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Abstract 20 

Oxidation of the monoterpene Δ3-carene (C10H16) is a potentially important and under-studied 21 
source of atmospheric secondary organic aerosol (SOA). We present chamber-based 22 
measurements of the speciated gas and particle phases during photochemical oxidation of Δ3-23 

carene. We find evidence of highly oxidized organic molecules (HOM) in the gas phase and 24 
relatively low volatility SOA dominated by C7-C10 species. We then use computational methods 25 

to develop the first stages of a Δ3-carene photochemical oxidation mechanism and explain some 26 

of our measured compositions. We find that alkoxy bond scission of the cyclohexyl ring likely 27 
leads to efficient HOM formation, in line with previous studies. We also find a surprising role for 28 
the abstraction of primary hydrogens from methyl groups, which has been calculated to be rapid 29 
in the α-pinene system, and suggest more research is required to determine if this is more general 30 

to other systems and a feature of autoxidation. This work develops a more comprehensive view of 31 
Δ3-carene photochemical oxidation products via measurements and lays out a suggested 32 
mechanism of oxidation via computationally derived rate coefficients. 33 
 34 
Keywords 35 
Atmospheric chemistry, Autoxidation, Highly Oxidized Organic Molecules (HOM), Monoterpene 36 
oxidation, Secondary Organic Aerosol (SOA) 37 
 38 
Synopsis 39 

Laboratory experiments and rate calculations are synthesized to develop a photochemical 40 
oxidation mechanism for Δ3-carene, which may be an important precursor for secondary organic 41 
aerosol.  42 

 43 
 44 
 45 
 46 
 47 
 48 
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1 Introduction 49 
Secondary organic aerosol (SOA), particulate matter that is formed in the atmosphere as 50 

opposed to being directly emitted, is a substantial component of submicron aerosols1, 2 which are 51 
particularly detrimental to human health and are the source of much of the uncertainty related to 52 
aerosol-climate effects3. One of the largest sources of SOA is the oxidation of biogenic volatile 53 
organic compounds (BVOC)4 that are emitted from vegetation and have lifetimes of hours or less 54 
against atmospheric oxidation. Monoterpenes (C10H16), one class of BVOC, play a well-55 

documented role in SOA formation and growth. 56 
To understand and predict SOA formation and growth, mechanisms of BVOC conversion 57 

to lower volatility compounds are required. One mechanism that has recently garnered much 58 
attention is autoxidation5. In the context of atmospheric gas-phase chemistry, autoxidation 59 
involves an organic peroxy (RO2) or alkoxy (RO) radical abstracting a hydrogen from elsewhere 60 

in the molecule, followed by O2 addition. Multiple unimolecular steps can rapidly increase the 61 

oxygen content of a molecule, while keeping the carbon backbone mostly intact6. Autoxidation is 62 
thus a pathway to form highly-oxygenated organic molecules (HOM), which are defined to have 63 

six or more oxygens6. Most studies on HOM formation and identification have focused on α-64 

pinene which is considered the most abundant monoterpene7. Yet, even for the α-pinene ozonolysis 65 
system, a molecular-level mechanism for HOM formation was only proposed recently8. Due to the 66 
often very low volatility of HOM, they can impact SOA formation even when formed in low yields, 67 

thus exploring the possibility of other BVOC to form HOM is important. 68 
One intriguing monoterpene in this regard is Δ3-carene. Δ3-carene is predicted to have 69 

lower emission rates than α-pinene globally7, although regionally they have been measured in 70 
roughly equivalent concentrations9. Additionally, Δ3-carene has a larger OH reaction rate constant 71 
(8.0 × 10-11 cm3 molec-1 s-1)10 than α-pinene (5.4 × 10-11 cm3 molec-1 s-1)11. Taken together, in 72 

certain environments such as the boreal forest, OH can react with Δ3-carene as often as α-pinene, 73 

suggesting that the production rate of HOM from Δ3-carene photochemical oxidation could be as 74 
large as that of α-pinene in these environments, depending on the HOM yields.  75 

Despite the potential importance of Δ3-carene, little is known about its oxidation initiated 76 

by OH radicals. Previous Δ3-carene photochemical oxidation studies determined the presence and 77 
yield of caronaldehyde (14-77%), a primary first-generation product10, 12-15, and an SOA yield of 78 

1.6-40%16-19. However, only one study was carried out in the absence of NOx
14 and all of the 79 

studies used elevated levels of precursors (Δ3-carene, and NOx when used), suggesting they likely 80 
enhanced the role of bimolecular reactions of radicals over autoxidation compared to the 81 

atmosphere20. More recently, 13 compounds with molecular formulas of C8-10H12-16O1-4 were 82 
detected in the particle phase, with structures assigned to the formulae based on a combination of 83 
literature and speculation21.  84 

 We present herein a combined chamber and theoretical study of the OH oxidation of Δ3-85 
carene. We investigate the gas and particle phase products of this reaction produced in a steady-86 

state chamber experiment and use known gas-phase organic chemistry to predict possible products 87 
matching the molecular formulas we observe. We use quantum chemical calculations to calculate 88 
the rate coefficients of various peroxy and alkoxy H-shifts and bond scission/ring opening 89 
reactions to predict the most likely unimolecular reactions potentially leading to HOM formation. 90 
We find that alkoxy bond scission of the cyclohexyl ring is the most likely pathway to HOM 91 

formation and develop a mechanism for the first steps of Δ3-carene photochemical oxidation.  92 
 93 
 94 
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2 Methods 95 
2.1 Laboratory Experiments 96 

 Experiments were performed in the Pacific Northwest National Laboratory (PNNL) 97 
environmental chamber22 in 2015 as part of the Secondary Organic Aerosol From Forest Emissions 98 
Experiment (SOAFFEE), which has been described previously20, 23, 24. The PNNL chamber is 10.6 99 
m3 and was operated in continuous-flow mode with a total flow of 48.2 L min-1, resulting in a 100 
chamber lifetime of ~3.7 hours. (1S)-(+)-3-carene (90% purity, Sigma-Aldrich, from here on 101 

written as Δ3-carene) was passed into the chamber to maintain a steady state concentration of 10 102 
ppb before lights were switched on to initiate photochemistry. H2O2 was injected via an automated 103 
syringe as a radical OH and HO2 precursor, at a mixing ratio of 1 ppm H2O2 before photochemistry 104 
was initiated. Quasi-monodisperse 50 nm solid ammonium sulfate seed particles were continually 105 
added. The chamber was operated at room temperature and 50% RH.  106 

 A suite of online gas and particle phase instruments were employed to characterize the 107 

chemical speciation and concentration within the chamber. Ozone (Thermo Environmental 108 
Instruments model 49C), NO/NO2/NOx (Thermo Environmental Instruments model 42C), and Δ3-109 

carene (Proton-transfer-reaction mass spectrometer, Ionicon) concentrations were monitored. 110 

Mass loading and bulk submicron particle-phase composition were measured with an Aerodyne 111 
high-resolution time-of-flight aerosol mass spectrometer. The chemically speciated gas- and 112 
particle-phase composition of semi- and low-volatility compounds25 in near-real time were 113 

measured with a high resolution time-of-flight chemical ionization mass spectrometer (HR-ToF-114 
CIMS) with iodide ionization coupled to a Filter Inlet for Gases and AEROsols (FIGAERO)26. We 115 

do not convert signal to concentration for the HR-ToF-CIMS, but use the measurements to 116 
qualitatively compare compositions and as a basis for building oxidation mechanisms. The 117 
operation of the FIGAERO-CIMS has been described previously23. Briefly, the FIGAERO was 118 

operated in a cycle with a 43 min aerosol collection and simultaneous real-time gas phase 119 

measurements, followed by a 70 min thermal desorption with a temperature ramp from room 120 
temperature to 200 oC at a rate of 10 oC min-1, followed by a 10 min cool down to room 121 
temperature. Gas phase zeros were performed by overblowing the pinhole with ultra high purity 122 

N2 every 5 min, and particle phase blanks were obtained by inserting a secondary filter upstream 123 
from the primary collection filter every 4th collection.  124 

In addition, the volatility of size-selected SOA particles was measured using a single 125 
particle mass spectrometer, miniSPLAT, described in detail elsewhere27. Briefly, SOA particles 126 
from the PNNL chamber were extracted, size selected with a differential mobility analyzer, passed 127 

through two charcoal denuders to remove gas-phase organics, and loaded into a stainless-steel 128 
evaporation chamber that was partially filled with activated carbon to continuously remove 129 
evaporated organics. The miniSPLAT was used to periodically sample particles from the 130 

evaporation chamber to characterize changes in their vacuum aerodynamic diameter and mass 131 
spectra. Room-temperature evaporation kinetics of the size-selected SOA particles, expressed as 132 

organic volume fraction remaining (VFR) as a function of evaporation time, was quantified by 133 
measuring change in particle vacuum aerodynamic diameter with 0.5% precision, accounting for 134 
the volume of the inorganic seed. 135 
 136 
2.2 Quantum Chemical Rate Calculations 137 

 Rate coefficient calculations were performed according to the approach in Møller et al.28, 138 
based on multiconformer transition-state theory (MC-TST)29 and presented numerous times 139 
before (e.g.30-34). Briefly, the calculations included six steps. (1) A systematic conformer search 140 
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was performed for the reactants, products, and transition states in Spartan ’1635 with the MMFF 141 
force field. The FFHINT keyword was utilized to enforce a neutral charge on the radical center 142 

and constraints were applied to selected bond lengths for the transition states. (2) All identified 143 
structures were optimized at B3LYP/6-31+G(d) level of theory in Gaussian 0936 or 1637. (3) 144 
Unique structures, determined by energy and dipole moment (differences > 1×10-5 H and > 145 
1.5×10-2 D)38, within 2 kcal mol-1 in electronic energy of the lowest energy conformer were then 146 
optimized at the ωB97X-D/aug-cc-pVTZ level. Additionally, harmonic vibrational frequencies 147 

were calculated to obtain zero-point corrected energies of all species and to confirm the character 148 
of the optimized transition state structures with a single imaginary frequency corresponding to 149 
the H-shift or bond scission. (4) To obtain a more accurate barrier height, ROHF-ROCCSD(T)-150 
F12a/cc-pVDZ-F12 single-point energy calculations (denoted “F12” for simplicity from here on) 151 
were then performed using Molpro 2015.139 on the lowest energy ωB97X-D/aug-cc-pVTZ 152 

optimized reactant, product, and transition state conformers for selected reactions of the first 153 

generation alkoxy (Scheme 1, M3). Exclusion of F12 singe-point calculations results in a factor 154 
of ~2 average difference in rate coefficients and increases their uncertainty to about two orders of 155 

magnitude40. (5) Finally, the Eckart tunneling coefficient41 was calculated using the forward and 156 

reverse barrier heights (energy differences at the ωB97X-D/aug-cc-pVTZ level, or at the F12 157 
level where available) between the lowest-energy transition state and the reactant and product 158 
conformers connected to it via intrinsic reaction coordinate (IRC) paths at the B3LYP/6-31+G(d) 159 

level. The tunneling coefficient calculation also included the imaginary frequency of the 160 
transition state at the ωB97X-D/aug-cc-pVTZ level calculated in step 3. (6) Rate coefficients 161 

were calculated using MC-TST with the Eckart tunneling coefficients, ωB97X-D/aug-cc-pVTZ 162 
partition functions, relative energies between conformers and zero-point vibrational corrections 163 
and electronic energies for the barrier height calculated at either the ωB97X-D/aug-cc-pVTZ or, 164 

where available, F12 levels. The pressure dependence of RO2 H-shift reactions has been shown 165 

to be negligible in the α-pinene ozonolysis system42 at 298 K and 1 atm, and thus was not studied 166 
here, as similar results are expected for our reactions. 167 
 168 

3 Results & Discussion 169 
3.1 Δ3-carene photochemical oxidation products 170 

 171 

 172 
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Figure 1. Gas-phase products of Δ3-carene photochemical oxidation. A. Largest CIMS signals, 173 
and B. mass spectrum of C10H12-18O3-7 compounds, separated by 2 hydrogens.  174 

 175 
We identified ~200 organic molecular adducts to iodide ions from Δ3-carene 176 

photochemical oxidation using the FIGAERO-CIMS. In the gas phase, the dominant signal is 177 
formic acid, CH2O2 (Fig. 1A), consistent with previous work showing formic acid is a major 178 
product14. The next largest signal is C10H18O3, presumably a hydroxy hydroperoxide (Scheme 1, 179 

M2) formed via oxidation of the double bond, which is expected given the use of H2O2 as a radical 180 
OH precursor which produces abundant HO2

43. C10H16O2 is likely caronaldehyde which was 181 
previously shown to form in high yields: 31-77% in the presence of NOx

12, 13, 19, although much 182 
lower (14%) in the absence of NOx

14. Most of the 10 highest abundance gas-phase species by 183 
signal have relatively low oxygen numbers and smaller carbon backbones (<C10), however, some 184 

higher order oxygenates are detected. Figure 1B shows a series of C10H12-18O3-7 compounds. 185 

Higher oxygen numbers are associated with lower gas-phase concentrations, likely due to a 186 
combination of lower yields of highly oxygenated compounds and such species being sequestered 187 

into the particle phase and chamber walls due to lower vapor pressures and thus stronger 188 

partitioning44. We are unaware of other studies reporting Δ3-carene photochemical oxidation 189 
products with 10 carbon atoms and more than four oxygen atoms. 190 
 Photochemical oxidation of Δ3-carene under the conditions described above produced 4.7 191 

µg m-3 of SOA at steady state, corresponding to an SOA mass yield of 31%. The composition of 192 
the particle phase (Fig. 2A and B) differs from the gas phase, as expected. The oxygen content is 193 

in general significantly higher in the particle phase, dominated by O5 and O6 species as opposed 194 
to O2 and O3 species in the gas phase. The detected particle-phase compositions imply the presence 195 
of certain reaction mechanisms. For example, C7 compounds indicate the efficient loss of a C3 196 

group, likely through alkoxy scission after cleavage of the cyclopropyl ring, analogous to the Δ3-197 

carene + NO3 system45. It is not obvious how a C8 species, the largest molecular signal measured 198 

in the particle phase, would be formed from gas-phase chemistry followed by gas-to-particle 199 
partitioning alone. However, C8 species also often dominate the particle-phase composition 200 
measured with a FIGAERO-CIMS in the α-pinene photochemical oxidation system (Lopez-201 

Hilfiker et al.46 and Fig. S1). The gas- and particle-phase composition of α-pinene photochemical 202 
oxidation measured during this campaign is provided in the SI for comparison. 203 

The FIGAERO-CIMS can also provide insight into the volatility of the SOA. We compare 204 
the campaign-average thermogram, i.e. the average of each individual particle-phase desorption in 205 
signal versus temperature space, normalized by maximum signal (Fig. 2C), for Δ3-carene relative 206 
to the much more studied α-pinene with the same precursor concentrations (10 ppb BVOC, 1 ppm 207 
H2O2). The temperature of maximum desorption (Tmax) for the Δ3-carene bulk SOA thermogram 208 

is noticeably higher (93 oC) relative to α-pinene (80 oC), indicating that the Δ3-carene SOA is 209 
generally of lower volatility26. However, the thermogram for Δ3-carene has a smaller relative 210 

contribution from the high-temperature tail and the largest measured signals have large carbon 211 
backbones (Fig. 2A) indicating the detection of intact molecules formed in the gas-phase during 212 
the experiment and desorbing directly from the particle phase. On the other hand, α-pinene has a 213 
much larger relative contribution of signal from the high temperature region and the particle-phase 214 
signal is dominated by likely thermal decomposition products (Fig. S1A)47, 48, suggesting 215 

decomposition of ELVOC or larger order structures such as dimers or oligomers. The sum 216 
thermogram structures do not definitively indicate volatility however, in that the higher SOA 217 
concentration in the Δ3-carene system will favor more partitioning of higher volatility material, 218 
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which was recently seen for Δ3-carene ozonolysis49 and could be the reason for the more distinct 219 
peak for Δ3-carene.  220 

 221 
Figure 2. Particle-phase analysis of Δ3-carene photochemical oxidation. A. Top compounds by 222 
CIMS signal, B. mass spectrum of C10H12-22O3-8 compounds, separated by 2 hydrogens, C. Sum 223 

thermogram for Δ3-carene (blue) and α-pinene (black), and D. volume fraction remaining (VFR) 224 

for 151 nm particles as a function of evaporation time for Δ3-carene (blue) and α-pinene (black). 225 

 226 
To provide an additional constraint on effective volatility, we investigate the room-227 

temperature isothermal evaporative behavior of the two SOA systems and find that Δ3-carene SOA 228 
is more recalcitrant towards evaporation than is α-pinene SOA formed under similar conditions 229 
(Fig. 2C). After 16 hours of isothermal evaporation at room temperature27, the volume fraction 230 

remaining (VFR) for α-pinene SOA is 35%, while after 22.5 hours 49% of the Δ3-carene SOA 231 
remains (Fig. 2D). These observations together suggest that Δ3-carene SOA is relatively lower 232 
volatility than α-pinene SOA. Given these results, we conclude that Δ3-carene represents a 233 
potentially important contribution to ambient SOA. Thus, we explore the initial stages of oxidation 234 

to develop an oxidation mechanism and identify potential oxidation products. 235 
 236 
3.2 Δ3-carene photochemical oxidation mechanism 237 

A gas-phase mechanism of Δ3-carene photochemical oxidation in the presence of NOx
50 238 

was developed based on laboratory experiments16, 17, but to our knowledge no multi-step 239 
mechanism exists for photochemical oxidation in the absence of NOx. Here, we use the measured 240 
compositions from the previous section and current understanding of atmospheric chemistry of 241 

organic radicals to propose a mechanism for Δ3-carene + OH in a NOx-free environment via 242 
autoxidation (Scheme 1). We start with an OH addition to the double bond resulting in a carbon-243 
centered radical on the tertiary carbon, previously shown to be the major addition channel51. While 244 

OH could also add to the other side of the double bond or abstract a hydrogen51, we focus on the 245 
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most likely reaction here and at each subsequent stage. After OH addition, O2 will add at the radical 246 
site, resulting in a peroxy radical with four possible stereoisomers, depending on the side of the 247 

ring reacting (Scheme 1, M1)34. We then assume three fates of this peroxy radical: 1) H-shift 248 
reactions (isomerization), 2) termination via HO2, dominant in the chamber experiments described 249 
above (Scheme 1, M2), or 3) bimolecular reaction with HO2, RO2 or NO yielding an alkoxy radical 250 
(Scheme 1, M3). M3 could also be formed via photolysis of the closed-shell M2. From here, we 251 
calculate the rate coefficients of different likely reactions of these first-generation radicals, and 252 

further reactions of two second-generation products that are likely to be formed in high yields. 253 
Each of these pathways are described in detail below and shown in Scheme 1.  254 
 255 
3.2.1 First Generation RO2 H-shifts 256 

The first generation RO2 (Scheme 1, M1) can undergo two types of bimolecular reactions. 257 

The first is termination via HO2 to a hydroperoxide (Scheme 1, M2) which will not condense to 258 

aerosol due to the relatively high saturation vapor concentration (1.9 × 103 - 9 × 103 µg m-3, 259 
depending on the stereoisomer, as estimated with COSMOtherm52 and as described in Kurtén et 260 

al.53). However, being a likely high yield product in our chamber (the second largest composition 261 

by signal, Fig. 1A), we perform further calculations on this termination product, discussed in 262 
Section 3.2.4. Reaction with HO2 in our chamber or NO or RO2 in the atmosphere could also lead 263 
to an alkoxy radical (Scheme1, M3). Alkoxy radicals are reactive, and we discuss the fate of this 264 

molecule in depth in the next section. 265 
We investigate three H-shifts for the peroxy radical (Scheme 1, M1): from the α carbon 266 

with the -OH group (1,4), from the -OH group on the α carbon (1,5), or from the methyl group on 267 
the 3-membered ring (1,7). However, none of these H-shift reactions are likely to be competitive 268 
with bimolecular reactions in our laboratory experiments or in any atmospheric conditions, as has 269 

been shown previously34. The calculated highest rate coefficients of the possible stereoisomers are 270 

5.5 × 10-5 s-1 for the 1,4 shift, 1.7 × 10-3 s-1 for the 1,5 shift, and 2.6 × 10-6 s-1 for the 1,7 shift 271 
(Table S1). The corresponding H-shifts were also calculated to be slow (<10-4 s-1) in the Δ3-carene 272 
+ NO3 system54.  273 

The product of the H-shift from the α carbon will be a ketone, terminating this pathway 274 
and not leading to HOM or otherwise low volatility product. The H-shift from the -OH group 275 

produces a hydroperoxy alkoxy radical which has the potential to break open the ring but the 276 
formation of this alkoxy is not likely. Neither of these products are investigated further. The fate 277 
of the carbon-centered radical on the methyl group attached to the cyclopropyl ring will not be 278 

explored further either, as its formation is also unlikely, although the fate of a similar carbon-279 
centered radical is discussed in Section 3.2.3 and can be used as a framework for the fate of this 280 
radical.  281 

 282 
 283 

 284 
 285 
 286 
 287 
 288 

 289 
 290 
 291 
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Scheme 1. Simplified mechanism of Δ3-carene photochemical oxidation. Pathways studied herein 292 
are shown in black with compounds labeled “M#”. Isomerization (H-shift) reactions and 293 

cyclopropyl ring-opening reactions that are discussed are highlighted in blue and green, 294 
respectively. Carbons are numbered on the parent Δ3-carene for ease of reference in the main text. 295 
Speculative autoxidation pathways discussed in section 3.2.5 are shown via gray and colored 296 
structures stemming from M5 and labeled with letters a-j.  297 
 298 

 299 
 300 
3.2.2 Fate of the First Generation Alkoxy 301 

The hydroxy alkoxy radical (Scheme 1, M3), formed from the bimolecular reaction of the 302 
first generation RO2 with HO2, NO, or RO2, is an intriguing precursor for HOM and low volatility 303 
product formation. The alkoxy alcohol has two likely fates: breaking the six-membered ring, 304 
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resulting in M5 and M6, or abstracting a hydrogen from one of the methyl groups on the three-305 
membered ring, which is sterically accessible to the alkoxy radical in the 3D structure (Fig. S2). 306 

The cyclohexyl ring can break either towards C7, the CH2 group labeled “7” on Δ3-carene in 307 
Scheme 1, resulting in M5, or towards C3, the CH-OH group labeled “3” on Δ3-carene in Scheme 308 
1, resulting in M6 after abstraction of the alcohol’s hydrogen via O2. The branching will favor 309 
breaking towards C3 due to the stabilization from the -OH electron-withdrawing group, leading to 310 
caronaldehyde (Scheme 1, M6)55, which we further investigate in Section 3.2.4 due to the 311 

potentially high yields. However, we calculate that both reactions have large rate constants (left: 312 
1.1 × 107 – 2.1 × 109 s-1, right: 1.3 × 109 – 1.2 × 1010 s-1) with low barrier heights (left: 4.6 – 8.2 313 
kcal mol-1, right: 4.0-5.5 kcal mol-1) for each stereoisomer (Table 1), indicating the ring break 314 
towards C7 can occur in competition with ring break towards C3. If the ring breaks towards C7, 315 
this could lead to HOM either by O2 addition and further H-shift reactions (see Section 3.2.5 and 316 

Scheme 1) or lead to the breaking of the cyclopropyl ring (see next section) which has been shown 317 

to be important for HOM formation in the Δ3-carene + NO3 system45, 54. Even low yields of HOM 318 
can impact SOA formation due to their often very low volatility, implying small fractions breaking 319 

towards C7 are still atmospherically relevant. Because the ring breaking towards C7 and C3 are 320 

close in rates and barrier heights, F12 single point corrections are included in the alkoxy ring 321 
breaking rate coefficient calculations to increase precision. 322 

The alkoxy radical can also perform H-shifts. We investigated three different H-shifts 323 

(Table 1) and found that only the shift from one of the methyl groups on the propyl ring could be 324 
competitive with ring breaking. This shift will be approximately as likely as the ring breaking 325 

towards C7, with rate coefficients of 5.8 × 107 and 6.6 × 107 s-1 for the two stereoisomers where 326 
this shift is geometrically available. It is generally assumed that H-abstractions from primary 327 
carbons are slow56, although recent findings suggest for specific systems, they may be 328 

competitive57. We therefore include F12 single point energy calculations in these H-shifts as well, 329 

to compare with the alkoxy ring breaking as accurately as possible. We explore the fate of the 330 
resulting primary carbon-centered radical in the next section. The other possible H-shifts are 331 
predicted to be much slower than the methyl H-shifts and the ring breaking reactions, so these do 332 

not include F12 single-point calculations. Table 1 details the rate constants and barrier heights for 333 
each of these reactions. 334 

 335 
 336 
 337 

 338 
 339 
 340 

 341 
 342 

 343 
 344 
 345 
 346 
 347 

 348 
 349 
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Table 1. Fate of the first-generation alkoxy radical, M3 from Scheme 1. Rate coefficients (units 350 
of s-1) and forward barriers (units of kcal mol-1) are shown for each stereoisomer. Blue values 351 

indicate the inclusion of F12 single point corrections, black values are calculated with barrier 352 
heights at the ωB97X-D/aug-cc-pVTZ level. 353 
 354 

 

    

 

not possible 
for this 
isomer* 

 

not possible 
for this 
isomer* 

 

5.8 × 107 s-1 
7.0 kcal mol-1 

 

6.6 × 107 s-1 
7.1 kcal mol-1 

 

 

10 s-1 
19.3 kcal mol-1 

 

not possible 
for this 
isomer* 

 

1.7 × 10-2 s-1 
23.6 kcal mol-1 

 

not possible 
for this 
isomer* 

 

 

not possible 
for this 
isomer* 

 

Ring breaks 
open during 

ωB97X-D 
optimization 

 

not possible 
for this 
isomer* 

 

Ring breaks 
open during 

ωB97X-D 
optimization 

 

 

6.1 × 107 s-1 
7.6 kcal mol-1 

 

2.1 × 109 s-1 
4.6 kcal mol-1 

 

1.1 × 107 s-1 
8.2 kcal mol-1 

 

7.1 × 107 s-1 
7.1 kcal mol-1 

 

  

1.1 × 1010 s-1 
4.2 kcal mol-1 

 

5.6 × 109 s-1 
4.4 kcal mol-1 

 

1.2 × 1010 s-1 
4.0 kcal mol-1 

 

1.3 × 109 s-1 
5.5 kcal mol-1 

 

*steric hindrance prevents this reaction from occurring in the isomer in question 355 
 356 
 357 
 358 
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3.2.3 Cyclopropyl ring opening 359 
 As described above, opening of the cyclopropyl ring could be an important pathway to 360 

HOM formation45, 54, so we studied this reaction in greater depth (Table S2). The primary carbon-361 
centered radical α to the cyclopropyl ring, be it formed via H-abstraction from the methyl group 362 
(Table S2, reactant in the first two rows) or from the breaking of the cyclohexyl ring (Table S2, 363 
reactant in the bottom row), has two main fates. The first is addition of an O2 to form a peroxy 364 
radical, assumed to occur at ~107 - 108 s-1 under atmospheric conditions11, 58, 59. In competition 365 

with this bimolecular reaction, the radical may also be able to break open the cyclopropyl ring, 366 
forming a double bond and a more stable secondary or tertiary carbon-centered radical. We 367 
calculated the rate constants for the cyclopropyl ring openings and found them to be fast, on the 368 
order of 107-108 s-1 (Table S2). Thus, we anticipate contributions from both O2 addition and ring 369 
opening. We expect these products to be good candidates to form HOM, as breaking the 370 

cyclopropyl ring will increase the flexibility and therefore the ability to perform further H-shifts 371 

after O2 addition, particularly in the case where the cyclohexyl ring is also already broken (Table 372 
S2, bottom row). Furthermore, the double bond that is generated in each of the three cases will be 373 

reactive to OH addition, leading to further oxidation with the potential for additional H-shifts or 374 

peroxy ring closing reactions and a lowering of the volatility34.  375 
 376 
3.2.4 Fate of Second-Generation Products 377 

HOM formation from second-generation products will not be prompt, due to the inherent 378 
time required to form the reactant, i.e. the first-generation product, but their isomerization rates 379 

will typically be enhanced due to the presence of multiple functional groups5, 32 and multi-380 
generation SOA formation is well documented60-66. As stated above, caronaldehyde (Scheme 1, 381 
M6) is a first-generation product with widely varying observed yields (14-77%)12-15, and measured 382 

to be 1% of total gas-phase signal here (Fig. 1A), although signal does not equate to overall 383 

concentration and iodide CIMS is not expected to be especially sensitive to caronaldehyde25
. Due 384 

to its potentially high yields we investigate its fate further. The most likely reaction pathway for 385 
caronaldehyde is the abstraction of the aldehyde hydrogen via OH61, 67, 68, followed by O2 addition, 386 

yielding a second generation RO2 (Scheme 1, M7). This RO2 can then undergo reaction with HO2 387 
to form a carboxylic acid69-71 or a peroxy acid, both of which are estimated to have relatively high 388 

vapor pressures (carboxylic acid: 1.2 × 103 µg m-3, peroxy acid: 50 µg m-3 52), or the RO2 can 389 
undergo an H-shift. We investigated a 1,7 H-shift from the carbon α to the ketone and found that 390 
it is not likely to compete with bimolecular reaction, as the calculated rate constant is 2.4-2.9 × 10-391 
4 s-1 (Table S3). We conclude that this pathway likely does not lead to HOM formation. 392 

The other second-generation product we investigate is the hydroxy hydroperoxide (Scheme 393 

1 M2, and Table S4) which is the second largest gas-phase signal measured (9%, Fig. 1A) in our 394 

chamber. One option for further oxidation of this molecule is an H-abstraction from the molecule 395 

via OH. The most likely H-abstraction is from C361, 67, 68 or the -OH group on C3, although this 396 

will likely terminate in a ketone. To investigate a possible second-generation H-shift, we assume 397 

an H-abstraction from C7 (Scheme 1), followed by O2 addition to form M4, and an H-shift from 398 

C3, leading to the formation of a ketone. We calculate the rate coefficient of the H-shift for each 399 

of the four possible peroxy stereoisomers and find them to be slow (0.6-36 × 10-9 s-1) and therefore 400 

unlikely (Table S4). This is meant to be a representative test of peroxy radical H-shifts stemming 401 

from M2. Peroxy radicals located at different positions on the molecule may have faster H-shifts, 402 

although it is likely that they will still abstract the hydrogen from C3 as it is the most acidic61, 67, 403 
68, terminating the molecule as a ketone that will be of relatively high volatility (9-110 µg m-3, 404 
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depending on the stereoisomer52). The second generation peroxy radical (Scheme 1, M4) could 405 

also abstract the hydrogen off the -OOH or the -OH group, which could lead to further 406 

unimolecular reactions and potential oxygenation, although we do not explore these possibilities 407 

here.  408 

 409 
3.2.5 Potential Reactions  410 

Figures 1A and 2A show the molecular compositions of species measured in the gas and 411 
particle phase, respectively. The only overlap with our computationally developed mechanism 412 

(Scheme 1) is C10H18O3, presumably a hydroxy hydroperoxide, and C10H16O2, presumably 413 
caronaldehyde. Additionally, in Section 3.2.2, we speculated based on previous work45, 54 that 414 
breaking the cyclohexyl ring towards C7 via an alkoxy (Scheme 1, M3) is a likely path toward 415 
HOM formation. To fill the gap between measured and modeled species, we present possible 416 
reactions leading to several of the measured compositions in the particle phase (Scheme 1, gray 417 

and colored compounds), some of which are HOM (i.e. containing six or more oxygens), from the 418 

carbon-centered radical intermediate (Scheme 1, M5). Throughout this discussion, we do not 419 
address all possible reaction pathways and products, simply the most likely or those that lead to 420 
measured compositions via autoxidation. We note that biomolecular reactions likely produce many 421 

of the same molecular compositions discussed in this section, although we do not explore them 422 
herein. We also do not show every possible H-shift location for a molecule but choose one for 423 

illustration. Many of these reactions are analogous to those probed in Scheme 1 of Draper et al.45, 424 
where NO3 was the oxidant rather than OH, leading to slightly different functionalization. 425 

There are two direct fates of the carbon-centered radical (Scheme 1, M5). First, O2 could add 426 

to the carbon-centered radical, forming a peroxy radical (a), which can then terminate as C10H18O6 427 
(b, navy), or C10H18O5 (d, red). Second, the carbon-centered radical (Scheme 1, M5) could 428 

rearrange, opening the cyclopropyl ring as discussed in section 3.2.3 and Table S2, followed by 429 

O2 addition, leading to a peroxy radical (e). The peroxy radical (e) could perform a ring closure + 430 

O2 addition (f) and then either terminate to another isomer of C10H18O6 (h, navy), perform an H-431 
shift to form C10H16O6 (g, pink), or become an alkoxy which then performs an H-shift to generate 432 

C10H16O5 (j, green). Finally, the peroxy radical (e) could become an alkoxy (k), which could lose 433 
acetone to form C7H12O4 (l, purple). In all, we predict five molecular compositions from this one 434 
radical intermediate (Scheme 1, M5).  435 

A few overarching themes, along with some further questions, arise from the speculative 436 

mechanism. First, we find multiple possible isomers of C10H18O6 (Scheme 1, b and h), a reminder 437 
that each molecular formula measured likely contains multiple isomers, possibly with varying I- 438 
CIMS sensitivity. Second, we find that the O5 species (d and j) are generated from alkoxy radicals 439 
(c and i), while we predict that the C7 (l), of which there are three in the top 10 measured particle-440 
phase signals (Fig. 2A), is the result of cleavage of the cyclopropyl ring followed by alkoxy 441 

scission to remove three carbons. Both the O5 and O7 pathways we propose are expected to be 442 

enhanced with increasing NOx concentrations because they both stem from alkoxy radicals. 443 

We note that our mechanistic speculations are based on the assumption that products measured 444 
in the particle phase are produced in the gas phase, which may not necessarily be true. For example, 445 
C7H12O4 is the eighth most abundant signal in the particle phase (Fig. 2A) yet is expected to have 446 
a relatively high volatility: the structure predicted in Scheme 1 is predicted to have a saturation 447 
vapor concentration of 340 - 470 µg m-3, depending on the stereoisomer52. Instead of forming in 448 
the gas phase and then condensing, the C7H12O4 could instead be formed via thermal 449 
decomposition of a different particle-phase species during thermal desorption, as shown 450 
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previously47, 48, 72. However, for C7H12O4, the thermogram does not show typical signs of thermal 451 
decomposition (Fig. S3).  452 

Similar to α-pinene, some Δ3-carene products retain the same degree of unsaturation (DOU) 453 
as the parent compound while simultaneously becoming more oxygenated and lower volatility. 454 
Δ3-Carene has three DOU (two rings and one double bond), as do for example C10H16On and 455 
C7H10On species, and C8H12O5, the largest signal measured in the particle phase (Fig. 2A). This 456 
pattern is most likely to occur via carbonyl functionalities and in some cases the formation of 457 

endoperoxides which are important in other BVOC oxidation systems8, 73. Two structural examples 458 
are the dihydroperoxy ketone that is likely to form from the second-generation H-shift of the 459 
hydroxy hydroperoxide discussed in section 3.2.4, or molecules g and j in Scheme 1. However, 460 
the addition of endoperoxides or ketones is not expected to lower the volatility substantially: the 461 
predicted vapor concentration of molecule g in Scheme 1 is 80-140 µg m-3, while the ketone 462 

formed from the H-shift in Table S4 and discussed in the previous section is 9-110 µg m-3, 463 

depending on the stereoisomer52. If instead the carbonyls were part of carboxylic or peroxy acid 464 
groups, the vapor pressure would likely be much lower74.  465 

 466 

4 Atmospheric Implications  467 
We found that the first generation RO2 (Scheme 1, M1) is most likely to form an alkoxy radical 468 

(Scheme 1, M3) in competition with terminating channels of bimolecular reaction. Those alkoxy 469 

radicals will predominantly break the cyclohexyl ring towards C3, the carbon to which OH initially 470 
adds, and form caronaldehyde (Scheme 1, M6). However, we calculate that a non-negligible 471 

fraction will ring-break towards C7, a CH2 group (Scheme 1, M5), from which it is easier to 472 
develop plausible mechanisms for HOM formation (Scheme S1). Additionally, some of these 473 
alkoxy radicals are likely to undergo H-shifts from the methyl group on the cyclopropyl ring, which 474 

could lead to opening the cyclopropyl ring, and likely to HOM, as well as to seven-carbon products 475 

detected in the chamber study. If the first generation RO2 terminates in a hydroxy hydroperoxide 476 
(Scheme 1, M2), it can undergo H-abstraction via OH, although the resulting molecule will not 477 
likely undergo H-shifts and is instead expected to terminate in a dihydroperoxy ketone. The RO2 478 

resulting from the OH oxidation via H-abstraction from caronaldehyde (Scheme 1, M7) is also 479 
unlikely to undergo H-shifts. Therefore, both second generation RO2 are most likely to terminate 480 

with HO2 to form ROOHs. The RO2 could however also form RO, which are more likely to lead 481 
to HOM, although RO formation is less likely in the case of caronaldehyde where the RO would 482 
be an acyl RO that is likely to decompose and lose CO2. In light of these considerations, we 483 

conclude that the main pathway for forming HOM from OH oxidation of Δ3-carene will likely be 484 
from alkoxy ring breaking towards C7 (Scheme 1, M5).  485 

An interesting finding of this work is the surprisingly rapid abstraction of primary H’s from 486 

methyl groups by alkoxy radicals, which is generally assumed to be slow56, but has been calculated 487 
to be rapid in the α-pinene system57. More work is needed to investigate the possibility of these 488 

types of isomerization reactions in other BVOC, particularly monoterpenes that tend to have 489 
multiple methyl groups. Additionally, mechanisms describing how a molecule can retain the DOU 490 
of the parent compound while being oxidized to products of sufficiently low volatility to partition 491 
to the particle phase, for example C10H16O6, are still unclear. HOM with multiple DOU have been 492 
observed in the gas phase8, 75, but the predicted structures are typically multifunctional bicyclic or 493 

contain carboxylic acids75, which we do not predict in Scheme 1.  494 

 495 

 496 
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