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Abstract 20 

Biogenic alkenes, which are among the most abundant volatile organic compounds in the 21 

atmosphere, are readily oxidised by ozone. Characterising the reactivity and kinetics of the 22 

first generation products of these reactions, carbonyl oxides (often named Criegee 23 

intermediates), is essential in defining the oxidation pathways of organic compounds in the 24 

atmosphere but is highly challenging due to the short lifetime of these zwitterions. Here, we 25 

report the development of a novel online method to quantify atmospherically relevant Criegee 26 

intermediates (CIs) in the gas phase by stabilisation with spin traps and analysis with proton 27 

transfer reaction mass spectrometry. Ozonolysis of α-pinene has been chosen as a proof-of-28 

principle model system. To determine unambiguously the structure of the spin trap adducts 29 

with α-pinene CIs, the reaction was tested in solution and reaction products were 30 

characterised with high-resolution mass spectrometry, electron paramagnetic resonance and 31 

nuclear magnetic resonance spectroscopy. DFT calculations show that addition of the Criegee 32 

intermediate to the DMPO spin trap leading to the formation of a 6-membered ring adduct 33 

occurs through a very favourable pathway, and that the product is significantly more stable 34 

than the reactants, supporting the experimental characterisation. A flow tube set up has been 35 

used to generate spin trap adducts with α-pinene CIs in the gas phase. We demonstrate that 36 

spin trap adducts with α-pinene CIs also form in the gas phase in a flow tube reaction system 37 
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and that they are stable enough to be detected with online mass spectrometry. This new 38 

technique offers for the first time a method to characterise highly reactive and 39 

atmospherically relevant radical intermediates in situ.  40 

 41 

Keywords 42 

α-pinene ozonolysis, Criegee intermediates, PTR-MS, spin trap, carbonyl oxide, VOC 43 

 44 

1 Introduction 45 

Atmospheric chemistry is driven by oxidation of biogenic and anthropogenic volatile organic 46 

compounds, triggered mainly by •OH, O3 and •NO3.
1 One of the most important reactions in 47 

the troposphere is the ozonolysis of alkenes contributing to photochemical smog and global 48 

climate change.2 Ozonolysis of alkenes occurs with a generally accepted mechanism, 49 

proposed for the first time by Rudolf Criegee.3 According to the Criegee mechanism, ozone 50 

adds to the double bond of alkenes (1,3-cycloaddition of O3 across the C=C double bond) 51 

forming a primary ozonide, which promptly decomposes into a long-lived carbonyl 52 

compound and a short-lived carbonyl oxide named Criegee intermediate (CI), Criegee 53 

biradical or Criegee zwitterion, as the electronic structure may take multiple configurations.4–54 
7 CIs further react rapidly through unimolecular, self- and bimolecular reactions resulting in 55 

the formation of free radicals, organic acids, carbonyl compounds, and organic aerosols.2 56 

Carbonyl oxide chemistry represents one of the large uncertainties in tropospheric chemistry, 57 

playing a pivotal role in our understanding of oxidation of hydrocarbons, NOx, SO2, and 58 

other trace gases2,5,8, thus playing a vital role in determining the oxidative capacity of the 59 

atmosphere and dominating night-time •OH production in the troposphere. Reaction of 60 

carbonyl oxides with SO2 leading to formation of H2SO4, studied for the first time by Cox 61 

and Penkett9, has been the centre of attention also in recent studies, as the latter is a key 62 

compound in initiating particle nucleation and thus aerosol production in the troposphere, 63 

affecting global climate.1,10 CIs have also been involved in explaining the mechanisms of 64 

oligomerisation in aerosol,11 which has recently been associated with cloud condensation 65 

nuclei activity and therefore indirect climate effects of aerosol.12 66 

Recently, extremely low-volatile organic compounds (ELVOCs) have been discovered, 67 

which irreversibly condense into the particle phase enhancing, and in some cases dominating, 68 

the early stage of atmospheric aerosol formation (nucleation), constituting a crucial link 69 
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between new particle formation and cloud condensation nuclei formation.13,14 The suggested 70 

formation pathway of ELVOCs rely on initiation via ozonolysis of terpenes, and therefore CI 71 

formation, followed by an autoxidation process involving molecular oxygen 72 

(vinylhydroperoxide pathway).13,15  73 

The analysis of Criegee intermediates represents an analytical challenge due to their 74 

characteristic high reactivity and short lifetime. Despite decades of theoretical studies6,16–18 75 

and indirect experimental evidence1,19–22 supporting the importance of Criegee radicals in the 76 

troposphere, it was only in 2008 that direct detection of the formaldehyde oxide, the simplest 77 

CI, was reported through direct measurement.23 Moreover, in 2012 Welz et al.24 showed that 78 

formaldehyde oxide could be formed directly from the reaction of iodomethyl radical with 79 

O2, triggering significant research activities to study the kinetics of CIs with important 80 

tropospheric species, such as SO2, water and water dimer,24–28 to determine •OH production 81 

from CI unimolecular decomposition,29–31 to develop new methods for their direct 82 

measurement32,33 and theoretical studies34–38. 83 

Ozonolysis of alkenes is highly exoergic and produces a plethora of compounds that 84 

scavenge CIs, like the carbonyl species produced in a 1:1 ratio at the initial stage of the 85 

ozonolysis, making the observation of CIs very difficult.5,33 The advent of a new method for 86 

synthesising CIs from the photolysis of diiodoalkanes, producing α-iodoalkyl radicals that 87 

produce CIs from subsequent reaction with O2, opened up to a series of new studies for direct 88 

kinetic measurements.24 Direct kinetic measurements of the reaction between formaldehyde 89 

oxide (CH2OO) and SO2, NO2, NO, and H2O, have been performed using synchrotron 90 

photoionisation mass spectrometry (PIMS).24 Later on, the same technique led to the 91 

discovery of the conformer-dependent reactivity of the syn- and anti-acetaldehyde oxides27, 92 

capable of distinguishing the two conformers from the difference in ionisation energy. Direct 93 

detection of formaldehyde oxide in near-UV cavity ring down spectroscopy28 has proven to 94 

be a valuable method for direct kinetic studies, together with UV-Vis spectroscopy25,26,39 and 95 

IR spectroscopy32. The latter was used additionally for direct detection of the large β-pinene 96 

Criegee from ozonolysis reaction and it is potentially applicable to different CIs.33  97 

In the present study, we report on the development of a novel method to detect CIs from 98 

terpenes and other large alkenes in the gas phase by reaction and stabilisation with spin traps, 99 

molecules widely applied for detection of free radicals in solutions with electron 100 

paramagnetic resonance,40–45 and quantification with proton transfer reaction mass 101 

spectrometry. The method proposed here is suitable for online quantification of CIs in the gas 102 

Page 3 of 33

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

4 

phase and allows for the unambiguous identification of CI-spin trap adducts in complex 103 

organic mixtures. This technique will therefore provide the long needed tools to study CI 104 

reactions and kinetics under atmospherically relevant conditions.   105 

 106 

2 Materials and Methods 107 

2.1 Reagents 108 

For bulk and gas phase experiments α-pinene (98% (+/-)-α-pinene, Aldrich) and oleic acid 109 

(≥99%, GC grade, Sigma-Aldrich) were reacted with ozone produced by a UV lamp 110 

(185/254 nm, Appleton Woods®). The spin traps 5,5-dimethyl-pyrroline N-oxide (DMPO) 111 

(≥97%, GC grade, Sigma) and N-tert-butyl-α-phenylnitrone (PBN) (≥98%, GC grade, Sigma) 112 

were used in this study to capture and stabilise the Criegee intermediates. Acetonitrile 113 

(>99.9% OptimaTM LC/MS grade, Fisher Chemical) was used as solvent for bulk reaction. 114 

Water with 0.1% formic acid (OptimaTM LC/MS grade, Fisher Chemical) and methanol 115 

(>99.9% OptimaTM LC/MS grade, Fisher Chemical) were used for HPLC separation, and 116 

deuterated acetonitrile (Acetonitrile D3 ≥99.80%, NMR solvent, Euriso-Top) was used for 117 

NMR measurements. 118 

2.2 Bulk ozonolysis 119 

The olefinic precursor (α-pinene or oleic acid) and the spin trap (DMPO or PBN) were 120 

dissolved in 100 mL of acetonitrile (solvent used in previous ozonolysis studies46) at room 121 

temperature (16-18°C) at a concentration of 1 mM for the olefinic compound and 2 mM for 122 

the spin trap. The solution was placed in an ice bath for the reaction as the spin trap adducts 123 

are more stable at lower temperatures and to minimise solvent evaporation.47  124 

The UV lamp used for ozone production was switched on and equilibrated for at least 20 min 125 

with a flow of synthetic air (Zero grade, BOC) at 0.3 L/min before the start of the reaction. 126 

Subsequently, ozone was bubbled at 0.3 L/min through the solution via a Teflon tube 127 

connected to a Pasteur pipette tip for 1h (concentration of 600 ppm ozone in air). Flow rate 128 

was controlled with a mass flow controller (20-2000 cm3/min MKS 1179A Mass-Flo® 129 

controller). Throughout the reaction, the reaction flask was covered completely with 130 

aluminium foil to prevent photolysis, and closed with parafilm to minimise evaporation and 131 

keep ozone concentrations in solutions as close as possible to saturation. Ozone concentration 132 

in solution was 1.3±0.7 mM on average measured as by iodometric titration.48,49 133 
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Control experiments of ozonolysis of only the spin traps (DMPO+O3 and PBN+O3) or the 134 

olefinic precursors (α-pinene+O3, and oleic acid+O3) were also done under the same 135 

experimental conditions. All solutions were analysed with electrospray ionisation high-136 

resolution mass spectrometry (ESI-HRMS), electron paramagnetic resonance (EPR) and 137 

nuclear magnetic resonance (NMR) following the procedures described in the following 138 

sections. 139 

A strict control of reagent concentrations seems necessary to ensure efficient production of 140 

CI-spin trap adducts, including stabilisation of ozone output from the UV lamp prior to the 141 

start of the reactions. As the spin trap also reacts with ozone, the starting concentrations of 142 

reagents and reaction times have to be carefully optimised to assure efficient CI-spin trap 143 

adduct formation. Traces of water dissolved in solution do not seem to affect the efficiency of 144 

the reaction. Tests performed with up to 1% of water in acetonitrile showed no significant 145 

decrease of the CI-spin trap signals in direct infusion ESI-HRMS. 146 

2.2.1 ESI-HRMS and HPLC-ESI-HRMS analyses 147 

The reaction mixtures were analysed with direct infusion in ESI in positive ionisation (flow 148 

rate 5 µL/min, spray voltage 3.0 kV, transfer capillary temperature 275°C, Sheath flow 12 149 

L/min, S-Lens RF Level 60%) coupled to a high-resolution mass spectrometer (LTQ Velos 150 

Orbitrap, Thermo Scientific, Bremen, Germany) with a resolution of 100 000 at m/z 400 and 151 

a typical mass accuracy within ±2 ppm. Data were acquired in full scan in the m/z range 100-152 

600 and in MS/MS with a collision-induced dissociation (CID) energy of 30 (normalized 153 

collision energy). The instrument was calibrated routinely with a Pierce LTQ Velos ESI 154 

Positive Ion Calibration Solution (Thermo Scientific). 155 

The α-pinene CI adducts with DMPO and PBN were analysed also with HPLC-HRMS using 156 

an Accela system HPLC (Thermo Scientific, San Jose, USA) coupled with a LTQ Velos 157 

Orbitrap. A T3 Atlantis C18 column (3 µm; 2.1×150 mm; Waters, Milford, USA) was used 158 

for chromatographic separation. Injection volume was 50 µL. Mobile phases were (A) water 159 

with 0.1% formic acid and (B) methanol. Separation was done with two different elution 160 

programs detailed in section S1.1 in the supporting information. 161 

2.2.2 EPR analysis 162 

Samples were kept in dry ice overnight before analysis. Under these conditions, no 163 

significant degradation of CI-DMPO adducts occurred as shown by ESI-HRMS analysis. 164 

Prior to EPR analysis solutions were transferred into quartz tubes (ID=3 mm) and 165 

subsequently deoxygenated. The ESR spectra were obtained by a Bruker ECS spectrometer 166 
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operating at X-band equipped with a TMH resonator. Typical acquisition conditions were: 167 

microwave power 6 mW, acquisition time 40 ms/point, modulation amplitude 0.3 G (0.03 168 

mT), number of scans 10. The spectra were fitted with the standard software PEST package 169 

from NIEHS.50 170 

2.2.3 NMR analysis 171 

Solvent was evaporated from 100 mL of sample solution to ~1 mL under a gentle flow of N2. 172 

The Criegee-spin trap adduct was separated with HPLC using the methods described in 173 

section S1.2. Fractions containing the separated adduct have been collected (4 times, 50 µL 174 

of sample injected in HPLC), combined, evaporated to dryness, and recovered with 1mL of 175 

deuterated acetonitrile. 176 

Direct analysis of the reaction mixture without prior HPLC separation resulted in a NMR 177 

spectrum dominated by signals from unreacted reagents and secondary products which made 178 

the identification of key signatures from the CI-DMPO adducts difficult. HPLC-ESI-HRMS 179 

has therefore been used to isolate the α-pinene CI-DMPO adducts (Figure S4), however, 180 

probably due to the volatility of the adducts, it was not possible to concentrate the solution 181 

enough for NMR detection. For this reason, NMR has been conducted on the CI-PBN 182 

adducts only (HPLC-ESI-HRMS in Figure S5). PBN is non-volatile, but has the same nitrone 183 

functional group as DMPO, and is expected to react in the same way as DMPO as supported 184 

by ESI-HRMS analysis (Figure S2). 185 

The NMR spectra were acquired on a 500 Mhz Bruker Avance III HD, with Dual Cryoprobe 186 

(carbon observe). The software Topspin3.2 was used to acquire and Topspin 3.5pl5 to 187 

process the data. Full characterisation including 1H, 13C, HMBC (heteronuclear multiple-188 

bond correlation), HSQC (heteronuclear single quantum coherence), and COSY 189 

(homonuclear correlation spectroscopy) was conducted to confirm molecular structures. 190 

Acquisition and data processing details are reported in section S3.1. 191 

2.3 DFT calculations 192 

Geometry optimizations and energy calculations have been carried out in the DFT framework 193 

with the TURBOMOLE 6.4 suite of programs51 by using the BP8652,53 and B3LYP54–56 194 

functionals, in conjunction with a valence triple-ζ basis set with polarization functions on all 195 

atoms (TZVP).57 For the BP86 functional the resolution-of-the-identity (RI) technique is 196 

applied.58 As the geometries and the energy differences calculated by the two functionals are 197 
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very similar in the section 3.2 only the BP86 results will be discussed (see Table S3 for the 198 

comparison of the BP86 and B3LYP results).  199 

Stationary points of the energy hypersurface have been located by means of energy gradient 200 

techniques and full vibrational analysis has been carried out to further characterise each 201 

stationary point.  202 

The optimization of transition state structures has been carried out according to a procedure 203 

based on a pseudo Newton-Raphson method. The search of the transition state structure is 204 

carried out using an eigenvector-following algorithm: the eigenvectors in the Hessian are 205 

sorted in ascending order, the first one being that associated to the negative eigenvalue. After 206 

the first step, the search is performed by choosing the critical eigenvector with a maximum 207 

overlap criterion, which is based on the dot product with the eigenvector followed at the 208 

previous step. Finally, the analytical Hessian matrix is calculated to carry out the vibrational 209 

analysis of the stationary point. 210 

Free energy (G) values have been obtained from the electronic SCF energy considering three 211 

contributions to the total partition function (Q), namely qtranslational, qrotational, qvibrational, under 212 

the assumption that Q may be written as the product of such terms.59 In order to evaluate 213 

enthalpy and entropy contributions, the values of temperature, pressure and scaling factor for 214 

the SCF wavenumbers have been set to 298.15 K, 1 bar and 0.9914, respectively. Rotations 215 

have been treated classically and vibrational modes have been described according to the 216 

harmonic approximation. Energies of the van der Waals complexes have been corrected for 217 

the basis set superposition error using the procedure of Boys and Bernardi.60 218 

2.4 Gas phase ozonolysis 219 

Ozonolysis of α-pinene was chosen as a proof-of-principle model for the detection of CI-spin 220 

trap adducts in the gas phase. The ozonolysis reaction was done in a flow tube reactor 221 

maintained at ambient temperature (~16°C) and pressure and dry conditions (relative 222 

humidity ca. < 2%) shown in Figure 1. The experimental set-up comprised a 2.5 L glass flow 223 

tube in which α-pinene reacts with ozone, a mixing point (T-fitting) in which the spin trap is 224 

mixed with the sample flow from the flow tube, and a heated PTFE tube in which the spin 225 

trap reacts with the CI before quantification in the PTR-ToF-MS. Additional instruments 226 

(ozone analyser and SMPS) were also connected in some experiments sampling from the 227 

exhaust flow (Figure 1). α-pinene has been vaporised from a 25 mL pear-shaped flask filled 228 

with 0.5 mL of pure α-pinene with a 175 cm3/min flow of N2 (oxygen-free nitrogen, BOC) 229 

regulated via a 20-2000 cm3/min mass flow controller (MKS 1179A Mass-Flo® controller). 230 
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Ozone was produced from a UV lamp (185/254 nm, Appleton Woods®) by flowing synthetic 231 

air (Zero grade, BOC) at 150 cm3/min (20-2000 cm3/min MKS 1179A Mass-Flo® 232 

controller). The outlet of the flow tube is then mixed into a T connection (stainless-steel 233 

1/4’’(~6.35 mm) T-fitting, Swagelok®) with a 310 cm3/min flow (50-5000 cm3/min MKS 234 

1179A Mass-Flo® controller) of DMPO in N2 (oxygen-free nitrogen, BOC) evaporated from 235 

a 25 mL flask filled with 0.5 mL of pure DMPO and held in a water bath at 40°C. Connecting 236 

tubes and the T connection were kept at 85°C to avoid condensation of DMPO. The reaction 237 

time between the spin trap and the CIs was controlled by varying the length of a 1/4’’ 238 

(OD=6.35 mm, ID=3.17 mm) polytetrafluoroethylene (PTFE) tube kept at 85°C, connecting 239 

the mixing point in which DMPO is added with the PTR-ToF-MS (see red line between the 240 

two T connections in Figure 1). Ozone was measured using a UV photometric ozone analyzer 241 

(Thermo Scientific model 49i) and particle concentration was measured using a TSI scanning 242 

mobility particle sizer (SMPS) composed of TSI 3080 electrostatic classifier (X-ray 243 

neutraliser and differential mobility analyser TSI model 3081) and a condensation particle 244 

counter (TSI model 3775). 245 

 246 

 247 

Figure 1. Experimental set-up of a 2.5 L glass flow tube where α-pinene reacts with ozone (reaction time 248 

~50 s), a mixing point (T-fitting) in which the spin trap is mixed with the sample flow from the flow tube, 249 

and a heated PTFE tube in which the spin trap reacts with the carbonyl oxide (CI) before detection and 250 

quantification with PTR-ToF-MS. Additional instruments (O3 analyser and SMPS) were also connected 251 

in some experiments sampling from the extra-flow otherwise directed to waste. 252 

2.4.1 PTR-ToF-MS measurements 253 

Online gas phase concentrations of α-pinene, DMPO and CI-DMPO adducts were measured 254 

using a proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS 8000, 255 

Ionicon Analytik, Innsbruck, Austria) in the m/z range 10-500, with a time resolution of 10 s 256 

and a mass resolution m/∆m of 5000 (full width at half maximum) at the mass of protonated 257 

acetone. Source settings were: drift tube voltage 510 V, drift tube pressure ~2.22 mbar, drift 258 
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tube temperature: 90ºC, resulting in an E/N of ~127 Td (1 Td = 10-17 V cm2). The PTR-ToF-259 

MS inlet (1 m long inert peek tube ID=1 mm, OD=1.59 mm) was kept at 100°C and the 260 

sampling flow rate was 100 cm3/min. Data analysis was conducted using PTR-MS Viewer 261 

3.1 (Ionicon Analytik). The concentration of α-pinene was estimated on the basis of the rate 262 

constant (k=2.44·10-9 cm3 molecule-1 s-1) of the proton transfer reaction61 considering both 263 

the protonated molecular ion (m/z 137.133) and its main fragment (m/z 81.070). For DMPO 264 

and the CI-DMPO adducts the rate constant is unknown and therefore a default rate constant 265 

(k) of 2·10-9 cm3 molecule-1 s-1 was used, and only the protonated molecular ion was 266 

considered for quantification. DMPO and α-pinene signals are often in saturation during the 267 

experiments and therefore the corresponding 13C isotopes were used for quantification. 268 

3 Results and Discussion 269 

3.1 Characterisation of CI-spin trap adducts in ESI-HRMS, EPR and NMR 270 

The acetonitrile solution in which α-pinene has been ozonolysed for 1 h in the presence of 271 

DMPO was analysed with ESI-HRMS, EPR and NMR. 272 

Ozonolysis of α-pinene produces two CIs. Depending on ring opening of the primary 273 

ozonide, either a carbonyl oxide with a terminal ketone (Figure 4a) or a carbonyl oxide with a 274 

terminal aldehyde (Figure 4b) can be produced, hereafter named “CIK” and “CIA”. ESI-275 

HRMS analysis shows the formation of a 1:1 adduct between the spin trap DMPO and the 276 

two Criegee intermediates (both at the same mass, m/z 298.2013, C16H28NO4
+) from α-pinene 277 

ozonolysis (Figure 2). The high intensity of the peak from the CI-DMPO adducts and the low 278 

intensity of peaks associated with common oxidation products from the ozonolysis of α-279 

pinene implies good efficiency of the trapping reaction. MS/MS analysis on the CI-DMPO 280 

adducts show the presence of two main fragments corresponding to the DMPO and the 281 

DMPO with one additional oxygen atom (Figure 2b) suggesting that the oxygen centred 282 

radical of the Criegee intermediates attacks the nitrone group of the DMPO at the carbon 283 

atom. Control experiments of ozonolysis of α-pinene and ozonolysis of DMPO showed no 284 

formation of the peak associated with the CI-DMPO adducts (Figure S1). Similar results have 285 

been obtained using the spin trap PBN and for the ozonolysis of oleic acid (Figure S2 and 286 

S3). In all cases, we observe all expected α-pinene CI-PBN adducts (the two adducts have the 287 

same mass) and oleic acid CI-DMPO adducts (two adducts with two different masses). 288 

The room temperature EPR spectra in acetonitrile of the α-pinene CI-DMPO sample and 289 

DMPO+O3 control sample are shown in Figure 3. Both spectra are characterised by the 290 
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presence of a single species with hyperfine interaction with a nitrogen (a0=6.9 G) and two 291 

equivalent protons (a0=3.5 G). The hyperfine splitting of the nitrogen is unusually low 292 

compared with typical spin adducts of DMPO (~15 G).62 The spectra are instead consistent 293 

with that reported for DMPOX (5,5-dimethyl-2-pyrrolidone-N-oxyl, see structure in Figure 294 

3), a degradation product found under harsh oxidizing conditions,63 for which values of 6.27-295 

6.87 G and 3.18-3.65 G for the hyperfine coupling constants of nitrogen and protons in 296 

different solvents were found in a previous study.62 ESI-HRMS analysis of both the reaction 297 

solution (Figure 2) and control experiment (Figure S1) confirms the presence of a peak at m/z 298 

130 that can be explained with DMPOX after abstraction of •H from another molecule in the 299 

sample mixture (observed mass is shifted at +1 Da relative to the mass of DMPOX, see 300 

Figure 2). Previous studies associated m/z 130 with an adduct between the DMPO and •OH, 301 
44,45,64–66 which was not observed in EPR in our experiments. When α-pinene was present in 302 

the reactor, the line shape of the EPR spectrum was unaffected, confirming the presence of 303 

the DMPOX species, but at much lower concentration (see Figure 3, red line). No other 304 

radical species were observed, and in particular no radical-type spin adducts with α-pinene 305 

CIs were found. This is consistent with a previous work from Pryor et al.40, in which spin 306 

traps have been used to study formation of radicals from ozone-olefin reactions at -78ºC in 307 

Freon-11, and no Criegee-spin trap adducts have been observed with EPR. 308 

From the results of the ESI-HRMS and EPR analyses we hypothesised the formation of a 309 

non-radical adduct by cycloaddition of the carbonyl oxides to the nitrone group of the spin 310 

traps forming a 6 atoms heterocycle (Figure 4). 311 

As described in the method section, NMR analyses were performed with the spin trap PBN 312 

due to its lower volatility compared to DMPO (proposed reaction mechanism between α-313 

pinene CI and PBN are analogous to reaction shown in Figure 4). NMR analysis of the 314 

purified CI-PBN adducts (see section 2.2.3 “NMR analysis” for details on sample preparation 315 

and method) confirms the presence and the structure of the CIK-PBN adduct as shown in 316 

Figure 5 from the characteristic triplet of the proton of the -CH between the two oxygen 317 

atoms and signal of the proton of the -CH between the nitrogen and oxygen atoms in the 318 

heterocycle, nicely matching the simulation in Table S2. NMR spectra suggests also the 319 

presence of the CIA-PBN adduct, however at lower concentration as observed from the lower 320 

intensity of signals in NMR associated with the CIA-PBN adduct. The presence of the CIA-321 

PBN adduct can be observed also from the double peak of the proton at ~5.77 ppm (Figure 322 
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5). More details on the results of the NMR characterisation and full NMR spectra can be 323 

found in section S3.2. 324 

 325 

Figure 2. Characterisation of CI-DMPO adducts in (a) ESI-HRMS in full scan showing the formation of a 326 

1:1 adduct between the two α-pinene CIs and the DMPO at m/z 298.2013 (the two CIs have the same 327 

mass), and (b) MS/MS analysis of the CI-DMPO adducts. 328 

 329 
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 330 

Figure 3. EPR spectrum at room temperature in acetonitrile showing the species DMPOX (see molecular 331 

structure) formed from oxidation of DMPO but no biradical adducts formed. 332 

 333 

 334 

Figure 4. Optimized structures (with selected distances in Å) of the transition states for the CIK(180) + 335 

DMPO → CIK-DMPO reaction (a) and CIA(180)  + DMPO → CIA-DMPO reaction (b) and proposed 336 

mechanism of reaction of cycloaddition of CIK + DMPO → CIK-DMPO (c) and CIA + DMPO → CIA-337 

DMPO (d). 338 

 339 
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 340 

Figure 5. Proposed structures of the two α-pinene CI-PBN adducts (a) and HSQC-NMR spectrum (b) 341 

showing the correlation between the two protons in the 6-atoms heterocycle and their carbon atoms of the 342 

α-pinene CIK-PBN adduct and the correlation between the proton in the 6-atoms heterocycle and its 343 

carbon atoms of the α-pinene CIA-PBN adduct. 344 

 345 

3.2 DFT calculations 346 

Theoretical DFT calculations were undertaken in order to probe the stability of the proposed 347 

CI-DMPO adducts and to investigate the mechanism of their formation.  348 

An extensive search on the potential energy surface (PES) of the two CIs generated from the 349 

ozonolysis of α-pinene, and encompassing the CIK and CIA, was carried out to identify all 350 

minimum energy conformations. We found that the two isomers with the lowest energy 351 

conformation feature a nearly planar arrangement of the CCOO group with a dihedral angle 352 

equal to about 0° (CIA(0) and CIK(0); see Figure S17) in agreement with previous 353 

calculations.67,68 CIA in this lowest energy conformation is more stable than CIK by about 1.5 354 

kcal/mol, which closely matches the value of 2.6 kcal/mol calculated by Zhang et al68 using 355 

the CCSD(T)/6-31G(d)+CF level of theory. A second relevant conformation of the two CI 356 

isomers is characterized by the dihedral angle of the CCOO group equal to about 180° 357 
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(CIA(180) and CIK(180); see Figure S17). The two CIs in this conformation are slightly less 358 

stable than CIA(0) and CIK(0) (about 0.2 kcal/mol for CIA(180) and 2 kcal/mol for CIK(180)), and 359 

CIA(180) is more stable than CIK(180) by 3.5 kcal/mol.  360 

The cycloaddition of the two CIs to the spin-trap DMPO can occur through the attack of the 361 

carbon atom of the CI to either the nitrogen or the oxygen atoms of the DMPO nitrone group 362 

leading to the formation of a 5-membered or a 6-membered ring respectively. Recent IR 363 

spectrum of the parent CI CH2OO,32 as well as earlier theoretical calculations,6 are more 364 

consistent with a zwitterion (1,3 dipole) rather than a diradical nature of CIs. Therefore, the 365 

two reactions described above can be considered as 1,3 dipolar cycloaddition reactions. It is 366 

important to note that the reaction of the two CIs with the spin-trap DMPO can generate four 367 

stereoisomers as the ring closure leads to the formation of two stereogenic centres, one at the 368 

carbon atom of the CI, and the other at the carbon atom of the nitrone group. These four 369 

stereoisomers (neglecting the chirality of the CI) consist of the two RR/SS and RS/SR pairs 370 

of enantiomers. In addition, the 6-membered ring adducts can adopt two conformations which 371 

differ for the relative cis/trans orientation of the nitrogen lone pair and the hydrogen of the 372 

adjacent carbon atom (like in the cis and trans decaline). It is important to note that the trans 373 

conformation is originated from the CIs in the ‘180°’ conformation (CIA(180)/CIK(180)), 374 

whereas the cis conformation is generated when the reactant CIs are in the ‘0°’ conformation 375 

(CIA(0)/CIK(0)). In the 5-membered ring adducts, due to the stereospecific mechanism of the 376 

addition reaction, which occurs with retention of configuration, only the product with the cis 377 

orientation of the terminal oxygen bounded to nitrogen and the adjacent carbon atom can be 378 

formed. 379 

The relative stabilities of all of the isomers investigated, and the free energy of the CI + 380 

DMPO → CI-DMPO reaction leading to their formation are reported in Table S4. Notably, 381 

the adducts formed by the attack of CI to the oxygen atom of the nitrone group of DMPO 382 

with closure of the 6-membered ring are significantly more stable than the adducts in which 383 

the attack occurs to the nitrogen atom to give the 5-membered ring. The relative stabilities are 384 

also strongly dependent by the nature of the CI, as the adducts formed by the addition of the 385 

CIK intermediate are more than 9 kcal/mol lower in energy than those formed by the addition 386 

of CIA. In the case of the 6-membered ring adducts, the two pairs of diasteroisomers are 387 

almost isoenergetic with the RR/SS stereoisomers slightly more stable than RS/SR ones, 388 

whereas for the 5-membered ring adducts the difference in stability is larger, being the RR/SS 389 

stereoisomers more than 6 kcal/mol lower in energy than the RS/SR ones. The geometry of 390 

the most stable stereoisomer for each of the four adducts investigated is shown in Figure S18.  391 
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Calculated free energy of reactions (∆Gr) shows that addition of CIK to DMPO with 392 

formation of the 6-membered ring adduct is strongly exoergonic with the ∆Gr value, referred 393 

to the formation of the most stable stereoisomer, as low as -32 kcal/mol. The ∆Gr calculated 394 

for the corresponding most stable adduct obtained by the reaction of CIA is equal to about -19 395 

kcal/mol.  The reaction of CIK with DMPO to give the 5-membered ring adduct is still 396 

exoergonic by about -13 kcal/mol, whereas the reaction with CIA is slightly endoergonic (see 397 

Table S4).   398 

The calculated activation free energies for the cyclisation reactions can help further in 399 

discriminating among the different mechanisms. The lowest energy barriers were calculated 400 

starting from the CIs reactants in the ‘180°’ conformation (CIA(180)/CIK(180)) and, in the case of 401 

the 6-membered ring adducts, leading to the trans conformers. The cyclisation reactions are 402 

preceded by the formation of pre-reactive van der Waals complexes between CIs and DMPO, 403 

which, for CIK(180) (vdw-CIK(180)) and CIA(180) (vdw-CIA(180)), are about 3 and 2 kcal/mol more 404 

stable than the separated reactants, respectively. The ∆G# calculated for the addition of 405 

CIK(180) to DMPO to form the 6-membered ring adduct is as small as 2.3 kcal/mol with 406 

respect to the separated reactants, indicating that the reaction is characterized by a very small 407 

energy barrier. On the other hand, the ∆G# calculated for the formation of 6-membered ring 408 

adduct from CIA(180) is higher in energy and equal to about 12 kcal/mol. The ∆G# calculated 409 

for the reaction of CIs in the ‘0°’ conformation (CIA(0)/CIK(0)) are slightly larger than those 410 

calculated considering the CIK(180) and CIA(180) conformers as reactants, and equal to about 8 411 

and 18 kcal/mol for CIK(0) and CIA(0), respectively. Notably, the activation free energies for 412 

the formation of the two adducts featuring a 5-membered ring are significantly higher and 413 

equal to about 36 and 49 kcal mol-1 for the reaction occurring with CIK(180) and CIA(180), 414 

respectively. As shown in Figure 4 the transition state of the cycloaddition reaction to the 6-415 

membered ring adduct is asymmetric with the carbon atom of CI approaching the oxygen 416 

atom of DMPO at a distance of about 2.0 Å, and the OCI-CDMPO distance significantly longer 417 

(~2.3 and ~2.5 Å for CIK and CIK, respectively). The transition state for the 5-membered ring 418 

adduct is reported in Figure S19. 419 

The simplified orbital diagram reported in Figure S20 can explain the mechanism of the 420 

addition of the CI to the DMPO to give the 6-membered ring adduct. Indeed, the HOMO of 421 

DMPO is a π-orbital of the C=N-O framework, with a significant contribution on the oxygen 422 

atom, which can interact with the LUMO of CI mainly localized on the carbon atom. The 423 

formation of the CCI-ODMPO bond decreases the electron density on the carbon atom of 424 
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DMPO which can then interact with the HOMO of CI, mainly localized on terminal oxygen 425 

atom. Considering this scheme the ring closure at the nitrogen atom leading to formation of 426 

the 5-membered ring adduct should first provide a significant structural rearrangement of 427 

DMPO with the oxygen atom moving outside the C=N-O plane and therefore accounting for 428 

the very large activation free energy of this process.  429 

Figure 6 summarizes the results presented above showing the lowest reaction energy profiles 430 

for the formation of the CI-DMPO adducts. It is evident that the more favourable pathway 431 

corresponds to the formation of the 6-membered ring adduct from CIK. The very low energy 432 

barrier and the large stability of the product, suggest that the reaction between CIK and 433 

DMPO is very fast and competitive with other reactions of the very reactive CIs. 434 

 435 

 436 

Figure 6. Reaction energy profiles of the CIK + DMPO → CIK-DMPO (in red) and CIA + DMPO → CIA-437 

DMPO (in blue) reactions, calculated considering the lowest reaction energy profile for the formation of 438 

each adduct. Pathways leading to the 5-membered ring adducts are drawn with dashed lines. 439 

 440 

3.3 Quantification of Criegee intermediates in the gas phase 441 

3.3.1 Optimisation of the experimental set-up 442 

Optimised concentrations of α-pinene, DMPO and O3 of 340, 150, and 290 ppm respectively 443 

(achieved with the conditions described in section 2.4 “Gas phase ozonolysis” after 444 

optimisation as described in section S2.2) were used to detect the CI-DMPO adduct 445 

appreciably above quantification limits with α-pinene-ozone reaction time of ~50 s. This 446 

reaction time represents an upper limit as it assume instantaneous mixing between α-pinene 447 
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and ozone. Using very short reaction times of only a few seconds would lead to more ozone 448 

left over at the end of the flow tube that can react with DMPO, which would decrease the 449 

efficiency of the spin trapping reaction. The high concentrations of reagents causes 450 

 the primary ion [H3O]+ to decrease, which inherently affects measurement accuracy 451 

especially for compounds like CI-DMPO adducts, for which there are not calibration 452 

standards currently available. The concentrations of α-pinene and DMPO in our experimental 453 

conditions were estimated in dilution experiments, where the total flow was diluted by a 454 

factor of 10 (from ~600 cm3/min to ~6 L/min), and the 13C isotopes of the molecular ions 455 

have been used to estimate concentrations of the parent compound. This was necessary 456 

because the parent ions were still in saturation even after a 10x dilution. The measurement 457 

uncertainty in our experimental conditions was estimated by comparing measured 458 

concentrations of the 13C isotopes of α-pinene and DMPO under normal operating conditions 459 

(i.e. where signals were not in saturation) and under high concentration conditions used in our 460 

experiments. In the latter case, measured concentrations were underestimated by a factor of 461 

10 but their concentrations being in the ppm range may not be within the linear response 462 

range of the PTR-ToF-MS. For this reason, concentration of other VOCs in our system may 463 

not be underestimated by the same extent. Using these reference experiments, we estimate 464 

that the CI-DMPO concentrations reported here are underestimated by about a factor of 10. 465 

Additionally, ozonolysis of α-pinene results in substantial secondary organic aerosol 466 

formation (~10 mg/m3 in our experimental conditions) as a result of the partitioning of semi-467 

volatile products into the particle phase, which can further complicate the chemistry in this 468 

reaction system.  469 

The temperature of the flow tube where the α-pinene ozonolysis took place was varied by 470 

changing lab temperature between 16-20°C. At 16°C higher CI-DMPO adduct concentrations 471 

were observed, by about a factor of ~1.5, compared to 20°C probably because at higher 472 

temperatures CIs decompose faster. The temperature of the PTFE tube, where DMPO reacts 473 

with CI, was varied from room temperature (~16°C) up to 95°C to minimise losses (i.e. 474 

condensation or adsorption) to the walls of DMPO and DMPO adducts. The concentration of 475 

the adduct increases with temperature reaching a plateau around 85°C. No evidence of 476 

degradation of the adduct has been observed (at a reaction time of 1.5 s). A working 477 

temperature of 85°C was chosen, giving higher concentrations of adduct and good 478 

repeatability. 479 

The time for the CI-spin trap reaction was optimised by varying the length of a PTFE tube 480 

connecting the mixing point with the PTR-ToF-MS inlet (red line between the two T 481 
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connections in Figure 1) from 0 cm to 200 cm (corresponding to a reaction time ranging 482 

between 0-1.5 s (+~0.5 s in the PTR-MS inlet) with a total flow rate of 635 cm3/min), kept 483 

for these tests at 75°C. The measured amount of the CI-DMPO adducts increases slightly 484 

with longer residence time, reaching a plateau at ~1 s (Figure S6). For this reason, a PTFE 485 

tube with length of 200cm corresponding to a residence time of 1.5 s has been chosen. 486 

The temperature of the PTR-ToF-MS inlet and drift tube was adjusted in order to minimise 487 

condensation of DMPO and DMPO adducts on the walls (tests of stability of CI-DMPO 488 

adducts are described in section S2.1). Temperature was changed between 60°C and 100°C. 489 

Highest and most reproducible MS signals of DMPO and CI-DMPO adduct were obtained 490 

with an inlet temperature of 100°C and drift tube temperature of 90°C.  491 

 492 

3.3.2 Detection of CI-DMPO adducts in the gas phase and method performances 493 

The adduct formed between the spin trap DMPO and the α-pinene CIs, with the elemental 494 

formula C16H28NO4
+, was detected by the PTR-ToF-MS at m/z 298.20 using the optimised 495 

conditions described above. Figure 7 illustrates that CI-DMPO adducts formed in the flow 496 

tube reaction system (α-pinene-ozone reaction time ~50 s) are stable over time. The CI-497 

DMPO peak was on average 1.6 ppb for the duration of the experiments. An initial increase 498 

in CI-DMPO concentration observed to 2 ppb at around 25 min is likely associated with a 499 

varying amount of O3 produced from the UV lamp, as it initially warms up over about 20 500 

minutes (in which ozone concentration exponentially increases before reaching a plateau), 501 

varying the reaction conditions in the flow tube. The concentrations of the CI-DMPO adduct 502 

obtained are stable for several hours (Figure 7b) and highly reproducible in this system, with 503 

a variation of ± 0.5 ppb observed in multiple repeats. The observed concentration of the CI-504 

DMPO is about five orders of magnitude lower compared with the initial concentration of the 505 

reagents, which were measured at 293, 340 and 150 ppm for O3, α-pinene and DMPO 506 

respectively, and about 2 orders of magnitude lower than the concentration of the reagents at 507 

the steady-state. A simulation run using the MCM model (v 3.3.1) suggests that in the 50 s 508 

reaction time (α-pinene-O3 reaction time in the flow tube under dry conditions before mixing 509 

with the DMPO) the excited CIA and CIK have already undergone unimolecular 510 

decomposition or isomerisation69 and/or collisional stabilisation. The observed concentration 511 

of CI-DMPO of 1.6 ppb is in reasonable agreement to the predicted value of 14.8 ppb of 512 

stabilised CIK obtained from the MCM model. This suggest that quantification of CI-DMPO 513 

with the PTR-ToF-MS could be achieved; however specific calibration procedures should be 514 
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developed to improve measurement accuracy considering that the rate of the specific proton 515 

transfer reaction is not known and calibration standards are currently not available. The 516 

discrepancy between modelled and experimentally determined concentrations is about an 517 

order of magnitude, with higher values estimated by the model. This could be due to both, 518 

uncertainties in the model and the experiments. In this study we cannot address MCM model 519 

uncertainties but a potential reason for the discrepancy is our assumption that 100% of the CI 520 

present at the mixing point reacts with DMPO. The reaction rate between CI and DMPO is 521 

unknown but likely not all CI reacts with DMPO, which is not taken into account here. This 522 

is possibly the major factor explaining the lower concentration determined experimentally 523 

and should be addressed in future studies by determining DMPO - CI reaction rate constants 524 

experimentally. In addition, a fraction of the CI-DMPO adducts could possibly be lost 525 

(adsorbed) on the walls of the transfer line and poorly defined ionisation efficiencies of the 526 

CI-DMPO adducts in the PTR-ToF-MS could add to the lower concentrations determined 527 

experimentally compared to MCM model results.  528 

Concerning possible interferences in our measurements, three α-pinene oxidation products 529 

with the same molecular formula as the CIs, i.e. pinonic acid, dioxirane and vinyl 530 

hydroperoxide, are produced in the system. Pinonic acid does not interfer at the mass of CIs-531 

DMPO because it does not react with DMPO as shown in tests in solution. Dioxirane can 532 

react with the spin trap but does not produce a stable adduct according to the reaction 533 

mechanism proposed by Adam et al.70 The vinyl hydroperoxides produced from the 534 

decomposition of the CIs are produced with a high excess energy and should promptly 535 

decompose to produce •OH.71 Nevertheless, some stabilisation mechanism may increase their 536 

lifetime and the reaction with DMPO may produce an interference, the extent of which has to 537 

be assessed in future investigations. The hydroperoxide formed in the reaction of α-pinene 538 

with •OH, the latter being generated in high yields in the gas phase, has a mass 1 Da larger 539 

than that of the CIs and should produce a stable radical adduct with a mass 1 Da larger than 540 

that of the CIs-DMPO adducts. There are no available data on the stability of those species in 541 

the gas phase but if this adduct would decompose by losing an H atom then this could 542 

potentially interfere with the CI adduct measurement. The closest information we found in 543 

the literature about DMPO adduct stabilities are measurements of the DMPO-OH radical with 544 

a half-life of ca. 3 mins in water72 and in vivo73 which is significantly longer than the 545 

residence time of ca. 1.5 s from the mixing point of DMPO to the PTR-ToF-MS. Therefore, a 546 

potential hydroperoxide adduct interference is likely very minor under our experimental 547 
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conditions. Detection limit for α-pinene CI-DMPO adducts is 0.03 ppb (3σbl method) and 548 

quantification limit is 0.10 ppb (10σbl method) with a time resolution of 10s. The CI-DMPO 549 

peak partly overlaps with the 13C isotope of a contaminant and α-pinene oxidation product at 550 

m/z ~297.16 (C16H26O5
+, see Figure 7, blue trace). PTR-ToF-MS resolution of 5000 and 551 

multipeak gaussian fit ensure good measurement accuracy. 552 

The method described here represents the first time that spin traps have been successfully 553 

applied to direct capture Criegee intermediates of atmospherically relevant large alkenes in 554 

the gas phase. 555 

 556 

 557 

Figure 7. Detection of α-pinene CI-DMPO adduct in the gas phase in PTR-ToF-MS; (a) example of mass 558 

spectrum at steady-state showing the peak at m/z 298.20 corresponding to the two α-pinene CI-DMPO 559 

adducts and(b) time trace of the mass corresponding to the CI-DMPO adduct compared with the control 560 

experiment of DMPO ozonolysis (without α-pinene). The concentration of CI-DMPO adducts decreases 561 

very slowly to zero in about 1.5 h after ozone is switched off, probably due to memory effects.  562 

 563 
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4 Conclusions 564 

We report, for the first time, the unambiguous identification and quantification of α-pinene 565 

CIs through detection of their adducts with spin traps. We developed a new method to detect 566 

and quantify CIs in the gas phase by stabilisation with spin traps and analysis with PTR-ToF-567 

MS. This new technique offers for the first time a method to characterise highly reactive and 568 

atmospherically relevant radical intermediates in situ and under temperature and pressure 569 

conditions relevant for the lower troposphere, albeit at very high concentration of olefinic 570 

precursor due to the otherwise very slow kinetic of the ozonolysis reaction. We showed that 571 

carbonyl oxides efficiently react through cycloaddition to the nitrone group of the spin traps 572 

and the non-radical adducts that form are stable enough to allow full characterisation with 573 

HPLC-MS and NMR and online detection with PTR-ToF-MS. The method has a detection 574 

limit of 0.03 ppb and repeatability (between different experiments) of ±0.5 ppb for α-pinene 575 

CIs, offering a cost-effective, laboratory based technique to study highly reactive radical 576 

intermediates. The method presented here has the potential to be used to detect a wide range 577 

of CIs synthesised from different organic precursors opening up the possibility of detecting 578 

multiple CIs simultaneously in a complex, multi-precursors system to simulate real-579 

atmosphere processes, however challenges still remain to quantify CIs at atmospheric 580 

concentrations. The method has the potential to be used for quantification of CIs although 581 

specific calibration procedures need to be developed to improve quantification accuracy as 582 

calibration standards are currently not available. The method proposed here is potentially 583 

applicable to many different organic radical species opening up to the possibility of 584 

characterising these highly reactive and short-lived species in many areas of physical and 585 

organic chemistry where radical reactions are studied and deployed.  586 
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Figure 1. Experimental set-up of a 2.5L glass flow tube where α-pinene reacts with ozone, a mixing point (T-
fitting) in which the spin trap is mixed with the sample flow from the flow tube, and a heated PTFE tube in 

which the spin trap reacts with the carbonyl oxide (CI) before detection and quantification with PTR-ToF-MS. 

Additional instruments (O3 analyser and SMPS) were also connected in some experiments sampling from the 
extra-flow otherwise directed to waste.  
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Figure 2. Characterisation of CI-DMPO adducts in (a) ESI-HRMS in full scan showing the formation of a 1:1 
adduct between the two α-pinene CIs and the DMPO at m/z 298.2013 (the two CIs have the same mass), 

and (b) MS/MS analysis of the CI-DMPO adducts.  
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Figure 3. EPR spectrum at room temperature in acetonitrile showing the species DMPOX (see molecular 
structure) formed from oxidation of DMPO but no biradical adducts formed.  
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Figure 4. Optimized structures (with selected distances in Å) of the transition states for the CIK(180) + 
DMPO → CIK-DMPO reaction (a) and CIA(180)  + DMPO → CIA-DMPO reaction (b) and proposed mechanism 

of reaction of cycloaddition of CIK + DMPO → CIK-DMPO (c) and CIA + DMPO → CIA-DMPO (d).  
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Figure 5. Proposed structures of the two α-pinene CI-PBN adducts (a) and HSQC-NMR spectrum (b) showing 
the correlation between the two protons in the 6-atoms heterocycle and their carbon atoms of the α-pinene 
CIK-PBN adduct and the correlation between the proton in the 6-atoms heterocycle and its carbon atoms of 

the α-pinene CIA-PBN adduct.  
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Figure 6. Reaction energy profiles of the CIK + DMPO → CIK-DMPO (in red) and CIA + DMPO → CIA-DMPO 

(in blue) reactions, calculated considering the lowest reaction energy profile for the formation of each 
adduct. Pathways leading to the 5-membered ring adducts are drawn with dashed lines.  
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Figure 7. Detection of α-pinene CI-DMPO adduct in the gas phase in PTR-ToF-MS; (a) example of mass 
spectrum at steady-state showing the peak at m/z 298.20 corresponding to the two α-pinene CI-DMPO 
adducts and(b) time trace of the mass corresponding to the CI-DMPO adduct compared with the control 

experiment of DMPO ozonolysis (without α-pinene). Because of the high concentrations of reagents use, 
measured concentrations of CI-DMPO adducts are underestimated by a factor of 10.  
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