cresol system at our concentrations. Suppression by the presence 280 

of seeds is an experimental demonstration that the injected concentrations compete effectively with the walls for the vapours. 

Nonetheless, the walls will potentially influence the measured particle mass yields in the lower yield systems more than in 

higher yield systems owing to the lower condensation sink provided by the available particles. This is discussed in section 4. 

Table 1 shows the initial conditions of all experiments. 

It is not the intention to quantitatively establish the extent and nature of interactions between VOC precursors in the 285 

photochemical processes leading to SOA particle formation in ambient mixtures and the consequent impacts on SOA 

composition and properties in the real atmosphere. The VOC mixtures and set of experimental conditions is a small sample 

across a large chemical space and range of temperatures. The current programme aims to reveal examples of the behaviours 

in mixed systems and provide indicative quantifications of potential interactions and consequences. A focus is placed on the 

formation of particle mass and the physical properties and chemical composition of the evolving particle distribution as it 290 

transforms through the experiment. Less emphasis is placed on the quantification of the radical chemistry and oxidative 

environment although some characterisation of products in the gas phase and their partitioning to the particle phase is 

attempted. The experimental design and instrumentational suite are used so far as possible to contribute to addressing the 

objectives outlined in section 1 

Exp. 

No 

Exp. 

Type 
VOC 

NOx 

(ppb) 

VOC 

(ppb)a 

VOC/NOx 

(ppb/ppb) 

Seed 

(μg m-3) 

SOA mass 

(μg m-3) 

 Single      

1  α-pinene 40 309 7.7 72.6 273.2 

2  α-pinene 43 309 7.2 67.6 283.1 

3  α-pinene 50 309 6.2 39.4 - 

4  α-pinene 26 155 6.0 45.7 68.6 

5  α-pinene 35 155 4.4 47.8 109.5 

6  α-pinene 18 103 5.7 51.0 31.5 

7  o-cresol 98 400 4.1 50.8 28.2 

8  o-cresol 44 400 9.1 47.8 56.0 
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9  o-cresol 71 400 5.6 36.0 - 

10  o-cresol 40 200 5.0 51.3 22.8 

11  isoprene 24 164 6.8 64.1 0.0 

12  isoprene 23 164 7.1 101.9 0.0 

13  isoprene 14 55 3.9 42.2 0.0 

 Binary      

14  o-cresol/isoprene 34 282 (200/82) 8.3 49.6 11.2 

15  o-cresol/isoprene - 282 (200/82) - 57.0 9.4 

16  α-pinene/o-cresol 52 355 (155/200) 6.8 48.3 122.3 

17  α-pinene/o-cresol 65 355 (155/200) 5.5 72.9 - 

18  α-pinene/o-cresol - 355 (155/200) - 42.5 130.1 

19  α-pinene/isoprene 33 237 (155/82) 7.2 63.7 96.6 

20  α-pinene/isoprene 39 237 (155/82) 6.1 62.0 100.9 

21  α-pinene/isoprene 24 237 (155/82) 9.9 50.5 75.2 

 Ternary      

22  α-pinene/o-cresol/isoprene 80 291 (103/133/55) 3.6 45.6 55.5 

23  α-pinene/o-cresol/isoprene 60 291 (103/133/55) 4.9 49.0 51.4 

24  α-pinene/o-cresol/isoprene 78 291 (103/133/55) 3.7 45.8 58.0 
aAll nominal reported initial VOC concentrations  have a ± 15% injection uncertainty; this was verified using several calibrated 295 

GC-MS runs for components injected at the same concentrations in individual experiments and mixtures. The individual VOC 

concentration in the binary and ternary mixtures shown in brackets correspond to the precursor VOC listing. A dash indicates 

missing data owing to instrument problems. 

Table 1: List of initial conditions for all the experiments in the campaign. 

2.3. Methodology 300 

All experiments were performed in the MAC; a 18m3 FEP Teflon bag mounted on three pairs of rectangular extruded 

aluminium frames and housed in an air-conditioned enclosure, and details of the experimental procedure can be found in Shao 

et al. (2022a). In the MAC, ground-level solar illumination is simulated using two 6 kW Xenon arc lamps and a bank of 

halogen lamps, mounted on the inner aluminium wall of the enclosure which is lined with reflective Mylar film to maximise 

and homogenise the light intensity throughout the chamber.  Removal of unwanted heat from the lamps is provided by the 305 

temperature and RH conditioned air introduced between the bag and the enclosure at 3 m3 s-1 and active water cooling of the 

mounting bars of the halogen lamps and of the filter in front of the arc lamps. In addition to removing the heat from the arc 

lamp, the water in the filters removes unwanted IR radiation and the 4mm quartz plates forming the filter windows remove all 

UV radiation below 290 nm and increasingly transmit light up to 100% above 305 nm. The chamber inlet system comprises a 

high flowrate blower, feeding dried laboratory air through 50 mm diameter stainless steel pipework to a series of high-capacity 310 

filters and variously via a series of two- and three-way electropneumatic valves to a humidifier, ozoniser and aerosol generation 

drum before delivering it to the chamber through a Teflon manifold. This is mounted on the top frame of the central rigidly 
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fixed pair of frames. The upper and lower pairs of frames are counter-weighted and free to track vertically, allowing the bag 

to expand and collapse as it is filled and flushed, by switching the valve positioning.  

All controls are automated, and a series of pre- and post-experimental procedures have been programmed, comprising 315 

repeatable, characterised sequences of filling and flushing. The pre-experiment sequence is conducted prior to each experiment 

to ensure an adequately low background of indicative particulate and gaseous contaminants, monitored by CPC, NOx and O3 

analysers. A one-hour long chamber background characterisation procedure, following the pre-experiment sequence, is 

conducted to ensure that a baseline contamination level has been established. This is followed by injection of the VOCs, NOx 

and seed particles and a one-hour collection of data from the experimental background in the dark, during which the chamber 320 

conditions and all instrumentation are stabilised.  A post-experiment sequence is conducted after each experiment to flush the 

chamber of all residual contaminants and leave a clean bag for the next experiment. The final fill of the post-experiment 

sequence contains ppm levels of ozone which is used to soak the chamber overnight between subsequent experiments. A 

weekly vigorous clean is conducted using full illumination with no UV filter on the arc lamps and ppm levels of ozone at high 

RH for maximum OH production. 325 

Ammonium sulphate seed particles are atomised into a 50L stainless steel drum for pre-concentration prior to injection of the 

polydisperse population into the chamber.  The seed concentration in the chamber is controlled by altering the injection time 

into the drum and the concentration of the solution. After the final pre-experiment flush cycle, the fill flow is diverted through 

the drum. Liquid α-pinene, isoprene and o-cresol are injected as required through the septum of a heated glass bulb and 

evaporated into an N2 carrier flow into this final fill along with NOx as NO2 from a cylinder, also carried by N2. Photochemistry 330 

is initiated by irradiating the chamber mixture with the selected VOC and NOx concentrations using the lamps as described 

above. Online instrumentation is used to continuously monitor the concentration of NOx, O3, particle number and mass 

throughout each experiment. It should be noted that o-cresol was found to interfere with O3 measurement as a result of its UV 

absorption. The decay of CIMS-measured o-cresol was used to correct the O3 data in all o-cresol containing experiments. The 

dark o-cresol measured before introduction of O3 into the MAC was used to calibrate the O3 analyser signal for absorption by 335 

o-cresol. It should be noted that any UV absorption from the oxidation products of o-cresol cannot be captured and O3 is thus 

reported as an upper limit in o-cresol containing systems. It should also be noted that there will be an uncorrected influence of 

NOy in the NO2 channel of the 42i NOx analyser owing to the molybdenum converter employed to produce NO prior to 

detection by chemiluminsescence (see e.g. Villenna et al. 2012). This should be recognised in the interpretation of our 

experiments with the photochemical production of HNO3 and organic nitrates. 340 
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Instrument Model 
Measured 

parameter 
LOD/ range 

Time resolution 

Dew point hygrometer 
Edgetech (DM-C1-DS2-

MH-13) 
Dew point -20 – 90 ± 0.2 oC 1s 

NOx analyser Thermo 42i NO, NO2 0.5 to 1000 ppb 10s 

O3 analyser Thermo 49C O3 0-0.05 to 200 ppm 10s 

Water-based condensation 

particle counter 
TSI 3786 Particle number <107 p/cc 1s 

Differential mobility particle 

sizer 
Custom-builta Particle size 40-600 nm 600s 

Filter collector Custom-builtb 
Particle collection for 

offline analysis 
 n.a. 

Condensation particle 

counter 
TSI 3776 Particle number <107 p/cc n.a. 

Scanning mobility particle 

sizer 
TSI 3081 Particle size 10-1000 nm 120s 

High mass-spectral 

resolution aerosol mass 

spectrometer 

Aerodyne 
PM1 non-refractory 

particle composition 
>0.05 μg m-3 60s 

Iodide chemical ionisation 

mass spectrometer 
Aerodyne/Tofware Oxygenated VOC 

LOD >60 ppt;       

Mass resolution 

4000 Th/Th 

0.25s 

Filter Inlet for Gases and 

AEROsols 
Aerodyne/Tofware Particle composition >102 ng n.a. 

Semi-continuous gas-

chromatograph mass 

spectrometer 

6850 and 5975C Agilent VOC concentration >0.4 ppb 1200s 

Liquid chromatograph – 

orbitrap mass spectrometery 

Dionex 3000, Orbitrap 

QExactive, 

ThermoFisher Scientific 

Particle composition   n.a. 

Hygroscopicity tandem 

differential mobility analyser 
Custom-builtc Hygroscopicity 20-350 nm 600s 
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Cloud condensation nuclei 

counter 

Droplet measurement 

Tech (model CCN-100) 
CCN activity 

>6 x 103 particles 

cm-3 at SS:0.2% 
600s 

Thermal denuder Custom-builtd Volatility 

Temperature 

range: ambient – 

200℃ 

n.a. 

Three arm bounce impactor Custom-builte Particle bounce 
20-500 nm, < 104 

particles cm3 
90s 

aAlfarra et al. (2012) 
bHamilton et al. (2011)  
cGood et al. (2010) 345 
dVoliotis et al. (2021a) 
eLiu et al. (2017) 

 

Table 2: List of instrumentation employed over the course of the study 

 350 

The instrumentation includes: a high-resolution time-of-flight Aerosol Mass Spectrometer (HR-ToF-AMS; Aerodyne Inc to 

measure particle composition by mass, a Filter Inlet for Gases and Aerosols coupled to an iodide chemical ionisation mass 

spectrometer (FIGAERO-I--CIMS; Aerodyne Inc.) for gas and particle phase oxygenated component measurement, a scanning 

mobility particle sizer (SMPS; TSI Inc.) for particle size distribution retrieval, a home-built hygroscopicity tandem differential 

mobility analyser (HTDMA) for hygroscopic growth factor determination, a cloud condensation nucleus counter (CCNc; DMT 355 

Inc.) for cloud droplet potential evaluation and a home-built three arm bounce impactor for particle rebound determination. 

Some of the online instrumentation was changed after several hours of reaction to cycle between sampling after a home-built 

thermodenuder (TD) and directly from the chamber. Finally, a semi-continuous 2-trap Gas Chromatograph with Mass 

Spectrometric detection (GC-MS; Agilent) was used to monitor VOC concentrations. Table 2 provides the list of all 

instrumentation employed throughout the programme. At the end of each 6-hour experiment, the entire remaining contents of 360 

the bag are flushed through a Whatman Quartz microfibre filter (pre-fired at 550°C for 5.5 hours) to collect the particles. The 

filters were then wrapped in foil and stored at -18°C prior to analysis by LC-electrospray Orbitrap MS.   

As described in Shao et al. (2022a), jNO2 actinometry and off-gassing experiments were conducted regularly through the 

programme in order to establish the consistency of the chamber’s performance, evaluate the effectiveness of the cleaning 

procedure and confirm cleanliness of the chamber. Background filters were collected from the actinometry and off-gassing 365 

experiments. 

2.4. Compromises in the experimental plan and consequences 

OH and O3 are the dominant oxidants under the chosen photo-oxidation conditions. The steady-state concentration of nitrate 

radical under our illumination were calculated to be too low for significant VOC consumption. However, the unsaturated 
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biogenic compounds will each react with ozone with appreciable reactivity whilst o-cresol exhibits negligible reactivity 370 

towards ozone. Ozone is the first oxidant to be formed through photolysis of NO2, and there will be appreciable formation of 

biogenic oxidation products prior to formation of those from o-cresol. Consumption of VOCs by different oxidants is presented  

in section 3. 

In addition to the differential reactivity towards the two dominant oxidants, there will be differences in the product formation 

rates in the single VOC experiments with varying concentrations owing to the use of a single VOC : NOx ratio. This will result 375 

from the reduced NOx at reduced VOC, which will lead to reduced OH concentration owing to reduction in the NO + HO2 

flux. Though there will also be a reduced rate of production of ozone in these experiments, non-linearity leads to changes in 

the O3 : OH ratio and hence changes in the contributions of the oxidation pathways for the biogenic VOCs. There may be less 

expected influence on the pathways for o-cresol oxidation, though the rate of oxidation will nevertheless be slowed. 

Atmospheric OH reactivity can be estimated from the quantification of VOC abundance or from direct measurements of OH 380 

lifetime. Using the latter, Whalley et al. (2016) reported central London diurnal average morning peaks of around 27 s-1 and a 

campaign maximum of around 116 s-1. Our full reactivity experiments have an OH reactivity around 465 s-1, some 4 times 

higher with only one, two or three VOCs for single precursor, binary or ternary experiments respectively. It would be desirable 

to work with lower concentrations, but a comparable turnover of oxidant can be achieved at atmospherically reasonable oxidant 

concentrations at our chosen VOC reactivity. In addition to challenges associated with maintaining oxidant levels at such high 385 

VOC concentrations, there is likelihood that the chemical regime, particularly with respect to radical concentrations may 

introduce biases in observed system behaviour. In our systems, OH reactivity is provided by C5, C7 and C10 VOC compounds 

in addition to that provided by NO2 and VOC oxidation products formed by the oxidation (e.g. Yang et al., 2016). This will 

lead to a high abundance of relatively large peroxy-radical, RO2, species. OH reactivity in the ambient atmosphere is likely to 

be distributed amongst a high diversity of small (including CO and CH4) and larger components (including carbonyls and other 390 

oxygenates). The distribution of RO2 and the ratio of RO2 : HO2 may be substantially different. Whilst this has not been 

explored systematically in chamber experiments to our knowledge, Peng and Jimenez(2020)  have discussed such chemical 

regime dependence in oxidation flow reactors. Nonetheless, it is not the intention or objective of the current study to mimic 

the atmospheric chemical regime, but more to explore the potential for mixed VOC systems to reveal interactions in SOA 

formation processes.  395 

A further consideration is the selection of non-acidic seed experiments. The systems studied will more reflect direct partitioning 

of gaseous oxidation products rather than accounting for products of condensed phase reactions, particularly those that are acid 

catalysed. Again, the intention is not to comprehensively mimic the atmosphere and this is recognised in the interpretation and 

discussed in further detail in section 4. 
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3. Results 400 

2.3.3.1. Photochemistry, VOC consumption and SOA particle mass formation 

To provide the photochemical context for example systems, Figure 1 shows time series of NO2, NO and O3 from experiments 

in the following 4 systems: α-pinene, isoprene, α-pinene/isoprene and o-cresol. Note that, in the presence of o-cresol, O3 

measurement by UV absorption was influenced by UV absorption by o-cresol and Figure 1(d) is corrected as explained in the 

methods section. Figure S1 shows the NO2, NO and O3 for all systems, similarly corrected for o-cresol containing systems. 405 

 

 

 

 

 410 

Figure 1: NO2, NO and O3 time series in example single and mixed VOC experiments (a) α-pinene, (b) isoprene, (c) α-

pinene/isoprene, (d) o-cresol. Note that, in the presence of o-cresol, O3 measurement by UV absorption was influenced by UV 

absorption by o-cresol and O3 data in (d) were corrected as explained in the methodology section 2.4. 

Some insight into the trajectory towards PSS across the systems can be gained by inspection of Supplementary Figure S2, 

which provides a comparative summary of the Leighton Ratio (Leighton 1961) for all systems and the O3 calculated assuming 415 

PSS, i.e. Leighton Ratio of 1, shown for the o-cresol containing systems. The Leighton Ratio is given by  

φ = jNO2 [NO2]/kO3+NO[O3][NO]    (1) 

where jNO2 is the photolysis rate of NO2 (i.e. rate of R1), kO3+NO is the rate of reaction of O3 with NO (reaction R3) and [NO2], 

[O3] and [NO] are the molecular concentrations of NO2, O3 and NO respectively. 

In the polluted high-NOx atmosphere, PSS universally applies and φ is unity. In moderately polluted conditions, radical 420 

reactions are increasingly important in conversion of NO to NO2 and typically φ >1. This is because HO2 and RO2 will compete 

with the O3 reaction for NO (R3) according to reactions (R6 and R7):  

HO2 + NO → NO2 + OH    (R6) 

RO2 + NO → NO2 + RO    (R7) 
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where RO2 arise from biogenic VOC or o-cresol. Note that, in the ambient atmosphere, RO2 can stem from a very wide pool 425 

of VOCs. In principle, it is possible to calculate the combined reactivity of HO2 and RO2 towards NO that would be required 

to explain the positive deviation from unity. Further deviation from PSS and consequent increase in φ will occur when O3 loss 

processes other than R3 become important. These can include reactions of O3 with NO2, alkenes and radicals. In our chamber 

systems, the O3 reactions with α-pinene and isoprene and radical reactions with NO, are competitive and provide substantial 

deviation from PSS. The NOx and O3 trajectories in the various systems can be seen to vary substantially. Nevertheless, in all 430 

systems, illumination of the chamber leads to the expected onset of significant photochemistry to initiate the VOC photo-

oxidation.  

 

Figure 2: Decay rates of each VOC across all mixtures; a) α-pinene, b) o-cresol and c) isoprene. All lines (and shaded areas) 

containing blue correspond to experiments including α-pinene, containing red to those including o-cresol and yellow to 435 

isoprene. For example, purple lines correspond to an α-pinene /o-cresol binary mixture and brown to the ternary mixture. The 

shaded areas represent the envelope of measurements from all repeat experiments around the solid line mean. 

From Figure 2, it can be seen that the rate of decay is not the same in each experiment, despite the attempt at initial isoreactivity, 

as explained in section 2.5. Oxidation products from each VOC will nevertheless be present in appreciable quantities in each 

experiment, satisfying the objectives of the design to enable exploration of interactions of oxidation products in SOA particle 440 

formation. 

Figure 3 shows the time series of SOA particle mass in all experiments (with shading representing the full range of the 

measurement across all repeat experiments) in all precursor systems studied. It can be seen that the greatest SOA mass was 

generated in α-pinene containing systems, which is unsurprising, given the known efficiency with which it forms particle mass. 

It was found that o-cresol and o-cresol containing mixtures were the next most efficient at producing particle mass. This might 445 

be expected with its reported moderate SOA particle producing potential (Henry et al., 2008). Negligible SOA particles were 

formed in all single VOC isoprene experiments. Only when isoprene was in a mixture was any mass formed and, in all cases, 
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this was lower than the mass formed from the other VOC alone. Again, this is not too surprising, given the low or negligible 

particle mass yield reported for isoprene on neutral particle seeds. It can be seen in Figure 2 that VOC consumption was 

incomplete in all experiments and Figure 3 shows that the particle mass may not have fully peaked in all o-cresol and o-cresol 450 

/ isoprene experiments. Nevertheless, the mass peak was observed in most experiments before they were completed, and the 

chamber contents flushed through the filter for compositional analysis. Panel b) in Figure 3 shows the SOA particle mass 

corrected for the losses of particles to the chamber walls. This was conducted by calculating the exponential decay of particles 

of each size from a targeted ammonium sulphate wall loss correction experiment performed close to the experiment of interest. 

Details of the wall loss correction can be found in Shao et al. (2021a). 455 

 

Figure 3: SOA particle mass in each system, a) raw measurements and b) particle wall-loss corrected mass. Note that this is 

organic mass determined from AMS measurements and so does not include the ammonium sulphate seed particles. The same 

colour scheme as in Figure 2 is used; solid line is the mean and the shaded area represents the envelope of the measurements 

from all repeat experiments. 460 

3.2. SOA Particle Mass Yield in Individual VOC Systems and Mixtures 

SOA particle mass yield is a widely used metric that aims to represent the effectiveness of a VOC in forming organic particle 

mass. In single precursor systems it is straightforwardly the SOA particle mass formed per unit of VOC consumed: 

𝑌 = ∆[𝑆𝑂𝐴]/∆[𝑉𝑂𝐶]       (2) 
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Frequently the yield is reported as a single number and this may be taken from measurements at a) the maximum SOA particle 465 

mass formed in the experiment, b) at the maximum VOC consumed, or perhaps more arbitrarily, c) at the end of an experiment. 

Such approaches may be reasonably applied for comparisons between precursors in identical oxidation conditions in the same 

chamber. Owing to significant particle losses to chamber walls, it can be seen from Figure 3 that it is important to correct the 

SOA particle mass formed in the yield calculations for such losses. It is noted that the yields need to be corrected for VOC or 

OVOC product losses to the walls, too as discussed in section 4. Table 3 shows the calculated yields for all individual VOC 470 

and mixture experiments. The first 9 rows show the yields for single VOC experiments. Following the SOA particle mass plots 

shown in Figure 3, it is clear that the efficiency in forming mass is in the order α-pinene > o-cresol > isoprene, with no SOA 

particle mass ever measured in isoprene oxidation though appreciable isoprene consumption was observed as shown in Figure 

2. For α-pinene and o-cresol it can be seen that the yield increased with increasing initial concentration. The o-cresol and o-

cresol / isoprene experiments were not continued to the point of maximum mass formation (as shown in Figure 3) and so the 475 

maximum VOC consumption and mass formation both correspond to the end of the experiments in these systems. Figure 4 

shows the yield plotted against SOA particle mass for α-pinene and o-cresol for all individual VOC experiments, indicating 

that the yield increases monotonically with SOA particle mass within propagated experimental uncertainties. Such behaviour 

is expected and is consistent with absorptive partitioning considerations (Bowman et al., 1997). Note that organic mass 

formation in the “full reactivity” (i.e. 309 ppb α-pinene) experiment is so rapid that VOC data are only available for yield 480 

calculation beyond 100 µg m-3. Supplementary Figure S4 alternatively shows the SOA particle mass yield plotted against the 

total particle mass in the chamber, including the ammonium sulphate seed particles that provide a condensation sink for the 

condensable vapours produced by VOC oxidation. 
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Figure 4: SOA particle mass yield as a function of mass formed in the single precursor α-pinene and o-cresol experiments at 485 

all initial concentrations. Each curve is comprised of multiple data points measured over the duration of each experiment. Error 

bars represent the propagated uncertainties in all measurements and in the particle wall loss corrections applied. 

Since there is no SOA particle mass formed from isoprene, Table 3 additionally presents yield data omitting the consumption 

of isoprene in the denominator of equation 2, accordingly increasing the yield. Figure 5 shows the yield curves for typical 

experiments in all systems. The yield curves allow comparison between the systems, both including and excluding isoprene in 490 

the denominator of equation 2. The two-product model (Odum et al., 1996) was used to fit the yield curves for α-pinene and 

o-cresol. These are included to guide the eye. Here, the two-product model parameterised the relation of overall SOA yield 

and the adsorptive mass assuming only two products to exist in the system. The equation of the two-product model is shown 

in eq.3. α, Kp and COA represent the stoichiometric factor, the partitioning coefficient of product and the total absorbing organic 

mass, respectively. The α1, α2, Kp,1, Kp,2 can be fitted from the yield curves.  495 

𝑌𝑖𝑒𝑙𝑑 = 𝐶𝑂𝐴 (
𝛼1𝐾𝑝,1

1+𝐾𝑝,1𝐶𝑂𝐴
+

𝛼2𝐾𝑝,2

1+𝐾𝑝,2𝐶𝑂𝐴
)    (3)  

 Reactivity 
Yield at max. 

mass, Ymm 

Yield at max. 

VOC consumed, 

Ymvoc 

Yield at max. mass 

(Isoprene excluded), 

Ymm
mix, all 

Yield at max. VOC 

consumed (Isoprene 

excluded), Ymvoc
mix, no 

iso
 

α-pinene 

Full 0.32 ± 0.08 0.27 ± 0.06   

1/2 0.21 ± 0.05 0.17 ± 0.04   

1/3 0.16 ± 0.04 0.13 ± 0.03   

isoprene 

Full 0 0   

1/2 - -   

1/3 0 0   

o-cresol 

Full 0.13 ± 0.03 0.13 ± 0.03   

1/2 0.11 ± 0.03 0.11 ± 0.03   

1/3 - -   

α-pinene/isoprene Full 0.16 ± 0.05 0.13 ± 0.04 0.19 ± 0.05 0.16 ± 0.04 

α-pinene/o-cresol Full 0.29 ± 0.09 0.22 ± 0.07   

o-cresol/isoprene Full 0.06 ± 0.02 0.06 ± 0.02 0.08 ± 0.02 0.07 ± 0.02 

α-pinene/o-

cresol/isoprene 
Full 0.11 ± 0.04 0.08 ± 0.03 0.12 ± 0.04 0.08 ± 0.03 
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Table 3: Measured and particle wall-loss corrected SOA particle mass yields for all systems calculated at maximum particle 

mass and maximum VOC consumed. For mixtures containing isoprene, which had zero yield on the neutral seeds injected, the 

yields were calculated excluding the consumption of isoprene in the system allowing them to be compared to the mixtures 500 

without isoprene. Yield was calculated with the density of organic matter of 1.4μg m-3. The maximum mass used in the yield 

at maximum mass calculation is given in Table 1. The uncertainties in SOA particle mass yield was calculated by propagating 

the ± 1 uncertainties of measured SOA and VOC. A dash indicates missing data owing to experiment problems.  

In addition to the measured points, Figure 5 shows “predicted” yields for the mixtures assuming additivity, based on the SOA 

particle mass at the same VOC consumption measured in the single VOC experiments using equations 3 and 4. 505 

𝑌𝑖𝑒𝑙𝑑𝑝𝑟𝑒𝑑. =  
∆𝑚𝑉𝑂𝐶1+ ∆𝑚𝑉𝑂𝐶2+∆𝑚𝑉𝑂𝐶3

∆𝑉𝑂𝐶1+∆𝑉𝑂𝐶2+∆𝑉𝑂𝐶𝑉𝑂𝐶3
     (4) 

Where VOCn
 is the consumption of VOC and mVOCn is the SOA particle mass at this consumption. 
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Figure 5: Yield data for selected representative experiments in all systems (with 2-product yield curves for α-pinene and o-

cresol single VOC experiments). Panel a) shows the binary α-pinene / o-cresol mixture and its constituents, b) the binary α-510 

pinene / isoprene mixture, c) the o-cresol / isoprene mixture (expanded y-axis plot shown in Figure S5) and d) the ternary α-

pinene / o-cresol / isoprene mixture. Yields “predicted” from the linear combination of yields from the individual VOC 

experiments using equation 4 are shown for each mixture. 
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The parameters (α1, α2, Kp,1, Kp,2) from the two-product fit by equation 3 from the single VOC half- and third-reactivity 

experiments were used to generate a yield-mass-∆VOC look-up-table. This was then used to calculate the hypothetical SOA 515 

particle mass formed from each precursor at the consumption of the VOC at each point in the binary and ternary systems as 

shown in Figure 5 (and expanded for the o-cresol / isoprene system in Figure S5). The predicted yield in the binary α-pinene / 

o-cresol mixture is below that measured and slightly higher than that measured for o-cresol at 50% reactivity. The yield 

measured in the mixture is comparable to that of α-pinene measured at one half and one third reference reactivity. For the 

isoprene-containing binary mixtures, clearly the predicted yield excluding isoprene in the denominator, Ymvoc, pred
mix, no iso, is 520 

identical to that of the 2-product curve fitted to the single VOC experiment derived yield of other components in the mixtures. 

In the α-pinene / isoprene system, the predicted yield accounting for the consumption of both α-pinene and isoprene, Ymvoc, 

pred
pin/iso, all, is higher tha41n that measured but, as shown in Tables 3 and 4, comparable to the measured yield calculated from 

the consumption of α-pinene only, Ymvoc, meas
pin/iso, no iso. In the o-cresol / isoprene system, the predicted yield accounting for 

the consumption of both o-cresol and isoprene Ymvoc, pred
cres/iso, all,  is lower than that measured, Ymvoc, meas

cres/iso, all,   (at higher 525 

mass loadings), there is little difference within uncertainty at a lower mass. The predicted yield accounting for the consumption 

of o-cresol alone, Ymvoc, pred
cres/iso, no iso,  is lower than that measured when calculated using the same total VOC consumption, 

Ymvoc, meas
cres/iso, no iso, but comparable to the measured yield using the consumption of both o-cresol and isoprene, Ymvoc, 

meas
cres/iso, all. Finally, in the ternary system, the predicted yield excluding isoprene consumption, Ymvoc, pred

cres/pin/iso, no iso, is 

similarly (and obviously) higher than that including its consumption, Ymvoc, pred
cres/pin/iso, all, but both predictions are between 530 

the yields of single α-pinene and o-cresol experiment measurements. The measured yields accounting for only α-pinene and 

o-cresol consumption in the ternary mixture, Ymvoc, meas
cres/pin/iso, no iso, are also similarly (and obviously) higher than that 

including isoprene consumption, Ymvoc, meas
cres/pin/iso, all. There is insufficient difference between the measurements or the 

predictions to state whether inclusion or exclusion of isoprene consumption gives a much better agreement, though there is an 

indication that the predicted yields show a steeper gradient with SOA particle mass than the measured slope, which more 535 

closely follows that of the o-cresol than that of α-pinene. The measured single precursor yields shown in table 3, including the 

ones at maximum VOC consumed used in the predictions, are plotted for clarity in Figure S6. Table 4 distils the predictions 

based on the yield from single VOC experimental data at the same consumption as in the mixtures into single values predicted 

at maximum SOA particle mass, maximum VOC consumption, both with and without isoprene decay in the calculation (plotted 

for clarity in Figure 6). 540 

Predicted Yield at: 

 
Max. SOA particle 

mass, Ymm, pred
mix, all 

Max. VOC 

consumption, 

Ymvoc, pred
mix, all 

Max. SOA particle 

mass excl. isoprene, 

Ymm, pred
mix, no iso 

Max. VOC 

consumption 
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excl. isoprene, 

Ymvoc, pred
mix, no iso 

α-pinene/isoprene 0.19± 0.08 0.15±0.06 0.21±0.08 0.17±0.06 

α-pinene/o-cresol 0.17±0.07 0.14±0.05 0.17±0.07 0.14±0.05 

isoprene/o-cresol 0.10±0.04 0.09±0.04 0.11±0.04 0.11±0.04 

α-pinene/isoprene/o-

cresol 
0.13±0.06 0.11±0.05 0.14±0.05 0.12±0.05 

 

Table 4 SOA predicted yield for the 4 mixtures at maximum SOA particle mass produced and maximum VOC consumed. The 

uncertainties in SOA particle mass yield was calculated by propagating the ± 1 uncertainties of predicted △SOA and 

measured △VOC. 

 545 

Figure 6:  (a) Measured and Predicted yield for all mixture precursor system calculated at maximum particle mass; (b) 

Measured and Predicted yield for all mixture precursor system calculated at maximum VOC consumed. For mixtures 

containing isoprene, which had zero yield on the neutral seeds injected, the yields were calculated excluding the consumption 

of isoprene in the system allowing them to be referenced to the mixtures without isoprene. Yield was calculated with the 

density of organic matter of 1.4μg m-3. The maximum mass used in the yield at maximum mass calculation is given in Table 550 

1. The uncertainties in SOA particle mass yield were calculated by propagating ± 1σ uncertainties of predicted △SOA and 

measured △VOC. 
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3.3. Oxidant Contributions to VOC Decay 

To explore the likely fate of the parent VOCs in the MAC, we used the measured O3 concentrations and VOC decay rates and 

exploited the differential reactivities of the VOCs to investigate the decay attributable to each oxidant and also overcome 555 

measurement difficulties encountered in the experiments. For example, knowing that o-cresol has a negligible rate of reaction 

with O3, we are able to calculate the OH concentration from the o-cresol decay curve. This can then be used to attribute the 

fraction of the decay of isoprene and α-pinene to OH and O3 in their binary mixtures with o-cresol. This is important, since the 

measurement of O3 by UV absorption in the presence of o-cresol is challenging and requires correction for the additional 

absorption by o-cresol. In systems without o-cresol, the stepwise decrease attributable to O3 can be constructed for α-pinene 560 

and isoprene using the O3 measurements and (reaction rates of 9.6 and 1.28 x 10-17 cm3molecules-1 s-1, respectively; Cox et al., 

2020), by comparing with the actual α-pinene and isoprene, the residual decay can be attributed to OH. An example of this 

oxidant reconciliation is shown in Figure 7 for the binary α-pinene / isoprene system.  
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Figure 7: Measured ( ±15% error) and reconstructed decays of (a) isoprene and (b) α-pinene in a α-pinene & isoprene binary 565 

experiment. First, in each case the decay of the VOC due to ozone was predicted based on the O3 concentration, the reaction 

rate of each VOC toward O3 and the initial VOC concentration. Second, the OH concentration from each VOC was estimated 

from the difference in the VOC decay attributed to O3, and the measured VOC decay. Finally, the OH concentration from each 

precursor was used to reconstruct the decay of the other (i.e. OH from isoprene was used to reconstruct the decay of α-pinene 

and vice versa.  570 

From Figure 7, it can be seen that roughly twice as much loss of α-pinene can be attributed to O3 as to OH and roughly 4 times 

less isoprene loss attributed to O3 than to OH. The inability to control isoreactivity towards all oxidants through controlling the 
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initial VOC concentrations will influence prediction of SOA particle mass yields owing to the differences in the tendencies of 

oxidation products from different oxidants to condense. These aspects are discussed in section 4. 

3.4. Supporting Measurements of SOA Particle Composition and Properties 575 

The measurements presented so far are central to the first three objectives outlined in the introduction. This section provides 

descriptions of additional measurements presented in the supplementary material and detailed in companion papers aiming to 

address the fourth objective - to probe the chemistry and physics leading to interactions in the mixed VOC systems and the 

properties of particles resulting from them, of potential atmospheric significance. 

An illustration of the differences in the SOA particle oxgenation trajectory between the systems are illustrated in Figures S7 580 

and S8 by the percentages of the AMS total signal at m/z=44 (f44) and 43 (f43) to represent more and less oxygenated 

contributions respectively, to the SOA particle mass. A comprehensive analysis of the carbon oxidation state of the SOA 

particle components using data from high resolution AMS, online FIGAERO-I--CIMS and offline  analysis of filter samples 

by LC-Orbitrap MS is presented in Shao et al., 2022c, in prep.).  

Further insight into the changes in the chemical composition can be provided by the time series of gaseous and particulate 585 

components from the FIGAERO-I--CIMS measurements. Figure S9 shows the changes in particulate mass spectra of single α-

pinene and o-cresol experiments and their mixture, showing a clear increase in signal through the experiment with the 

increasing SOA particle mass in all systems and the appearance of peaks uniquely found in the mass spectra of the mixture. In 

conjunction with offline LC-Orbitrap MS analysis of filter samples, peak assignment of these mass spectra has been used to 

attribute signal to the molecular formulae and hence to broad chemical groupings in all single VOC and mixed systems with 590 

full analysis and discussion in Du et al. (2022a) and Du et al. (2022b in prep). 

Figure S10 summarises the attribution of the components of SOA particles sampled on filters collected at the end of a ternary 

o-cresol / α-pinene / isoprene mixture experiment, taking advantage of the separation and accurate mass resolution afforded 

by the LC-Orbitrap MS technique. Signal is attributed to the individual parent VOC (by matching the attributed formulae to 

those identified in the individual precursor experiments) and to molecules found only in the mixture and plotted according to 595 

their fractional signal contribution. Clearly a substantial fraction of the unique-to-mixture signal is found at carbon number 

greater than any precursor VOC (in negative ionisation mode 57% of the signal in 48 individual peaks with nC > 10 and in 

positive mode 60% in 115). Whether such components result from gaseous or condensed phase reactions cannot be determined 

from these measurements, but they clearly result from interactions in the mixture. A detailed discussion of the untargeted 

UPLC-Orbitrap MS data analysis can be found in Pereira et al. (2021), Shao et al. (2022a) and Du et al. (2022a) and an analysis 600 

and discussion of the composition from all individual precursor systems and their mixtures is presented in Shao et al. (2022a).  
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Combinations of online and offline analyses can help guide interpretation of the differences in composition between the 

systems. Figure S11 examines the presence of C7H7NO4  (methyl-nitrocatechol and its isomers) in o-cresol containing systems.  

Panel a) expands on the molecular attribution by LC-Orbitrap MS to demonstrate the ability to separate isomeric contributions 

to the signal normalised to the total detected signal by retention time in single precursor and mixed systems. The isomer at an 605 

LC retention time of 9 minutes dominates the signal in all systems, whilst the isomer at retention time of 6.1minutes displays 

negligible signal fractions in all systems. In contrast, the I--CIMS is incapable of separating structural isomers. Panel b) shows 

the time series of the total signal at m/z=296 (normalised to the total attributed signal) corresponding to the combined signal 

from all C7H7NO4 isomers each system. Du et al. (2022a) compares, and explores the advantages of the combination of, online 

and offline techniques and demonstrates how clustering analysis can be used to interpret the composition evolution in precursor 610 

mixtures and Du et al. (2022b in prep) applies this combination of techniques to all individual systems and their mixtures. 

The attribution of elemental composition in the high resolution FIGAERO-I--CIMS analysis enables comprehensive mapping 

of the particulate oxygen to carbon ratio (O:C) as a function of carbon number, as shown in Figure S12 for each system. The 

majority of signal in the o-cresol single VOC system comprises compounds at the same carbon number, C7, as the parent. On 

average, the O:C ratios of these C7 compounds in the o-cresol single VOC system are slightly higher than C10 products 615 

dominating the α-pinene single VOC system. A significant fraction of the signal in all α-pinene containing systems is found at 

carbon numbers corresponding to the “dimer” range, all found predominantly in the particle phase (t.e. implying a low 

volatility). These products are absent in the mixtures containing α-pinene and o-cresol, suggesting an increase of the overall 

volatility. A range of new products are present in mixtures (e.g.  α-pinene / o-cresol, o-cresol / isoprene) with higher carbon 

numbers (nC=11-16), lower O:C (O:C<0.5) and varying volatility (log10C*=1-3 ), indicating that the molecular interactions 620 

influence the overall SOA particle volatility. A more complete discussion of the chemical composition and volatility variation 

across the mixtures in the gas and particle phases can be found in Du et al. (2022b, in prep.) and Voliotis et al. (2021, 2022). 

The volatility distribution of oxidation products can be assembled, using either C* of all identified formulae from the gas to 

particle ratio of their ions in partitioning calculations or the AMS mass fraction remaining after thermal denuding (Voliotis et 

al., 2021, 2022). The distributions using the former technique are shown for the single VOCs, their binary and ternary mixtures 625 

in Figure S13. The volatility distributions of particles in the mixture experiments can be similar (α-pinene / isoprene) or quite 

different (o-cresol/isoprene) to those in the experiments using the single precursor, suggesting that mixing precursors can have 

a varying effect on the resultant particle volatility. A full discussion of the chemical composition and its influence on volatility 

in all systems can be found in Voliotis et al. (2022) 

Figure S14 shows the behaviour of particle water uptake and the rebound fraction of particles in an impactor in three example 630 

systems. These have been chosen for their differences in rate of formation of SOA particle mass and, in our seeded experiments, 

the associated organic: inorganic particle mass ratio. The rate of decrease of particle hygroscopicity and of increase of rebound 

fraction at higher RH clearly follows the rate of SOA particle mass increase in the system, indicating the influence of the 
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mixing of precursors on the change in particle properties through the change in rate of formation of condensable material (as 

explored in Wang et al., 2021a, b). 635 

 

3.4. Discussion 

3.1.4.1. Experimental conditions and photochemistry 

The control of photochemical conditions in VOC mixtures is challenging. The chemical space is multidimensional and non-

linear, and it is unclear how best to define the regime for direct comparison across systems. The approach taken in the current 640 

study, to start with concentrations of each VOC isoreactive towards a single oxidant cannot account for the differential 

reactivity towards the two oxidants, O3 and OH, present in the system. This is particularly true when the production of oxidants 

is tightly coupled to the VOC oxidation itself and secondary oxidant production can be at a comparable level to primary 

production. The combination of oxidants leads to significantly different VOC decay and hence turnover of oxidants and 

products. This is an unavoidable feature of VOC mixtures that will occur in the real atmosphere and such differences need to 645 

be carefully considered in the interpretation of the results.  

It can be seen from Figures 1 and S1 that the time profiles of NOx and O3 vary substantially across the single precursor 

experiments and the mixtures. This is a characteristic of the method of initiating photochemistry in our experiments, through 

photolysis of a VOC / NOx mixture in the initial absence of O3. Within the same single VOC systems, the O3 concentration 

temporal profile can vary with VOC concentration at the similar VOC/NOx values. It is particularly notable in the α-pinene 650 

experiments owing to its reactivity towards O3. As expected, there is a higher ozone concentration in some systems (notably 

those containing isoprene). The Leighton ratios shown in Figure S2 indicate wide variation in the deviation from 

photostationary state across the systems, with the high concentration single VOC o-cresol experiments and the α-pinene / o-

cresol and α-pinene / isoprene binary mixtures showing the greatest positive deviation (i.e. greatest ability for RO2 and HO2 to 

compete with O3 for NO, whereas the single VOC isoprene and α-pinene, binary isoprene / o-cresol and ternary systems all 655 

move towards low φ -values. Values below 1 could arise from a wall source of NO. Alternatively, errors propagated from the 

determination of jNO2 from actinometry experiments and measurements of NO, NO2 and O3, as well as the heterogeneity of the 

jNO2 owing to variation in light intensity across the chamber (not reflected in the point measurements of the gases) could lead 

to errors in calculated Leighton ratio. but This  must be the subject of further work. The implications would be that the absolute 

values of Leighton ratio may carry unknown errors, but their trends and relative values between experiments should be reliable.  660 

It was shown in Figure 2 that the decay rate of each VOC was different, likely resulting from the differential reactivity of each 

VOC towards the different oxidants present in the systems at any one time. However, it can be seen that the decay of each 

individual VOC was comparable across each system (with the notable exceptions of decreased α-pinene decay in its binary 
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mixture with o-cresol and slightly increased o-cresol decay in the ternary mixture). This may be i) coincidental, ii) indicative 

that the oxidant regimes remain comparable between experiments or iii) indicative that the decay is relatively insensitive to 665 

the change in oxidant regimes between the mixtures in our experiments. Figure 1 and S1 show the differences in O3 across 

systems, so the differences in oxidants are non-negligible (option ii)). In relation to the decay with respect to each oxidant in 

a mixed oxidant system, it should be borne in mind when comparing the results from different studies that results may diverge 

if the dominant oxidant changes. For example, Figure 7 shows that in the MAC α-pinene / isoprene experiments, roughly twice 

as much α-pinene consumption was due to O3 reaction as to OH consumption. By contrast, in the experiments in the Julich 670 

Plant Aerosol Chamber reported in McFiggans et al. (2019) around 90% of the consumption was estimated to result from OH 

reaction. This variation in the oxidants controlling VOC decay between experiments in our study and between studies 

demonstrates a need to explore across the full oxidant regime from OH-only to O3-only to fully unravel the mechanisms of 

formation of SOA.  

Control of the oxidant regime in chamber experiments is strongly dictated by the goals of the study. It is perhaps most 675 

straightforward in a dark system in the absence of NOx, where only O3 is being introduced with a single unsaturated VOC. 

Even then, the chemical regime can change as the oxidant is consumed and moves from excess to limited. Moreover, the yield 

of OH from ozonolysis can be very significant, such that the VOC consumption from the OH oxidation must be considered. A 

dark OH source (such as ozonolysis of tetramethylethylene, TME) can be used for oxidation of a saturated VOC to enable the 

OH decay relatively “cleanly”, though the possibility for interaction between the TME and SOA precursor derived RO2 must 680 

be remembered. Dark oxidation by continuously injected NO3 (from the headspace above frozen N2O5) in the absence of O3 

can also provide a “clean” system with relatively few interfering pathways. Controlled NO3 generated from O3 reaction with 

NO2 starts to become quite complex. The competition between oxidants in establishing the dark consumption of unsaturated 

VOC will be challenging, though the NO3 reaction can dominate in systems containing phenolic compounds such as o-cresol. 

In illuminated systems, the oxidant regime is also complex. Photo-oxidation in the absence of NOx can enable isolation of OH 685 

consumption of saturated compounds more straightforwardly. For unsaturated VOCs, ozonolysis (and its associated secondary 

OH source) must be considered. As is evident from the presented experiments, photo-oxidation in the presence of NOx 

introduces about as much complexity as can be envisaged. Photo-oxidation of multiple VOCs in the presence of NOx multiplies 

this complexity. The study of McFiggans et al. (2019) avoided many of the challenges faced in the current study by considering 

the mixture of biogenic VOCs in the absence of NOx and in a regime dominated by OH oxidation. This can be considered 690 

reasonable, since mixtures of these VOCs might exist in the clean troposphere, remote from anthropogenic sources. In studying 

mixtures of anthropogenic and biogenic VOCs, it might be considered less reasonable since anthropogenic VOCs seldom exist 

in the absence of appreciable NOx. Nonetheless, mechanistic insight from such experiments would be useful. Related to this, 

it should also be noted that, whilst maintaining the VOC : NOx ratio relatively constant across the systems is desirable, with 

reduced VOC concentrations this implies reduced NO concentrations. This can lead to reduced OH concentrations and hence 695 

VOC turnover. This is of importance when comparing the single VOC experiments at different concentrations, and also  when 
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considering the initially isoreactive mixtures. Whilst the VOCs have been chosen for broadly comparable  reactivity, their 

concentrations vary by a factor of 2.44 at comparable mixture reactivity. Consideration of the approach of using scavengers, 

such as n-butanol to scavenge OH) is also worthwhile. Supplemented with experiments using a non-O3 OH source such as 

injection of H2O2 could enable valuable isolation of the VOC consumption by individual oxidants. However, as noted in our 700 

study, the assumed reference state for yield calculation would be clouded by the scavenger addition – should its concentration 

be included in the denominator of the yield in mixtures? The oxidation products of the scavenging will potentially interact 

through termination of radicals forming partitioning products and cannot be ignored a priori. 

One feature of chamber experiments using mixtures of VOCs is the ability to exploit their differential reactivity towards the 

oxidants present in the system to attribute their decay to each of them. This reconciliation of the VOC decay, as shown in 705 

Figure 7, is potentially a powerful interpretive tool for diagnosis of the concentration of oxidants in the system and 

understanding of the turnover of VOCs in the system. In our systems when o-cresol is present, there are limitations owing to 

the interference of the direct O3 measurements by absorption of UV by o-cresol. However, the reconciliation in these cases 

can be used to aid validation of the correction based on CIMS measurement of o-cresol (see methods section 3). It should be 

noted any absorption by o-cresol oxidation products can still lead to bias in the reconciliation since O3 will be underestimated. 710 

Alternative O3 measurement by chemiluminescence suffered instrument failure in our experiments, but would be useful in 

future programmes. Clearly, direct measurement of OH could provide additional confidence in the oxidant field but some 

constraint can be provided by the indirect method described here. 

A final consideration relates to the exploratory nature of the current study which aims to establish the suitability of the approach 

to reveal aspects of SOA formation in mixed VOC atmospheric systems inaccessible to experiments using a single precursor 715 

species. The broad suite of analytical techniques employed to investigate these aspects have varying requirements and some 

compromises have been necessary. Most importantly, the offline filter analyses require a minimum particle mass loading with 

the corresponding consumption of VOCs with varying yield. This has necessitated the use of initial VOC concentrations above 

ambient levels. Whilst such concentrations have been commonplace in chamber experiments, they do introduce limitations. 

Further developments and increases in mass resolution of online mass spectrometric techniques will help this aspect of future 720 

study design. Figure S2 indicates that the deviation from PSS is likely to be significantly affected by the reactions of RO2 (and 

/ or HO2) with NO in some of the binary mixtures. One further important limitation arises from the non-scalability involved 

with processes that are higher than first order. Peroxy radical terminations often involves their cross-reaction which will be in 

competition with other bimolecular pathways; so, reactions that are second order in peroxy radical concentration will be in 

competition with those that are first order. This will be important in the termination of peroxy radicals formed during 725 

autoxidation leading to HOM formation. In particular, the reactions of large HOM-RO2 with other large peroxy radicals leading 

to gas phase formation of accretion products in the “dimer” range may be over-represented at higher concentrations. Under 

clean ambient conditions, their reaction partners would likely be dominated by HO2 from CO oxidation, or smaller organic 
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peroxy radicals such as CH3O2 from CH4 oxidation. Under more polluted conditions, the alkoxy pathways from NO reaction 

will be competitive or even dominant. Each of these aspects should also be considered when interpreting the interactions in 730 

mixed VOC systems. 

3.2.4.2. Yield calculation and reporting 

The representation of effectiveness of a VOC to produce SOA particle mass in a given system by its incremental yield is 

conceptually simpler when there is only one VOC being oxidised than in mixtures, but even then, has complications. Equation 

(2) can be applied, but with some need to consider the oxidant regime. Assuming there are no interactions between the 735 

oxidation products solely formed from reaction with each oxidant, the yield will be the sum of the total SOA particle mass 

formed in the system divided by the total consumption of VOC by all oxidants. If there is a greater yield through reaction with 

one oxidant than with another, the yield in mixed oxidants will be enhanced in experiments with a greater proportion of the 

decay from the first oxidant, so the total yield of the VOC will not be the same in experiments with different oxidant ratios. 

There are a number of further considerations in the calculation and presentation of yield that should be discussed for single 740 

VOC experiments and several more that are of relevance for mixtures. 

In Figure 3 we present a summary of the SOA particle mass in the various single VOC systems and their mixtures. It can be 

seen that the corrections accounting for the losses of particles to the chamber walls are substantial, with peak mass 

concentrations typically 30 to 40% higher than those measured, and no substantial decay after the peak mass has been formed 

(as expected). Whilst not without uncertainty, the loss of particles to the walls can be relatively straightforwardly estimated. 745 

This is not the case for the interactions of the walls with vapours, which has been the subject of extensive debate (Zhang et al., 

2014;Loza et al., 2010;Ye et al., 2016;Krechmer et al., 2020). A full discussion of this subject and characterisation of vapour 

interaction with the Teflon chamber walls is not provided here (fluxes to and from the chamber walls). We acknowledge that 

these effects will likely be substantial and that these are unquantified in our reported SOA particle mass corrections and yields. 

An extensive study of the losses of vapours to walls across multiple chambers within the EUROCHAMP2020 network was 750 

conducted and data from our MAC facility have been included. A full analysis of these data is ongoing and the results will 

enable reinterpretation of yield data from across the consortium. It would be premature to pre-empt such an analysis. In the 

comparisons between different systems in our chamber, it must therefore be noted that we are implicitly assuming the vapour-

wall interactions are comparable. This will introduce unquantifiable errors, since there are likely significant vapour pressure 

differences for the products in different experiments and there are also likely vapour pressure dependencies of wall interactions. 755 

Experiments producing different amounts of SOA, either because of the presence of higher yield VOCs or increased 

concentrations would allow partitioning of higher volatility vapours to the particles. These would be affected to a different 

degree by the walls. Most importantly, it means that, whilst the comparisons may (or may not) be valid across systems in our 

chamber, our reported yields are very likely not comparable with those in other chambers without further considerations. More 
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broadly, any comparison of yields between chambers should be approached with extreme caution without full confidence that 760 

the vapour interactions with the walls of the specific chamber for the specific system have been well quantified.  

Yields presented in Table 3 calculated as single values at either maximum SOA particle mass (Ymm) or maximum VOC 

consumed (Ymvoc) can provide useful classifications for comparisons of systems where temporal and mass dependence of 

yields are comparable. The mass dependent curves shown in Figures 4 and 5 capture further details of the behaviour throughout 

the experiments and fitting the yield vs absorptive mass relationship after Odum et al. (1996) to the single VOC experiments 765 

enables the predictions of the hypothetical yields presented in the figures and as single values in Table 4 (as described in results 

section 3). There are a number of considerations when assessing whether it should be expected that such predictions are valid. 

The first of these is the inclusion of the decay of all VOCs in the yield calculation. Whether the consumption of all VOCs in a 

mixture should be considered in calculating the mixed yield depends on the question being addressed. It may be inappropriate 

to consider the consumption of a VOC that would not contribute to formation of SOA particles when investigating the change 770 

in yield of a VOC mixture. In the present study, and consistent with previous work, isoprene was consistently found to generate 

no measurable SOA particles above the background chamber concentration (<1 µg m-3) at any initial isoprene concentration 

studied and hence exhibited negligible yield. Therefore, under the conditions of our experiments, when replacing half the 

reactivity of a higher yield VOC with isoprene in a binary mixture, it may be considered obvious that the SOA particle mass 

will be reduced. This is the case in the α-pinene / isoprene and o-cresol / isoprene mixtures. Instead, it may be more insightful 775 

to consider whether the yield of the α-pinene and o-cresol in the binary mixtures is reduced in the presence of isoprene, 

comparing them to their single VOC system yields. This follows the approach for neutral seeded experiments in McFiggans 

et al. (2019). As reported in Table 4 and shown in Figure 6, the measured binary yield is indeed below that of α-pinene alone 

(either including or excluding isoprene in the calculation). For the o-cresol / isoprene mixture, the effect is more ambiguous, 

mainly because the SOA mass had not finished increasing at the conclusion of the experiments, but also because the yields are 780 

lower and deviations between the yields more difficult to measure. It should be mentioned that the particle mass yield of 

isoprene has been measured to be substantial in the presence of acidic seeds (which were not used in our experiments) and 

cannot be ignored. This raises an interesting question: should there be a threshold below which the reference for mixture yield 

should exclude a component? Clearly a zero or extremely low SOA yield component such as CO or CH4 (Bianchi et al., 2016) 

would not be expected to contribute any particle mass in a mixture and would be expected to reduce the overall mixture yield 785 

when replacing reactivity of a non-negligible yield SOA precursor. In such cases, and in the case of isoprene with a neutral 

seed, it appears to make sense to inspect the yield at the consumption of a known SOA precursor with reference to that of the 

precursor for any enhancement or suppression. In mixtures of multiple VOCs with non-negligible individual particle mass 

yields, it makes sense to compare the particle mass yield of the mixture to the linear combination of the individual precursor’s 

yields at the same VOC consumption. The measurement in the α-pinene / o-cresol binary mixture is higher than the “prediction” 790 

based on the individual precursor experimental yields, possibly indicating enhancement of the mass in the mixed experiment 

above that which would result from the yields of the individual VOCs. The “predictions” with and without isoprene 
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consumption are comparable to the measurements in the ternary mixture. Without additional composition measurements, this 

could be interpreted as no interactions taking place, or possibly as the suppression of yield by the presence of isoprene offsetting 

the enhancement of the mass resulting from the combined oxidation of α-pinene and o-cresol. However, such predictions may 795 

be oversimplistic. Clearly the oxidation conditions vary significantly across the mixtures (as seen from Figure 1 and S1) and 

the differences in the chemical trajectories and the time series of the ratios of oxidants between the systems give reason to 

question the validity of the yield predictions. This is likely to be important in α-pinene containing systems. Here the particle 

mass yield from ozonolysis and OH consumption have been reported to differ substantially and Figure 7 shows that about 

twice as much α-pinene results from consumption by O3 as that by OH in the α-pinene / isoprene system. In the single VOC 800 

α-pinene system, the consumption by each oxidant was found to comprise roughly 50% of the total, based on the assumption 

that the consumption not attributable to the measured O3 was attributable to OH (not shown). Such differences in yields from 

VOC consumption by different oxidants necessitates the consideration of the changing ozone production potential and the 

secondary formation of OH from ozonolysis or nitrate radical attack of the components in a mixture. Irrespective of whether 

the presence of a VOC in a mixture has a substantial direct impact on the SOA yield, its influence on the relative concentrations 805 

of oxidants may indirectly impact the mixture’s SOA particle mass yield.   

A final consideration when reporting yields relates to the use of seeds as absorptive mass. Conventionally, SOA particle yield 

curves are plotted against absorptive mass which, in nucleation experiments, is equivalent to the SOA particle mass. In the 

seeded experiments in the current study, the seeds are used to provide a condensation sink to suppress nucleation, to compete 

effectively with the walls for condensable vapour and to facilitate measurement by ensuring particles are of a detectable size 810 

for composition measurement from early in the experiments. The seeds are nebulised from solution and introduced (and 

presumably maintained) as metastable aqueous electrolyte solution aerosol at the RH of the experiment. Nevertheless, it is 

clear that such strong solution particles act as absorptive mass, since organic mass is observed early in the experiments by 

AMS (Figure S3, S8 and S14), earlier than the onset of nucleation in experiments at comparable VOC concentrations (not 

shown). Moreover, they are internally mixed throughout the experiments, as evidenced by HTDMA measurements (shown in 815 

Figure S14 and detailed in Wang et al., 2021b). Whether the total inorganic mass should be included when interpreting yield 

data is not clear. Figure S4 depicts the yield behaviour with the inclusion of inorganic seed in the total particle mass, assuming 

it acts as an effective mass for absorptive partitioning. The added insight provided by such a plot is unclear, though there is a 

strong argument for dependence on total absorptive mass in the representation of absorptive partitioning even if this is reduced 

by a factor (analogous to a mass-based activity coefficient to account for non-ideal mixing effects). Note here that inorganic 820 

nitrate formation from OH oxidation of NO2 and subsequent neutralisation of the HNO3 by available NH3 leads to the changes 

in inorganic components throughout the experiments as shown in the top panels of Figure S14. Effects of changing inorganic 

seed composition is an important topic for future studies. 
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3.3.4.3. Chemical composition 

The addition of measurements of particle chemical composition provide important insights into the development of the photo-825 

oxidation in mixtures and the resulting particle yields.  

Online measurements by AMS in Figures S7 and S8 reveal interesting differences in the degree of oxygenation of the SOA in 

different systems. The full reactivity single VOC α-pinene experiment has the lowest f44 and highest f43 of all systems. Systems 

that do not contain α-pinene can be seen to comprise a persistently higher f44 and lower f43 than all α-pinene containing systems. 

This is attributable to a higher contribution of the mass from products of α-pinene with a lower degree of oxygenation, when 830 

it is present in the mixture. However, there is a substantial difference in the fractional contributions of the fragments with 

concentration in the single VOC α-pinene experiments, with higher f44 in the lower concentration experiments forming lower 

mass. This may be partly explained in terms of absorptive partitioning, with lower absorptive mass enabling condensation of 

only the lower volatility (and more oxidised and higher f44 products). However, such effects would likely be small since the 

mass reduction is not large. Moreover, the difference between f44 at full and half reactivity might be expected to be smaller 835 

than that between half and third reactivity since the mass difference is smaller between the former pair of experiments. 

However, the reverse is true and the reason for this is not obvious. single VOC o-cresol and its binary mixture with isoprene 

rapidly exhibit, and then maintain through to significant particle mass production, a higher degree of oxygenation than the 

other systems as represented by the f44. The high f44 generated in the o-cresol systems and persisting through to high masses 

later in the experiments is notable and suggests that a high degree of oxygenation is required to enable partitioning of these 840 

compounds to the particles (Emanuelsson et al., 2013). This contrasts sharply with the lower f44 of all α-pinene-containing 

systems. This may indicate the requirement for molecules derived from the smaller C7 precursor to be more oxygenated than 

those from its C10 counterpart. Since α-pinene frequently dominates the mass owing to its high yield, this may offset any o-

cresol-derived high f44 in systems containing both α-pinene and o-cresol. Clearly a less coarse diagnostic of composition is 

required to interrogate the reasons for the observed differences. Shao et al. (2022c, in prep.) interrogates the oxidation state of 845 

carbon in all systems using combined analyses of the high-resolution AMS, FIGAERO-I--CIMS and LC-Orbitrap MS data. 

The attribution of the m/z=44 fragment to di- and polycarboxylic acids is interesting in this context, given the high fractional 

signal contribution of C7H7NO4 isomers from FIGAERO-I--CIMS and LC-Orbitrap MS, see text below and Figure S11. 

The FIGAERO-I--CIMS data shown in Figure S9 provide an indication of the sorts of analytical products that can aid this 

interpretation. Whilst the additional analyses presented in Du et al. (2022a) and Du et al. (2022b, in prep.) can more fully 850 

explore the impacts of the mixing of SOA precursors, several features can be directly observed from the mass spectra. First, 

there is an evident increase in the contribution of higher mass ions with time in the α-pinene single VOC system that is not 

observed in either the o-cresol single VOC system or their binary mixture. Second, there is clear evidence for signal 

contributions from components in the mixture that are not present in the individual systems. This is expanded upon in Figure 

S10, which shows that much of the signal in analyses of the filters taken at the end of the in the ternary mixture is not found 855 
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at masses corresponding to those found in individual component VOC oxidation. Such high-resolution analyses are required 

to unambiguously identify the specific products resulting from interactions in the system and to postulate mechanisms leading 

to their formation. It is not yet possible to state whether the molecules uniquely found in the mixtures are formed by gas phase 

cross-reaction, condensed phase accretion in the particles or on the filter and it has been known for some time that reactions 

on filters can lead to potential artifacts (Turpin et al., 1994; Liu et al., 2014) . Neither is it currently possible to unambiguously 860 

state that this signal corresponds to the same fraction of the mass, owing to potential differential sensitivity. These aspects are 

discussed in detail in Shao et al. (2022b). Nonetheless, it can be stated that these compounds are only found in the mixed 

systems. An important challenge with such identification and attributions is the requirement for substantial sampled mass. This 

may provide a lower limit to the yield and / or initial concentration of precursors that can be studied in this way. Nevertheless, 

the power of such analyses is further exploited in separating the isomeric contributions to particle components as shown in 865 

Figure S11a. Combining the power of offline and online analyses, this separation of C7H7NO4 isomers in all o-cresol-

containing systems may be used to interpret the significant differences in the time trends of C7H7NO4 shown in the FIGAERO-

I--CIMS data in Figure S11b. Whilst this may be indicative of mechanistic differences, there are confounding differences in 

the rate of SOA particle mass formation between the systems (and hence abundance of absorptive mass) in addition to potential 

differences in the sensitivity in the different systems and total signal used for the normalisation because of the different 870 

FIGAERO filter loadings. These considerations are discussed in detail in Du et al. (2022b, in prep.) for all systems. 

Nonetheless, the isolation of the fractional isomeric contributions and the differences in the timeseries reveal changes in the 

behaviour of the C7H7NO4 contribution between the systems, even if this behaviour has yet to be fully reconciled.  

3.4.4.4. Properties: volatility, water uptake and phase 

Figure S12 exploits the high-resolution analysis of the FIGAERO-CIMS data to show the O:C ratio of detected particle 875 

compounds as a function of their carbon number in all systems at the end of the experiments. Combining this with the ratio of 

signal in the particle and gas samples is used to indicate likely influences of the mixing of precursors on particle volatility. 

Whilst there are uncertainties associated with the partitioning, and hence volatility derivations it is evident that changes in the 

components present in mixtures can lead to change in the volatility and potentially yield, reported in detail in Voliotis et al. 

(2021, 2022). This is extended in Figure S13, which expresses the FIGAERO-I--CIMS data as volatility distributions, further 880 

highlighting the differences between the particle volatility in the mixture and in the single VOC systems. This is clearly 

complex but is broadly consistent with the observed yield behaviour for most systems. For example, the SOA particle volatility 

in the single α-pinene experiment at half reactivity is comparable to that measured in the binary system with isoprene, 

consistent with their comparable yields. Similarly, the measured volatility in the α-pinene and o-cresol binary and in the ternary 

systems appear to be roughly between those obtained in the single precursor experiments, in line with the measured yields that 885 

were found to be higher than those in single o-cresol but equal or lower that those obtained in the single α-pinene experiments. 

As has been described in detail elsewhere (see Stark et al., 2015, Voliotis et al., 2021 and Du et al., 2022a), the quantification 

of the effective saturation concentration from the FIGAERO-CIMS is challenging for compounds with high or low C* due to 



37 

 

signal to noise limitations of the technique. This results in a narrowing of the retrieved volatility distributions. Nonetheless, 

Voliotis et al., (2021) showed that the technique can reasonably capture the volatility changes between the different systems. 890 

Substantial apparent inconsistencies were found in the o-cresol and isoprene binary system, where the measured volatility 

appeared to be substantially higher than that in the single o-cresol system, whilst theconsistent with the measured lower SOA 

particle yields (Table 3) were somewhat comparable. The reason is unclear and additional investigation might focus on 

reconciliation of the volatility and yield behaviour in each system.  

The differences in rates of formation of SOA in the particles and the total mass formed directly influences the rates of change 895 

of particle properties as expected. Since the particles are grown on inorganic seeds, the physical properties in all systems are 

initially dominated by the inorganic components. For clarity, three example systems (o-cresol / isoprene, o-cresol and α-pinene) 

as shown in Figure S14. This shows the relationship between the multicomponent particle composition, the hygroscopicity 

parameter, , (under subsaturated and supersaturated conditions from HTDMA and CCNc, respectively) and the rebound 

fraction (BF) of particles (indicative of their phase state) as the SOA to inorganic mass fraction of the particles develops in the 900 

example systems. Here, aerosol particles tend to be liquid at BF below 0.2, non-liquid above 0.8 and in a transition phase 

between 0.2 and 0.8. The hygroscopicity much more rapidly decreases in systems where organic material is more rapidly 

formed and the transition to a higher fraction of particles rebounding on a filter at high RH is similarly more rapid. It is clear 

that the organic to inorganic ratio plays a controlling role in physical behaviour of the particles. The evolution of both these 

properties across all systems is discussed in detail in Wang et al. (2021a, b). 905 

3.5.4.5. Further work 

Whilst it is important to explore mixtures including multiple SOA particle precursors under controlled conditions to understand 

behaviour in the real atmosphere, and measurements in such mixtures can reveal features inaccessible to single VOC 

experiment, the experimental design will determine their usefulness. Alternative and supplementary methodologies may allow 

more direct resolution of outstanding questions related to precursor mixing. The effects of mixed and variable oxidant 910 

concentrations throughout chamber experiments is both problematic and insightful. Clearly secondary production of oxidants 

(both OH and ozone) may differentially influence the decay of VOCs in the mixture and it may not be possible to scavenge 

secondary oxidants without influencing the oxidation product distribution. In any case, secondary oxidant formation occurs in 

the real atmosphere and cannot be overlooked. More control over the primary oxidants may be achieved through use of 

“cleaner” sources, such as photolysis of H2O2 since avoidance of O3 from injection or NO2 photolysis may be advantageous. 915 

Nevertheless, secondary O3 will react with any unsaturated compounds present. Selection of VOCs with low OH yields from 

ozonolysis may allow isolation of its pathways, but will limit the choice of mixtures. Augmentation of broadband illumination 

with discrete intense light sources such as in the JPAC chamber in the McFiggans et al. (2019) study may increase the OH : 

O3 ratio such that the OH channels dominate, though care is necessary to avoid excessively high OH concentrations. Unless 

conducted at very low NOx concentrations, significant VOC consumption in batch mode chamber experiments will lead to 920 
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variable VOC:NOx ratios. This will lead to variable production rate of ozone as well as changes in the relative importance of 

the NO-mediated alkoxy radical pathways. Mechanistic interpretation of such experiments must account for these changes.  In 

any case, isolation of individual mechanistic pathways and probing details of kinetics and product yields may be more suited 

to more targeted flow tube studies than to chamber experiments. If it is not possible to control the oxidising environment across 

complex mixtures, then systematic exploration of mixtures with direct and more comprehensive oxidant and peroxy radical 925 

measurements would be of benefit. Such well-instrumented studies will be able to take full advantage of the trajectories through 

chemical space afforded by relatively long batch mode chamber experiments. Movement towards more atmospherically 

representative chemical regimes would benefit from lower VOC concentration experiments. However, moving towards a more 

realistic radical termination regime but would present detection limit challenges to some techniques for composition 

measurements. A more comprehensive coverage of speciated VOC and OVOC measurements using modern online mass 930 

spectrometry methods and improved mass spectral resolution of such temporally resolved instruments may avoid the need to 

combine online and offline techniques. Whilst they reveal important impacts of the temporal changes in VOC mixtures, the 

batch reactor experiments in the present study are complex. Use of well-mixed flow reactor experiments to study multiple 

steady states as in McFiggans et al. (2019) can enable focus of batch reactor experiments on sensitive areas of the chemical 

regime. The range of potential mixtures is vast and so there is a need to focus on targeted areas of importance. It is not 935 

immediately obvious how this should be done, though it should be recognised that oxidation and SOA formation will occur 

during both day and night and night-time oxidation in mixtures by O3 and NO3 should be considered.  

4.5. Conclusions 

A comprehensive suite of instrumentation was deployed to investigate the formation of SOA particulate mass on inorganic 

seeds in chamber photo-oxidation of anthropogenic (o-cresol) and biogenic (α-pinene and isoprene) VOCs and their binary 940 

and ternary mixtures in the presence of NOx. Whilst compromises were necessary in the experimental design and the 

complexity of the systems introduced substantial challenges to their interpretation, several important observations were 

possible.  

First, the photochemical trajectory as defined by the changing deviation from photostationary state and of the changing ratio 

of oxidants, is understandably system-dependent and the rates of consumption of each VOC by each oxidant consequently 945 

variable.  

Second, the yield concept typically used for an individual VOC requires careful consideration when adapting it for use with 

complex mixtures. In order to account for the dependence of condensed mass on available adsorptive mass, it will be necessary 

to use the individual component yield at the same mass as in the mixtures.  However, in order to compare the mass formed at 

the same VOC consumption, it is necessary to reference this to the corresponding single precursor experiment at that same 950 

VOC consumption and therefore not that calculated at the same adsorptive mass. 
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In mixtures where the majority of the mass is contributed by only one component precursor, it is possible to identify and 

quantify any interactions in terms of SOA mass or yield. Thus, as shown in Figure 5 there is clear indication of suppression of 

the yield of α-pinene in its mixture with isoprene, but as with the o-cresol / isoprene mixture there is a possible indication of 

enhancement, though this is too small to be unambiguous. 955 

It is straightforward to make a comparison between the predicted and measured yield in mixtures of precursors both with 

appreciable yield as it is to compare the measured yield of single components with its yield in a mixture with a precursor of 

zero yield. Where two components with appreciable yield are mixed with another VOC with no yield the reference point for 

the comparison can be complex and our approach to “prediction” of the yield would depend on the assumed baseline for the 

individual components. 960 

The mixed α-pinene / o-cresol system is measured to have enhanced yield above that expected from additivity of the individual 

VOC yield at the same consumption. In such mixtures, where there is a significant contribution to the SOA mass from more 

than one component precursor, we are unable to unambiguously attribute any discrepancies in predicted and measured mass 

to physical or chemical interactions.  This is because yield and partitioned mass will depend both on available adsorptive mass 

and upon the rate of consumption of individual VOC and production of condensable oxidation products. In the ternary system, 965 

the measured yield is comparable to that calculated from additivity of the component yields. It is unclear whether this is 

attributable to cancelling of suppression and enhancement effects, but chemical interactions are evident from the components 

uniquely found in the mixtures. Importantly, more work is required to understand the influence of Teflon wall interactions 

with vapours on comparison of yields in systems where different SOA particle mass are formed. 

The physical properties such as water uptake and phase behaviour of the particles will depend on the SOA particle mass 970 

formed, so changes in the change in particle composition in mixtures will control changes in particle physical properties. 

Mixing experiments are crucial and highly beneficial for our understanding of atmospheric chemical interactions. However, 

the interpretation quickly becomes complex, and both the experimental design and evaluation needs to be scrutinised carefully. 

Here, advanced online and offline compositional measurements can reveal substantial additional information to aid in the 

interpretation of yield data, including components uniquely found in mixtures and physicochemical property changes in the 975 

SOA formed from mixtures of VOCs. 
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