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ABSTRACT. Hydroperoxides are formed in the atmospheric oxidation of volatile organic 

compounds, in the combustion autoxidation of fuel, in the cold environment of the interstellar 

medium, and also in some catalytic reactions. They play crucial roles in the formation and aging 

of secondary organic aerosols and in fuel autoignition. However, the concentration of organic 

hydroperoxides is seldom measured, and typical estimates have large uncertainties. In this work, 

we developed a mild and environmentally friendly method for the synthesis of alkyl 

hydroperoxides (ROOH) with various structures, and we systematically measured the absolute 

photoionization cross sections (PICSs) of the ROOHs using synchrotron vacuum ultraviolet 

photoionization mass spectrometry (SVUV-PIMS). A chemical titration method was combined 

with an SVUV-PIMS measurement to obtain the PICS of 4-hydroperoxy-2-pentanone, a typical 

molecule for combustion and atmospheric autoxidation ketohydroperoxides (KHPs). We found 

that organic hydroperoxide cations are largely dissociated by loss of OOH. This fingerprint was 

used for the identification and accurate quantification of the organic peroxides, and it can therefore 

be used to improve models for autoxidation chemistry. The synthesis method and photoionization 

dataset for organic hydroperoxides are useful for studying the chemistry of hydroperoxides and 

the reaction kinetics of the ROO radicals and for developing and evaluating kinetic models for the 

atmospheric autoxidation and combustion autoxidation of organic compounds. 

 

Significance 

Organic hydroperoxides are crucial intermediates in the autoxidation of organic compounds. They 

play important roles in HOx, NOx, O3, and secondary-organic-aerosol chemistry in the atmosphere 

and in autoignition in combustion engines. Although they are widely observed in many reaction 

systems, accurate quantification of the amount of organic hydroperoxide has not been feasible. We 

developed a novel method for the efficient synthesis of organic hydroperoxides, we measured their 

photoionization cross sections and elucidated their photodissociation fingerprints, and we 

accurately quantified the organic hydroperoxides in gas-phase autoxidation. This opens a new 

avenue for studying autoxidation chemistry and for developing atmospheric and combustion 

kinetics models of organic compounds. 
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Autoxidation is the main removal process for atmospheric volatile organic compounds emitted 

from biogenic and anthropogenic sources, including combustion (1-4). Gas-phase autoxidation of 

these organic compounds leads to the formation of hydrogen peroxide, alkyl and cycloalkyl 

hydroperoxide (ROOH) compounds, and hydroperoxide intermediates with multiple carbonyl, 

hydroxyl, and double-bond functional groups (3, 5-11), including the important 

ketohydroperoxides (KHPs). The hydroperoxides are crucial for HOx, NOx, and O3 chemistry, for 

the formation of secondary organic aerosols in the atmosphere (at ≲300 K) (2, 12, 13), and for 

autoignition in combustion engines (at ~600-800 K) (4, 14, 15). A recent study also revealed that 

hydroperoxide intermediates such as methyl hydroperoxide are formed in the low-temperature 

interstellar medium (at 5 K) (16), and in the catalytic conversion of methane to methanol (17, 18). 

Mass spectrometry using chemical ionization and photoionization enables the detection of the 

complex hydroperoxide intermediates and can uncover gas-phase autoxidation mechanisms (3, 8, 

10, 11, 15, 19) that are crucial for the formation of secondary organic aerosols and for autoignition 

in combustion engines. Chemical ionization with different reagent ions has a higher sensitivity 

than photoionization for probing the autoxidation peroxides, but the elucidation of the structures 

and direct quantification of the autoxidation peroxides is usually not feasible (8, 10, 20, 21); 

moreover, to probe autoxidation peroxides with different structures and sizes, different reagent 

ions would usually need to be used (22). Photoionization mass spectrometry using tunable 

synchrotron light has the advantage of better identification of the molecular structures and better 

quantification of the autoxidation peroxides (4, 23, 24). Photoionization using synchrotron 

radiation or other light sources has become a standard analytical tool to investigate the chemistry 

in reactive systems, such as combustion reactions (4, 23, 25), atmospheric reactions (26, 27), 

interstellar reactions (28, 29) and catalytic reactions (30, 31). 

We carried out synchrotron vacuum ultraviolet photoionization mass spectrometry (SVUV-

PIMS) on auto-oxidizing fuel components; see Section S1 of the SI Appendix for details of the 

experiments (SI Appendix, Table S1-S2) and for mass spectra of ROOHs and KHPs (SI Appendix, 

Figs. S1-S3). Figure 1a shows that methyl hydroperoxide, ethyl hydroperoxide, pentyl 

hydroperoxides, and a C5 KHP are detected by SVUV-PIMS in the combustion autoxidation of n-

pentane in a jet stirred reactor at 600 K. Figures 1b and 1c summarize the C1–C10 ROOHs and 

C2–C10 KHPs that are formed in the combustion autoxidation of 41 fuel components (alkanes, 

branched alkanes, cycloalkanes, aromatics, olefins, alcohols, aldehydes, ketones, and ethers). We 
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also investigated the OH radical-initiated autoxidation of 30 volatile organic compounds (alkanes, 

cycloalkanes, aromatics, and ethers) in a flow reactor at 298 K by SVUV-PIMS; various C2-C10 

ROOHs were observed, as shown in Fig. 1d.  

The autoxidation of a volatile organic compound initiated by OH radicals and the combustion 

autoxidation of fuel components are complex processes (1, 3, 4, 7, 8). The mechanisms producing 

ROOHs and KHPs involve H abstraction from volatile organic compounds and fuels to form R 

radicals, addition of O2 to R radicals to form hydroperoxy radicals (ROO), reactions of R and ROO 

with RH and HO2 radicals, and intramolecular hydrogen migrations. In most cases, the organic 

hydroperoxides were measured but not quantified (3, 4, 10, 32, 33). Except for hydrogen peroxide 

(34-38), the quantification of hydroperoxides is challenging and scarce, hindering the 

understanding of the complex hydroperoxide chemistry.  

 

Fig. 1 Observed organic hydroperoxides during gas-phase autoxidation of organic 

compounds. (a) Mass peaks of methyl hydroperoxide, ethyl hydroperoxide, pentyl 

hydroperoxides, and a C5 KHP in n-pentane autoxidation at 600 K with a photon energy of 10.50 

eV. (b) Distribution of the ROOHs in the combustion autoxidation of 41 fuel components. (c) 

Distribution of the KHPs in the combustion autoxidation of 41 fuel components. (d) Distribution 

of the ROOHs in the OH radical-initiated autoxidation of 30 volatile organic compounds at 298 

K. The colors of the columns in (b)-(d) represent different R groups in ROOHs and KHPs. The 

axes show the carbon and hydrogen numbers of the ROOHs and KHPs. We note that the hydrogen 

number of KHPs in (c) is one less than the R group because of the presence of the carbonyl group 

in KHPs. In the labels, CnH2n+2 represents alkanes, CnH2n represents alkenes and one-ring 
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cycloalkanes, CnH2n-2 represents two-ring cycloalkanes, Cn+6H2n+6 represents aromatics, CnH2nO 

represents aldehydes and ketones, CnH2n+2O represents alcohols and ethers, and CnH2n+2O2 

represents dimethoxyl alkanes.  

Theoretical methods (24) and the assumption of group additivity (39) have been used to 

estimate absolute photoionization cross sections (PICSs) of organic hydroperoxides, but there is 

large uncertainty in these estimations. For example there is a factor-of-125 difference between the 

estimated and model predicted mole fraction of the KHP in n-pentane combustion autoxidation 

(39); the bad estimate of the PICS of the KHP is probably the main reason for this large discrepancy. 

In the present work, we measure the absolute photoionization cross sections (PICSs) of 

ROOHs by SVUV-PIMS (23). Based on the measurements of PICSs of the ROOHs, a chemical 

titration method was developed to measure the PICSs of KHPs with SVUV-PIMS. Furthermore, 

the photodissociation fingerprint of the organic hydroperoxides was elucidated from the 

measurements with the help of quantum chemistry calculations (40, 41), and these fingerprints 

were used to accurately quantify the organic hydroperoxides in the combustion autoxidation of n-

pentane and to examine the hydroperoxide chemistry of the combustion models.  

Absolute PICS of ROOHs and their photodissociation fingerprints. To measure the absolute 

PICS and to investigate the photoionization mechanism of the organic hydroperoxides, we 

synthesized 13 alkyl hydroperoxides that include both primary hydroperoxides (methyl 

hydroperoxide, ethyl hydroperoxide, n-propyl hydroperoxide, n-butyl hydroperoxide, iso-butyl 

hydroperoxide, n-pentyl hydroperoxide, and n-hexyl hydroperoxide) and secondary 

hydroperoxides (2-butyl hydroperoxide, 2-pentyl hydroperoxide, 3-pentyl hydroperoxide, 

cyclopentyl hydroperoxide, cyclohexyl hydroperoxide, and cycloheptyl hydroperoxide). See 

Section S2 in the SI Appendix for details of the synthesis method. 

For each PICS measurement, we prepared a binary mixture of ROOH and a standard sample 

with a known PICS (42). In the case of methyl hydroperoxide and ethyl hydroperoxide, methanol 

was used as the standard, and for other ROOHs, toluene was used. The molar concentration 

(mol/mL) of ROOHs was confirmed by the iodometric method before the PICS measurement. See 

Section S3 in the SI Appendix for details on the PICS measurement of ROOHs (SI Appendix, Fig. 

S4, Table S3) and database containing the PICS of the ROOHs (SI Appendix, Table S4-S16). The 

uncertainty for the PICS of the ROOH is estimated to be ±12% based on compounding 5% due to 

the precision of the measurement on the binary mixture, 10% due to the uncertainty of the PICS 
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of the reference molecule, and 5% due to the error bar for the iodometric method. The binary 

mixture was prepared by weighing each component on an analytical balance with a precision of 

0.1 mg; thus the uncertainty in preparation of the binary mixture is negligible. Although the beaker 

for the binary mixture was well sealed before injection into the syringe pump, there might be 

volatilization of the binary mixture, as a result of which we estimate 5% as an upper limit of 

uncertainty of the binary mixture. The error estimate for the iodometric method was based on the 

calibration of the iodometric titration (Section S4 in the SI Appendix). The difference between the 

titration experiment and the amount expected by calculation is less than 5%. 

The ionization energy (IE) and photodissociation fragments of the ROOHs are shown in Fig. 

2. Under the circumstance that ion signals increase linearly with photon energies, the IE was 

determined from the intersection of the baseline and the gradually rising line (43) (SI Appendix, 

Fig. S5). The uncertainty of the measured IE is ±0.05 eV. In this work, molecular-beam sampling 

from the slightly heated flow reactor (423 K) should effectively cool down the sample, and the 

estimated temperature of the sampled beam is 100 K (41). Thus, the temperature effects of the 

beam on the measured IE onset values should be insignificant. The measured IE value agrees well 

with the literature reports, where available. For example, the measured the IE onset for methanol 

is 10.80 ± 0.05 eV (10.84 ± 0.01 eV, NIST (44)), for toluene is 8.80 ± 0.05 eV (8.828 ± 0.001, 

NIST (44)), for methyl hydroperoxide is 9.90 ± 0.01 eV (9.91 eV, Battin-Leclerc et al. (15)), for 

ethyl hydroperoxide is 9.70 ± 0.05 eV (9.69 eV, Battin-Leclerc et al. (15)). Figure 2 shows that 

the IE for a hydroperoxide at a primary carbon is affected systematically by the structure of the R 

group; their IE decreases with an increase of the number of carbons in the alkyl group. However, 

the IEs of the hydroperoxides at secondary carbons are not much affected by the structure of the 

R group.  

The total PICS is composed of the PICS of the parent molecule and that of its fragments. The 

total PICSs of the 13 ROOHs at photon energies 1 eV and 2 eV above their ionization thresholds 

are compared in Fig. 2b. First consider the 1 eV data. For the primary hydroperoxides, the carbon 

chain length does not have much effect on the total PICS. The total PICS for CH3OOH, n-

C5H11OOH, or n-C6H13OOH is ~ 5 Mb (where Mb ≡ megabarn ≡ 1×10-18 cm2), while that for C2–

C4 ROOHs is ~9 Mb. For the secondary hydroperoxides, the structure of the R group has only a 

small effect on the total PICS, with an average value of ~10 Mb for the secondary ROOHs. For 

the 2-eV data, there is more structural variation, and the total PICS is in the range 18-39 Mb (with 
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an average value of 32 Mb) for primary hydroperoxides and in the range 27-58 Mb (with an 

average value of 42 Mb) for secondary hydroperoxides.  

The fragment from the loss of OOH is the most prevalent fragmentation pattern, and in most 

cases, it is the dominant fragment; it is shown as a green column in Fig. 2c for the 13 ROOHs for 

photon energies 2 eV above their ionization thresholds. No fragmentation is observed for methyl 

and ethyl hydroperoxides; however, for heavier primary hydroperoxides, significant fragmentation 

is observed, and it increases with increasing chain length. For example, more than 90% of the n-

pentyl hydroperoxide and n-hexyl hydroperoxide cations are fragmented. The secondary 

hydroperoxides are also easily fragmented, and more than 75% of the parent molecule is 

fragmented in every case. Although the dissociation mechanism is different, similar phenomena 

are also observed for protonated hydroperoxides and peroxides, where they could readily 

dissociate, and the signal intensities of the protonated hydroperoxides and peroxides are weak (45). 

 
 

Fig. 2 Photoionization of organic hydroperoxides. Columns A–G are for primary 

hydroperoxides, and columns H-M are for secondary hydroperoxides. (a) Ionization energies of 

the ROOHs. (b) Total PICSs of ROOHs at 1 eV (red and blue columns) and 2 eV (purple and 

orange columns) above the ionization energies. (c) Distribution of the parent molecule (brown 

column) and the fragment (green column) via the loss of OOH at 2 eV above the ionization 
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threshold. (d) Photoionization efficiency curves of the fragments for the loss of OOH from n-butyl 

hydroperoxide, three pentyl hydroperoxides, and cyclopentyl hydroperoxide.  
 

Because the loss of OOH is the most prevalent fragmentation pattern, the resulting fragment 

can be regarded as the photodissociation fingerprint of the ROOH. Our results in Fig. 2d reveal 

that there are two onsets for this photodissociation fingerprint; the energetic difference between 

the two onsets is ~0.7-1.0 eV.  

Electronic structure calculations by the G4 method (46) and the CCSD(T)/CBS//M06-

2X/aug-cc-pVTZ method (47-49) were carried out for the structures and 0 K enthalpies of 

stationary points along the photodissociation pathways of two molecules; the 0 K enthalpy is the 

sum of the electronic energy including nuclear repulsion and the zero-point energy. The results of 

n-pentyl hydroperoxide are discussed first and are shown in Fig. 3a, and details of the theoretical 

calculations are in Sections S5 and S6 of the SI Appendix. 

Consider first the G4 results. The calculated adiabatic ionization enthalpy of 9.34 eV agrees 

well with the experimental measurement of 9.40 eV. The calculations indicate that the n-

C5H11OOH+ cation can undergo direct C–O bond dissociation to form n-C5H11
+ and OOH or it can 

undergo intramolecular H-migration to 2-C5H11OOH+ via transition structure TS1 followed by C-

O bond dissociation to form 2-C5H11
+ and OOH; the appearance potentials for these two 

fragmentations mechanisms are 10.60 and 10.10 eV, respectively, which are close to the 

experimentally measured appearance potentials at 10.70 ± 0.05 and 10.00 ± 0.05 eV.  

Next consider the CCSD(T)/CBS//M06-2X/aug-cc-pVTZ calculations, which are given in red 

in brackets in Fig. 3a. The calculated ionization enthalpy and appearance potentials differ from the 

G4 results by only 0.02, 0.23, and 0.15 eV, respectively. The good agreement of the two sets of 

calculations supports the reliability of our interpretation of the appearance potentials.  
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Fig. 3 Enthalpies at 0 K of stationary points on the potential energy surface for 

photoionization and photodissociation via the loss of OOH group. (a) n-pentyl 

hydroperoxide. (b) 4-hydroperoxy-2-pentanone. The calculations in black are by the G4 method 

and those in red in brackets are by the CCSD(T)/CBS//M06-2X/aug-cc-pVTZ method.  

Absolute PICS of C5 KHP and its photodissociation fingerprint. The dominant chain-branching 

intermediates for combustion autoxidation are KHPs (3, 4). This kind of molecule and its 

derivatives are also widely formed in the atmospheric autoxidation of alkanes and terpenes (7, 8). 
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The reaction kinetics of KHPs, for example their reactions with OH radical, have been of great 

interest – in part because of their role in the formation of secondary organic aerosols (50, 51). 

Synthesis of KHP is much more challenging than that of ROOH. Here we report a novel method 

to measure the absolute PICSs of KHPs based on the PICSs of ROOHs.  

As shown in Fig. 1a, the combustion autoxidation of n-pentane forms methyl hydroperoxide, 

ethyl hydroperoxide, pentyl hydroperoxides, and one or more C5 KHPs. According to the reaction 

mechanism, there is one dominant KHP component, i.e., 4-hydroperoxy-2-pentanone, in the 

combustion autoxidation of n-pentane (52). This isomer accounts for 80% of the C5 KHP. Thus, 

it is reasonable to use 4-hydroperoxy-2-pentanone to represent the C5 KHP component in n-

pentane combustion autoxidation. As for the dissociation of ROOH cations, the cation of 4-

hydroperoxy-2-pentanone (C5H10O3) is easily dissociated by loss of the OOH group.  

See Section S4 of the SI Appendix for details on PICS measurements of 4-hydroperoxy-2-

pentanone (SI Appendix, Figs. S6 and S7). As shown in Fig. 4a, the ratio of C5H9O+ to C5H10O3
+ 

is ~10 at 11.50 eV. Figure 4b shows that C5H9O+ as that of 4-hydroperoxy-2-pentanone have the 

same temperature dependence, which supports the interpretation that C5H9O+ is results from 

fragmentation of 4-hydroperoxy-2-pentanone photodissociation. In addition to fragmentation via 

OOH loss, there should be other minor fragments from the photon dissociation of 4-hydroperoxy-

2-pentanone; however, we could not confirm these fragments due to the complexity of the mass 

spectra. 

Figure 3b shows that the photodissociation of 4-hydroperoxy-2-pentanone (C5H10O3) to form 

C5H9O+ via the loss of OOH is further confirmed by theoretical calculations; see Sections S5 and 

S6 of the SI Appendix for details of the calculations. The calculated ionization energy of 4-

hydroperoxy-2-pentanone is 9.00 eV by the G4 method, which is close to the experimentally 

measured value of 9.12 ± 0.05 eV. Upon ionization, C5H10O3
+ undergoes two steps of 

intramolecular H-migration (TS1′ and TS2′) and β-C-O bond dissociation (TS3′) to form C5H9O + 

and OOH; the appearance energy is 9.48 eV, corresponding to TS1′. The calculated appearance 

energy agrees well with the experimentally measured one at 9.51 ± 0.05 eV. Figure 3b also shows 

that CCSD(T)/CBS//M06-2X/aug-cc-pVTZ calculations agree well with G4.  
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Fig. 4 PICS measurement of 4-hydroperoxy-2-pentanone and experimental and model 

simulation of organic hydroperoxides in n-pentane combustion autoxidation. (a) PICS of 4-

hydroperoxy-2-pentanone and its photodissociation fingerprint via the loss of OOH. The open 

symbols and solid symbols are respectively the results for sample-1 and sample-2, collected at 580 

K. The curves are the photoionization efficiency curve of 4-hydroperoxy-2-pentanone and its 

photodissociation fingerprint via the loss of OOH measured in n-pentane combustion autoxidation. 

The values for 4-hydroperoxy-2-pentanone are multiplied by a factor of 15 for clarity. (b) Signal 

profile of 4-hydroperoxy-2-pentanone and its photodissociation fingerprint via the loss of OOH as 

a function of temperature. (c) Mass spectra for the captured species in acetonitrile solution at 11.50 

eV. (d)-(g) The symbols are experimental measurements while the lines are the simulation by the 

NUIGMech 1.1 detailed kinetic model (52, 53) for the mole fraction of methyl hydroperoxide, 

ethyl hydroperoxide, pentyl hydroperoxide, and 4-hydroperoxy-2-pentanone. 
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We used deuterium labeling reaction to change OOH to OOD by reacting 4-hydroperoxy-2-

pentanone (C5H10O3) with D2O. The photodissociation of C5H9DO3 forms the C5H8DO + (SI 

Appendix, Fig. S7), further confirming that the H-atom in the OOH is kept in the C5H9O+ fragment 

during the key step in the photodissociation process in which the H-atom in the OOH group 

migrates to the C=O group. 

In summary, both the experiment and theory confirm that loss of OOH is the photodissociation 

fingerprint for both ROOHs and KHP.  

Iodometric titration method. To measure the PICS of 4-hydroperoxy-2-pentanone, we 

collected samples of n-pentane combustion autoxidation at 580 K by bubbling the reaction gas into 

a trap that contained acetonitrile at 300 K (SI Appendix, Fig. S6) because acetonitrile is favorable 

(11) for capturing hydroperoxides. The collection process captures reaction products with low 

vapor pressure, while the high-vapor-pressure species (such as the ethylene and propene products 

and the n-pentane reactant) escape from the trap. Figure 4c presents the mass spectra of the 

captured species in acetonitrile solution at 11.50 eV. The species are aldehydes and ketones (CH2O, 

C2H4O, C3H6O, C4H8O, etc.), an alcohol (CH3OH), carboxylic acids (CH2O2 and C2H4O2), a cyclic 

ether (C5H10O), a dione (C5H10O2), organic hydroperoxides (CH4O, C2H6O, C5H12O, and C5H10O3), 

the fragment of pentyl hydroperoxide (C5H12O) at m/z 71.09 (C5H9
+), and the fragment of C5 KHP 

(C5H10O3) at m/z 85.07 (C5H9O+). The captured species in acetonitrile solution was also analyzed 

by gas chromatography-mass spectrometry (GC-MS). In this process, the compound was separated 

by an HP-5ms column and analyzed by 70 eV electron-impact ionization with a quadrupole mass 

spectrometer. We observed one peak, which corresponds C5 KHP (C5H10O3), as shown in Fig. S8. 

This further confirms that there is one dominant KHP component, i.e., 4-hydroperoxy-2-pentanone, 

in the combustion autoxidation of n-pentane.  

A collection of 4 h is usually sufficient to capture the combustion autoxidation products. After 

collection, we mixed 5 mL of the acetonitrile solution with 1 mL of toluene, and the total molar 

concentration of organic hydroperoxides in the acetonitrile solution was measured by the 

iodometric method. The accuracy of the iodometric method for hydroperoxides was confirmed by 

titrating solutions of H2O2 (SI Appendix, Fig. S9, Table S17) and tert-butyl hydroperoxide (SI 

Appendix, Fig. S10, Table S18) with various concentrations. We also confirmed that the iodometric 

method does not titrate other organic compounds in the collected acetonitrile solution or titrates 

them to an extent of no more than 1% of the hydroperoxides; these tests (Fig. 4c) included 
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aldehyde, ketone, carboxylic acid, dione, olefin, alcohol, and cyclic ether functional groups. Their 

influence on the measurement of the total molar concentration of the organic hydroperoxides is 

negligible. See Section S4 of the SI Appendix for further details. We note that H2O2 is formed in 

the combustion autoxidation of n-pentane and may interfere with the measurement of the total 

molar concentration of the organic hydroperoxides; however, our results show that the formation 

of H2O2 is negligible at 580 K, and Fig. 4c shows that it was not collected in the acetonitrile 

solution.  

Using the same setup as used for the PICS measurement of the ROOHs, we obtained the 

photoionization efficiency curve of methyl hydroperoxide, ethyl hydroperoxide, pentyl 

hydroperoxide, 4-hydroperoxy-2-pentanone, toluene, and the photoionization efficiency curve of 

the fragments of pentyl hydroperoxide and 4-hydroperoxy-2-pentanone via the loss of the OOH. 

Since the molarity of toluene is known in the solution and the PICS of toluene is well known in 

the literature (42), and since the PICSs of methyl hydroperoxide, ethyl hydroperoxide, and pentyl 

hydroperoxide were measured in this work, we were able to obtain the molar concentration of 

methyl hydroperoxide, ethyl hydroperoxide, and pentyl hydroperoxide, respectively. Then, the 

molar concentration of 4-hydroperoxy-2-pentanone could be obtained by subtracting that of the 

three ROOHs from the total molar concentration of organic hydroperoxides. We found that the 

molar concentration of 4-hydroperoxy-2-pentanone is much higher than that of methyl 

hydroperoxide, ethyl hydroperoxide, and pentyl hydroperoxides (SI Appendix, Table S19). Now 

knowing the molar concentration of 4-hydroperoxy-2-pentanone, we could obtain its PICS and the 

PICS of its OOH-loss fragment by using toluene as the internal standard.  

Figure 4a presents the PICS for 4-hydroperoxy-2-pentanone and its photodissociation 

fingerprint via the loss of OOH as obtained from the two samples collected at 580 K. The results 

from the two measurements are in good agreement. Furthermore, their photoionization curve and 

the ratio agree well with their photoionization efficiency curve measured in the autoxidation of n-

pentane (curves in Fig. 4a). Compounding uncertainties due to binary liquid mixtures (±5%), the 

PICS of the reference molecule (±10%), the uncertainty in the molar concentration of 4-

hydroperoxy-2-pentanone (±20%), and the interference of other C5 KHP isomers (±20%), we 

estimate the uncertainty in the PICS of 4-hydroperoxy-2-pentanone and its photodissociation 

fingerprint to be ±30%. The PICS of 4-hydroperoxy-2-pentanone is presented in Table S20 of the 

SI Appendix. 
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Implication for atmospheric and combustion chemistry. Hydroperoxide intermediates are 

widespread in atmospheric autoxidation. The PICS database of ROOHs obtained in this work can 

be used to identify and quantify the hydroperoxides formed in the autoxidation of hydrocarbons 

initiated by OH radicals and by the ozonolysis of terpenes. The PICS database is also useful for 

studying the reaction kinetics of peroxy radicals, such as the reactions with HO2 and OH, and the 

reactions of peroxy radicals, where hydroperoxides are also important intermediates. In 

combustion autoxidation, hydroperoxide intermediates have been observed since the 1980s (14) 

and have been widely detected by the SVUV-PIMS method since 2010 (4, 15, 41, 54). However, 

the accurate quantification of the ROOH and KHP intermediates has not been feasible. Here, using 

the PICS database of the organic hydroperoxides measured in this work, we give an accurate 

quantification for methyl hydroperoxide, ethyl hydroperoxide, pentyl hydroperoxide, and the C5 

KHP in Fig. 4d-g with uncertainties of ±16%, ±16%, ±16%, and ±32%, respectively. The 

uncertainty mainly originates from the uncertainty of the PICS of the reference n-pentane (±10%) 

used for quantification and the uncertainty of the PICS of the organic hydroperoxides. We note 

that for the quantification of pentyl hydroperoxide and the C5 KHP, we used their 

photodissociation fingerprint instead by the parent hydroperoxides. This could reduce the 

uncertainty of the quantification since the intensity of the photodissociation fingerprint is much 

higher than the parent hydroperoxide (Figs. 2c, 4a, and 4c).  

We used the detailed kinetics mechanism NUIGMech1.1 to simulate n-pentane combustion 

autoxidation; this model has been extensively validated against experimental data in the literature 

(52, 53). However, the present results reveal that the kinetics model does not capture the chemical 

kinetics accurately because the mole fraction of methyl hydroperoxide, ethyl hydroperoxide, 

pentyl hydroperoxide, and C5 KHP are overpredicted by factors of 2, 6, 2 and 7, respectively. This 

shows how the present new findings can change state-of-the-art combustion models. The 

peroxides, especially the KHPs, are a dominant source of the OH radicals that play a key role in 

the overall reactivity in autoignition. Overprediction of KHPs causes a model to overestimate the 

fuel reactivity. Thus, the accurate quantification of ROOH and KHP intermediates are critical to 

improving autoignition models. 

Summary 

We have shown that many ROOHs can be synthesized by the mild and environmentally 

friendly method developed in this work. This allowed the measurement of the PICS of the ROOHs, 
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the elucidation of their photodissociation fingerprint by SVUV-PIMS, and the creation of a 

database of ROOH PICSs. A chemical titration method was combined with an SVUV-PIMS 

measurement to get the PICS of 4-hydroperoxy-2-pentanone, which could be adopted to obtain the 

PICSs of other KHPs in combustion and atmospheric autoxidation. These data are valuable for the 

quantification of organic hydroperoxide species, for the illustration of the photoionization 

mechanism, and for the refinement of kinetics models. Furthermore, these PICS data are valuable 

for developing theoretical methods (33, 41) and group additivity methods (55) to calculate or 

estimate the total PICS of organic hydroperoxides. The ROOHs synthesized in this work can be 

used to study the thermal decomposition mechanism of the organic hydroperoxides in combustion 

autoxidation. They can also be used as the precursors of ROO radicals via the H-abstraction of 

ROOHs to study the reaction kinetics of the isomerization of ROO radicals to QOOH radicals and 

to study the bimolecular reactions of ROO with ROO, HO2, and OH radicals in atmospheric 

autoxidation.  
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