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Abstract: Chain-branching reactions represent a general motif in chemistry, encountered in 

atmospheric chemistry, combustion, polymerization, and photochemistry; the nature and amount of 

radicals generated by chain-branching are decisive for the reaction progress, its energy signature, and 

the time towards its completion. In this study, experimental evidence for two new types of 

chain-branching reactions is presented, based upon detection of highly oxidized multifunctional 

molecules (HOM) formed during the gas-phase low-temperature oxidation of a branched alkane 

under conditions relevant to combustion. The oxidation of 2,5-dimethylhexane (DMH) in a jet-stirred 

reactor (JSR) was studied using synchrotron vacuum ultra-violet photoionization molecular beam 

mass spectrometry (SVUV-PI-MBMS). Specifically, species with four and five oxygen atoms were 

probed, having molecular formulas of C8H14O4 (e.g., diketo-hydroperoxide/keto-hydroperoxy cyclic 

ether) and C8H16O5 (e.g., keto-dihydroperoxide/dihydroperoxy cyclic ether), respectively. The 

formation of C8H16O5 species involves alternative isomerization of OOQOOH radicals via 

                                                       
* Corresponding author: E-mail: zhandong.wang@kaust.edu.sa (Z. Wang), mani.sarathy@kaust.edu.sa (S. M. Sarathy)

SAND2016-6268J

mailto:mani.sarathy@kaust.edu.sa
mailto:zhandong.wang@kaust.edu.sa


2

intramolecular H-atom migration, followed by third O2 addition, intramolecular isomerization, and 

OH release; C8H14O4 species are proposed to result from subsequent reactions of C8H16O5 species. 

The mechanistic pathways involving these species are related to those proposed as a source of 

low-volatility highly oxygenated species in Earth’s troposphere. At the higher temperatures relevant 

to auto-ignition, they can result in a net increase of hydroxyl radical production, so these are 

additional radical chain-branching pathways for ignition. The results presented herein extend the 

conceptual basis of reaction mechanisms used to predict the reaction behavior of ignition, and have 

implications on atmospheric gas-phase chemistry and the oxidative stability of organic substances.

Keywords: auto-oxidation; chain-branching; highly oxidized multifunctional molecules; peroxides;

alternative isomerization; synchrotron VUV photoionization mass spectrometry

1. Introduction

The low-temperature auto-oxidation of hydrocarbons occurs in many natural and engineered systems. 

Gas-phase auto-oxidation determines the fate of volatile organic compounds (VOCs) in the 

atmosphere under low-NOx conditions [1-4], ultimately leading to the formation of extremely low 

volatility organic compounds (ELVOCs) [1,5,6]. In combustion systems, low-temperature 

auto-oxidation of hydrocarbon fuel leads to ignition [7-13], a governing parameter in the design of 

engines. In the liquid phase, auto-oxidation contributes to the degradation of organic substance such 

as lipids, lubricants, plastics, and foods [14-20]. Simulations attempting to predict the ignition

properties of a hydrocarbon fuel in engines or the distribution of atmospheric pollutants must 

accurately represent the complex auto-oxidation pathways and branching ratios to various products

[21-24].  

The auto-oxidation process begins with radical initiation and proceeds by a series of O2

addition and intramolecular H-atom migration reactions that eventually lead to radical 

chain-branching, propagation, or termination [7-12], as presented in Scheme 1 (see Supporting 

Information, SI, for detailed description). This scheme dating back to the mid 20th century [7,8] laid 
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the foundation for the first mathematical models for predicting ignition [13,25]. At present, the 

scheme remains largely unchanged in high fidelity chemical kinetic simulations used to improve the 

efficiency and emissions of combustion systems [11,26-29].

Scheme 1. Classical scheme for the low-temperature oxidation of hydrocarbons. The annotated 

species with blue and box were detected in this work.

The classical low-temperature auto-oxidation reaction scheme presented in Scheme 1 has been 

confirmed via gas-phase measurements of the key intermediates such as hydroperoxyalkyl radicals

[30], alkylhydroperoxides [31,32], large alkenes [32-35], cyclic ethers [31,34,36], and 

keto-hydroperoxides [33,35,37-42]. Experiments on liquid-phase auto-oxidation by Korcek and 

coworkers [43-46] identified the presence of monohydroperoxides, dihydroperoxides, and 

keto-hydroperoxides, while recent computational studies [47,48] have shown that subsequent 

decomposition pathways of keto-hydroperoxides to acids are favorable. The recent experimental 

study on dimethyl ether oxidation [42] confirms this mechanism, i.e., the formation of carbonic acid.

The majority of studies on low-temperature hydrocarbon auto-oxidation use propane [37] or 

n-butane [32], as these prototypical n-alkanes display the cool-flame and negative temperature 
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coefficient (NTC) characteristics observed in larger alkanes. n-Heptane and iso-octane are also 

commonly used surrogate compounds to understand the ignition chemistry of real gasoline fuels

[23,24]. 

In this work, we used a jet-stirred reactor (JSR) to investigate the auto-oxidation of 

2,5-dimethylhexane (DMH), a lightly methyl substituted alkane that is in the typical carbon number 

range of gasoline fuel. This molecule was chosen because the presence of primary, secondary, and 

tertiary carbon hydrogen bonds was expected to yield more complexity in the low-temperature 

reaction scheme (as discussed later). Furthermore, DMH is a model compound to study the 

combustion properties of lightly branched alkanes, which are major components of typical petroleum 

derived and synthetic fuels [49,50]. 

Product species measured in our experiments provide further confirmation of the classical 

low-temperature oxidation scheme. However, we also observe more highly oxygenated species that 

are not part of the classical scheme. A detailed kinetic analysis was conducted to rationalize 

formation pathways leading to these species. We show that these new species are additional radical 

chain-branching intermediates, suggesting the presence of an extended auto-oxidation reaction 

mechanism for DMH at conditions of relevance to auto-ignition in engines. Our experimental 

evidence of an extended auto-oxidation scheme also has implications on atmospheric gas-phase 

chemistry and on the oxidative stability of liquid hydrocarbons.

2. Experimental and theoretical method

In this study, a spherical fused-silica JSR was coupled to a high resolution (m/Δm ∼2500) 

time-of-flight molecular-beam mass spectrometer (MBMS, refers to Fig. S1 in SI) with synchrotron 

vacuum ultraviolet (SVUV) radiation as the photoionization (PI) source [42]. The mass spectrometer 

has a sensitivity range of 1 ppm, and a dynamic range of several orders of magnitude. The SI 

presents detailed information on the experimental method and a diagram of the set-up in Fig. S1. The 

experiments were performed at Terminal 3 of the Chemical Dynamics Beamline of the Advanced 

Light Source at the Lawrence Berkeley National Laboratory, USA. The SVUV-PI-MBMS enables 
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detection of reactive oxidation intermediates, e.g., peroxides [31,42,51]. The stoichiometric DMH 

(1%)/O2/Ar mixtures were investigated under quasi-atmospheric pressures and residence times of 

0.933 bar and 2 s, respectively. A K-type thermocouple from Thermocoax was fixed at the vicinity of 

the sampling cone to measure the reactor temperature. The thermocouple is coated with Inconel alloy 

600, which is not expected to catalyze the oxidation reaction under the conditions studied here. 

Experiments conducted without the thermocouple in place detected similar species distributions in 

the reactor. The uncertainty in reactor temperature is ±20 K, which was obtained by measuring the 

temperature distribution inside the JSR with a movable thermocouple. The photoionization spectra 

were measured at varying reactor temperatures to obtain the distribution of reactive intermediates. 

Furthermore, photoionization efficiency spectra (PIE) were measured to obtain species’ ionization 

thresholds to aid identification [52]. Absolute mole fractions are not presented due to the absence of 

photoionization cross sections for many of the detected species.

The mass resolution and the resolution of photoionization spectroscopy for species this large 

preclude the unambiguous identification of the observed molecules simply by a combination of mass 

and photoionization spectra. However, we can limit the conceivable range of chemical pathways 

based on the knowledge of global hydrocarbon oxidation chemistry; for example, no significant 

molecular weight growth by carbon-carbon bond formation occurs at these stoichiometries and 

temperatures. The present approach is to combine existing knowledge on low-temperature oxidation 

mechanisms, chemical kinetics, and theoretical calculations to support the interpretation of 

experimental data.  

The identification of species at certain mass-to-charge (m/z) signals is performed by first 

postulating potential structures based on the classical low-temperature reaction scheme. For m/z

signals that cannot be explained by the classical scheme, the mechanism was extended based on 

kinetics analysis to propose pathways leading to probable structures. Experimentally measured PIE 

spectra for several pure components (e.g., C8 alkenes and cyclic ethers) [34] were used to verify the 

present methodology for proposing structures corresponding to measured m/z signals and PIE spectra. 



6

To provide additional support to the proposed species, the adiabatic ionization energies (IEs) were 

calculated using the CBS-QB3 method [53] implemented in Gaussian 09 [54]. This method has been 

used to calculate the adiabatic IEs of species containing one to three oxygen atoms in the 

low-temperature oxidation of n-butane [41], hexane isomers [33], n-heptane [35], and 

2,5-dimethylhexane [34]. Recent work by Moshammer et al. [42] on the keto-hydroperoxide formed 

during dimethyl ether oxidation showed that different conformers need to be considered in the 

theoretical calculation of species’ IEs to correctly interpret the PIE curves. However, it is 

computationally intractable to compute IEs for all the conformers of species investigated in this work 

due to the large number of heavy atoms (8-13), possible isomers, and conformers of each isomer. 

Here, we calculated the IEs of the lowest-energy (zero-point energy) conformer of selected isomers. 

Geometry optimization was performed at B3LYP/CBSB7 level of theory, followed by a series of 

high-level single point energy calculations including the complete basis set extrapolation. The 

estimated uncertainty of the calculated IEs is ±0.05 eV [53], not including the uncertainty from 

excluding all conformeric structures. Note, the consideration of different conformers might lead to a 

higher uncertainty than specified [42].

3. Results and discussion

3.1 Classical reaction scheme

Fig. 1 presents an overview mass spectrum in the range of m/z = 80-200 which was obtained during 

DMH oxidation at 510 K (±20 K) and a photon energy of 9.5 eV. These conditions were chosen 

because the initial oxidation intermediates reach their maximum concentration at 510 K, while 

fragmentation is minimized at 9.5 eV. The spectrum in Fig. 1 displays signals at m/z ratios of 112.14, 

128.13, and 160.11. Despite the mass spectrometer’s high mass resolution, a unique determination of 

the C/H/O composition by exact mass is not possible. Therefore, the molecular formulas proposed 

for specific m/z signals must be judiciously determined based on mechanistic and kinetic analyses. 

Simulations for DMH oxidation under the present JSR conditions using the detailed chemical 
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kinetic model of Sarathy et al. [55] demonstrate that high molecular weight intermediates are 

produced via the classical low-temperature oxidation mechanism (i.e., radical plus O2 reactions, 

concerted eliminations, etc.). We postulate that the measured m/z signals correspond to molecular 

formulas for C8 alkenes (C8H16, 112.13 u), cyclic ethers (C8H16O, 128.12 u) and keto-hydroperoxides 

(C8H16O3, 160.11 u), respectively. The classical low-temperature reaction pathways producing these 

intermediates are presented in Scheme S1 in the SI.

Figure 1. Mass spectra taken at a photon energy of 9.5 eV during the oxidation of DMH at 510 K. 

The peaks discussed in this work are labeled with their molecular formula. The peaks of C8H14O4

and C8H16O5 are magnified to present the mass resolution. The upper inset present the mass spectra 

in the range of m/z 80-170, highlighting intermediates with one to three oxygen atoms, and selected 

fragments C8H15O, C5H9O3, C7H13O and C5H9O. 

The auto-oxidation of DMH is initiated via H-atom abstraction, primarily by OH radicals, to 

produce three distinct fuel radicals. The initial distribution of primary, secondary and tertiary fuel 

radicals at 510 K is approximately 26%, 41%, and 33% based on the site-specific OH radical H-atom 

abstraction rate coefficients proposed by Badra and Farooq [56] and Sivaramakrishnan and Michael

[57] (Fig. S2). The subsequent addition of O2 to primary, tertiary, and secondary fuel radicals, as 

shown in Scheme S1, leads to three distinct ROO radicals (Note: R=CnH2n+1), denoted ROO1, ROO2, 
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and ROO3, respectively. These ROO radicals can undergo concerted elimination of HO2 via 

5-membered ring transition states (TS) [58-60] to generate 2,5-dimethylhex-1-ene (C8H16-1), 

2,5-dimethylhex-2-ene (C8H16-2), and 2,5-dimethylhex-3-ene (C8H16-3). This is the classical 

low-temperature chain-terminating pathway (because HO2 is a weakly reacting radical, its formation 

tends to inhibit the path to auto-ignition). Figure 2a presents PIE spectra of C8H16 from 8.0 to 9.6 eV. 

The onset at 8.5 eV in our measured spectra is consistent with the experimentally measured IE of 

2,5-dimethylhex-2-ene (8.45 eV [34]). A three-parameter fitting of the measured PIE spectra from 

the absolute photoionization cross sections of 2,5-dimethylhex-1-ene, 2,5-dimethylhex-2-ene, and 

2,5-dimethylhex-3-ene (from Ref. [34]) reveals an isomeric distribution of ~38% 

2,5-dimethylhex-1-ene, ~51% 2,5-dimethylhex-2-ene and ~11% 2,5-dimethylhex-3-ene. 

Figure 2. (upper panel) Photoionization energy scan of (a) m/z 112.14 (C8H16) and (b) m/z 128.13 

(C8H16O) produced from DMH low-temperature oxidation at 505 K. The solid arrow in panels (a) 

and (b) indicates the ionization energy threshold. Panel (a) shows a three parameter fitting for the 

isomeric distribution of the three C8H16 alkenes, while (b) shows the scaled absolute photoionization 
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spectra of 2,2,5,5-tetramethyl-tetrahydrofuran (black line), measured PIE spectra of C8H16O by 

Rotavera and coworkers [34] at 550 K (red line), and IEs for other three cyclic ethers (dashed 

arrows). (lower panel) The JSR temperature-dependent signal profiles for C8H16 (c) and C8H16O (d) 

and its potential fragments (C7H13O and C5H9O) produced from DMH low-temperature oxidation 

measured at a photon energy of 9.5 eV. The signals of C7H13O and C5H9O are rescaled by the 

bracketed values. The insets in (c) and (d) are magnified mass peaks of C8H16 and C8H16O, 

respectively.

In competition with concerted elimination is ROO radical intramolecular H-atom migration via 

five-, six-, seven-, and eight-membered-ring TS to produce β-QOOH, γ-QOOH, δ-QOOH, and 

ε-QOOH, respectively (Note: Q=CnH2n; hereafter, the position of a carbon bonded to an –OOH 

group in a QOOH radical is denoted as α, β, γ, δ, ε, respectively; α position is the carbon site with the 

radical). The formation of QOOH radicals ultimately leads to radical chain propagation and/or 

branching. High-pressure-limit rate rules determined from computational chemistry by Villano et al.

[61] (Fig. S3) indicate that the most feasible isomerization routes are via six- and 

seven-membered-ring TS. Isomerizations with less than six members in the TS have high ring strain 

energies, while those with greater than seven members in the TS are entropically unfavored. 

Therefore, assuming that the high-pressure rate constants are valid at these atmospheric pressure 

experiments, the following analyses only consider intermediate species formed via six- and/or 

seven-membered ring TS isomerizations. 

In the classical low-temperature oxidation scheme, QOOH radicals can react to form a cyclic 

ether (CE) and an OH radical, which is an important radical chain-propagation route. The 

atmospheric reaction of isoprene can also produce cyclic ethers, which have been linked to the 

formation of secondary organic aerosols (SOA) [2,3,62,63]. The four most probable cyclic ethers 

(Scheme S1) based on our analysis and previous study of DMH [55] are 

2-iso-butyl-3-methyl-oxetane (CE-1, IE: 9.21 eV [34]), 2-iso-propyl-4-methyl-tetrahydrofuran (CE-2, 

IE: 8.93 eV [34]), 2-iso-propyl-4,4-dimethyl-oxetane (CE-3, IE: 9.09 eV [34]), and 

2,2,5,5-tetramethyl-tetrahydrofuran (CE-4, IE: 8.93 eV [34]). Previous study showed that substantial 

2,2,5,5-tetramethyl-tetrahydrofuran was produced in DMH JSR and flow reactor oxidation [34,55]. 



10

The measured IE for 2,2,5,5-tetramethyl-tetrahydrofuran by Rotavera and coworkers [34] is 8.81 eV, 

which is slightly lower than their calculated IE of 8.93 eV [34]. The measured PIE spectra of C8H16O 

by Rotavera and coworkers [34] at 550 K are presented in Fig. 2b (red line), and is in good 

agreement with the total PIE curve measured in this work up to 9.2 eV. Fig. 2b (black line) shows 

that the scaled absolute PIE spectra for 2,2,5,5-tetramethyl-tetrahydrofuran (CE-4) from Rotavera et 

al [34] matches our measured PIE spectra at m/z 128.13 from its onset up to 9.0 eV, confirming the 

presence of this species in our experiments. The discrepancy above 9.0 eV indicates the presence of 

other cyclic ethers, such as CE-1, CE-2 and/or CE-3. The presence of these four cyclic ethers is 

further confirmed by their fragments. The inset of Fig. 1 presents a very high signal of C7H13O, 

which potentially comes from the CH3 loss from ionization of the cyclic ethers; another mass peak is 

C5H9O, potentially fragmented from CE-1, CE-2, and/or CE-3 via the loss of C3H7. The signal 

profiles of m/z 113.11 (C7H13O, 113.10 u) and m/z 85.08 (C5H9O, 85.07 u) as a function of

temperature, shown in Fig. 2d, are similar to that of C8H16O. These observations are in agreement 

with the results from Rotavera and coworkers [34].

The low-temperature chain branching sequence proceeds via the reaction of QOOH radicals 

with molecular oxygen (i.e., the second O2 addition) to form OOQOOH radicals, which subsequently 

undergo intramolecular H-atom migration to form HOOQ’OOH (Note: Q’=CnH2n-1) radical. In the 

classical low-temperature oxidation scheme, it is often assumed that hydrogen atoms from the carbon 

bonded to the hydroperoxy group (-OOH) are abstracted, which is plausible because given their 

lower C-H bond strength of ~ 3 kcal/mol compared to normal primary, secondary, and tertiary C-H 

bonds. The HOOQ’OOH is an α-hydroperoxyalkylhydroperoxy radical, which is unstable and easily 

decomposes to a keto-hydroperoxide (KHP) and an OH radical [64]. Moreover, the 

keto-hydroperoxide has a weak O-O bond, which can break to generate more OH radicals, thereby 

acting as a radical chain-branching intermediate. 

Fig. 1 displays a mass peak with m/z 160.11, which corresponds to the molecular formula of 

KHPs (C8H16O3, 160.11 u) produced from DMH oxidation. The JSR temperature-dependent signal 
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profile of C8H16O3 in Fig. 3a displays a sharp increase from 480-510 K followed by a rapid decrease. 

This profile shape is similar to that of KHPs observed in the JSR low-temperature oxidation of 

n-butane [38], hexane isomers [33], and n-heptane [35]. Based on the detailed reaction Scheme S1, 

there are three probable KHPs, specifically, 2,5-dimethyl-3-hydroperoxy-hexanal (KHP-1), 

2,5-dimethyl-4-hydroperoxy-hexanal (KHP-2) and 2,5-dimethyl-5-hydroperoxy-hexan-3-one 

(KHP-3). The formation of these KHPs is linked to specific fuel radicals (i.e., KHP-1 and KHP-2 are 

from QOOH1-OO3 and QOOH1-OO4 originated from the primary fuel radical, while KHP-3 is 

generated from QOOH3-OO5 derived from the secondary fuel radical). The tertiary fuel radical 

cannot lead to a C8H16O3 KHP because there are no available H-atoms after formation of an 

OOQOOH radical. The calculated IEs for KHP-1, KHP-2 and KHP-3 are 9.60, 9.21, 8.75 eV, 

respectively. The onset at 8.8 eV for m/z 160.11 (C8H16O3) in Fig. 3b is consistent with the calculated 

IE of KHP-3. Previous kinetic modeling work [55] has shown that KHP-3 is the most significant 

isomer produced during DMH low-temperature oxidation. KHP-1’s IE is considerably higher than 

the observed onset for C8H16O3, but simulations [55] predict that this isomer is also produced in 

significant amounts. The inset of Fig 1. shows several peaks corresponding to possible ionization 

fragments of KHP-3 via the scission of CO-OH (C8H15O2, 143.11 u), C-OOH (C8H15O, 127.11 u), 

C3H7-C5H9O3 (C5H9O3, 117.06 u), C3H7O2-C5H9O (C3H7O2, 75.04 u, not presented in Fig. 1) bonds. 

Fig. 3a shows that these fragments have similar JSR temperature-dependent signal profiles as 

KHP-3. 
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Figure 3. (a) JSR temperature-dependent signal profiles of m/z 160.11 (C8H16O3) and its potential 

fragments (C8H15O2, C8H15O, C5H9O3, and C3H7O2) from DMH low-temperature oxidation 

measured at a photon energy of 9.5 eV. The fragment signals are normalized by the C8H16O3 signal at

510 K. The normalization ratios are presented in the brackets. (b) Photoionization energy scan of 

C8H16O3 produced from DMH low-temperature oxidation at 505 K. The solid arrow indicates the 

calculated ionization energy threshold for KHP-3; the dashed arrows indicate the calculated IEs of 

the other two probable KHP isomers.

3.2 Extended reaction scheme

The mass spectra in Fig. 1 depicts peaks with m/z 174.09 and 192.09. These two high molecular 

weight species produced from DMH oxidation are postulated to have molecular formulas of C8H14O4

(174.09 u) and C8H16O5 (192.10 u), respectively. Highly oxidized multifunctional molecules (HOM) 

with multiple carbonyl and hydroperoxy functional groups have been previously observed and 

identified as ELVOCs during the ozonolysis of cycloalkenes, alkenes, and alkenyl-aldehydes [5,6,65]. 

In atmospheric chemistry, ELVOCs may condense to generate low volatility SOA [1], which affect 

the Earth’s radiation balance [66]. The formation mechanism of HOMs is initiated by alkylperoxy 

radicals (ROO) isomerization through intramolecular H-atom abstraction reactions, followed by 

sequential O2 addition steps [1,4,5]. The species with multiple carbonyl and hydroperoxy functional 

groups have only been seldom reported under combustion related conditions [67], and never by 

direct sampling methods. The temperature-dependent signal profiles of C8H14O4 and C8H16O5 shown 

in Figure 4 are similar to that of C8H16O3, thus implicating them as alternative intermediates in the 

low-temperature oxidation mechanism.
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Figure 4. JSR temperature-dependent signal profiles of C8H16O3, C8H14O4, and C8H16O5 from DMH 

low-temperature oxidation measured at a photon energy of 9.5 eV. The signal of C8H16O3 (KHP) is 

divided by 15.

The classical low-temperature oxidation scheme considers the formation of species with up to 

three oxygen atoms, and thus cannot explain the production of C8H14O4 and C8H16O5 species 

detected in this work. Secondary radical-radical reactions could produce C8H16O5 and C8H14O4

species, as well as other CxHyOz species with similar m/z values, but such pathways are only 

significant at higher radical concentrations that can occur following KHPs decomposition at higher 

temperature. Radical-radical processes, such as those initiated by oxidation of iso-butene, known to 

be a product of initial oxidation steps of DMH [34], were explored in chemical kinetic modeling 

simulations [55] and shown to be negligible. In the present experiments, C8H14O4 and C8H16O5

species are detected at temperatures comparable to those where KHPs are observed, so it is unlikely 

that decomposition of KHPs and secondary radical-radical reactions lead to their production. The m/z

of C8H16O (cyclic ethers), C8H16O3 (keto-hydroperoxides), and C8H16O5 increases by increments of 

32 Da. The former two species are produced by first and second O2 addition reactions to form QOOH 

and OOQOOH, respectively, followed by the release of an OH radical. The observation of C8H16O5

suggests a third O2 addition process. Herein, we propose the reaction scheme to produce C8H16O5, 

i.e., OOQOOH intramolecular H-migration, subsequent O2 addition, isomerization, and OH release.

Figure 5. Selected high-pressure-limit rate constants of OOQOOH decomposition to KHP and 

isomerization to P(OOH)2 at 510 K. 15p-KHP denotes the OOQOOH decomposition to KHP via a 
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six-membered-ring TS intramolecular H-atom migration from a primary C-OOH site. 15t-Alt 

denotes an OOQOOH isomerization to P(OOH)2 via a six-membered-ring TS intramolecular H-atom 

migration from a normal tertiary C-H. The rate constants of OOQOOH decomposition to KHP from 

Sharma et al. [64] are averaged values.

The classical reaction scheme discussed above shows that the OOQOOHs from the primary 

fuel radical, i.e., QOOH1-OO3 and QOOH1-OO4, produce KHP-1 and KHP-2 via the isomerization 

to HOOQ’OOH. However, these OOQOOH radicals can also undergo intramolecular H-atom 

migration from a non-COOH site, denoted as an “alternative isomerization” here. To be distinct from 

the HOOQ’OOH produced from the classical scheme, a P(OOH)2 (Note: P=CnH2n-1) [68] was 

selected to denote the alternative isomerization products. It should be noted that P(OOH)2 has the 

same molecular formula as HOOQ’OOH, but the radical positions are different. In several cases, as 

discussed below, this pathway is competitive to the intramolecular H-atom migration leading to a 

keto-hydroperoxide. Figure 5 presents the comparison of selected high-pressure-limit rate constants 

of OOQOOH decomposition to KHP and alternative isomerization to P(OOH)2. The rate constants of 

OOQOOH isomerization to P(OOH)2, e.g., 15t-Alt and 16t-Alt, and OOQOOH decomposition to 

KHP are based on calculations by Sharma et al. [64]. Recent work by Bugler and coworkers [69] on 

the ignition of three pentane isomers showed that using the rate constants by Sharma et al. [64]

predicts well the measured ignition delay times. Fig. 5 clearly indicates that the rate constants of 

15p-KHP, 16p-KHP, and 15s-KHP are slower than 15t-Alt and 16t-Alt, suggesting the feasibility of 

the alternative isomerization of OOQOOH isomerization to P(OOH)2. Similar conclusions on the 

relative importance of alternative isomerization can be drawn using isomerization rate rules from 

calculations by Villano et al. [61] and Miyoshi [68].

Scheme 2 presents the alternative isomerization reaction mechanism for two OOQOOH 

radicals derived from a primary fuel radical. In Scheme 2a, the alternative isomerization of 

QOOH1-OO3 produces POOH13e. This is a γ,ε-P(OOH)2 radical (hereafter, the position of a carbon 

bonded to an –OOH group in a (P(OOH)2 radical is designated by α, β, γ, δ, ε, respectively; α 

position is the carbon site with the radical). Miyoshi’s calculations [68] show that P(OOH)2 radicals 
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can cyclize to form hydroperoxy cyclic ethers (HPCE) with three, four, five, or six-membered rings 

(as shown in Scheme 2). The molecular formula of an HPCE (C8H16O3, 160.11 u) is identical to that 

of a KHP, suggesting that the signal measured at m/z 160.11 could also include HPCEs. We are 

unable to definitively distinguish between HPCE and KHP, since they are isomers and their 

photoionization energies are unknown. We note that previous work on the detection of KHPs during 

the oxidation of n-butane [38] and n-heptane [35] may have included HPCEs contributing to the 

same m/z signal. Battin-Leclerc’s work on n-butane [41] stated that the HPCEs at the same mass as 

the KHPs were not important based on kinetic modeling results.

Furthermore, C-O β-scission of a β,γ-P(OOH)2 radical, POOH14b in Scheme 2b, produces an 

olefinic hydroperoxide (C8H16O2, OHP, 144.12 u) and an HO2 radical. In Fig. 1, a mass peak with 

m/z 144.12 corresponding to the molecular weight of C8H16O2 is observed, which alludes to the 

production of olefinic hydroperoxides via the aforementioned scheme. The concerted elimination of 

HO2 from OOQOOH also produces OHP, but such channels are expected to be less important at the 

temperature range studied here.

Additional calculations by Miyoshi [68] indicate P(OOH)2 radicals can undergo O2 addition at 

low temperatures (e.g., 510 K in this work). In Scheme 2a, the third O2 addition intermediate, 

POOH13-OO5, undergoes intramolecular H-atom migration from the γ-C-H bonded to the OOH 

group, via a six-membered-ring TS, to produce a keto-dihydroperoxide (KDHP) and an OH radical. 

On the other hand, alternative isomerization of POOH13-OO5 via a seven-membered-ring TS 

intramolecular H-atom migration from the tertiary C-H generates an intermediate with three 

hydroperoxy functional groups, TOOH135b. Figure S4 presents the averaged high-pressure-limit rate 

constant for the decomposition of β-QOOH, γ-QOOH, δ-QOOH and ε-QOOH radicals to form a 

cyclic ether and an OH radical at 510 K [70]. Based on comparison of those rates, it is plausible that 

TOOH135b decomposes to dihydroperoxy cyclic ether (DHPCE) (i.e., oxirane with a 

three-membered ring). Scheme 2b presents a similar scheme for the QOOH1-OO4 radical.
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Scheme 2. The reaction network of alternative isomerization of OOQOOH from the primary fuel 

radical. The subsequent reactions following the solid arrows, i.e., O2 addition, intramolecular 

H-abstraction, and decomposition produce C8H16O5 species; the decomposition of P(OOH)2, dashed 

arrows, leads to hydroperoxy cyclic ethers and alkenyl-hydroperoxides.

OOQOOH radicals derived from the tertiary fuel radical, i.e. QOOH2-4 and QOOH2-5 in 

Scheme S1, can also undergo a series of alternative isomerization and reactions similar to those 

presented in Scheme 2. The most feasible pathways presented in Scheme S2 and denoted with solid 

arrows produce C8H16O5 isomers (i.e., KDHPs and DHPCEs). Compared to the classical 

low-temperature oxidation scheme, these pathways are important for branched alkane auto-oxidation 

because they divert the carbon flux towards more reactive intermediates. Scheme S3 presents the 

reaction network of alternative isomerization of OOQOOH derived from the secondary fuel radical, 

e.g., QOOH3-OO5. The most probable C8H16O5 isomers produced from this reaction network are 

DHPCEs. 

Table 1 presents the calculated adiabatic ionization energies of the probable KDHP and 

DHPCE isomers from Scheme 2. The IEs of other probable isomers produced from Scheme S2 and 

S3 are presented in Table S1 in the SI. The calculated IE of KDHP-2 (9.04 eV) is consistent with the 

experimental onset for m/z 192.09 (C8H16O5) at 9.0 eV in Fig. 6a, while that of KDHP-1 (9.33 eV) is 
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higher. The calculated IEs of DHPCEs are in the range of 8.9-9.24 eV, with nine of them located 

within 0.1 eV of the measured IE onset. It should be noted that due to the large numbers of 

conformers, the isomeric assignment may change if all conformeric effects are taken into account.

Table 1. The structures and ionization energies of the probable isomers of C8H16O5 and C8H14O4

produced from Scheme 2 and 3. The calculation is at CBS-QB3 level.

Formula and u Species Structure IE/eV

C8H16O5

192.10

KDHP-1 9.33

KDHP-2 9.04

DHPCE-1 9.09

DHPCE-2 9.06

DHPCE-3 9.10

C8H14O4

174.09

DKHP-1 9.14

DKHP-2 9.03

KHPCE-1 9.12

KHPCE-2 9.50

KHPCE-3 9.00

A mass peak with m/z 159.11 is observed (see Figure 1), which corresponds to the molecular 

weight of C8H15O3 (159.10 u). The JSR temperature-dependent signal profile of C8H15O3 in the inset 

of Fig. 6b is similar to that of C8H16O5. We explored the possibility of C8H15O3 being an ionization 

fragment of C8H16O5. Calculations of the appearance energies for various fragmentation pathways 

show that the ionized C8H16O5 species can undergo HO2 loss to produce C8H15O3. The HO2 loss 

pathway from ionized KDHP-1, potentially an important C8H16O5 isomer, was calculated in this 

work (Fig. S5). The calculated appearance energy (AE) of C8H15O3 is 9.41 eV, which is consistent 

with the measured AE of 9.4 eV in Fig. 6b. 

The C8H15O3 signal could also come from the loss of H atoms from ionized KHP species 
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(C8H16O3). To investigate the latter’s contribution to the C8H15O3 signal, the AE of the dissociation 

products from KHP-3 were calculated. The AEs of C8H15O3 from the H-loss of ionized KHP-3 are in 

the range of 10.3-12.7 eV. These values are far from the measured onset of 9.4 eV, so are not 

expected to contribute to the temperature-dependent signal of C8H15O3 at 9.5 eV.

Figure 6. (a) Photoionization energy scan of m/z 192.09 (C8H16O5) produced from DMH 

low-temperature oxidation at 505 K. The solid arrow indicates the calculated ionization energy 

threshold for KDHP-2; the dashed arrow indicates the calculated IE of KDHP-1. The other probable 

C8H16O5 isomers in Table 1 and S1 are not presented. (b) Photoionization energy scan of m/z 159.11 

(C8H15O3), which can be a fragment of ionized C8H16O5 via the loss of HO2. The measured 

appearance energy threshold is 9.4 eV. The inset is the JSR temperature-dependent signal profiles of 

C8H16O5 and C8H15O3 from DMH low-temperature oxidation measured at a photon energy of 9.5 eV.

Previous studies on n-heptane oxidation [35,71] have shown that KHPs undergo H-abstraction 

from the C-H attached to the OOH group, and then dissociate easily to diketo-compounds, such as 

2,4-heptanedione (C7H12O2). In this work, species with a molecular formula of C8H14O2 (m/z 142.11) 

were also observed during DMH oxidation, as shown in Fig. 1. The JSR temperature-dependent 

signal profile of this species, as well as the energy scan are presented in Figure S6. Analogous to 

di-ketone production from KHPs, H-atom abstraction from C8H16O5 species followed by β-scission 

can result in the formation of diketo-hydroperoxides (DKHPs)/keto-hydroperoxy cyclic ethers 

(KHPCEs). Scheme 3 presents examples for the formation of a diketo-hydroperoxide (DKHP-1) and 

two keto-hydroperoxy cyclic ethers (KHPCE-1, and KHPCE-2).
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Scheme 3. The reaction network of C8H14O4 species, DKHP-1, KHPCE-1, and KHPCE-2 from 

C8H16O5 species of KDHP-1, DHPCE-1, and DHPCE-2 in Scheme 2a.

The calculated IEs of the DKHP and KHPCE isomers produced from the C8H16O5 species in 

Scheme 2 are presented in Table 1. The IEs for other probable C8H14O4 isomers produced from other 

C8H16O5 species in Scheme S2 and S3 are given in Table S1 in the SI. Figure 7a presents the 

measured PIE curve of m/z 174.09 (C8H14O4) from 8.0 to 10.4 eV. The calculated IEs of DKHP-1 

and DKHP-2 are 9.14 and 9.03 eV, respectively, while those of KHPCEs are in the range of 

8.71-9.73 eV. The IE of KHPCE-10 (8.71 eV) is consistent with the experimental onset for m/z

174.09 at 8.7 eV; the full interpretation of the PIE curve requires a complete Franck-Condon factor 

analysis of many isomeric and conformeric structures and is beyond the scope of the paper. Similar 

to C8H16O5 species, the potential fragmentation via the HO2 loss of ionized C8H14O4 species is also 

observed, i.e., m/z 141.11 corresponding to C8H13O2 (141.09 u) in Fig. 1. The inset of Fig. 7b shows 

that the JSR temperature-dependent signal of C8H13O2 is similar to that of C8H14O4. Figure S7

presents the calculated pathway of DKHP-1 to C8H13O2 via HO2 loss, which is similar to that of 

KDHP-1 ionization to C8H15O3. The calculated AE is 9.30 eV, consistent with the measured onset at 

9.35 eV in Fig. 7b. 
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Figure 7. (a) Photoionization energy scan of m/z 174.09 (C8H14O4) produced from DMH 

low-temperature oxidation at 505 K. The solid arrow indicates the calculated ionization energy 

threshold for KHPCE-10 in Table S1; the dashed arrow indicates the calculated IE of DKHP-1. The 

other probable C8H14O4 isomers in Table 1 and S1 are not presented. (b) Photoionization energy scan 

of m/z 141.11 (C8H13O2), which could be a fragment of ionized C8H14O4 via the loss of HO2. The 

measured appearance energy threshold is 9.35 eV. The inset is the JSR temperature-dependent signal 

profiles of C8H14O4 and C8H13O2 from DMH low-temperature oxidation measured at a photon 

energy of 9.5 eV.

The calculated IEs in Table 1 and S1 show that all probable C8H16O5 isomers (i.e., KDHPs and 

DHPCEs) derived from the reaction scheme proposed in this work could contribute to the signal of 

m/z 192.09 at 9.5 eV. Similarly, many C8H14O4 isomers (i.e., DKHPs and KHPCEs), derived from 

C8H16O5 species likely contribute to the signal of m/z 174.09 at 9.5 eV. The observed fragmentation 

patterns and selected AE calculations are also consistent with the proposed C8H16O5 and C8H14O4

structures. A detailed exploration of possible C8H16O5 and C8H14O4 isomers containing multiple 

carbonyl and/or hydroxyl functional groups was not considered here, although some of those isomers 

could also be consistent with the observed photoionization spectra. However, such species are 

difficult to produce, as they require radical-radical recombination reactions that are not favored at the 

reactor conditions studied here. Furthermore, the JSR temperature-dependent signal profiles of such 

species [55] would be considerably different than those measured here. Thus, the observed early 

decomposition of the C8H16O5 and C8H14O4 species is further evidence that these are highly unstable 

KDHPs, DHPCEs, DKHPs and KHPCEs species. 
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The above mentioned schemes show that the formation of C8H16O5 and C8H14O4 species is 

accompanied by the release of an OH radical. Furthermore, these species, regardless of their exact 

structure (e.g., KDHP, DHPCE, DKHP, and KHPCE), contain one or two hydroperoxy groups, 

whose homolytic O-O scission releases another OH radical. The reactions associated with production 

and consumption of C8H16O5 and C8H14O4 species result in a net increase of OH radical production, 

and thus these are radical chain-branching pathways. The present work’s detection of these HOM 

species indicates that an extended reaction scheme exists for 2,5-dimethylhexane, as shown in 

Scheme 4. The pathways to hydroperoxy cyclic ether and olefinic hydroperoxide are also included. 

The extended reaction scheme is expected to exist for other straight and branched alkanes with 

sufficiently long carbon chains.

Scheme 4. Extended scheme for 2,5-dimethylhexane low-temperature oxidation. The scheme starts 

from the OOQOOH radical, whose upstream reactions are presented in Scheme 1. The important 

intermediates are highlighted.

4. Conclusions

In this work, several key intermediates controlling the low-temperature oxidation reactivity of 

2,5-dimethylhexane, especially highly oxidized multifunctional species, were observed and their 

reaction mechanism was elucidated. The detection of C8 alkenes, cyclic ethers, and 

keto-hydroperoxides supports the classical low-temperature oxidation scheme of hydrocarbons. In 

addition, C8 species with four and five oxygen atoms were identified as multifunctional molecules 
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containing hydroperoxy and carbonyl/ether functional groups. The detection of these species 

suggests that a third O2 addition process exists at combustion relevant conditions, indicating the 

presence of previously unconsidered radical chain-branching pathways.

The work demonstrates that low-temperature radical chain-branching reactions are significantly 

more complex than traditionally conceptualized and applied. This creates new research avenues in 

low-temperature oxidation, which has implications on classical problems such as fuel ignition, 

atmospheric gas-phase chemistry, and the oxidative stability of liquid hydrocarbons.
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Details of the experimental method; Fig. S1: experimental diagram; Fig. S2: the rate constants of 

DMH with OH radical; Fig. S3: rate rule of ROO isomerization; Fig. S4: averaged 

high-pressure-limit rate constant of the decomposition of QOOH radicals to a cyclic ether and an OH 

radical; Fig. S5&S7: the calculated reaction pathways for the HO2 loss of ionized KDHP-1 and 

DKHP-1 at CBS-QB3 level; Fig. S6: JSR temperature-dependent signal profile and energy scan of 

C8H14O2. Scheme S1: detailed description of the classical reaction scheme of DMH low-temperature 

oxidation; Scheme S2&S3: the reaction network of alternative isomerization of OOQOOH from the 

tertiary and secondary fuel radicals; Table S1: the structures and ionization energies of the probable 

isomers of C8H16O5 and C8H14O4 species not shown in Table 1; Geometries and frequencies of the 

species calculated in this work. 
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