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Abstract  
The effect of precursor molecular structural features on secondary organic aerosol (SOA) growth was investigated 

for a number of precursor functional groups. SOA yields were determined for straight chain alkanes, some 

oxygenated, up to highly functionalized hydrocarbons, the largest being β-caryophyllene.  Organic SOA yield was 

determined by comparing to standard particle size changes with SO2 in a photolytic flow reactor.  SOA formation 

was initiated with OH radicals from HONO photolysis and continued with NO and NO2 present at single-digit 

nmol/mol levels.  Seed particle of ~ 10 nm diameter grew by condensation of SOA material and growth was 

monitored with a nanoparticle sizing system.  Cyclic compounds dominate as the highest SOA yielding structural 

feature, followed by C-10 species with double bonds, with linear alkanes and isoprene most ineffective.  

Carbonyls led to significant increases in growth compared to the alkanes while alcohols, triple-bond compounds, 

aromatics, and epoxides were only slightly more effective than alkanes at producing SOA.  When more than one 

double bond is present, or a double bond is present with another functional group as seen with 1, 2-epoxydec-9-

ene, SOA yield is notably increased.  Placement of the double bond is important as well with -pinene having an 

SOA yield approximately 5 times that of -pinene.  In our photolytic flow reactor, first-generation oxidation 

products are presumed to be the primary species contributing to SOA thus the molecular structure of the precursor 

is determinant.  We also conducted proton-transfer mass spectrometry measurements of -pinene photooxidation 

and significant signals were observed at masses for multifunctional nitrates and possibly peroxy radicals.  The 

mass spectrometer measurements were also used to estimate a HONO photolysis rate.  

 

Introduction 
It is well known that the oxidation products of gas-phase organic precursor compounds can adhere to 

aerosol particles, a process commonly referred to as the formation of secondary organic aerosol (SOA).  

Several review articles have presented their atmospheric prevalence, categorized laboratory results, and 

assessed mechanistic information [Kroll and Seinfeld, 2008; Jimenez et al., 2009].  Particle size and 

composition are important determining factors of the role of aerosol [Zhu et al., 2017] in environmental 

and human health, on cloud formation and on the Earth-Sun radiative balance [Tuet et al. 2017; Praske 

et al., 2018; Lee et al., 2019; Haywood and Boucher, 2000].  

 

The structural features of the precursor organic molecules are known to affect the amount of SOA 

formed [Raventos-Duran et al. 2010; Keywood et al. 2004], for example cyclic alkane structures are 

more active than linear ones with branched alkanes the least active [Tkacik et al. 2012; Lim and 

Ziemann 2009; Hunter et al. 2014].  Hunter et al. [2014] discussed a tethering effect for the 

multifunctional products form in the oxidation of ring structures.  Studies have also related the number 

of double bonds in a compound to its SOA behavior [Ng et al. 2006] and to the rate of H-shift reactions 
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once photo-oxidized [Moller et al. 2020]; our previous experimental work [Hanson et al. 2022] with a 

series of monoterpenes is consistent with these ideas.  Other studies have looked in great detail at a few 

molecules that are structurally similar and found differences in SOA yields [Chiappini et al. 2019; Sato 

et al. 2012]. 

 

Here we add to the knowledge of SOA formation by exploring its dependence on precursor structure at 

low amounts of organic aerosol.  A study of a large suite of molecules with a focus on the very low 

volatility, first-generation SOA capabilities (i.e. low exposures of products to OH; there can be multiple 

NO molecules taking part) may help tie together some of these ideas regarding precursor functionality 

and structure.   

 

We determine the effect of structural features and functional groups of a precursor compound by 

comparing the relative SOA yields calculated on a mole basis.  Our goal is to determine the effects of 

functional groups and the structure of the precursor molecules on the growth of ~ 10 nm diameter 

sulfuric acid seed particles without the influence of multi-generation photooxidation products.  We 

examined straight-chain alkanes, octane through dodecane, and then C9 and C10 alkanes with carbonyls, 

double bonds, triple bonds, and cyclization among other structural features.  We discuss our results in 

the context of previous studies with a focus on first-generation results. 

 

A set of measurements with a proton-transfer mass spectrometer are presented that show a suite of 

product ions in the photo-oxidation of -pinene.  In a model-measurement comparison to assess the 

photolysis conditions, the HONO photolysis rate was determined from the measured loss of -pinene.   

 

Materials and Methods 
Experiment. Photo-oxidation experiments on alkanes, alkenes, alkynes, cyclic compounds, carbonyls 

and an alcohol were performed in a growth photolytic flow reactor, GroFR.  The GroFR apparatus and 

methodology has been described in detail (Hanson et al. 2022) and here an overview of the technique is 

presented.  

 

GroFR consists of a 125 cm long, 5 cm inner diameter, glass flow reactor with several ports where up to 

eight flows (purified air, AADCO 737) were added.  Flows entering at the top of the reactor add up to 

1.5 standard (273 K, 1 atm) L/min.  These are: a humidified flow, a dry flow, a sulfuric acid (SA) 

aerosol flow, a HONO-laden (~10 mol/mol, ppmv, in air) flow designated Q4, and a flow containing 

either an organic or SO2.  Relative humidity was constant at 35 %, a circulating fluid maintained a flow 

reactor temperature of 23°C (296 K) and pressure was typically 0.98 atm.  Photolysis of nitrous acid at ~ 

370 nm (UV LEDs: ~90% emission between 350-380 nm) initiated photo-oxidation and oxidation rate 

was varied primarily by changing Q4, the flow rate of the HONO-laden air.  HONO was generated by 

reacting HCl gas with sodium nitrite (Febo et al. 1995; Gingerysty and Osthoff, 2019).  NO impurity 

levels were about 2-3 % of HONO, determined with a TECO 14B/E; for most of the measurements 

initial NO was 0.8-to-1.3 nmol/mol (ppbv) but was up to 4.5 ppbv at the highest Q4.  Typical residence 
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time was 85 s but with laminar flow established over most of the reactor (supplement S2 of Hanson et al. 

2022), the on-axis residence time is about half of that.  Typical [OH] is 1x10
7
 cm

-3
 (as modeled in 

Hanson et al. 2022) but for low vapor pressure compounds, OH levels can rise to ten times this and OH 

reaction with HONO becomes significant.  For typical conditions, less than 1 % of first-generation 

products react further with an OH molecule.    

 

An aliquot of an organic compound of interest (approximately 1 mL) was placed in a vessel and a small 

air flow (0.5-5 sccm: standard cm
3
/min) became saturated and entered the reactor.  For high volatility 

compounds the vessel was submerged in an ice bath.  See the Supplement for information on the vapor 

pressures of the compounds studied here, their estimated levels in the flow reactor, and their sources and 

purities.  

 

Seed particles are roughly 50 wt. % sulfuric acid particles of ~9 nm diameter present at number densities 

of 200 to 1000 cm
-3

 in the reactor.  Their initial sizes and their growth upon photo-oxidation of the 

organic compound were observed with a nanoparticle mobility sizing system (diethylene glycol as 

working fluid, Jiang et al. 2011).  The measured changes in diameter, Dp, were examined as a function 

of Q4 which is proportional to the initial level of HONO.  Consistent with our previous work, the present 

experimental results show that there is generally a direct linear relationship between Dp and Q4.   

 

Using small particles avoids significant gas-phase diffusion limitations to the uptake of gaseous species.  

Their composition is believed to be primarily sulfuric acid and water which is an atmospherically 

relevant particle type.  Our experimental conditions differ from the majority of SOA experiments where 

seed particles are ammonium sulfate (or bi-sulfate), oxidation is carried out for long time periods and the 

mass concentration of organic material is large (the present experiment has organic aerosol 

concentration at a maximum of about 0.005 g/m
3
.)  Comparisons with previous work are complicated 

for all of those differences but acid-catalyzed reactions are a special concern.  We argue below (as we 

have previously, Hanson et al. 2022) that acid-catalyzed reactions are not the dominant factor driving 

SOA in our measurements.  We also present measurements in the Supplement that support this 

viewpoint where -pinene SOA was found to be nearly independent of relative humidity and thus acid 

activity: less than a 20 % fluctuation in Dp measured over the range of 17 to 70 % RH. 

 

Our experimental SOA yields are based on a comparison to growth measurements with H2SO4 

molecules.  The slope of a regression line for the Dp vs. Q4 (directly proportional to [HONO]) can be 

related to an SOA yield by comparing to slopes of data from SO2 photo-oxidation experiments; 

differences in their photo-oxidation are accounted for.  The following section presents an overview of 

the analysis; full details of the comparison and yield determination are presented in Hanson et al. (2022).  

Quantifying SOA yield.  The SOA yields are calculated on a mole basis, Ymol; a mass-based SOA yield, 

Ymass, as used in many studies, can be calculated from the mole-based SOA yield by multiplying by the 

molar mass ratio of the assumed SOA species, MMSOA, to that of the precursor (MMHC): 
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     𝑌𝑚𝑎𝑠𝑠 =
𝑀𝑀𝑆𝑂𝐴

𝑀𝑀𝐻𝐶
𝑌𝑚𝑜𝑙 

Differences in SOA density (here, 1.2 g cm
-3

) used for the yield calculations need to be considered also.   

Yields can be calculated from a diameter growth rate equation along with a kinetic model if the 

oxidation chemistry can be suitably simplified, as done by Krasnomowitz et al. (2019) for -pinene 

ozonolysis yields.  Here, we do use a diameter growth rate equation but the yields are placed on an 

absolute basis by standardizing to growth observed in photo-oxidation of SO2 experiments where the 

product H2SO4 is formed at 100% yield.  Differences in experimental conditions and the molecular 

properties that go into the growth rate are taken into account: fluence; the particle molar volumes of 

sulfuric acid and of the oxidized organic species (an assumed SOA ‘molecule’); diffusivities and mean 

thermal speeds (kinetics); the regeneration of OH (a chain length, primarily from HO2 + NO) must be 

calculated.   

Equation 1 details how these considerations contribute to Ymol in a series of factors: gas-phase kinetic 

processes (fkin), particle-phase volumes (fvol), and differences in OH-regeneration between the organic 

and the SO2 experiments (fCL).  F is the product of these factors and it takes values of 2.2 for 10 carbon 

precursors, ranging from 1.5 for 15 carbon precursors to 2.7 for 8 carbon precursors.  Equations 1(a)-(e) 

are discussed in reverse order in the following paragraphs.  

𝑓𝑘𝑖𝑛 =
𝑘𝑆𝑂𝐴

𝐼

𝑘𝑆𝐴
𝐼

𝑐𝑆𝐴
𝑝

𝑐𝑆𝑂𝐴
𝑝 =

𝐷𝑆𝑂𝐴

𝐷𝑆𝐴

𝑐𝑆𝐴
𝑝

𝑐𝑆𝑂𝐴
𝑝   𝑒𝑞1(𝑎),    𝑓𝑣𝑜𝑙 =

𝑉𝑆𝐴

𝑉𝑆𝑂𝐴
  𝑒𝑞1(𝑏),      𝑓𝐶𝐿 =

Δ𝑆𝑂2 

ΔOrg 
   𝑒𝑞1(𝑐),          

 𝐹 = 𝑓𝑘𝑖𝑛𝑓𝑣𝑜𝑙𝑓𝐶𝐿               𝑒𝑞1(𝑑) 

   𝑌𝑚𝑜𝑙 = 𝐹
𝑚𝑜𝑟𝑔

𝑚𝑆𝑂2

𝐼𝑆𝑂2

𝐼𝑜𝑟𝑔    
       𝑒𝑞1(𝑒)   

The mSO2 and morg are the slopes of the diameter change Dp vs. Q4 data.  The last term in Eq 1(e) is the 

ratio of LED currents for the SO2, ISO2, and the organic, Iorg, experiments.   

Particle growth is effective in the SO2 experiments therefore the current through the LED strings was 

reduced to 0.2 A; the organic experiments were conducted at full illumination, a current of 2 A through 

the LED strings.  This current is proportional to fluence and thus it directly affects the HONO photolysis 

rate: growth was shown to be proportional to this current (Hanson et al. 2022).  

The chain length factor fCL is essentially how many SO2 molecules are lost divided by how many 

organic molecules are lost per HONO molecule photolyzed.  It was evaluated with the 2 dimensional 

model (Hanson et al. 2022) of the flow reactor where loss of SO2 is compared to the loss of a 

prototypical organic, in this case -pinene.  We assume no significant change in fCL with the type of 

organic.  This was substantiated by running a cyclohexane photo-oxidation scheme and a comparable 
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value for fCL was obtained (Hanson et al. 2022).  Calculating changes in fCL with type of organic is not 

worthwhile at this time in part because of unknown and/or uncertain oxidation schemes.  

The factor fvol is the ratio of the partial molar volume of sulfuric acid VSA divided by VSOA, an estimated 

molar volume of SOA material.  We assume a molar volume for putative SOA material, VSOA in fvol, 

eq1(b), that scales with the number of carbons of the precursor, retains all hydrogens, and has an O:C 

ratio of 0.5.  Thus VSOA was calculated from MMSOA that is about 1.6 times the precursor molar mass 

and an assumed density of 1.2 g/cm
3
. 

The kinetic factor fkin contains the gas-phase species x’s first-order loss rate coefficient (k
I
x) and mean 

thermal speeds of the particle-x encounter (c
p

x) of species.  k
I
SOA can vary quite a lot depending on what 

first-order loss process is dominant for the SOA ‘molecule’.  For example, a peroxy radical’s main loss 

is reaction with NO which gives a k
I
SOA on the order of 0.5 s

-1 
for typical conditions.  Stable species that 

do not stick to the wall have a k
I
SOA =0.012 s

-1
, the inverse of the residence time.   

For k
I
SOA we assume these first-generation SOA ‘molecules’ stick to the wall efficiently as well as to the 

seed particles.  Also we assume their first-order loss is dominated by diffusion to the wall governed by 

its diffusion coefficient, DSOA.  For H2SO4 this is a certainty and its diffusion coefficient is DSA (Hanson 

and Eisele, 2000) and k
I
SA is ~0.045 s

-1
 for the conditions of this study.  With these assumptions, the 

kinetic factor fkin takes a value of about 0.9 and it does not change significantly with the type of 

precursor: species diffuse more slowly as they get heavier and larger but their collision rates with 

particles decreases concomitantly.  If the SOA is due to uptake of peroxy radicals, this assessment of fkin 

is not valid: fkin can be much larger in this case.  Furthermore, the yield of peroxy radicals in photo-

oxidation of organic compounds is 100 % (or more) so that Ymol in this context is complicated and folds 

in heterogeneous chemistry parameters (Hanson et al. 2022).   

For additional details regarding the diameter growth rate kinetic equation and the meaning, derivation, 

and parameters in the formulas in Eq 1, see Hanson et al. (2022).  Note that the quantities in Eq 1 are 

relatively well-known for H2SO4 formed from SO2 photo-oxidation in our reactor.  

Comparison to partitioning ideas.  Our analysis presumes growth occurs by essentially involatile 

species.  A partitioning model, such as the volatility basis set model (Donahue et al. 2011), may not be 

helpful for analyzing our experimental results because wall loss can be dominant and the amount of 

aerosol mass is very low: a maximum organic loading of ~ 0.005 g/m
3
.  Thus for a compound to 

partition to the condensed phase at 10 %, its saturation vapor pressure needs to be about 6x10
-12

 atm 

(0.05 g/m
3
 for a molar mass of 220 g/mol.)  Yet if the steady-state partial pressure of a species greatly 

exceeds this vapor pressure it can be considered involatile and particles will grow.   

Growth in our experiment is driven by whether a species steady-state concentration sufficiently exceeds 

its vapor pressure.  For example, suppose a species has a vapor pressure of 6x10
-12

 atm and that it is 

produced at Ymol = 4 % (its gas-phase yield during putative first-generation photo-oxidation of an 

organic).  Assuming steady-state is established in the second half of the flow reactor, this species will 
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attain a partial pressure of 1.3x10
-10

 atm at Q4=10 sccm, particles grow by about 2 nm, and there are 

about 2x10
6
 per cm

-3
 of this species on particles.  This is a partitioning to the particle phase of only 

about 0.001.   

Mass spectrometer. A proton-transfer mass spectrometer (Hanson et al. 2009) sampled the middle of the 

flow through a 1 m length of 1/8” OD Teflon tubing.  The sampling tube and the ion drift region were at 

room temperature.  Drift tube E/N settings were ~120 Td with an electric field of 310 V/cm at a gas 

density n of 2.6x10
17

 cm
-3

 (1 Td = 1 V cm
-1

 10
17

 cm
-3

/ n) and ~70 Td at an electric field E = 180 V/cm 

and the same n.  At low E/N, there is little breakup of ions such as the M∙H+
 parents of -pinene and 

pinonaldehyde.  Also at low E/N, there are observable signals for a number of compounds with masses 

between 200 and 270 u.  Both E/N settings were used to measure -pinene loss for the estimation of the 

photolysis rate of HONO.   

Results and Discussion 

The measured change in particle diameter were plotted against HONO level and fitted with linear 

regressions forced through the origin; a linear relationship encapsulated the growth for most of the 

compounds, within the scatter of the data.  Figure 1 shows representative data for many of the 

compounds investigated here.   

 

Figure 1. Growth vs. HONO-laden flow of clean air, Q4  (HONO is present at ~10 ppmv in this flow).  At  Q4=10 

sccm, the initial HONO abundance in the flow reactor is 64 ppbv or 1.5x10
12

 cm
-3

, taking into account the initial 

NO and NO2 impurities, each at ~ 2 %.  Slopes (nm/sccm) are indicated next to the regressions lines (forced 

through zero.)  
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Note the non-linear data for 1,2-epoxydec-9-ene and naphthalene where the curvature indicates larger 

yields at lower oxidation rates.  The abundance of these species in the flow reactor may have been low: 

epoxydecene’s vapor pressure is unknown and is estimated to be low and naphthalene loss onto the 

delivery lines was an issue.  At low precursor abundances, OH radicals can significantly react with 

HONO, potentially limiting the amount of SOA formed.  The SOA yields for these two species were 

taken from the initial change in diameter, i.e. Dp/Q4 at the lowest Q4 value.  -caryophyllene and the C-

12 species also have low vapor pressures.  The data is clearly linear for -caryophyllene which is not 

unexpected at the low HONO for these experiments (see Supplement for more discussion).  SOA formed 

from the C-12 precursors was low (average Dp over all Q4 was less than 1 nm) yet the data was 

noticeably not linear; the lower limit yields were taken from Dp/Q4 at the lowest Q4.   

The slopes of the regression lines for all the compounds investigated are presented in Table 1.  These 

slopes were used to calculate SOA yields Ymol from Eq. 1 with the values of F listed in the table and 

ISO2/Iorg = 0.10.  Because the scatter in the data is large, a few species with slopes within ten % of each 

other were grouped in a single row in the table.   

Table 1. SOA Yields for Organic Compounds Examined in GroFR.  All species in the last six rows are straight chains except 

for trimethylbenzene and isoprene. Density of the SOA was assumed to by 1.2 g cm
-3

 for all species and molar mass was 

assumed to have an O:C ratio of 0.5. 

Compound slope, nm/sccm F Ymol (%) 

-caryophyllene
a
 2.7 1.5 40 

1,2-epoxydec-9-ene
a
 1.8 2.2 40 

myrcene 1.1 2.2 24 

decalin, -pinene 0.9 2.2 20 

naphthalene
a
 0.5 2.2 11 

limonene 0.44 2.2 10 

-pinene, 1-decene 0.19, 0.18 2.2, 2.2 4 

1-nonanal, 1-decanal, dodecane 
a
 0.07 2.4, 2.2, 1.8 1.7, 1.5, 1.3 

2-nonanone, 1,2-epoxydodecane 
a
 0.05 2.4, 1.8   1.2, 0.9 

decane, 1-decyne, octanol  0.04 2.2, 2.2, 2.7 0.8, 0.8, 1.1 

nonane, 1,3,5-trimethylbenzene 0.02 2.4 0.5 

undecane, octane 0.02 2.0, 2.7 0.4, 0.5 

isoprene 0.01 4.4 0.4 
a
 Low vapor pressure species and, for naphthalene, delivery issues; yields are lower limits.    

β -Caryophyllene and 1,2-epoxydec-9-ene are most effective with lower limits to the SOA yields of 

about 40 % and 44 %, respectively.  Next is myrcene at 24 % followed by decalin and β-pinene with 

SOA yields of 20 %.  Reasonably effective SOA producers are naphthalene at 11%, limonene at 10%, 

and α-pinene and 1-decene at about 4 %.  Of the straight chain species without a double bond, the 

carbonyls, and the C12-species resulted in the highest SOA yields of 1 to 1.5%.  Isoprene, smaller 

alkanes and other functional groups were also not effective producers of SOA in our experiment.  These 

functional groups included a triple bond, an alcohol, and an aromatic (1-decyne, octanol and 1,3,5, 

trimethylbenzene, respectively).  The previous results from our system for α-pinene and limonene  
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(Hanson et al. 2022) agree well with the present measurements, 4% and 8.4%, respectively, but our 

previous 16 % yield for myrcene is 33 % lower than the present results.  A detailed comparison of SOA 

yields for these three monoterpenes is presented in Hanson et al. 2022.  The comparison of the results 

with previous work for several of the other compounds is discussed below.     

The photo-oxidation results of both of β-caryophyllene and 1,2-epoxydec-9-ene show large and 

comparable effects on particle growth despite large differences in precursor structure.  The former is 

bicyclic, has two double bonds while the latter is linear with a single double bond.  A significant branch 

in β-caryophyllene photo-oxidation pathway involves ring opening which can lead to bidentate 

oxygenated moieties.  The epoxydecene species can also lead to oxygenated moieties on both of its ends 

if an efficient H-shift reaction occurs between the initial hydroxy-peroxy radical and an H atom on or 

near the epoxide carbons (the initial radical being formed upon OH addition to the double bond then O2 

onto the radical site.)  The SOA material here being characterized by two oxygenated regions of the 

molecule that are widely spaced.  Previous work with -caryophyllene photo-oxidation where early 

yields could be determined (Tasoglou and Pandis, 2015; Alfarra et al. 2012; Ng et al. 2006) show a 

range of Ymol = 16–25% (using 1.6×204 g/mol for MMSOA and their 25–40 % mass-based SOA yields);  

their overall yields at long times were larger.  Chan et al. (2011) showed that the sulfate aerosol-phase 

products of -caryophyllene ozonolysis depended on acidity however this may not affect the SOA yield 

because it was not clear if other gas-phase species were taken up.  Kroll and Seinfeld (2008) summarize 

the ambiguity of the effect of acidity in previous work.  In our previous work (Hanson et al. 2022) we 

presented arguments that aerosol-phase reactions such as oligimerization, that may be acid catalyzed, are 

not dominant in our experiments.  See the Supplement also for measurements of Ymol for -pinene that 

showed little dependence on relative humidity.  Finally, we note that the diameter of particles that were 

nucleated are comparable to the change in diameter of the sulfuric acid seed particles, suggesting that 

acid is not necessary for SOA in our experiments.  

It is clear that cyclic compounds and that most species with multiple double bonds or a double bond and 

another functional group lead to oxidized molecules that are taken up effectively onto the seed particles.  

Our decalin Ymol of 20% is comparable to that reported by Li et al (2019) at their lowest OH exposure 

([OH×t = 1.5x10
11

 cm
-3

 s, about 100 times that of this work) of Ymol = 14 % (22% mass-based, using 

MSOA=1.6×MMdecalin).   

 

Our results show that -pinene is effective at producing SOA, comparable to the capabilities of decalin 

and of myrcene (no rings, three double bonds) and about 5 times better than -pinene.  Previous 

experimental results for initial Ymol from Ng et al. and Zhao et al. are roughly 7 and 4 %, respectively, 

from their mass based yields of 11 and 6.8 %; which are substantially lower than the present Ymol = 20 

%.  Yet these studies are consistent with the present results in that SOA yields are a factor of 2 to 3 

higher for -pinene than for -pinene,  Support in the literature for this trend is mixed.  Theoretical 

branching ratios (Vereecken and Peeters, 2012) for these channels suggest there is a factor of 2.6 larger 

production of ring-opened peroxies from -pinene over that for -pinene.  On the other hand, recent 
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experiments indicate that larger amounts of highly-oxidized molecules arise from -pinene OH 

reactions than from -pinene OH reactions (Berndt et al. 2016).  This is echoed in the -pinene and -

pinene branching ratios for the ring-opened peroxy radicals reported by Xu et al. (2019) (larger 

branching for -pinene than for -pinene).   

   

Naphthalene has been previously investigated (Chan et al. 2009) and their growth curves indicate that 

initial mass-based SOA yields were on the order of 10 % and ~50 % for high and low NOx conditions, 

respectively.  Our lower limit of ~ 11 % mole-based yield lies between these two results; further 

comparisons are not warranted because of differences in experimental conditions.  Our measurements 

suffered from purported surface effects due to interactions of naphthalene with glass surfaces and the 

Teflon lines delivery system.  After these experiments were done, the tubing was replaced and the glass 

trap was put in an oven with clean gas flowing to degas it overnight.    

  

Trimethylbenzene and isoprene were particularly inefficient in forming SOA material for the conditions 

of this experiment.  These findings are consistent with the trimethylbenzene results of Li et al. (2021) 

and the initial isoprene SOA formation curves of Ng et al. (2006).  

 

The effect of other functional groups can be seen in the results for the straight chain C-10 compounds.  

SOA yield increases from low values for decane and decyne, to a SOA yield roughly double that for 

decanal, to a roughly 5 times yield for 1-decene, to a roughly 50-fold increase for 1-epoxy-9-decene.  

The double bond on the decane backbone has the most effect and an epoxide along with it is very 

effective.    

  

Our measurements indicate carbon-chain length has an influence on SOA yield, despite the difficulties 

in determining these low SOA yields (1%).  The decane and dodecane yields of 0.8 and 1.1 % are higher 

than the ~0.4-to-0.5 % yields for octane, nonane and undecane.   Nonetheless, all the alkanes presented 

here have low SOA yields, and are not effective at growing particles following oxidative photolysis for 

first-generation products.  Previous work report much larger yields for decane, 10 to 25 % mass-based 

(Hunter et al. 2014; Lim and Ziemann, 2009): the much larger aerosol loadings and longer oxidation of 

the previous work are probably responsible for the differences in yields with the present work.   
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Fig. 2. Structures of the high SOA yield precursor compounds: top row > 20 %, bottom row 4 to 11 %.   

 

 

The high SOA yielding molecules are (i) bi-cyclic or (ii) they have a double bond and another 

functionality. The bi-cyclics include β-caryophyllene, a sesquiterpene and decalin, -pinene and 

naphthalene all with yields > 10 %.  Notably, decalin and naphthalene are absent of other functional 

groups and this highlights the SOA forming capabilities of the ring-opening oxidation pathway (Lim and 

Ziemann, 2009) that leads to two oxygenated moieties.  Further oxidation of decalin by another OH 

molecule may open the other ring and contribute to the high yields found for large OH exposures 

(Hunter et al. 2014; Li et al. 2019).  The second group of high SOA yield compounds includes 

epoxydecene, myrcene, and limonene that have at least one double bond and a second functionality.  

These species are probably susceptible to fast H-shift reactions involving the peroxy radical formed after 

initial OH-addition to the double bond (limonene more so with the ring-opening of this compound after 

reaction with NO occurs).   These H-shift reactions leave widely separated oxygenated moieties that can 

enhance uptake onto the seed particles.  The propensity to form widely separated oxidized carbon atoms 

seems to be a unifying explanation for the SOA activity of an organic compound.  

 

We have postulated that a direct uptake of peroxy radicals onto the seed particles can play a role in -

pinene photo-oxidation [Hanson et al. 2022].  A peroxy radical can be present in both the high-yield 

groups, (i) and (ii), however, the Ymol of these high-yield groups is not necessarily due to uptake of 

peroxy radicals due to self-reaction: the rough estimate for this type of process for the -pinene peroxy 

radical gave a putative Ymol of ~0.03.  

 

The lowest SOA yield compounds shown in Fig. 2 are -pinene anddecene with yields of about 4 %.  

The placing of the double bond in the ring mutes the ring opening channel for -pinene (Verheggen and 

Peters) below that for -pinene.  The ring-opening channel peroxy radical is believed to undergo 

significant rates of H-shift, leading to R(OH)(OOH)O2 radicals.  The initial hydroxy-peroxy radical 

formed from decene reacts primarily with NO in our experiment leaving a hydroxy-alkoxy radical, a 

fraction of which may undergo an H-shift, add O2, and produce R(OH)(OH)O2 radicals.  These 

multifunctional peroxy radicals may undergo heterogeneous chemistry that might be a significant 

component of the observed particle growth.   
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Nucleation 
Photo-oxidation of three of the compounds resulted in significant formation of new particles in addition 

to growth of the seed particles: -caryophyllene, myrcene, and naphthalene.  Shown in Figure 3 are the 

number of particles produced (a) and the leading edge diameter (b).  Many previous studies have noted 

nucleation from photo-oxidation of -caryophyllene (Lee et al. 2006; Ng et al. 2006; Alfarra et al. 2012; 

Tasoglou and Pandis, 2015), myrcene (Hanson et al. 2022) and napthalene (Chan et al. 2009; He et al. 

2022).  It is unique to report nucleation rates, or the number of particles produced, as a function of  

oxidation rate (where here Q4 is a proxy) for the photo-oxidation of biogenic terpenes’.   

The present measurements show that -caryophyllene is more effective than myrcene at producing 

particles; for equivalent HONO photolysis rates myrcene nucleation was shown to be more effective 

than sulfuric acid nucleation at 35 % relative humidity [Hanson et al. 2022].  However, nucleation from 

photo-oxidation of neither myrcene or -caryophyllene is expected to be atmospherically important at 

room temperature.  This is because of the strong dependence of the number of particles on Q4 (about the 

4
th

 power) in Fig. 3 and that our experimental oxidation rates far exceed those in the atmosphere.  With 

the reasonable association of Q4 and the OH production rate, ROH, Np goes as roughly ROH to the 4
th

 

power.  The ROH at the midpoint of the measurements in Fig. 3 is roughly 1000 times typical mid-day 

ROH in the atmosphere and the extrapolated Np produced in the on-axis transit time of ~40 s for 

atmospheric conditions would be 10
-7

 cm
-3

.  Furthermore, -caryophyllene is quickly lost in the 

atmosphere by reacting with ozone.  For myrcene, however, photo-oxidation of myrcene may play a role 

in ion-induced nucleation at cold temperatures (Kirkby et al. 2016) or synergistically with sulfuric acid 

(Riccobono et al. 2014; Kupc et al. 2020)   

  

Figure 3.  Nucleated particles, number density (a) and diameter (b) vs. 10 ppm HONO-in-air flow, Q4.  ILEDs = 2 A 

for all measurements. A portion of the myrcene data was presented in Hanson et al. [2022]. 
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Mass spectrometer  
A photolysis experiment with ~500 ppb -pinene and 2x10

12
 cm

-3
 HONO was performed with the drift 

tube voltage for the proton-transfer mass spectrometer operated at about 60 % of normal to minimize the 

breakup of product ions (70 Td).  Four mass spectra (each an average of a few spectra with a 1 s dwell at 

each mass) are shown in Figure 4, a plot of signal (linear below 100 Hz, log above that) vs. ion mass, 

160 to 270 u.  Two spectra are with LEDs off and are due to background from -pinene and/or the 

system; the second spectra at 17:50 was 3 hours after the LEDs were turned off but many species may 

not have returned fully to background conditions.  The orange squares are with the curtain lens raised so 

that the E/N increased 15-20% in this 0.5 cm long region: this primarily decreased hydration of a few 

parent M plus proton species, M∙H+
; for example, one can see the decreases in the signals at 173 and 191 

u which are hydrates of M∙H = 137 u for -pinene.  Signal at 171 and 189 u also appear to decrease with 

an increase in this voltage and they appear to be hydrates of 153 u, present as in impurity.  Signals 

decrease at 219 u and 252 u also, and these may be hydrates of 201 u and 234 u, respectively.  Most of 

the peaks in the mass spectra are not affected by this voltage change.   

There are a number of significant peaks that arise in Fig. 4 when the LEDs are turned on, notably: 

pinonaldehyde at 169 u, and two stable species that presumably contain 3 and 4 oxygen atoms at M∙H = 

185 u and 201 u.  Identities of these species are not known but, for 201 u, Vereecken et al. 2007 

suggested a dicarbonyl ester and 2-OH-8-OOH-menthen-6-one, and for 185 u, a hydroperoxide-ketone,  

8-OOH-menthen-6-one.  In similar experiments, Lee et al. (2006) also reported signal at m/z = 169 and 

185.  Our signals result in abundances compared to -pinene lost of about 60, 7 and 10 % for 

pinonaldehyde, M∙H = 185 u, and M∙H = 201 u, respectively, assuming the instrument has the same 

sensitivities for them as it does for -pinene (i.e., a signal-based yield, Hanson et al. 2004).   

There are many even masses that have signals that are between 0.5 and 1.5 % of the change in the -

pinene signal (the signal-based yield).  Even mass M∙H
+
 are typically due to radicals or are stable 

nitrogen containing species.  There is a sequence of peaks at 198, 214, 230, 246 that correspond to the 

M∙H of the nitrates (including peroxynitrates) expected in the OH abstraction pathways from -pinene 

(Vereecken et al. 2007; dashed indicators) where several NO molecules have reacted.  There is a 

sequence of peroxy radicals from OH addition to -pinene with M = C10H17OxO2, x = 1 to 5, with M∙H 

of 186, 202, 218, 234, and 250 u shown in Fig. 4 with the gray indicator lines.  The first two are 

obscured in the signals of the isotopes of 185 u and 201 u while the signal at 234 u is quite prominent.  

The sequence 216, 232, 248 and 264 u are consistent with the nitrates (including peroxynitrates) in the 

OH addition pathways, indicated with red lines.  Note that a water of hydration on the 216 u nitrate, if 

strongly enough bound, could contribute to the signal at 234 u; in general water ligands would 

complicate the interpretation of the mass spectra.  Nonetheless, most of the masses with significant 

signals in the 214 to 264 u range correspond to M∙H masses expected in the photo-oxidation of -

pinene.  The three sequences discussed above add up to about an 8 % signal-based yield.   
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Figure 4.  Proton-transfer mass spectra of -pinene and its photo-oxidation products.  -pinene and HONO were 
present for all scans, the two scans with the LEDs on are at different curtain voltages.  Signal at 220, 223, and 
241 u seems to be due to instrument background. 
 

The Supplement presents more data obtained with the proton-transfer mass spectrometer including a net 

signal mass spectra of GroFR background with -pinene present, a time-evolution of some of the 

product ion signals shown in Fig. 4 and a comparison to the time-evolution of the nanoparticle size 

measurements.  The particle size measurements do not have any decipherable dependence on time 

during a 45 min LEDs on time period while species that give the 185 u and 201 u ions vary dramatically 

over the first 45 min of a LEDs on experiment; pinonaldehyde also varies with time rising quickly over 

the first ten minutes and then more slowly.  Presuming this stickiness is exhibited in GroFR (and quite 

probably in the mass spectrometer sampling lines etc.) it is hard to see how these species are responsible 

for -pinene SOA for our conditions.  We plan more targeted experiments in the future, increasing the 

seed particle size and number density while monitoring the mass spectra.  Researchers with high- 

resolution PTrMS instrumentation are better suited to ascertain the molecular identities of the -pinene 

photo-oxidation products shown in Fig. 4.   

HONO photolysis rate. 

The first-order HONO photolysis rate coefficient, kphot, was estimated in our previous work with GroFR 

to be 0.002 s
-1

 by comparing modeled H2SO4 gas-phase abundance to measured particle growth (Hanson 

et al. 2022).  The gas-kinetic collisional rate coefficient for growth was used with no enhancement due 

to long-range van der Waals forces.   

An alternate assessment of kphot in another of our experiments was done with isoprene photo-oxidation, 

where kphot was calculated from the increase in the main oxidation products, methylvinylketone and 

methacrolein, using a simplified kinetic scheme (Hanson et al. 2019).  Since then, we have built a 

detailed 2D model of the photo-oxidation of -pinene (Hanson et al. 2022) and the amount of impurity 

NO in the HONO source is now routinely measured.  Therefore, we performed three experimental runs 

with several On-Off cycles of the LEDs to detect with some precision the small change in -pinene due 
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to photo-oxidation.  These measurements are detailed in the supplement and the average kphot is 0.0019 

s
-1

 (± 34 %).  This is consistent with our 2022 assessment of kphot obtained from H2SO4 growth 

experiments analyzed without van der Waals enhancements to the gas-kinetic collision rate.  

 

Conclusions 

This present work surveys how functional groups determine secondary (but first-generation) organic 

aerosol growth capabilities upon photo-oxidation and for low organic aerosol loadings.  Of the groups 

studied here, cyclic compounds and multi-functional species with an exocyclic C-C double bond 

generated the largest SOA yields.  Exocyclic double bonds lead to peroxy positioning that is better in 

terms of H-shift rates and overall spacing of oxygenated moieties within the molecule that enhance SOA 

forming capabilities at small OH exposures.  The biogenic C-10 and C-15 compounds studied here are 

cyclic and possess double bonds, and with the exception of -pinene, lead to significant growth of seed 

particles.  We find that typical non-functionalized alkanes do not produce significant amounts of SOA 

material at these OH exposures.  The results presented here are consistent with secondary organic 

aerosol production being dependent on the presence of bidentate oxygenated moieties.  So in addition to 

facile H-shift rates to further gas-phase oxygenation, the adhesion of SOA material to particles is 

probably influenced by the distribution of the oxygenated moieties on the precursor backbone.    

 

We also presented mass spectrometer measurements of the first-generation photo-oxidation products of 

-pinene and determined signal-based yields (or abundances).  The results are consistent with large 

yields of pinanonaldehyde (on the order of 50 %) and about 10 % and 5 % of C10H16O4 and C10H16O3, 

respectively.  The yields for these three species are within reasonable bounds of the predictions of 

Vereecken et al. (2007).  The time evolution of these product ions are disconnected from changes in the 

particle sizes which were immediate upon initiation of photo-oxidation; either the products that were 

detected do not contribute to SOA or their interactions with the walls does not influence their uptake 

onto particles.  

 

We observed several sequences of even mass ions that are consistent with multifunctional nitrates and 

peroxy radicals formed in -pinene photo-oxidation schemes; the sum of these signals led to a yield of 

about 8 %.  An ion at mass 234 had the largest signal of all the ions from 205 to 270 u and it is 

consistent with M∙H+
 of an OH-addition channel RO6 peroxy radical, however, it is also consistent with 

an H2O ligand on M∙H+
 of an OH-addition channel hydroxyl nitrate.  The calibration of the mass 

spectrometer for -pinene, measured HONO level, and the amount of pinene lost upon 

photooxidation allowed for a determination of the photolysis rate for HONO of 0.0019 s
-1

 (but with an 

uncertainty of 34%).  This is in good agreement with that derived from H2SO4 growth considerations 

without van der Waals effects in our previous work (Hanson et al. 2022).   
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The SOA results are relevant to the atmosphere because small sulfuric acid seed particles are 

representative of some portion of the nucleation mode aerosol and their growth is critically important in 

climate processes.  The atmospheric relevance is also through understanding the initial SOA capabilities 

of organic compounds undergoing photo-oxidation.  For example, understanding the role of functional 

groups will aid SOA incorporation into atmospheric models.  Discovering the reasons for the observed 

linear increases with photo-oxidation rate may uncover new first-generation chemical pathways 

important for atmospheric conditions.  The work presented here is a unique way to study organic aerosol 

formation, providing a challenge to SOA modeling efforts.  
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