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ABSTRACT

Cyclic Ethers (CEs)pelong toa class of compounds of importance to understand the chemistry
of both the engine auignition of hydrocarbon fuels and the combustion of oxygenated
biofuels. This articledivided in sixpars, aims at systematically analyzingow upto-date
experimental and theoretical methods were applied to unvejbghase oxidation chemistry

of these compounddhe first part gives a brief overview on the significance of CEs as
intermediates formed during alke lowtemperature oxidatiosummarizing its generally
accepted chemical mechanisihis partalsoaddressethe role of CEsas potentialbiofuels
derived from lignocellulosic biomassddiscusgsthe production methodsf these molecules

and thé& combustion performanesén engine.Thesecondartpresentshe differentheoretical
methods dedicated to calculate the electronic structure, thermochemical and kinetic data of CEs.
The thirdpartintroduces the experimental methods used in studiaed toCEswith a special
focus onrmass spectrometry and gas chromatographg.fourthpartreviews theexperimental

and modelingstudiesrelated toCE formationduring the lowtemperature oxidation dihear,
branched, cyclic alkanes, alkylbenzenes, olefins, and oxygenatedTiuelifth partanalyses

the published work concernintpe CE degradation chemistrgnd highlights the dominant

involvedreactionsTo finish, the sixttpartconcludes angropases future research directions.

Keywords: Cyclic ethersgas phase kinetics, hydrocarbon oxidation, lignocellulosic biofuels,

furan derivatives.
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Chemical species names:

CE cyclic ether
EFFE ethylfurfurylether
GVL Jvalerolactone
+2 hydroperoxy radical
KHP ketohydroperoxide

H hydroxyl radical
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@OO0H). dihydroperoxy alkyl radical
4O0H hydroperoxyalkyl radical
x alkyl radical
RH fuel (alkanes)
52 alkylperoxy radical
THF tetrahydrofuran
THP tetrahydropyran
2-AF 2-acetylfuran
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2-BTHF 2-n-butyltetrahydrofuran
2-BOTHP 2-Butoxytetrahydropyran
2-EF 2-ethylfuran
2-ETHF 2-ethyltetrahydrofuran
2-EOMTHP 2-ethoxymethyltetrahydropyran
2-FFOH 2-furfurylalcohol
2-MF 2-methylfuran
2-MTHF 2-methyltetrahydrofuran
2-MOF Methyl furan2-carboxylate
2-PTHF 2-propyltetrahydrofuran
2-THFFEE : 2-tetrahydrofurfurylethylether
2-THFFBE: 2-tetrahydrofurfurylbutylether
2-THFFOH 2-tetrahydrofurfurylalcohol
2-THFFPE: 2-tetrahydrofurfurylpropylether
2,3DHF 2,3-dihydrofuran
2,3DMTHF 2,3-dimethyltetrahydrofuran
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CAS complete active space
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L reaction path degeneracy

LBV laminar burning velocity
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P pressure
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PES potential energy surface

PI photaionization
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PIE photaionization efficiency
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RCM rapid compression machine
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ST shock tube

SVUV synchrotron vacuum ultraolet
TS transition state

T temperature

TOF time-of-flight

Yce CE yield

Greek symbols:
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1. INTRODUCTION

In the last decades, the need to develop new technologies for mitigating global warming has
placeda double focus o@yclic Ethers (CEsyith one or more ring oxygen aton@n the one

hand, the development of newly proposed types of internal combustion engines, homogeneous
charge compression ignition or lemperature combustion diesel engines, as it was described
by Dec[1], Musculuset al. [2] or Saxena andedoya[3], has made it crucial to better
understand the chemistry involved during the -tlemperature gaghase oxidation of fuel
components. This chemistry occurs from 500 to aB0tK and CE have been known since
WKH TV DV LPSRUWDQawmanudactions dve\comprisall of addition of alkyl

UDGLFDOV WR R[\JHQ IROORZHG E\ LVRPHUL]DWLUR &Y DQG G

shown inFig. 1] These reatons are detailed iRart 1.1

Fig. 1. Conceptual model of the formation of cycéthers during the lotemperature gaghase
oxidation ofn-pentane.

On the other hand, the need to produce chemicals and fuels frefossilrsources has

triggered the development of strategies to utilize biomass, an abundantly available f{é$ource
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Of particular interest are new generation biofuels that do not compete with the food chain. One
class of such biofuels that of CEs, which hagained more and more interesirishg the past
10 years. This is evidenced by the growing number of studies devoted to chemical synthesis of

furan derivatives to be used as potential biof(iél®]. Indeed, CEs can be produced from

lignocellulosic biomass througtatalyticreaction pathways schematizefFig. 2/ which shows

anexampleof such pattways going through furfural as describedPart 1.2

Fig. 2. Schematigresentatiomf chemical processes producing biofuel from lignocellulosic biomass.

In the context of combustion chemistry, CEs are organic compounds including a ring
composed of at leashe oxygen atom and several carbon atoms. The fully saturased@itbE
two, three, four or five carbon atoms are named, respectively, oxiranes, oxetanes, oxolanes
(more commonly tetrahydrofurans), and oxanes (more commonly tetrahydropyrans). In CEs,

the nunberingof the ring starts with thexygenatomand proceeds around the ring to give

substituents the lowest numbered positions. Therefome, |Fig. 1 CE1 is

2-methyltetrahydrofuran (BM1THF), CE2 is 2-ethyl3-methyloxirane CE3 is propyloxirane,
CE4 is 2,4dimethyloxetane, CE5 is-@thyloxetane; finally, the nesubstituted CEG6 is simply
tetrahydropyran (THP).

Lactones are not ethers but est&scausdhey are similar in structure to cyclic ethers,
e.g.they contain GO £ groupin the ring,becausehey can be formed in lotemperature
oxidation of fuels/biofuels andecause they ar@so proposed as biofuels, their combustion
chemistry is also discussed in the present pdpars, CE " nomenclature used in this paper

includes lactones.



The two following parts describe the importanc€&k in the context of lovilemperature

oxidationchemistry and of biofuels, respectively.

1.1. Cyclic ethers in the context of lowtemperature oxidation chemistry

The two parts below illustrate how CE production can be significant during alkane
low-temperature oxidation and afterwards summarizes the icaemechanism, which is

commonly accepted to explain this formation.

1.1.1. Summary of alkane lostemperature oxidation mechanism

Due to its importance for understanding the phenomena occurring in internal combustion
engines, hydrocarbon letemperaturexidation has been the subject of many studies described
in recent review papers. Battireclerc [10], Curran[11] and Wesdtrook et al. [12] were
interestedn the man features of this chemistry and its kinetics. The paper by Ziddr[13]
provided more details on the raddtelementary steps. Sarattyal.[14] and Glaudet al.[15]
described how combustion mechanisms could be extended to alcohols and methyl esters,
respectively. In 2021, Rotavera and Taafje8] pointed out the influence of oxygenated
functional groups (alcohols, esters, ketones, acyclic and cyclic ethers) on this chemistry.

In brief, the lowtemperature oxidation chemistry of alkanes (RH) occurs through a well

accepted mechanisand may invbve two, in some cases, thr¢g7] additions to oxygen

molecules starting from alkylic radicals)(|Fig. Lpresents the reactions, which are involved

in the propagation cycle involwinthe addition of an alkyl radical to oxygdforming
alkylperoxy radical;5 2 ) when fuel isn-pentane. The chain carriers in this propagation cycle
DUH + UDGLFDOV 7KLV F\FOH JRHV WKURXJK WKH IRUPL

CsH1000H, via an intamoleculaH-abstraction This type of radical, usually nameDOH,

easily decomposes to produce aldehydes, ketones or CEEssHevith the samearbon atom

skeleton as the reactarixperimentalevidencefor the 4O0H radicalshas recently been
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reportedin the literature, such aby Saveeet al. [18] who detecteda resonancstabilized
4O 0H radicalformed during oidation of 1,3cycloheptadiener by Hanseret al. [19] who
measured theaunimolecular decomposition of earton-centered 4O0H radical, namely
2-hydroperoxy2-methylprop1-yl. In parallel, the4©OH radicaimayadd to a second molecule
of oxygen The adductforms after intramolecular Habstraction the corresponding
dihydroperoxyalkyl radical OOH)). (Note that QOOH), radicals witha radical site on a
HOO group carrying carbon are not stahfed in such a case ketohydroperoxide andH
radicalareformed instead QOOH), formationleads to the second propagation cycle including
a branching stepVhile the occurrence of a third oxygen addition step has recently been proven
by Wanget al.[20], the main fate athe GOOH), radical is thermal decomposition yielding an
+ UD GLF DletobyQr@oeidxideor hydroperoxyCEmnolecule.Hydroperoxymolecules
contain a fragile R@OH bond the bond energy ibetween 42 and 44 kcal/mol for
alkylhydroperoxideg21]), which easily breaks at low temperaturtes produce two new
reactive radicals, amongst which is Bl radical.Ketohydroperoxides, the formation of which
in a propagation stegxplains the high reactivity dfiel canponents eveat temperature as low
as500 K (see for instance diethylether oxidati@2]), have been the subject of a recent review
paper by Wangt al.[23].

The existence of two competing propagation cycles, the first one leading to stable
products, such as CEs, and the second one going thiwaiédrmation of the branching agents,
ketohydroperoxides, assigns a particular importance to CE formation. The pathways leading to
CEshave anmportantimpact on fuelgnition andtheyexplain the particular behavior observed
during fuel lowtemperature oxidation, such as the presence of a negative temperature
coefficient zone and related cool flames as described éyally24,25] The paper by Rotavera
and Taatje$16] clearly demonstradhow the presence aertainfunctional groups idects the

reaction flow towards ketohydroperoxides with a significant effect on fuel reactivity.



1.1.2. Significance of cyclic ether production during alkane letemperatureignition

Low-temperature oxidation precedes aigoition and its chemistry controls the time when

autoignition occurgFig. 3displays a simulation of thete dependence of species (CQQOk|

aldehydes, ketones, alkenes, CEs) mole fractions that are representative for the large variety of
products formed during-heptane ignition under engtnelated conditions.

These species mole fractions have been plott@rder to cover the periad which the
temperature approaches a plateau level at aroundKL@0&responding to a cool flame, as is

described hereafter. While CO, formaldehyde, acetaldehyde and ethylene are the major

products (with plateau mole frastis above 2103 |Fig. 3n), this figureclearly demonstrates

that the formation of CEs (the plateau mole fractions of CEs sum i @ fig. ), occurs

with the same order of magnitude as those of several other significant pratlhdeslow-
temperature oxidatioalkane models can still beigstionable concerning CE predictions, as it

is discussed further in the textdiet predicted plateau of cool flame products agree with
experimental quantifications previously reported in rapid compression machines for several

fuels €.g.n-propylcyclohexane in Lill§26] or iso-octane/ethanol blends in Ann Arb@t]).

In[Fig. 3 slow oxidation occurs in the zone between 0 ms and Q.3trsfollowed by

the cool flame in the interval between 0.5 ms and 1 ms. Atm3.,5a sharp decline of the

ketohydroperoxide concentratiqRig. 3t) caused by its thermal decomposition is observed.

This marks the start of chaindmching, which leads to a significant reactivity increase indicated

by the rise in temperature and in mole fraction of reaction products, alde ﬁj@?l, alkenes

Fig. ), and CE9Kig. &). Even though the ketohydroperoxide concentration is declining,

their rateof productionremains importands long as theemperature is still lower than 930 K
(i.e. at the end of the first temperature increase shown in Figas3)ndicated by thhigh

concentration of aldehydes, their derived products. Ketohydropesoxideld also be

precursors o$pecies with two carbonyl groumbones and carboxylic acids (not shownFing.

10



as reported inprevious studies [28 80]. Tentative mechanisms responsible for their

formationhave keen propose(k.g.[31,32]for carboxylic acids anf29,33,34]for diones

Fig. 3. Simulated formation of cool flame products durmfeptane ignition in an adiabatic closed
homogenous batch reactor under engelated conditions (initial temperature of 787 K, equivalence
ratio of 1.0, pressure of 5 bar, initial composition: 1.1b%eptane/ 12.7% Q/ 86.15% N) using the

model of Zhanget al.[33]. The time dependence of the temperature and of the mole fractions of the
fuel n-heptanethe sum of €ketohydroperoxides (KHP sum) and the sum of CEs (CE suna)sre

displayed.
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With increasingtemperature, ketohydroperoxide production is reduced because of the
enhanced reversibility of the additions efand 400H radicals to @ together with the
increased competition with other channels, such as the formation of conjugated alkenes and
relatvdy XQUHDFWLYH +2 xJobtilOF BoBnatidh RienmdOOH). Consequently,

thereactivity is severely reduced. At Ones, the temperature, fuel consumption, and product

concentration profiles reach plateaalues and theemperatureéeachesround 1000 KFig. 3

indicates thataccording to the kinetic modehe CE concentrations remain stable from 0.6 to
1 ms, while those of aldehydegihich are product®f ketohydroperoxideslecomposition
slowly decreaseThe reason fothatthe competition ford®OH radical consumptioturns in
favor of CE formation instead @& O, additionwhenincreasing temperature

Despite the low reactivityhe high exothermicity of the slow oxidation chemistry causes
WKH WHPSHUDWXUH WR VWHDGLO\ LQFUHDVH $W WKH VDI
formed along with the production of conjugated alkenes increases, which leads to an
accumulation of KO> mainlyyielded bysdf-reactionR1 +2 UDGLFDOV 7KH HQG RI
is reached when the temperature is high enough to allow the occurrence of a new branching
step themal decomposition of kD> producesWZR + UDGLFDOV 7Kduy LV WKH
ignition. The fuel iscompletelyoxidized and the temperature quickly increases to values up to
2000 K.

The first objective of this paper is to review the experimental, theoretical and modelling
foundations, which support the current understanding of CE faxmditiring fuel or biofuel

oxidation.

1.2. Cyclic ethers in the context of renewable energy

The high energy density of liquid fuels is an important advantage compared to the electrical
storage of energy and in the foreseeable future engines of-tlagvyehicles, ships and planes

12



will continue to run on liquid fuelg35,36]. Amongst liquidfuels, biofuels produced from the
vast and renewable resources of biomass represent a growing fraction compared to
hydrocarbonsproduced from depleting petroleum reserves. Oxygenated chemicals with a
variety of molecular structures have been proposeéasdais: alcohols, methyl esters, acyclic
ethers, and CHS87 89]. It has been reported that the presence of oxygen has a positive impact
on pollutant emissions, especially by reducing the formatidtadfculateMatter (PM)[40].

We describe hereafter why CEs have been considered as biofuels, how they are produced
from lignocellulosic biomass using catalytic strategas] finallyhow they are expectetd

performwhen used in internal combustion engines

1.2.1 The interest of cyclic ethers as biofuels

As mentioned by Grad41l], the first practical irdgrnal combustion engine patented by
Nikolaus Otto in 1877 ran on alcohols (gasoline was not even known yet). Alcoholic biofuels,
mostly ethanol, and with a lower importance butaf#t], can easily be produced by
fermentation from starches and sugary plant parts. They can be used in internal combustion
engines either as pure component or blended with gas(iBleand their addition in petroleum

fuel was shown toeduce the emissions of pollutants. For instance, 10 and 15% of ethanol in
Diesel blends potentially reduce soot particulate emission{2y20and 311%, respectively

[44]. Studies on alcohol combustion chemistry were exhaustiegigwed by Sarathgt al.

[14] in 2014.

As reviewed by Knothe and Raz{b], the second type of biofuels used nowadays in
transportation is obtained fromegetable oils, animal fats or other materials consisting mainly
of triglycerides It is knavn as biodiesel and its composition depends on the type of fatty acid
source (mainlyapeseed, palm and soybean oils, and increasingly yellow grease coming from
filtered cooking oil wastegl6]) used in biodiesel production. Biodiesel is composed of a blend

of mostly unsaturated 1&Cis methyl esters produced by catalytic transesterification of fatty
13



acids withmonohydric alcohols, most commonly methanol, yielding glycerol agrbguct
[47].

The possible competition for the prodoct of these ¥ generation biofuels with that of
edible resources has made it crucial to find ways to use other biomass types to produce biofuels.
From this point of view, lignocellulosic biomass is of particular interest becauseadlits
volumeavailability and of its noacompetitiveness with food.

As described by Traret al. [39], dter adequate biomass pretreatmeds],
lignocellulosic biomass can be tisformed inseveral ways to produdgofuels. The molecular
composition of the components of lignocellulosic biomass, mainly cellulose, hemicellulose and

lignin, is characterized by a high content in oxygen atoms. As exempliflilétg.im biofuel

synthesis from lignocellulosic biomass comprises oxygeroval steps to obtain fuels with
boiling points in the range of the alkanes presestiment trasportation fuelsThereduction

to form a variety of platfornthemicalscan be done via higtemperature thermochemical
conversion processes, such as gasification, hydrothermal liquefaction, or pyrolysis, or via mild

temperature liquighhase catalytic pr@sses, such as hydrolysis followed by dehydration
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Fig. 4. Example of pathways from carbohydrates to cyclic ether candidates to be used as biofuels via
furfural as platform chemical according[#9,50] CEL1 is furan, CE2-thethylfuran, CE3
tetrahydrofuran, CE4-thethyltetrahgrofuran, CE5 Zurfurylalcohol and CE6
2-tetrahydrofurfuylalcohol. The temperature next to each cyclic structure is its boiling point; those of
n-pentanen-heptane and-decane are shown for comparison. RON is the Research Octane Number
and the values are taken fr¢bi 5£3].

Fixedbed orfluidized bed gasifiers can be used to produce syngas, a mixture of mainly
H2and CO, from biomass partial oxidation at temperatures around 1[B0034]. After careful
cleaning, syngas can b#&ansformed via the catalytic FischBropsch synthesisto
hydrocarbons of excellent transportation fuel qudbty]. This is of particular interest when
the presence of oxygen atoms in fuel molecules has to be avoided, such as for aviation purpose
due to weight limitatiof56]. In addition to hydrocarbons, syngas can bel etsg@roduce other
compounds of interest as other fuels for internal combustion engirgesnethanol[57],
ethanol and heavier alcoh@&8], or dimethylethe[59].

Liquid bio-oils can be directly obtained from lignocellulosic biomass by the two

following processefs50]: hydrothermal liquefaction, in the presence gbévent (often water)
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at moderate to high temperature (82D K) and pressure (6250 ban [61,62] and fast
pyrolysis under atmospheric pressi@8]. The fast or flash pyrolysis process involves reaching
high-temperatures (from 73R to 1400 K) with a high heatingate and a short residence time
(heating rate up to /s for a residence time below 1 s for flash pyrolysigh@absnce of
oxygen[64]. The higher the heating rate, the higher thediiyield. Flash pyrolysis typically
requires small feed particle siz€200 mm) and the highetemperaturs, but may produce
bio-oil yields of up to 75wt%together withgas and char formatiolBeside thehigh water
content (1540 wt%), ho-oils are complex mixtures of hundreds of oxygenated species
including furan derivativef37], with a lower amount of nitrogecontaining compounds. The
bio-oil composition is not esy to characteriz¢65,66] The corrosivity caused by its high
acidity, its high water content, arits poor thermal stability provide severe challeador their
use as fuel components in transportation without further upgr§@ifhg

In addition to the thermal production of syngas, which is a highly energy consuming
process, and of complex bals, which are not directly usable indiublends,suitable fuel
candidatesg.g. cyclic ethers, can be produced from lignocellulosic biomass via catalytic

processes

1.2.2 Cyclic ether productiorfrom lignocellulosic biomasshrough catalytic processes

Fig. Hdisplays the principle of current catalytionceptaised to produce furan derivatives, the

group ofcyclic ethers that are regarded to be the masmising biofuel candidates, dsanas
described by Luterbachet al. [9]. These strategies start with the depolymerization of the
constituents of lignocellulosic biomass (usually at temperatures betweenZ¥BKan water
in the presence of acid (HCI)) to produce sugars amther dehydration productsuch as
furfural, levulinic acid and5-hydroxymethyi2-furaldehyde (5-HMF), the main platform

chemicals for the synthesis of furderivatives; for more detis about lignin valorization see
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[68]. Only cellulose and hemicellulose, which are a source of sugars, can be converted into
furan derivativesThecatalytic transformatioof lignin yieldsvarious oxygenated coropnds,

however no CEf9].

Fig. 5. Lignocellulosic biomass upgrading according to the strategy descrilf&il Bl line arrows
correspond to a singlgtep catalytic raction, the dotted one to a tvtep process.

Leitneret al.[8] recently reviewed several platform chemicals, which have been proposed

for cyclic ether synthesis and which are showfFig. § These authors have detailed the

industrial processes leading to these molecules and how furan derivatives can be obtained from

them.

Fig. 6. Platform chemicals proposed for cyclic ether synth@is

In the following, the major reaction pathways towards furan derivatives starting from the
three main platform chemicals, furfuratHBMF, and levulinic acid are summarized.

Furfural is one of the few chemicals that has been produced commercially for a long
time from lignocellulosic biomasg8]. It is obtained from €sugars (pentoses), xylose or

arabinosewhich arise from the degradationtbéhemicellulogc fraction ofagricultural wastes

17



(corncobs or bagassgjig. 4shows how furan derivatives can be produced fransu@ars

derived from hemicellulose using furfural as platform chemical. Sugar dehydration leading to
furfural takes place in water at around 550 K @ favored by the presence of strong acids,
e.g.sulfuric acid[7,9]. Furfural can be converted into furan derivatives in a few catalytic steps
[7]. Its decarbonylation yields furanhieh can be hydrogenated to tetrahydrofuran (THF). A
second pathway involves furfural hydrogenation to produtigf@rylalcohol (2FFOH) and
2-tetrahydrofurfurylalcohol (ZHFFOH). The hydrogenolysis of-RFOH is the common
source of 2methylfuran (2MF), whose hydrogenation yields-@ethyltetrahydrofuran 2

MTHF) [49,50] Amongst the species drawnRig. 4 Research Octane Number (RON) values

can only be found for CE@Q-MF), CE3 (THF), andCE4 (22MTHF). The formation of further
potential biofuel candidates derived from furfural was also consid&&@,71] such as
2-n-butylfuran (2BF) and 2n-butyltetrahydrofuran (BTHF) via a reaction of furfural with
acetone followed bgelective hydrogenatiofgehydration 2-ethyltetrahydrofuran ¢ETHF)
via furan FriedefCrafts acylation as proposed by Leite¢rl. [8], ethylfurfurylether (EFFE)
by etherification of ZFFOH with ethanol as proposed by Tiahal. [70] or additives for
biodiesel from acetalization of furfural with glycef@ll]. Dahmen and Marquarfif2] have
also proposed the formation abgdygenated molecules such ase®rahydrofurfurylethylether
(2-THFFEE), 2tetrahydrofurfurylpropylether (ZHFFPE), 2tetrahydrofurfurylbutylether 2
THFFBE), and Zethoxymethyltetrahydropyran 20MTHP), by etherification of furfural
derivatives with alohols.

5-hydroxymethyl-2-furaldehyde is obtained from the dehydration ofs Gugars
(hexoses), such as fructose and glucose, el@fiem cellulose, the most abundant component
of lignocellulosic biomass. -BIMF can easily be converted tos @ran derivaties. This
platform chemical, which contains three oxygen atoms, has a high boiling poiri,(S64d

at room temperature) that preventsoim being considered as a potential biofuel. As described
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by RomanLeshkovet al.[73], 5-HMF can beconvertectatalytically to 2,5dimethylfuran (2,5
DMF) via a hydrogenation (to form2,5dihydroxymethylfurah and a subsequent
hydrogenolysistf yield 2-hydroxymethyl,5methylfurar). De Jong and Gruter from Avantium
[74] proposediquid 5-HMF etherq5-(methoxymethyl)furfural, §ethoxymethyl)furfural or 5
(tert-butoxymethyl)furfural as biofuel candidates, but without providing information about the
possible performances of these molecules in engireB can also be converted 5
dimethytetrahydrofuran (2 MTHF) [71,75]

Levulinic acidis produced by dehydration oftBMF. Luterbacheet al. have noted that
co-production of furfural and levulinic acid is a target when working with lignocellulosic
biomass and producing dehydration prod{@}sA pathway from furfural to levulinic acid via
2-FFOH has also been propogéd]. The catalytic hydrogenation of levulinic acid is the most
efficient way to produce-#ITHF, with better yields than from furfural. Levulinic datan also
be converted intodvalerolactone (GVL), a proposed biofuel and a polar aprotic molecule
proposed as solvent in sugar dehydration proc¢gsgsGVL is an additional source ofMF
[71].

Succinic and itaconic acidswere also mentioned as potential platform chemicals by
Leitneret al. [8]. The frst acid offers an additional way to produce THF and itaconic acids
could be an efficient source ofiSethyltetrahydrofuran (B1THF) [77].

More references about the possitdates to formatioof furan derivatres can be found
in [16]. Below area few other CEsonsideredas potential biofuels: -8thylfuran (2EF)
obtained from glucose hydrogenoly$i8], 2,3dimethyltetrahydrofuran (2;BMTHF) and
2-propyletrahydrofuran Z-PTHF considered by Dahmen and Marquardi2],
2,3-dihydrofuran (2,3DHF) and 2,5dihydrofuran (25-DHF) derived from alcohols produced
from biomass fermentatidi79,80], andtetrahydropyran (THP), the core structure of glucose

[81], whose combustion properties have been investigated sincd8&9Recently light has
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also been shed on the possibility to use the diethers, 1,3 dioxolanenibered ring) and
1,3-dioxane (Bmembered ring) as biofuels. Both contain two oxygen atoms in their ring.
1,3-Dioxolane and 18lioxane can both be produceatalytically from glycerol, a byroduct

of biodiesel productiorf71]. 1,3Dioxane can also be synthesized from ethylene glycol
produced from cellulosg83,84] 1,4-Dioxane a solvent widely used in chemicsynthesis

[85], has benproposed aa potentiabiodiesel fuel additivé36].

1.2.3 Cyclic ethersconsidered as fuels imternal combustion enging

To decide if CEs are realistic candidates to be used in internal combustion engines, it is
important to examine data about their combustion performances and their potecrtéstéo

toxic pollutants during the combustion process.

1.2.31. Combustion performances of cyclic ethers as internal combustion engine fuels

Two numbers have been proposed to characterize the fuelgaitton performances: the
octane number (often Research Octane Number (RON)), which rates the fuel resistanee to auto
ignition [51], and the Cetane Number (CN), which in contrast rates the fuel igtytilthe

lower RON and the higher CN, the more ignitable the flig). 7| taken from Sudhokt al.

[87], presents the cetane rating of several furan derivatives proposed as potential biofuel
according to the abovaescribed catalytic chemical processesd@scribed i87], the plotted
Derived Cetane Numbers (DCN) were calculated from ignition delay times experimentally

measured under engine relevant conditiomsan ignition quality tester. Biofuels were

purchased when possible, or synthetized following pathways propo$éd].|Fig. 7shows

that all these furan derivatives, except fde PHF and 2BTHF, have DCN below that of RON
90 fuel indicating that these fuels have a good resistance tagaition and might be used i

gasoline engines.
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Fig. 7. Derived Cetane Number (DCN) for furan derivatives proposed as potential biofuels. For
comparison, this figure plots also théneptane CNr{-CieHs4 CN is 100), the minimum CN values
required in Diesel fuels in Europe and Unitedestatnd the CN value of a fuel with RON equal to 90,
which is the maximum CN value for a fuel to be used in Sfmarited engines. Reproduced from Ref.
[87] with permission of Elsevier.

More generallyTable l1gathers the available values of dendgjling Point (BP) and

performane indicators related to combustion in engines (heating values, RON and DCN) of all
CEs herebefore mentioned as potential biofuels according to literattoe.the sake of
comparisonthecorrespondinglata isalsoprovided for gasolines, Diesel fuels, and two well

studied alcohols, ethanol anébutanol.

Concerning physiceahemical properties, the density of all the CEs listedable ]

(liquid under standard conditions) are above those of conventional fuels and alcohols, except

that of 2,5DMTHF. The BPs of all CEs listed jfiable 1except for GVL. which strictly

speaking is a cyclic est€dd91 K) are in the same range as the values of the compounds included
in gasoline. Despite its higtesistance to autignition 521 *9/fV ORZ YRODW
strongl limits its use as gasoline blen8iccording to Table 1the presence of an alcohol
function or of a G-C4 alkyl or ether chain significantly lowetse CE volatility (BP above 400
K).
Concerning combustion performance indicatting Lower Heating Value (LHV) by
volume, which is of interest for ground transportation, and on mass basis (important for

aviation) are given ‘ffable 1 The LHV per massf all the CEs listed |ffable lare above that
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of n-butanol except that of GVL. Amongst all these CESMRand 2,5DMF (in bold in|Table

have a BP below 370 K, a mass LHV above thatlfitanol (26.8), and a RON above 100,
which makes these two CE particularly interesting as potential @ttaosting additives in
gasoline blends. The RON of 2ZBMF (119) is very close to that of ethanol (120) indicating
similar resistance to autignition. In addition, it was recently shown thatVl- exhibits an

exceptional synergetic aritnock blending ect in mixture with alkane89].
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Table 1. Physicochemicalproperties(standard conditions) and combustion performarufeSEs
biofuel candidates, conventional fuels, and two alcoti8®51,70,72,73,86,87,297].

proposed as

Density BPP LHVP b b
Name? Formula Structure (ka/L) ) MJ/L(MJ/kg) RON DCN
Cyclic ethers
Tetrahydrofuran derivatives
GVL CsHsO2 1.05 491 26.2 (25.0) 100 --
THF C4HsO 0.89 339 29.1 (32.7) 73 21.9
2-BTHF CsH160 0.85 432 31.5(37.0) -- 455
2-ETHF CsH120 0.86 382 -- -- 28.1
2-MTHF CsH100 0.85 353 28.5 (33.5) 86 22.0
2-PTHF C7H140 0.87 406 31.3 (36.2) -- 42.9
2-THFFOH CsH1002 1.05 451 27.5 (26.2) -- 17.9
2-THFFEE C7H1602 0.91 429 28.0 (30.4) -- 78.9
2-THFFBE CsH1602 0.2 451 29.6 (32.0) -- 63.8
2,3DMTHF CsH120 0.87 378 30.4 (34.9) -- 24.5
2,5DMTHF CsH120 0.83 364 29.5 (35.5) 82 245
3-MTHF CsH100 0.86 362 29.1 (33.6) -- 24.9
Furan derivatives
EFFE C7H1002 0.99 423 30.5 (28.8) -- 18.4
Furan C4H40O 0.94 305 -- -- 7.0
2-BF CgH120 0.90 413 31.3 (34.8) -- 13.1
2-EF CsHsO 0.91 366 -- -- 10.2
2-FFOH CsHsO2 1.13 443 -- -- 10.8
2-MF CsHesO 0.91 336 27.7 (30.4) 102 8.9
2,3DHF C4HsO 0.93 328 -- -- 20.0
2,5DHF C4HsO 0.93 340 -- -- 15.6
2,5DMF CsHsO 0.90 367 30.0 (33.7) 119 10.9
Tetrahydropyran derivatives
THP CsH100 0.88 361 -- -- --
2-BOTHP CoH1802 0.91 473 29.9 (32.9) -- 76
2-EOMTHP CsH1602 0.94 452 30.4 (32.2) -- 63.8
Cyclic ethers containing two ring oxygen atoms
1,3-dioxolane | CsHsO2 1.06 351 37.1 (35) -- 30
1,3-dioxane C4HgO2 1.03 376 -- -- --
1,4-dioxane C4HsO2 1.03 374 - -- 58
Conventional fuels
Gasoline$ C4-C14HC 0.74 303473 31.6 (42.7) 95 ~23
Diesef Cs-CosHC 0.84 443633 36.1 (43.0) -- 40-55
Alcoholic fuels
Ethanol C2HsOH 0.80 352 21.3 (26.8) 120 8
n-Butanol C4HoOH 0.81 356 26.8 (33.1) 96 15.9
aSee full name iiTable 4 ° BP: Boiling Point; LHV: Lower Heating Value; RON: Research Octane Nunih@N: Derived
Cetane Numbef Fuel standard?at 15°C. - XQDYDLODEOH
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1.2.32. Potential of cyclic ether combustion processes to yield toxic products

To access the potential sources of toxic products amongst the species present in the exhaust gas
of automobile engines, one should examine the emission of unburned fuglcdtonyl
compounds and hydrocarbons, especially those identified as potential soot precursors.
Concerning the impact of possible emission of unburned fuels, furan derivatives are not
considered as particularly toxic compounds, except for fawaoh 1,4dioxane for which
possible carcinogenic effects on humans were rep{81@8é]. However, the impacts of CEs on
human health and atmosphere should be better characterized. Because furan derivatives contain
double bonds which allowH addition reactios, they can degrade rapidly in the atmosphere
and be a source of igroducts, such as butaned@9].
Following regulated gaseous pollutants irs@arkignited engine, Wanget al. [100]
demonstratethat fueling with 2MF or 2,5DMF instead of gasoline leads to lower emissions
of unburned hydrocarbons, but to higher ones of CO and N@e to the high ircylinder
temperature -MF and 2,5DMF generate up to 82% dr83% more NQ emissions than
gasoline, respectively.
Carbonyl compounds present in the exhaust gassphgcignited engine fueled either
with gasoline or with different potential biofuels, including -BBIF, were quantified by
Daniel et al.[101] using Gas ChromatographylassSpectrometry (GEMS). The conclusion
drawn by the authors was that DBIF produced the lowest overall carbonyl emissions

compared to gasolines andg-Cs alcohols. Morespecifically, as shown ifig. g 2,5DMF led

to the lowest formaldehyde emission amongst the tested Augsssible reason for the low
emission of carbonyl products is its aromatic structure, which leads to specific decomposition
reactions discussed in Part 5. On the other hand, alcohols and regular ethers are known to

producealdehydes amtermediate duringheir combustion (Part 4\ similar studycarried out
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by Wanget al. [100] indicates that formaldehyde emissions are even lower, with similar
acetaldehyde emissions, when usiAglR insteadof 2,5-DMF.

Monitoring pollutant emissionsrém a diesel engine fueled with biodiesel and its blend
with 2-MF, Xiao et al.[102] reported a decrease of #mmissions of CO, 1;Butadiene, benzene

and acetaldehyde with increasing CE mass fraction, but in contragmi€siors increased

Fig. 8. Emissions of formaldehyde and acetaldehyde frapaakignitedengine fueled
with methanol, ethanoh-butanol, 2,5DMF (noted DMF in the figure), and gasoline.
Given concentrations are in-€quivalentj.e. quantfication is performed by coparing
the areas between the standard and the sample oficarGaldehyde) basidkeproduced
from Ref.[101] with permission of ACS.

Concerning soot production in Sl engines, Wangl.[100] noted that 2MF produced
significantly less PM in number and in mass compared to gasoline. BaaiglL01] identified
a notable presence of i¢§clopentadiene and aromatics in the emission of a S| engine fueled
with 2,5DMF, which isin agreement with detailed kinetic modeling performed by &taad.
[103]. From their measurements of emissions in a practical diesel engine,eSahd96]
concluded that, wherddedto a base Diesel fuel, 1-@oxolane was by far less efficieintsoot

reduction than linear £11002 and GH140s ethers.

Fig. 9presents simulated mole fractions of compounds, commonly considered as soot

precursors (naphthalene, indene and pyrene), computed for laminar premixed flames fed with
2,5DMF, 2-MF, toluenen-heptanejso-octane, and a ternary gasoline mixture madeguisie

three previous molecul€$3.7% (vol.)n-heptane, 42.9%0-octane, 43.4% toluene)
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Fig. 9. Fuel influence on the normalized maximum flame mole fraction of soot precursors
(normalization is donasing the value in the toluene flame) according to the detailed kinetic
modelling of Traret al.[103].

The model of Tran et al [10redicts thathe 2,5DMF flame producesignificantly

higher quantitiesf the three soot precursors than gasaweogate (ternary mixturé shown

in[Fig. 9, although less than toluene, a common octane ingasdditive. In contrast, theRIF

flame producesery lowlevels of soot precursarslose to tlvseof the alkanesExperimental
studieswould be helpful to verify these model predictions

In line with theseresuls on soot precursor formation from furan derivatives, the second
objective of thigeviewis to show how experimental and madglkinetic studies have helped
to improve theunderstandingf the combustion and oxidatiochemistry of CEsas potential

biofuels

1.3. Scope and structure of the paper

This paper aims at describing the current understanding of the chemistry and kinetics related to
gasphase CE oxidation and the experimental, theoretical and modelling studies, which have
been performed to achieve it. This paper includes an analyie pathways by which CEs

are formed duringhe lowtemperature oxidation of organic compounds, including alkanes, but
also unsaturated hydrocarbons and oxygenated molecules. This papeviaias studies in

which CE act as fuel.These investigations dealittv the consumptionpathwaysof CE in
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combustion (including pyrolysis and lowhigh-temperature oxidation)and are thus
complementary to the CE formation chemistry studies

BesidedPartl explaining why stuets of theCEs gagphase kineticareneeded, ta core
of the present paper consisfahe following parts:

xPart 2 discussesthe theoretical methods, which have been used to investigate CE
chemistry, and presesithe naming, structure and thermochemical properties of the CEs
mentioned in this paper.

xPart3 introduces the experimental toatsterms of equipmerdand analytical techniques
used in the studies reviewedRars 4 and>.

xPart4 summarizes the previsiexperimental, theoretical antbdeling work related to the

CE formation during combusitin chemistryof hydrocarbons and oxygenated compounds

xPart5 has the same objectias Part 4butdeak with theconsumptiorof CEs.

xIn Part6, the main conclusions are presented and perspectives for future work are provided

It is well known that notable amounts of dioxins and benzofurans are produced during
combustion processg404,105] However,these CEs including an aromatic riage not
considered inhis paper becaugbe involved chemistry is significantly different from what is
attempted to be described here.

The combimtion of Parts4 and5 is of interesin understanding how CE detailed kinetic
models can help to improve the combustion in ICEmegiPartt concerns CE formation from
hydrocarbonsand biofuels, which is of interest for improving engine efficiency tuthe
competition of this pathway with KHP formation during kb@mperature oxidation. Palt
reviews the current understanding of G&hsumption reactionsith an eye on the formation
of pollutans from furan derivatives. Such an understanding is needed to evaluate their potential
as biofuels to replace fossil fuels with the goal to contributkeageduction of greenhouse gas

emissions.
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2. NAMES, STRUCTURES, THERMOCHEMICAL PROP ERTIES, AND

THEORETICAL METHODS

Beforereviewingthe combustiorkinetics studies related to the formation acwhsumptiorof
CEsin Parts4 and5, this partaims atpresenting the narsestructure and the thermochemical
data of all CEs mentioned in this paper. Before,thatlescription othe methods used to

theoretically calculate the related kinesicdthermochemical datia given

2.1. Overview of the theoreticd methods used to calculate the cyclic ether related

thermochemicaldata

Theoretical investigations contrilagignificantlytowards the understanding of CE chemistry.
They provide Potential Energy Surfaces (PES) that allow identification of energeticll
possible pathways, thermodynamic data for equilibrium considerations, reaction barriers and
structural details of transitions states for the calculation of thermal rate coefficients and the
description of pressure effects for nthrermalized reactions his reviewis concerned with two
aspects of CE chemistrfjrst, their formation as products in letemperature oxidation of other
fuels (Part 4) and seconthe combustion chemistry of GEhemselves (Pa#). Given this

focus, the theoretical methodsed to describe CE chemistry are essentiaflysame as those
used for lowtemperature oxidation in generhad.2009, Pilling[106] presented an overview of

the state of the arbf mechanism developmeribr low-temperature oxidatiorbased on
elementary reactian andZédor et al.[107] providedan excellendiscussion on a strategy to
develop rate expressismvolving close interaction between theory and experiment.

The calculation of rate coefficiestnay be considered as a stepwise process starting from
first principles to determine electronic energies and structural parameters of reactants,
TransitionStates(TSs)and products. This leads to P&E8n which reactants, addition products
their isomersand bt (or tri-) molecular produathannes$ are connected with each other through

TSs. The molecular information is used to calculate thermodynamic properties of individual
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species based on statistical mechanics and to caltikateigh-pressure limitate coefficient

(k+) using statistical rate theory. In ndimermal processethe population of the energy states

in species changes with time due to collisional energy transfer and chemical transformation.
The solution of the representativeasterEquation (ME) descritmethe fluxes between these

states and those can be converted to rate expressions to be used in kinetic mechanisms.
Comparison of predictionsith reliable experimental data allewf necessary, an adjustment

of critical parametersvithin their uncertainty range improve the mechanism until sdiactory

results are achievgéig. 1Qillustratessuch astepwise approach for kinetoalculations and

some details are discussed in the following paragraphs.

Fig. 10.Toolbox for thecalculation of rate expressians
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2.1.1 Electronic structure calculations

The dectronic Schroedinger equatidor chemical specgis nowadays routinely solved with
userfriendly first principles software packages to establish their optimized geometries,
(an)harmonic frequency spectra and absolute electronic endrgeesesult®f theseelectronic
structure calculations strongly depdnon the method and basis set dem The method
essentiallydescribes the accuracy withhich theinteractions betweeglectronsare treated
while the size and structure of the basis set deterntimedlexibility to optimize the
wavefunction when solvinthe eigenvalue (electronic energygigenvector (wavefunction)
problem.

At the Hartree Fock (HF) leveh given electronnteractswith all other electrons only
through an average field (mean field assumption) meaning without individual eletgriron
correlations. Any postF methodaddselectroncorrelation either througaller Plesset
perturbation theorf{MP), Complete Active Space(CAS) configuration interactiorvarious

QuadraticConfigurationinteraction (QCI) and simil&@oupledCluster (CC) theories or yull

Configuration Interactions (FUCI). The horizontal axis gfig. 10 lists exemplarily some

methods:MP2 ([108]), CASPT2 CompleteActive Spacesecond ordePerturbationTheory
[109]), CCSD(T) (CC withSingle, Double andPerturbativeTriple excitationd110]) and Fult
Cl [111]. Theyare ordered with respect to increasing accyradych correlates with the
demand in computational powetull-Cl completelyrecovers the electron correlation and is
exact in this sense.

Density FunctionalTheory (DFT) also addresses electron correlatwoughempirical
so-called exchange and correlatiumctionals A large number oDFT methodsexist which

are often parametrized for special purposes. Since DFT meath®dst postHHF methodsthey

areshownseparatedh|Fig. 1J DFT methods i generally faster than most pétf methods

butthey areoftennot asaccurate as some affordaplestHF methodsNeverthelesghey play
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an important rolen quantum chemical studies as they are dominantly usgdametry and
frequency calculations

The vertical axis shows examples of basis sets startingtiiel8TO-3G (SlaterType
Orbitals approximated by 3 Gaussian functiorEDVLY VHW IROORZHG E\ H[DPS
Gaussiartype basis se{d12], a Dunningcorrelationconsistenpolarizedvalence basis set and
ends with the&CompleteBasisSet (CBS) limit. The Pople glit-valence zet&aussian basis sets
[112]arenamed X<=« * G « ZLWK ; < = « EHLQJ LQWHJHU QXPEHUYV
*DXVVLDQ IXQFWLRQV DUH XVHG WR GHYVF eléckdhombiiald.H VKH O (
%-311+G(d) " for examplemeans that the core orbitals are described by a set of six Gaussian
functions and the valence orbital functions are built from three sets offbiasi®mns, the first
set comprises othree Gaussian functions and the other tamnsist each obne Gaussia
function. The radial siz0f the three sets are differehence by optimizing the contributions
of these three sgtthe location of thealenceorbitalscan bevaried 3 ° LQGLFDWHYV WKH LC
of an extradiffusebasis function describing a largesbital for norhydrogen atoms and Xd
indicates that extraolarizedd-orbital is addedor nonhydrogen atomsvhich as the name
suggestallows for charge separatiohe basis set-811++G(d,p) contains more functions
than the 631G(d) basis s€B split valence functions versus two; ++: diffuse functions also for
hydrogen and not just for ndrydrogen atoms; d,p: a polarizingppbital for hydrogen atoms
next to the polarized d function for néwydrogens)which leads tanore parameters for the
wavefundions to be optimizedand thusmore accuratebut also more timegonsuming
calculations Another popular type of basis sé&t that developed by Dunnireg al.[113]: the
Dunningcorrelationconsistenpolarizedvalence basis sets (aegpVN= ZLWK p=C VD\LQJ
the basis set is built from seaé basis functions of increasing shell size, &xD, T, Q, 5

LQGLFDWHYVY WKH ODUJHVW VKHOO LQFOXGHG GRXEOH WL
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MGLIITXVHY RUELMWMeDWMndUadis 265 &gpeGallysuitableto allow extrapolation
to the complete basis set.

7TKH SHUIHFW VROXWLRQ RI WKH HOHFWURQLF 6FKURHG
with a FullCl / CBS calculation, but this is not achievableréality, the methodology and
basis set size are chosen such that the cttmsaprovide sufficiently accurate results with the
available computational resources. Studiéshe CE chemistry of small moleculean be
performed at higher levethan those involving large molecujeghich leads to thetrategy to
study smallmodelsystems in great detail with the highest levels of theory and transfer the
results to larger systems. This leadshierate rules an@Group Additivity (GA) conceptaused
to build kinetic models for CE chemistry

PostHF levels are only reliable fainglereference problems meaning that the lowest
energy electron configuration is well described by a single determinamtrgélaFock)

wavefunction. If the lowest energy state is (nearly) degenéhatea multireference treatment

is needed. The methedCASFT2 and FuHCl shown in|Fig. 1Q contain multireference

contributions and are used for such cases. The T1 diaghgdtee[114]introduces acriterion
to identify multireference behavior: If the dimensionless T1 value is larger than td€?
treating the species with singleference methodwightlead to severe errgrbut often values

up to 0.03 or 0.04 areonsidered to be safely treatable by single reference methedsn be

seenfrom|Table 2 which presents T1 valuder important species on thelds+0O, PES the

T1 values ofmost species excesdhis crucial thresholdThe T1 value dr the TS for CE
formationis the seconchighestreported value suggesting that results obtained with single
reference methods without additional corrections might behhigaccurate Nevertheless
many if notalmost all reported theoretical resuits low-temperature oxidation reactioase

based on singleeference methods.
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Harding et al. [115] explored the accuracy of CCSD(T) and CASPT2 among other
methods methods for ten test reactions, including fowadicalradical reactions, three
abstraction reactions, oneadidition to a triple bond and two molecular elimination reactions.
The main conclusions for these small systems were that CCSD(T) is very reliable for single
reference problems,.g.CHjs eliminaion from CHCHO through a tight high energy transition
state, and CASPT2 is a good choice for mudference problems, such as radicalical
reactions. They also recommend the use of CASPT2 for geometry and frequency calculations
in a priori studies.

As will be discussed in part 4, reported rate expressions for CE formation show significant
variations, both in barriers and pegponential factors. Those are largely calculated with single
reference techniques or DFT. The relatively high T1 value ineTablor the CE channel
together with the conclusion by Hardieg al. [115] suggest that CASPT2 theory could be
applied to improve the kinetics. In this context, however, it should be noted that the choice of
the active spaces.g.the identification of the electrons and orbitals to be included, can be a
challenging taskl15 18], while singlereferene calculations do not require the user to make
such choices, even though the stability of the guessed initial wavefunction should be checked

with the ab initio software.

Table 2.T1 values calculated at CCSD(T1Diag)/CBSB7 for important stationary points onthe ©, PES
Transitions states are named TS(reaatgrbduct) and the transition state for CE formation is highligintédue

Species T1 value Species T1 value
CoHs 2 0.025 o .
.041
%COOH 0012 TS(SCOOH o oxirane+ H) 0.0
TSCHs2 o0 CoHat+ +2) 0.034 TS(SCOOH 0 CoHa+ +2) 0.032
TS(C:Hs2 o SCOOH) 0.025 TS(SCOOH 0 CHsCHO+ H) 0.052

Determination of théowest energyeometry (structure) of a species is a prerequisite of
a high-level electronic energy calculatiprsince the final energy resultepends on this
geometry These optimizationand the corresponding (harmonic oscillator) frequenares

generally done a& lower level of theory often invoking DFT methods because geometry
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optimization is an iterative procedure that requimany enggy calculationsFurthermorethe
frequency calculation has to be dowéh the same methods thatused to optimize the
geometry The most widely used method is B3LYP19]. It is an integral part of several
composite methods to be discussed below. Besides B3LYP, the highly parameterized
Minnesota functional MO&x [120] combined with a large basis $&is gained popularity as
method for geometry and frequency calculatidhgs nowadays common to combine these

methods with rather larggplit valence basis sets that include diffuse and polarized functions.

The importance of diffuse functions is illustrated|{Table 3 which contains the energy

differences between the two conformers of ethanol calculated at various levels of theory and

with different basis sets. Since tihansconformer isknown to be more stable, negative entries

in|Table Jindicatea wrong energy order of tleenformersThis problem has been reported by

Sunand Bozzell{121] at theB3LYP/6-31G(d,p) levelAs can be seefrom|Table 3 even CC

methods lead to incorreptedictions when used with unsuitable basis sets. On the other hand,
all calculations done with diffuse functions containing basis Isets tothe correct aswer.
Note that the CB®)B3 and G4 composite methods contain energy calculation steps that

employ diffuse functions.

Table 3. Calculated0 K energy (kcdimol) differences between the gaucdmed trans conformes of ethanol.
Results irblue suggest that the gaucbhenformer is more stable.

M ethod Basis set E(gauche) +E(trans)
6-31+G(d) 0.31
HF 6-311G(d,p) 0.14
6-311++G(d,p) 0.33
6-31+G(d) 0.26
MP2 6-311G(d,p) -0.10
6-311++G(d,p) 0.31
6-31G(d) -0.24
6-31+G(d) 0.10
B3LYP 6-311G(d.p) 20417
6-311++G(d,p) 0.17
6-31G(d) -0.20
6-31+G(d) 0.12
MO06-2X 6-311G(d,p) -0.20
6-311++G(d,p) 0.05
ccVTZ -0.02
CCSD(T) augccVTZ 0.12
ccVQZ 0.10
CBS-QB3 0.22
G4 0.24
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Accurate electronic energies for l@emperature oxidation chemisttlyatincludes CE
forming and consuming reactions are generally obtained with either composite methods or CBS
extrapolated coupled cluster calculatio@®mposite methodare multistep calculations that
include geometry optimization and frequency calculatiensell as several energy calculation
steps at different levels of theory. The results combined with additional empirical corrections
are used to estimate the energy at a high level. Thenssepweltdefined procedures provide
edimates ofaccurate energs at reduced computational cbgtcombining higHevel electron
correlation methods with small basis ssith lower levelcalculationsut large basis set§he
final energy is calculated from a welhosen series of energy calculations taking advarmthige
the assumption that increases of the basis set and level of theory lead to additive improvements
of the energyThe most prominent families of composite methods are the Gaussiathods
developed by Pople and coworkers, of whighussiar8 or G3[122] and Gaussiart or G4
[123] are widely usedhe complete basis set methods developatidgroup oPeterssond.g.
the highly successfuCBS-QB3 method [124,125] and CBSAPNO [126]), the seies of
Weizman method#/n by Martinand de Oliveiraf which the less computational intensive W1
and W2theoriesare more suitable for Vetemperature oxidation systeni$27] and the
correlation consistent composite approach (ccCA) by Wilson and consftR&8]. More highly
accurate compositaethods such as HEATI29] or the ANLO and ANL1130] procedures are
known but their applicability is currently restricted to small spetigsarticularthe CBSQB3
and G4 methods have been and are tijular choicegor the development of combustion
models. Tleir average accuracy @ the order ot kcal/mol basd on comparison with test sets
[123425], however, as pointed out by Ruscic, the uncertainty based on a 95% confidence
interval is 2.53.5 times highef131]. Higher uncertainties of the CB3B3 method based on 2

sigma errors rather than average accuracies have also been repgrtdny Simmie and
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Somerg132]. In Klippensteiret al.[130], substantial differencelsetweerthe CBSQB3results
and the Active Thermochemical TablgaTcT [133]) are noted The main advantage of
composite methods is that they provide generally a good compromise between accuracy and
demand of computational resources, but in light of abovementioned uncertainties, the results
need to be handled with caution

Due to enormous adnces in computer power and improvementahrinitio software
packags, coupled cluster calculations with single, double and perturbative triple excitations
(CCSD(T)) and sufficiently large basis satenowadays feasible for medium sized species (10
or more heavy atoms, seeg.[134]). This allows their use folow-temperature oxidation
modelsof small fuel molecules 8VLQJ 'XQQLQJYYVY FRUUHODWLRQ FRQVL\

above, ' g,,,, Which is the electronic energyom a CCSD(T)cc-pVNZ calculationwith

N=Imaxcan be extrapolatet the complete basis sety), e.g.usingthe scheme suggested by
Martin [135] and Fellerand Dixon[136],

"s L "z F$ ‘HosESs;® (1)
where $is a constant andy s sis the maximum component of angular momentum in the cc
PVNZ basis setFor example, if the epVQZ basis set is usedy o &4. Feller and Franl37],
who study the heats of formation of furan, THF and THF radjcately demonstratéow well
the CCSD(T) results converge with increasing basis set.

In contrast to many composite methods, the CBS extrapolation of coupled cluster
calculations does noequireempirical corrections. Therefore, CCSD(T)/CBS calculations are
considered to be reliable for all species as long as the electronic ground stateegenetated
of mixedwith higherelectronic state Species for which this is the casshould be treated with

multi-reference methode.g.CASPT2)as discussed above
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2.1.2 Thermodynamic data and thermal rate coefficients

Besides rate expressions, kinetic models, require thermodynamic properties such as the Gibbs
free energy for all species considered. They are needgdio solve the energy balance of
adiabatic reactors or to calculate rate coefficients of reverseiammc{Thermodynamic
propertiexan be calculated from the fundamental results from electronic structure calculations
which are the electronic energy, the geometry and internal modes of a species wWethugh
established standard methodsstidtistical melsanics[138]. At this stage, only a few selected
aspects of the procedure are briefly discussed, whiciadrthe conversion of elé&onic
energies into enthalpies of formati@m the handling of internal rotations afc) the role of
symmetry and optical isomerBinally, the calculation of the rate coefficients of thermalized
reactions are describell should be noted that a recguatper discussed in detail an automated
strategy for thermochemistry calculatigd89] including ways to handle the aspects mentioned

above.

2.1.2.1. Enthalpies of formation

Two strategies are employed to calculieenthalpies of formation from thab initio results:

the use of isodesmic (or similar) reacti@mlthe atomization method. In isodesmic reactions
[140], the reactants and products contain the saomeber of bonds of a givetype. If in
addition the groups (substructures consisting of a multivalent atom and its ligands) are also
conserved, the reaction is called honsmdetic. According to the assumption of additivity of
thermochemical properties (Bemsse GA method[141]) homodesmotic reactions should be
thermoneutral Theab initio calculated enthalpy of reaction should be very accurate because
any systematic weaknesses of the calculation method would cancel that.dfthalpies of
formation for all but one species @hnisodesmic reactioare known with high accuracthe

missing value can be calculated. Bozzelli and coworkers have extensively used isodesmic
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reactiondor species related to lotemperature oxidatiojl42 144]and showed that even DFT
level calculations yield very accurate resyltg5]. This indicates that the errors in low level
calculations are dominantly of systematic natilma cancel out.The accuracy of isodesmic
reactions depends on the availability of walbwn experimental enthalpies of formatidinis
presents a drawbagckhich has been partly overcome by using highly accurate theoretical data
instead for the reference specigébe need to choose thepresentativeeactions introduces
some subijectivity, which has been a point of criticj4d6]. Furthermore, confusion about the
correct definition of such reactions have lead to incest result§147].

The atomization methofd 48] is the more widely used approatthconvert electronic
energiesnto enthalpies of formation. The energy for complete dissociation of a species to its
atoms,e.g.CxHyOz xC +yH + zO, is calculateab initio at 0 K. Using experimentally
known energies to convert the atoms fromd @ the standard states of the elements at 298 K
and theab initio calculated thermal energy of the species, the enthalpy of formation can be
calculated.The calculation of atomization energies does not require any reference species
besides the atomsUnlike isadesmic reactions, atomization energies are in principle
independent of user inputence unbiasedHowever, in practice this is not necessarily the case
becauseb initio methods optimized for small species often contain systematic ,estaich
become more severe with increasing molecule size. This leads to the need to ireputise
by applying correctionse.g specific to chemical bondBAC or bond additive correctign
[149,150] The correctiorparameterare obtained from comparisons to selected experimental
data which introduces subjectivityParaskevaset al. successfully appliedond additive

correctiorsto CBSQB3 results of oxygenated hydrocarb¢bhsl].

2.1.2 2. Internal rotations

It is nowadays common practice to treat internal modes that resemble rotations of moieties

within the species as hindered rotors and not as harmonic osciltatorgrove the predictions
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of entropy, heatapacity and thermal energy contributioffsthose internal rotations are
independent from other modes, they can be describeelbyolors. The hindrance potentials

are calculatedb initio and represented as Fourier series and the effective momeett is
calculated based on work by Pitzer and coworkes® 1154] or Eastand Radon{155]. The
solutions of the corresponding Schroedinger equation obtained with free rotor basis functions
are the energy levels of the rotation, which are numerically included in the partition functions
used to calculate thermal energy, entropy and heat capacitistatisicalmechanic§138].
Coupled internal rotors are generally also approximateelasoiors and only few publications
explicitly address the coupling.56]. The explicit treatment of internal modes improves the
results in particular of the entropjelsut even for small molecules substantial deviations
between calculated and experimental entropies may [@&5]. There is no real consensus
established for the choice tie level of theory for the hindrance potential calculations.
addition different researchteans apply different thresholdsbérrier heights) for the
identification of internal modes as rotors. Another source of uncertainty arises from conformers
Commonly the lowest energy conformer is used but if orillyifiternal rotors are considered

it is not clear if the lowest energy gaetry is always foun@seealso the previous discussion

on the basis set dependence of relative conformer eneffiesvork by Simmie and Somers
[132] provides an examplén which the contributions of different conformexse accounted

for, and the work by Sharnmet al.[156] also puts an emphasis on properly treatingpled
internal rotationsFurthermoreZhenget al. describe a computer program that automatically

addresses torsional anharmonig¢it$7].

2.1.2.3. Symmetry factors and optical isomers

Entropies also depend on the correct assignment of symmetrgsfacd a consistent handling
of optical isomers (or more general entropy of mixing). Thaection for the existenaaf

opticalisomersdepend partly on the internal rotor treatment discussed above. Taking ROOH
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as example, the rotation around the Bl bond has a significant barrier of abotf &cal/mol
for methyhydrgperoxide If such a barrier is considered too high a hindered rotationand

the harmonic oscillator assumpti@applied, then two optical isomers exist, as is shown in

Fig. 11 Theoptical isomersausethe entropy of theacemicmixture to increase by AR(2).

On the other handf, the barrier is considered low enough to treatiiode as internal rotation

then these optical isomersare no longer distinguishabl@his is a judgement call as no
established guidelines for the classification efiisthe particular example of ROOH, the best
option would be to treat the doubleell potential as anharmonic oscillator, since both optical
isomers are separated by just a small barrier, but routine application do not provide such an
option).

In 2001, Sumath et al. [158] compared fon-butane the entropy calculate@therwith
internal rotation of the C&C bondor without internal rotationbut instead accounting for
mixing of all conformers. They obtained very similar restots298K entropies and thermal
energy contributionsOf course, this is not true for the heat capadfyr instanceat high
temperaturefully activated rotors contrilte only R/2 to the heat capacity while harmonic
oscillators contribute R (R = gas constarit)e lack of a general accepted protocol creates
uncertainty inab initio derived thermodynamic data, which might explain why studies using
reportedly the same nteid of theory obtain differemésuls for thermodynamic properties, but

also for rate expressions (see next paragraph).

Fig. 11.Optical isomers of methylhydroperoed the harmonic oscillator assumption is applied.
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2.1.2 4. Calculation of rate expressions fothermalized reactions

Canonicahigh-pressure limitate coefficientgk-) can be calculated with transition state theory

(TST)[159,160]

G6; L .®:6;@5%"®A"""/§_.%\A®gg?/4:éi; o
6o
or
G6; L . ®6,(% ®8a38;é?5@?05\ g (3)

Both equations are equivalent.:6; is the tunneling correction factoiM; and Mare the
partition functions for the transition state and reactants, respectiveiy, the zeropoint
corrected barrier heigh8, 3 ghemolar volume at standambndition | is the molecularity of

the reactiorand ¢) the Gibbs free energy difference between transition state and reactants.
The markindicates that the transitional mode is omittedis the reaction path degeneracy
which only needs to be aped if the partition functions o¢,) do not yet account for symmetry

and optical isomer contribution&ll other symbols have their usual meanings given by

£ AkpVDITBIURD
EADIGIURAA (4)

. L
with 1 4specifying the correction for the presence of optical isomerségmésents the total
symmetry contribution due t(external)molecular symmetry and e¢hsymmetryof internal
rotors[161,162] i :6;is usually estimated using asymmetric Eckentriers[163,164]or the
smallcurvature approximatiofi65]. All input datais availablefrom ab initio calculationsafter
evaluation withstatistical mechanics.

The ab initio results also allow calculation of the microcanonical rate coeffidéa) with

(RiceRRamspergeiKassebMarcus)RRKM theory[166].

V. b ¥
G'iL 0®:¥% ®)

with
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\YRYaa,

9 ;L i, e k o@ . (6)
Here 9 :' ;symbolizes the sum of states of the active complex (transition state) with energies
up to ', 'Kis the barrier height meaning thatF ' Kis the energy in the transition st4Ee o
EQ). é:' ;is the density of states of the reacting molecule anki othat of the activated
complex.If symmetry and optical isomer effects play a ra®,; ;has tobe multiplied with the
reaction path degeneracygiven above.
For thermalized reactions; 6; canbe calculated fromG' ;through integration over all E

G6; L 1gG i7" @ (7
because the energy distribution functien ;is the Boltzmann distribution. Thportance of
the microcanonical rate coefficiens that it is required in the analysis of Athrermalized

reactionsfor which +:' ;needs to be replaced by the rthermal energy distribution function
f(E). The sum and density of states can easily be calculated froatp timéio results with the
BeyerSwinehart algorithnil67,168]

Rate coefficients for reactions proceeding through transition states without distinct barrier
are calculated with variational transition state theory (vVTST). In canonical vTST the location of
the transition state is systemaliy varied for a given temperature to find the smallest rate
coefficient for that temperature. A more accurate procedure is to variationally calculate the
microcanonical rate coefficientE,J) The most important method used in the combustion
communityis that developed by Klippensteamd cavorkers[169,170] in which not only the
relative position of reacting groups is optimizad hlso the pivot positions in these groups.
Prerequisite for reliable results is a proper description of the potential energy surface for

barrierless reactionsvhich require the use of methods that can handle mngterence states.

Therefore, CASPT2 igenerally used for these studies.
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2.1.3 Pressuredependehreactions

The ratecoefficients ofthe reactions okpecies, which areot thermalized (the energy states
are not populated according to the Boltzmann distributide)end on pressure becanser
reactive collisions with the bath gas will changeehergy state populations and therefore the
overall reactivity.Miller and Klippensteirj171] and Robertsort al.[172] provide detailed
descriptions of howthe relatedME are solved and how the results need to be interprated

update of the state of the &tiscussedby Jaspeet al.[173]. Here only a very brief overview

is given|Fig. 13shows awo-well system asnexample, in which the reaction is initiated by

the reactants A and.Bhe initial population ofsomer one €l) is determined by the energy
distributions of theereactants and the barrier heighibsequent nereactive collisios ater

this distribution by transfeing energy to or from the states el Isomerization populates?|

and dissociatiomeproduceshe reactantd-2 may react tgield the products, isomerize tell

or change th@opulation ofstates through energy transferring collisions. The complete set of

all possible processes leads tolMte, which is areigenvalueeigenvector problem. Its solution

yields the populations of all states as a function of time (eigenveasowell as the flux
coefficients (eigenvalues) One may distinguish between two types of eigenvalues: those
describing the energy flux among different energy states (internal energy relaxation eigenvalues
(IEREs) and those that lead to chemical changes (chemically significamveiges(CSESs).

If energy transfer among the stie fast compared tall chemicaltransformationsthenthese
eigenvalues are clearly separated and the CSE can be converted to rate expressions. On the
other hand, if energy relaxatisand chemical trasformatiors occuron similar time scales,

then the rate expressions are time dependent and typical constant rate expression can only be

approximated.
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Fig. 12.Schematic illustration ofipressuradependentwo-well systems (adapted from Glowaeki
al. [174)).

Given thatrealistic reaction systems contain many isomers and that they require large
arrays of energy grains to properly describe the energy distribotowastly different
timescalessolving the ME poses a severe numerical problem. Codes like MESMERor
MESS [175] use quadrupleprecision variables to obtain converged numerical solutions.
Multiwell [176] is another MEpackage which uses a stochastic formulation of the ME
problem. The accuracy of any solutiattaking numerical problems asidedepend on the

accuracy of the features of the PES as well as on a proper descriptionchethistry and

energy transfer durg collisions{Fig. 14 symbolizes this in the rightand box: the historic

Lindeman theory[177], which assumeseach collisionto be completely activating or
deactivatig, can be improved by URHfV PRGLILHG (W8BQ) &QdacAIR/8]OLVLRQ
which assumes thaa fraction of the collisiongransferthe full amount of excessnergy.
Significantly more accurate and physically sound steselved collision models are used in
modern ME solving programs with the exyential down model being the most popular one.
Collision models describing energy and angular momentum transfer wmmlidthe most
accurateME solutions but the 2-D ME can currently only be solved for special cases

Microcanonicalk(E) expressions areowadays almost exclusively calculated with RRKM
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theory because the required input parameters are readily avaitahlalrinitio calculations.
Newer implementations of QRR79], which preceded the RRKM theory, are interesting for
automated mechanism generation bec@RBK does not require detailed species information
(frequencies and geometries) but works with input parameters that are available from GA.
Furthermore, software is being developed to simplify the translation of ME results to lumped

phenomenological rate expressions for implementation into kinetic mda&elks

2.1.4. Optimization ofthe reaction network

Many input valuegor kinetic modelsontain uncertainties thatay jeopardize thagreement

with accurate experiments. By adjusting the input data withinithies of uncertaintythe
performance okinetic modet can beémproved[107]. Refinements can be made to energies of
the underlying pantial energy surface, treatments of internal modes or energy transfer of
pressuredependent reactiondepending on which parameters #tiremost uncertaimnesand

have an impact on the predictiods anexample, in DeSaiet al.[181] minor adjustments to
energies of stationary points of the PES are ntad@prove the predictions ofH and + 2

profiles measured in the photochemically initiated reaction of ethyl and propyl radicals with
molecular oxygen. These adjustments lead to accurate predictions‘ofthtme profiles and
supportedhe interpretatio that this radical is partiall produced bdigect formation channel.
Burke et al.[182,183]term thisoptimizationDSSURDFK 30X OW L VdndWeizet QIRUP D

al. have applied this approach recently to further deepen the understanding of propane oxidation

at low temperatureg 84]. In[Fig. 1Q the iterativeadjustment process shown to emphasize

the importance dieedback between theory and experiment

Besides the adjustment of parameters, uncertainties can also originate from an incomplete
description of the chemistrA ME analysis can only provide accurate rate expressions for a
reaction system if all relevant reaction pathways are included in the analysis. Recent work

demonstratedhat important reaction pathways can easily be mi$$88]). PES exploring
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algorithms such as KINBOT[186] have been developed to address this problem by

automatically scanning a PES. As arample|Fig. 13 shows a PES fordvalerolactoe

decomposition. Compared to the previously published RBEBOT finds substantially more

reactionpathways, some of which aoélow energy ad thus potentially kinetically relevant.

Fig. 13.PES for the decomposition ofvalerolactone, automatically generated by KINBOT. Only the
pathways in dotted blue lines were previously reported in the literature, all others are reported for the
first time. The green lines represent reactions with barriers below the lowest bonéht@msenergy,

those in gray have higher energiBeproduced from Ref186] with permission of Elsevier.

Automated thermochemical dafd39] and mechanism generators such as RMG
[187,188]and Genesyfl89] FRQWDLQ WIRRIOVIIRDOMRX®DWLRQ RI UDWH
reaction pathways that can bdentified but for which accurate kinetic parameters are not
available in databases. It is foreseeable that in the future, theoretical studiedseshjmavature
chemistry including thosevolving CEs will take advantage addutomated procedures that
ensurecompleteness of the chemical netw(itk]. There are also other mechanism generators
available such as REACTION190,191] MAMOX ++ [192], and EXGAS [193,194]

REACTION uses the concept of pathways instead of an exhaustive applichtieaction
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classesMAMOX ++ distinguishes itself bgenerating hierarchy ofumped mechanism$he

main specificity of EXGAS is the use of the most complete reaction class database and the wide
choice offered to the user for the customization of thehaeism.This latter systemwas
appliedfor combustion o6omeCEs, such asHF [195] and THP[196], but with complement

of theorgical calculations for taking into accouthie specificityof CE reactivity.The reader is
referred to the corresponding references for the details of each genkraaddition, the
mechanisms generators mentioweete synthesized in ahapter of ook byBlurock et al.

[197] and in a review by Van de Vijvet al.[198].

2.2. Names, structures, and thermodynamic data

Table 4presents IUPAC namgéull and abbreviated)formula, 2D structure, enthalpy of

formation and entropynderstandard conditianfor all the CEmolecules mentioned ithis
review. Since this paper is related to combustion, only gas pregesare givenThe UPAC
names refleclUPAC rules applicable for CE, such #s alphabetic order of detachable
prefixes €.g.ethyl appear before methythe priority of functiomal groups €.g.the ether group
has lower priority than an alcohol which is lower in priority than an ester geoupjhat the
numbers should besamall as possible. These naneseautomaticallybeengenerated with
ChemSketch software from Advanced @fistry Development, Inc. (ACD/Lab§)99].

The heterocyclic nature of CEs leads to characteristic thermodynamic properties, in

particular for furanic species.|Trable 4 the enthalpy and entropy entries are divided into three

groups: those based on experiments, those calculated with theoretical methodslgriddse

obtained using GA (Group Additivity). A quick gIanaTTabIe 4shows that experimental and

calculated data are very limited, but the GAthodas implementeth the RMG progranil87]

is able tgprovide thermodynamic data for all species of interest. In the GA methodlecule

is divided into functional groups and the contribution of each functional group to the overall
thermochemistry, the Gup Additivity Value GAVS), are added. These GAVs well as any
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additional corrections for nenearest neighbor interactions such as ring strains are developed
from theoretical calculations and experimental data found in the literd&toreexample,
thermodynamigroperties for THF are calculated as follow with GoupCiOiC) + 2 x
group© iCH2iC) + 2 x group(C i CH2 i C) + ring(Tetrahydrofuran) The nomencalature are
taken from RMG[187]. The thermodynamigropertiesfor the groupCiOiC) and the
group© iCH2iC) were calculated by Paraskewvetsal. [151] at the CBS-QB3 level, while
thosefor the grogp (CiCH2iC) and ring (THF) were taken frof200]. For thermodynamic
properties of radicals, the hydrogen bond incremerthod is used187,201] A brief

discussion on the performance of GA is given at the end of this part.

Table 4. Full (andabbreviated) name, formula/structure and-glagse thermochemistry datédH°, S° of CEs
considered in the reviewogether witha fewrepresentativeadicals Names irblue arethoseused in this review
When several names argiven, the first name is #h IUPACone nDPHYV DUH VHSDBoDOVM:G E\ 3 °
experimental data including reviews of thgeéen found in the NISWebBook [202]), regular font: theoretical
calculationsijtalic font: group additivity(from RMG [187], unless otherwise noted¥ome eiginal data thaare

reported in kJ/mol have been converted to kcal/mol. Data precision is restricted to one decimal (rounded). The
entries are ordered with respecf(ifocyclic ether ring size/typdii) type of moleculed.g.aromatic, unsaturated
saturated) anlii ) sum formula.Radicals for which experimental or calculated thermodynamic data is avajlable

are listed together with the parent moleculgsi{, S9.

. QHO So
Species Formula Structure (kcal/mol) (calimol/K)
3-Membered cyclic ethsfoxiranes)
-12.6[203]
-12.6[204] 58.1[203]
-16.8[205] 58.1[209]
-12.4 + 0.6206] 58.0[210]
C2H40 -12.2t0-13.3[132] 57.94 0.5[206]
; -9.6[133] 58.0[207]
Oxirane -13.2[207] 570
Ethylene oxide -12.7[208] :
-13.1
Radicals
C2H30 40.0+ 0.9[206]
Oxiran-2-yl; 39.7[208] 60'415%'2[206]
Oxiranyl 30.8 :

22,6+ 0.2[211]

a
552103[212] 68.9+ 0.2[209]

68.7+0.2[214]

-28.0[205]
CaHeO 223:09[206] | 98:2£20[219]
; -23.3[207] 68.5+ 1.1[206]
2-Methyloxirane —23.6[213] 68.5[207]
Propylene oxide; 211 65.2
Methyloxirane _ :
Radicals
(Oiailjasr?z_ 26.0+ 0.9[206] 69.9 £ 1.7206]
29. 7.
ylmethyl 9:5 67.5
2-Ethenyloxirane
Ethenyloxirane CaHsO 3.9 73.9
-30.2+32.8[216]
2,3-Dimethyloxirane C4HgO -32.8[213] 70.6
-29.1
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2,2-Dimethyloxirane

Isobutylene epoxide CaHsO -30.2 14
2-Ethyloxirane } 77.4[209]
Ethyloxirane CaHsO 26.1 74.6
Bioxirane CaHeO2 -21.9 72.6
2-(Methoxymethyl)oxirane CaHsO2 -53.0 83.4
6-Oxabicyclo[3.1.0]hexasB-one CsHeO2 -44.9 82.2
2,2,3Trimethyloxirane -41.9[213]
Trimethyloxirane CsH0 -38.2 81
2-Ethyl-3-methyloxirane CsH100 -34.1 81.4
2-Propyloxirane
Propyloxirane CsHicO -31.0 84.0
7-Oxabicyclo[4.1.0]hepR-ene CeHeO -0.1[217] 75.4[217]
3,4Epoxycyclohexi-ene oI 2.4 75.6
7-Oxabicyclo[4.1.0]hepB-ene;
4,5 Epoxycyclohexi-ene CeHsO 3.0 32
_ -290+0.5[218]
7-Oxabicyclo[4.1.0]heptane CeH10 -30.0+ 0.3[219] 77.2[220]
1,2-Epoxycyclohexane eri -30.3[220] 77.2
-18.3
2-(But-3-en-1-yl)oxirane
But-3-enyloxirane CoH100 =8 918
2-Butyloxirane
Butyloxirane CeH120 -35.9 93.5
2-(Butan2-yl)oxirane CeH120 -37.4 92.1
2-tert-Butyloxirane ]
tert-Butyloxirane CoH120 141.0 84.4
3-Ethyl-2,2-dimethyloxirane CsH120 i43.1 87.6
2-Methy}-3-propyloxirane CeH120 -39.0 90.8
2-Methy}2-(propan2-yl)oxirane
2-Methyl-2-isopropyloxirane CeHi20 -42.3 875
2,2-Diethyloxirane CeH120 -40.1 90.2
2,3 Diethyloxirane CeH120 -39.0 89.4
Tetramethyloxirane CeH120 -47.3 82.9
2-(Propoxymethyl)oxirane CeH1202 -66.0 101.8
2-Methyl-2-[(propan2-
yl)oxyloxirane CeH1202 -81.2 91.7
1-Methy}7-oxabicyclo
[4.1.0]heptano C7H1:0 27.4 84.7
1-Oxaspiro[2,5]octane C7H12:0 -31.2 82.9
2-Ethyl-3-propyloxirane C7/H140 -43.9 98.9
2-Butyl-3-methyloxirane C7H140 -43.9 100.2
2-Pentyloxirane
Pentyloxirane CrH10 -40.9 102.9
2-Hexyloxirane
Hexyloxirane CsH160 -45.8 112.3
2-Methyt1-oxaspiro[2.5]octane CgH140 -39.2 89.7
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1-Ethyl-7-oxabicyclo[4.1.0]heptang CsH140 -32.3 94.1
3-tert-Butyl-2,2-dimethyloxirane CsH160 -58.1 97.3
2-(2-Methylphenyl)oxirane;
2-Methylphenyloxirane CoH00 3.08 9or.21
2-Ethyl-1-oxaspiro[2.5]octane CoH160 -44.1 99.1
2-Cyclohexyl3-methyloxirane CoH160 -45.4 96.9
2-Ethyl-3-phenyloxirane C10H120 -1.9 103.1
2-Benzyt3-methyloxirane C10H120 -1.8 101.7
Methyl 9-(oxiran-2-yl)nonanoate C12H2203 -138.3 162.1
Methyl 8(3-octyloxiran-2- i
yl)octanoate C19H3603 175.9 224.0
4-Membered cyclic ethefoxetares)
-19.3[221]
-19.3 + 0.7204] 64.9[210]
-19.0+ 0.9[206] 65.6+ 0.9[206]
CsHeO -19.7[207] 65.1[207]
-19.7208] 63.8
-19.8
Oxetane Radicals
CsHsO 24 ;‘feo'zgo[g%] 67.6+ 0.9[206]
2-Oxetanyl 6 1208] 65.5
235
CsHsO 80.6+ 0.91206] 66.8+ 1.0[206]
3-Oxetanyl 30.9[208] 67.1
y 27.7 '
-30.7[207]
2-Methyloxetane C4HsO -29.5[213] 74'762[2(? 7l
-27.8 )
2,4-Dimethyloxetane CsH100 -35.8 77.4
. -35.4[222] 81.2[222]
3,3-Dimethyloxetane CsH1d0 348 75.8
2-Ethyloxetane CsH100 -32.7 81.4
6-Oxabicyclo[3.1.1]heptane CeH10 -25.6[220] 75.7[220]
1,3-Epoxycyclohexane ori -175 73.3
2,2,4Trimethyloxetane CeH120 i44.9 84.9
2,2,3Trimethyloxetane CeH120 44.0 84.9
2,3,3-Trimethyloxetane CeH120 -42.8 83.9
2,3,4Trimethyloxetane CeH10 (43.0 84.1
2-Ethyl-2-methyloxetane CeH120 i41.8 87.6
3-Ethyl-3-methyloxetane CeH120 i39.7 85.2
3-Ethyl-2-methyloxetane CeH120 i39.9 88.1
2-Ethyl-4-methyloxetane CeH120 -40.7 88.2
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2-Propyloxetane CeH120 -37.7 90.8
3-Propyloxetane CeH120 -36.8 89.4
2-(Propan2-yl)oxetane
2-1sgpropyloxetane CeH120 -39.9 88.1
3-(Propan2-yl)oxetane }
3-Isqpropyloxetane CeH120 391 86.7
2-Propoxyoxetane CeH1202 -74.5 100.0
2-Butyloxetane C7H140 -42.6 100.2
2-Methyl-4-propyloxetane C7/H140 -45.7 97.6
2,4-Diethyloxetane C7H140 -45.7 96.2
2-tert-Butyl-3-methyloxetane CgH160 -54.9 97.9
3,3-Dimethyl-2-(propan2-
yl)oxetane; CsH160 -54.9 100.1
2-1sopropyt3,3-dimethyloxetane
2,2-DimethyH4-(propan2- )
yl)oxetane CsH160 57.0 101.1
3-Methyl-2-(2-
methylpropyl)oxetane CeH1c0 12 104.3
8-Ethyl-7-oxabicyclo[4.2.0]octane CoH160 -38.4 96.6
2-Methyl-1-oxaspiro[3.5]nonane CoH160 -42.9 94.5
2-Heptyloxetane C10H200 -57.4 128.5
2-Hexyl-4-methyloxetane C10H200 -60.5 125.9
2-Ethyl-4-pentyloxetane C10H200 -60.5 1245
2-Butyl-4-propyloxetane Ci10H200 -60.5 124.5
2-Methyl-4-phenyloxetane C10H120 -3.6 100.5
2-Benzyloxetane C10H120 -0.5 101.7
Methyl 7-[4-
(hydroxymethyl)oxetas2- C12H2204 -180.6 167.5
yllheptanoate
4-Membered cyclic ethers (dioxets)
1,3-Dioxetane C2H402 -53.2 54.1
2-Methoxy-1,3-dioxetane C3Hs03 -92.1 77.9
2,2,4,4Tetramethyll,3-dioxetane CeH1202 -94.8 80.1
5-Membered cyclic ethers (furans and dihydrofurans)
-6.6[223]
-7.1[224] 63.9[209]
-8.3[225] 63.9[210]
Furan CaH40 8.2 [226] 65.2[226]
-8.3£0.7[227] 65.5
-7.7+0.5[137]
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-7.5[144]
-8.6+0.1[228]
-8.2[133]
-8.6[229]
-8.9[230]
-8.3
Radicals
59.0[226]
C4sH30 60.2+ 1.3[231]
Furan2-yl 61.7+ 1.3 [232] 66';33[2326]
60.9+ 1.3[232]¢ :
48.9
59.2[226]
C4H:0 %%?é:‘ 113'3[’2[231 66.3[226]
Furan3-yl 61.0+1.3[23 67.6
39.4
-17.3 £ 0.1233] 69.9[210]
-18.2[195] 70.9[195]
CaHsO -21.8[226] 67.0[226]
-27.%8 61.3
Radicals
2,3-Dihydrofuran;
2,3DHF CsHs0
2,3Dihydro- 18.]%2226] 68.622[2326]
furan-2-yl ' '
C4Hs0
2.3 Dihydro- 8.5 0[2726] 68.516[2626]
furan-3-yl ' )
67.9% 0.2[209]
-15.2[195] 67.9 [210]
CaHeO -14.2[226] 68.0[195]
. -15.7 65.1[226]
2,5-Dihydrofuran; 68.5
2,5DHF Radicals
C4Hs0
23 Dihyco 8.5[226] 68.11226]
furan-3-yl ' '
2,3-Dihydrofuran2-ol CsHeO2 -74.7 70.2
2,6-Dioxabicyclo[3.1.0]hexane C4HeO2 -45.0 72.0
-34.5[234]
-35.8[235]
Furan2-carbaldehyde; -36.1[236]
Furfural CsH40O2 -36.2[224] 79.5
-36.1+ 1.1[237]
-37.6+0.4[238]
-36.1
i . -36.3% 0.3[239]
Furan3-carbaldehyde; CsH4O2 -36.8+ 0.3[238] 77.4
3-Furaldehyde -34.4[1]
-18.3% 0.3[240]
-18.9[226]
-19.2+ 1.2[227] 73.8[226]
CsHeO -18.8 t0-18.0[144] 76.6
-19.3+0.1[231]
-17.5
Ralicals
14.4[226]
2-Methylfuran; ;S 5H502_ 14.8+ 1.2[231] 72.6[226]
2-MF (Furan 25.3+2.9[241] 70.3
yl)methyl 19.4
CsHsO
2-Methylfuran-3- 49'213%)'?5[231] 77.3
yl '
CsHsO
5-Methylfuran3- 4901%‘2[231] 77.3
yl '
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CsHsO

49.0%1.4[231]

5-Methylfuran-2- 397 83.0
yl '
-16.1 to-15.2[144]
CsHeO -16.6+ 0.1[231] 74.1
-164
Radicals
CsHsO 21.6+1.3[231]
(Furan3- 19.7 73.7
yl)methyl
3-Methylfuran; CsHsO
3-MF 3-Methylfuran2- 51‘9i4%"é[231] 80.5
yl '
CsHsO4- 51.7+1.4[231] 48
Methylfuran3-yl 31.3 ‘
CsHsO
4-Methylfuran2- 51'414%)"33[231] 80.5
yl '
-50.6+ 0.5[212,224]
(Furan2-yl)methanol; -50.7[242]
2-Furfurylalcohol; CsHsO2 -50.8[234] 88.1
2-FFOH -52.6+ 0.4[238]
-53.5
5-Methyl-2,3-dihydrofuran
5-Methyl-2,3-DHF CsHsO -36.6 71
2-Methyl-2,5-dihydrofuran
2-Methyk2,5-DHF CsHsO -25.1 773
5-Methylfuran2-carbaldehyde; i
5-Methylfurfural CeHe0:2 453 89.2
1-(Furan2-yl)etharrl-one;
2-Acetylfuran CeHeO2 -46.3 88.9
2-AF
Methyl fur;a_rlt/lzc-)clfrboxylate; CoHeOs 720 100.0
5-(Hydroxymethyl)furar2-
carbaldehyde; }
5-Hydroxymethyi2-furaldehyde; CeHe0s 813 100.7
5-HMF
-30.6% 0.2[243]
-29.8+ 1.4[227] 80.9[244]
CeHz0 -30.0[244] 84.9
-26.7
2,5-Dimethylfuran; Radicals
2,5DMF CeH7O 2.8+ 1.4[231] 81.2[244]
(5-Methylfuran 2.7[244] 875
2-ymethyl 11.3 :
CsH7O
2,5-Dimethyl 37'61211'?6[2311 87.0
furan-3-yl ]
-28.1+ 0.2[231] 82.3[244]
CsHsO -27.5[244] 80.4
-234
Radicals
CeH70O 5.7[244]
(4-Methylfuran 5.8+1.4[231] 81';'7[2;4]
2,4-Dimethylfuran 2-yl)methyl 11.0 '
CeH7O 9.6[244]
(5-Methylfuran 9.6+ 1.5[231] 80;’3!2544]
3-yl)methyl 10.5 '
CeH7O
2,4-dimethylfuran 401 +£2113 231] 845
3-yl '
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CeH7O

3,5-dimethylfuran 40.3 +§f.gl[231] 90.2
2-yl '
-27.8+0.3[231]
CsHsO 256 83.8
cals
2,3-Dimethylfuran CeH7O
4,5-dimethylfuran 40.1 +é11'g[2311 90.2
2-yl )
CeH7O
4,5-dimethylfuran 402+ 1.3[231] 84.5
3 221
-25.7+0.2[231]
CeHz0 -25.1[244] 80912441
245 :
3,4-Dimethylfuran cals
CeH7O
3,4-dimethylfuran 42.4 +'L21'74[231] 87.8
2yl 32.
2-Ethylfuran; -24.2+0.2[231]
2EF CsHsO 223 86.4
(5-Methylfuran2-yl) methanol; )
2-Hydroxymethyl,5methylfuran CeHs0: 627 978
(Furan2,5diyl)dimethanol; i
2,5-Dihydroxymethylfuran CeHs0s 9838 108.0
2,5-Dimethy}2,5-dihydrofuran;
2,5Dimethyl2, 5DHF CeH100 -34.6 832
5-(Methoxymethyl)furar2-
carbaldehyde; C7HgO3 -75.7 108.2
5-(Methoxymethyl)furfural
2-Ethyl-5-methylfuran C7H100 -31.5 96.1
2-(Ethoxymethyl)furan;
Ethylfurfurylether; C7H1002 -56.0 104.6
EFFE
1-Benzofuran; 3.3+ 0.2[245]
Benzofuran CeHeO 12.9 59
5-(Ethoxymethyl)furar2-
carbaldehyde; CsH1003 -83.8 117.2
5-(Ethoxymethyl)furfural
2-tert-Butylfuran CsH10 -39.1%3%_22[243] 96.1
2'”'82”_%’:!” ran, CsH120 321 105.2
5-(tert-Butoxymethyl)furan2-
carbaldehyde;
5-(tertButoxymethyl)furfural CaoH1405 999 128.0
2,5Di-tert-butylfuran C12H200 _70.2-164?.13{243] 124.0

5-Membered cyclic ethersetrahydrofurang oxolanes)




Oxolan3-one;

3 THFone C4HsO2 -66.9 77.5
-44.0 + 0.7204] 72.3 +0.7209]
-44.0+ 0.2[237} 72.3[210]
-44.0+0.7[137] 72.1+ 0.4246]
-44.1[195] 68.8+ 0.1[247]
CaHsO -44.6[207] 72.4[195]
-44.0[208] 71.1[207]
-44.1[226] 69.3[226]
-43.9 65.9
Radicals
-0.2[248]
Oxolane; -2.9[2491"
Tetrahydrofuran; C4H70 -0.5+1.0[137] 73.1[195]
THF Oxolan2-yl; -2.2[195] 71.9[226]
THF-yl-2 -2.0[208] 67.6
-4.1[226]
-0.6
1.5t02.5[237]
-4.0+ 1.6[250]
CsH70 3.6+ 1.0[137] 74.0[195]
Oxolan3-yl; 2.1[195] 71.9[226]
THF-yI-3 2.5[208] 70.5
-1.6[226]
3.7
Oxolan3-ol;
3-Hydroxytetrahydrofuran C4HsO2 -84.4 75.3
2-Methyloxolan3-one;
2-Methyltetrahydrofuras8-one CaHs0: 184 871
] } -54.6[207]
2-Methyloxolane; -54.0[90] 80.9[207]
2-Methyltetrahydrofuran; CsH100 53.6
-53.6[213] 740
2-MTHF 51.9
3-Methyloxolane; -51.8[207] 79.2[207
3-Methyltetrahydrofuran; CsH100 -50.6[213] '7 AE 0 ]
3-MTHF -51.0 :
-61.0 rans) [251] 83.6 trans) [251]
(Oxolan2-ylidene)methanol CsHgO2 -64.7 €is) [251] 81.7 €is) [251]
-81.1 79.3
(Oxolan2-yl)methanol; -88.2 + 1.9224] 85 51251
2-Tetrahydrofurfurylalcohol; CsH1002 -89.2[251] '825 5 ]
2-THFFOH -88.2 '
7-Oxabicyclo[2.2.1]hepR-ene; CeHeO -5.8[217] 71.3[217]
1,4-Epoxycyclohex2-ene -10.3 72.6
7-Oxabicyclo[2.2.1]heptane; CeH10 -43.8[220] 74.9[220]
1,4-Epoxycyclohexane eri -33.4 70.0
2,3-Dimethyloxolane;
2,3Dimethyltetrahydrofuran; CeH120 -59.0 80.8
2,3DMTHF
2,4-Dimethyloxolane;
2,4-Dimethyltetrahydrofuran; CeH120 i59.0 80.8
2,4-Dimethyl THF
2,5-dimethyloxolane;
2,5dimethyltetrahydrofuran; i
2,5 dimethyI THF; CoH120 59.9 794
2,5DMTHF
3,3Dimethyloxolane; .
3,3-Dimethy|THF CeH120 i58.8 79.2
2-Ethyloxolane;
2-Ethyltetrahydrofuran; CeH120 -56.8 83.4

2-ETHF
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3-Ethyloxolane;

3-EthyITHF CeH120 i56.0 83.4
(5-Methyloxolan2-yl)methanol; i
2-Methyl-5-hydroxymethylITHF CoH0z 974 915

1-Methyl-7-

oxabicyclo[2.2.1]heptane CrH O 425 789

2-Propyloxolane;

2-Propyltetrahydrofuran; C7H140 -61.7 92.9

2-PTHF

2-Ethyl-5-methyloxolane;
2-Ethyl-5-methyltetrahydrofuran; C7H140 -64.8 90.2

2-Ethyl-5-methylTHF

2-(ethoxymethyl)oxolane;

2-Tetrahydrofurfurylethylether; C7H1602 -91.8 101.2
2-THFFEE

1,3-Dihydro-2-benzofuran CsHsO -10.15 80.50
2,3-Dihydro-1-benzofuran CsHsO -15.13 78.58
1-Ethyl-7-oxabicyclo[2.2.1]heptane CsH140 -47.4 88.3
Octahydrel-benzofuran CgH140 -49.5 86.7
2-Methyl-5-(prop-2-en-1-yl)oxolane CgH140 -39.6 98.0

2-Methyl-5-propyloxolane;

2-Methyl-5-propyl THF CeH1c0 69.7 996

2-Butyloxolane;
2-n-Butyltetrahydrofuran; CsH160 -66.7 102.3
2-BTHF;
2,2,4,4Tetramethyloxolane;

22,4 4Tetramethy THE CeH1cO 159 92.1

2,2,5,5Tetramethyloxolane;

2,2,5 5TetramethyI THF CeH1c0 8.0 918
4-Methyl-2-(propan2-yl)oxolane CsH160 -71.1 96.9
2-Methyl-5-(propan2-yl)oxolane; E

2-1sopropyts-methyl THF CeH1c0 20 97.0
5-Ethyl-2,2-dimethyloxolane;

2,2-Dimethy+5-ethyl THF Coftic0 739 964

4-Methyl-2-propyloxolane;

3-Methyl-5-propyl THF CgH160 -68.9 99.6
2-Methyloctahydrel-benzofuran CgH160 -57.5 93.4

2-(Propoxymethyl)oxane;
2-Tetrahydrofurfurylpropylether; CsH1602 -96.8 110.7
2-THFFPE
2-Butoxyoxolane;
2-Tetrahydrofurfurylbutylether; CsH1602 -103.5 1115
2-THFFBE
(5-Propyloxolan2-yl)methanol; i
2-Propy+5-hydroxymethyl THF CaHael 107.2 1104
1-Methyl-1,3-dihydro-2-benzofuran CoH100 -19.59 89.20
1-Propyt7-

oxabicyclo[2.2.1]heptane CoH1c0 523 o771

7-Ethyl-6-oxabicyclo[3.2.1]octane CoH160 -56.2 94.5
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2-Phenyloxolane;

2-PhenyITHF C10H120 -19.7 95.7
2-Hexyloxolane;
2-HexylTHF C10H200 -76.5 121.1
2-Methyl-5-pentyloxolane; i
2-Methyl-5-pentyl THF CaoH200 796 118.5
2-Butyl-5-ethyloxolane;
2-Butyl-5-ethyITHF CroH200 796 171
2,5Dipropyloxolane; i
2.5 DipropylTHF C10H200 79.6 117.1
Methyl 6-(oxolan2-yl)hexanoate; i
2-MethylhexanoateTHF Ca1H200s 154.3 142.6
Methyl 5(5-methyloxolar2-
yl)pentanoate; C11H2003 -157.3 140.0
2-Methyl-5-methylpentanoate THF
Methyl 4-(5-ethyloxolan2-
yh)butanoate; C11H2003 -157.3 138.6
2-Ethyl-5-methylbutanoate THF
Methyl 3-(5-propyloxolan2-
yl)propanoate; C11H2003 -157.3 138.6
2-Propyt5-methylpropanoate THF
Methyl (5-butyloxolan2-yl)acetate; i -
2-Butyl-5-methylethanoate THF CatH20s 1573 1400
Methyl 5-pentyloxolane2-
carboxylate; C11H2003 -157.1 141.1
2-Pentyt5-methylmethanoateTHF
Methyl 3-[5-(but-3-en-1-yl)oxolan
2-yl]propanoate; i
Methyl 2-[5-but-3-en-1-yl-THF-2- CazH200s 132.1 146.4
yl]propanoate
Methyl 6-(5-methyloxolan2-
yl)hexanoate; )
Methyi 6-(5-methylTHF2- C12H2203 162.3 149.4
yhhexanoate
Methyl 6-[5-
(hydroxymethyl)oxolar2-
yllhexanoate; C12H2204 -199.7 160.1
Methyl 6-[5-(hydroxymethyl)THF
2-yllhexanoate
2-Dodecyloxolane;
2-DodecylTHF C16H320 106.1 177.6
2-Methyl-5-undecyloxolane;
2-Methyl-5-undecyl THF CisHa20 -109.2 175.0
2-R-5-51R[R'ODQH i
2R5-577+) C16H320 109.2 173.6
2-R-5- 0H22&57 RFROI
2R5- OH22&57 7+) Ca17H3203 m -186.9 195.1
Methyl-9-(5-undecyloxolar2- i
yhformate Ci7H3203 186.7 197.6
Methyl-11-(oxolan2- i
yl)dodecanoate Ca7Hs20s 1838 199.2
Methyl 11-(5-methyloxolan2- i
yl)undecanoate CrHsOs 186.9 1965
5-Membered cyclic ethers (dioxolones)
. -72.1+0.5252] 74.2+1[253]
1,3-Dioxolane CsHeO2 745 50.8
2-Methyl-1,3-dioxolane C4HgOz '83'7_§f§254] 73.0
4,5dimethylidenel,3-dioxolane; CsHeOs 535 62.9

1,3-Dioxolane,4,5bis(methylene)
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2-Ethyl-4-methyt1,3-dioxolane

CsH1202 -97.5 89.2
2,2,4Trimethyt1,3-dioxolane CsH1202 -103.3 81.0
4-Ethyl-2-propyt1,3-dioxolane CsH1602 -107.4 108.1
5-Membered cyclic ethers (lactones)
-87.4+0.1[233]
-87.0+ 0.8[255]
Oxolan2-one; -87.6+ 0.2[256] 731
-Butyrolactone C4HsO2 -90.3[257] :
-88.1[258]
-90.6
3-Oxatricyclo[3.1.0.88hexan4-one CsH40O2 -11.7 74.6
5-Methylfur§m2(3H)-one; CsHeOs 732 771
.-Angelicalactone
5-Methylideneoxolar2-one; R
-Methylene -butyrolactone CaHeO: 14 802
5-Methylfuran2(5H)-one CsHeO2 -57.8 78.1
5-Methyloxolan2-one; -97.2 + 0.9256]
-Valerolactone; CsHsO2 -98.2+ 0.3[259] 83.6
GVL -95.8
5-Ethyloxolan2-one;
5-Ethyl-dihydrofuranone CeHaoOz ~100.8 930
5-Octyl-1,3-dioxolan4-one C11H2003 -161.6 145.2
5-Tetradecy1,3 dioxolar4-one C17H3203 -191.2 201.7
6-Membered cyclic ethers (tetrahydropyrans / osane
4H-pyran CsHeO -2.1 72.6
3,4-Dihydro-2H-pyran CsHsO -32.9 68.9
3,6-Dihydro-2H-pyran CsHsO -24.7 73.0
) -53.5 + 0.7204]
Oxane
’ . -53.4 + 0.4212,260] 73.7[262]
Tetrahydropyran; CsH100 52,6+ 0.§261] 729
THP -54.1
4-Methyl-4H-pyran CeHsO -9.2 775
2-Methyloxane;
2-Methyltetrahydropyran; CeH120 -62.1 81.1
2-MethylTHP
4-Methyloxane;
4-Methyltetrahydropyran; CeH120 i61.2 79.6
4-MethylTHP
2-Ethyloxane;
2-Ethyltetrahydropyran; C7/H140 -67.0 90.5
2-EthyITHP
2,6-Dimethyloxane;
2,6-Methyltetrahydropyran CrH10 -r0-1 865
2-Propyloxane; i
2-Propyltetrahydropyran CeHae0 71.9 99.9
2,2,5Trimethyloxane;
2,2,5Trimethyktetrahydropyran; CsH160 -78.3 94.0
2,2,5TrimethylTHP
3,3,5Trimethyloxane; CeH1s0 76.2 93.0

3,3,5Trimethyktetrahydropyran
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2-(Ethoxymethyl)oxane;
2-Ethoxymethyltetrahydropyran; CsH1602 -102.0 108.3
2-EOMTHP
3,4-Dihydro-1H-2-benzopyran CoH100 -19.38 86.69
2-Butoxyoxane,;
2-Butoxytetrahydropyran; CoH1802 -113.7 118.5
2-BOTHP
3-Butoxyoxane;
3-Butoxytetrahydropyran; CoH1802 -106.9 117.7
3-BOTHP
2-Butyl-6-methyloxane;
2-Butyl-6-methyI THP C10H200 -84.8 116.1
2-Ethyl-6-propyloxane;
2-Ethyl,6-propyttetrahydropyran; C10H200 -84.8 114.7
2-Ethyl-6-propylTHP
2-Pentyloxane;
2-Pentylttetrahydropyran; C10H200 -81.8 118.8
2-PentylTHP
6-Membered cyclic ethef®montetrahydropyrans) and larger rings
1,3,5Trioxane C3HeO3 -115.0 53.2
2,3-Dihydro-1,4-dioxin; CaHO -57.4(est.)[262] 72.1(est.)[262]
1,4-Dioxene arie2 -63.7 57.4
1.2Dioxane C4HsO2 -33.2 72.2
1,4Dioxane CaHgO» 765 69.5
2H-Pyran2-one; -48.4[263]
Pyrone CsH4O2 353 70.6
Oxan4-one;
Tetrahydre4H-pyran4-one CoHs0: -80.6 790
6-Methyloxan2-one
6-Methyl-tetrahydropyranone CeHo0 -107.4 84.7
4-Methyl-2-propyt1,3-dioxane CsH1602 -110.6 103.9
2H-1,3-dioxepine;
1,3 Dioxepin CsHeO2 -51.3 53.0
4,7-dihydro-2H-1,3-dioxepine; )
4,7-Dihydro-1,3-dioxepin CoHs02 532 28

268.6 kcal/mol according to the original paper

b For cis/transrespectively.
¢B3LYP/6-311G(d,p) level
4 G3MP2B3/B3LYP631G(d,p) level

€The GAV for CdsCdsOsH (2.03 kcal/mol) differs significantly from that proposed by Benson 8.6 kcal/mol
fValue is based on an assumed BDE, which is likely overestimated by 11 kcal/mol

9 As cited in Ref[224]

h Bond dissociation energy of 93.2 kcal/mol is convertedibusing 44.0 kcal/mol for THF and 52.1 kcal/mol for hygen.

" Bond dissociation energy of 92.1 kcal/mol is convertedticusing 44.0 kcal/mol for THENd 52.1 kcal/mol for hydrogen.

I The higher entropy value compared tp@pyk5-methylpropanoate THF is surprising.

kK Describes a family of CEs discussedPiart 4 of this review, R and R' being alkyl groups.

' CH3[CH2]10nand [CH].\CHs FRUUHVSRQG WR 5 DQG 57 LQ WKH PROHFXOH QDPH UHVSHFW]|
™ CH3[CH2]n corresponds to R in the molecule name.
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In the following, some thermodynamic properties of species are discussgéneral
terms.Experimental thermodynamic data are calailable for a limited number of GEe.g.
oxirare, methyloxirane, 1;2poxycyclohexane, oxetane, furan, several substituted furans,
tetrahydrofuran, 2-tetrahydrofurfurylalcohol, 2nethy-1,3-dioxolane, -butyrolactone, -

valerdactone, and tetrahydropyran. In additidable 4lists experimentalljpased entropies

for 1,5dihydrofuran and 1qioxene. With the exception ofximane, for which the oldest
enthalpy value by Moureu and Dof95] differs by more than 4 kcal/mol from later resplts
the experimental data are in good agreement with each other. This can in part be elplained
the fact that some entries are justexaluations of previous data hence tteta are not
independentrom each other. Most enthalpy results are frcadorimetric measurements of the
heat of formation of the liquid, which after correcting for the enthalpy of vaporization yield the
gas phase enthadis of formation Most entropiesre calculated from spectroscopic data

Only a fewresearch teantsavespecificallystudiedthethermodynamic properties of GE
theoretically although many more studies are available in which thermodynamic data have

been created aa sideproduct of kingt calculations The ktter data are not necessarily

included inTable 4 Goldsmithet al. [206] employedB3LYP/6-311++G(d,p) for geometry

calculationsto the lowest engy conformer of a species identified wibtBS QB3. The
QCISD(T) method extrapolated to the SBimit was usedo calculate the electronic energy
and BAC correctionsvere applied for further improvementsAs part of a larger study,
Goldsmithet al. calculaed thermodynamic properties for oxirane, methyloxirane and oxetane
and the radicals of these €RIl results agree very well with the available experimental data.
Simmie and coworkers[90,132,227,231,238]made substantial contributions to the
thermochemistry of C& In a systematic study Simmie and @urf231] usal the composite
methods G3CBS-QB3 and CBSAPNO in connection with isodesmic reactions to calculate

the enthalpies of formation of alkylfurans and their radicals. Tepgred bond strengths,
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resonance stabilization effects asttbwed thatthe experimental dataf 2,5dimethyt, 2-tert

butyl-, and 2,5di-tert-butylfurans appeadto be seHconsistentMore substituent effects of
furanswerereported in238] using the same levels of theoBimmie and Somers calculdte

as part of a benchmark study the enthalpy of formation of oxirane using five different composite
methods. All results agree withl.1 kcal/molwith each otheand also witrexperimental data

and the value recommended by the AT [133]. Feller and Simmig227] calculated the
enthalpies of formation of furan;Bethylfuran and 28limethylfuran using the CCSD(@#H12
method with Dunning basis sets and extrapolation to the CBS Viemy. good agreeent with
experimental data is achieved.

Tian et al.[226] provideenthalpies and entropiealculated at CB®B3 level of theory
for furan, methyl furan, dihydrofurans and THF as weltaagderived radicals of those. Most
reported datahowever,wereobtained withTHERGAS software[264] and for those that are
calculated with the CB®B3 method via isodesmic reactiouketails of the calculations are

missing.In some casesubstantial differences can be seen between the values reported by Tian

and otlers listed inTable 4 For example, the entropy for fur@nyl of 66.5 cal/molK is 6.8

cal/motK lowerthan that calculated with the RMG GA toobrR2,3dihydrofuran, the enthalpy
value of-21.8 kcal/molreported by Tiaret al.is 5.6 kcal/mol higher than th@A value The
entropy for the same species is 67.0 calffabmpared to 61.3 cal/m#l obtained with GA.
For the radicaR,3-dihydrofuran3-yl, the differences are also severe (enthalpyk8a/mol
[226] versus 0.7kcal/mol calculated with GA, entropy (cal/m#l): 68.1 versus 56.6). Since
Tian and GA are the only data available for these speciesshaties are needdd resolve
these discrepancies
Feller and Franf137] studed the heats of formation of furan, THF and the two THF

radicals. They used the couple cluster method CCSD(T) with several Duaugg-pVxZ

basis sets which allowed extrapolation to the CBS limit. The results for furan and THF are in
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very good agreememvith experimerdl datawhile the enthalpies of the radicals are somewhat
higher than those reported by other studies. Hneyoweverin good agreementith the GA
data.

Hudzik and Bozzelli[144] use isodesmic reactions to calculate the enthalpies of
formation for furan, Znethylfuran and 3nethylfuran. The electronic energiesrecalculated
with the B3LYP and M0&x DFT methods and CBQB3 and CBSAPNO conposite
methods Other studiesrom the Bozzelli groud208,213] provide thermochemical properties
(enthalpies and entropies) of metisybstituted CE (oxiranes, oxetanes and oxolans) using the
same methodology as above. The @BB3 values are generally recommended. All results
agree well with other studies if dlable.

Using high level coupled cluster calculations Mial. [228] confirmed the lowest
enthalpy of formation values reported for furan.

Isodesmic reactiongere used by Sebbaet al. [232] with G3MP2B3 and B3LYP/6

311g(d,p) calculations to determine the enthalpies of formation of the two furan radicidls. As

can be seen from theteies inTable 4 the resultxomparewell to those by Tiaret al. [226]

and Simmieand Currarj231] and casts doubts that the GA calculated values for these species
are correct.
As part of a chemical kinesicstudy of the thermal decomposition of-B)BIF, Sirjean
and Fourne{244] reportd enthalpies of formation and entropy values for various methyl
substituted furans and their corresponding radiddis calculations were done witBS-QB3
and three to four not further specified isodesmic reactions were used to derive the final
enthalpies. The authors paaadtout that the GH bond strength of the methyl group depends on
its ring position and it is gher if the methyl group is ithe -position to the ring oxygen.
CBS-QB3 was also used by Tran and cowos{&B5] to calculate enthalpy, entropy and

heat capacity data for dihydtwansand tetrahydrofurans. The THERMO module of the master
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equation software MuliVell was used for the conversion of the quantum calculation results.

As can le seen fronTable 4 the resultare in linewith other studiese.g.that of Fellerand

Franz[137] discussed earlier artde wak of Wijayaet al.[207]. The katter work also utilized
the CBSQB3 method, althoughith an earlier and less reliable implementation in the Gaussian
program package. One outcome of this study, which besides oxolanes also calculated
thermodynamic properties for oxet&snand oxiraes was the definition to ring strain
corrections to be used (BA applications.

Morais [263] studied the enthalpy of formation o D Q Gyrone using various
isodesmic and homodesmotic reaction schemes and several composite methods (G3 and its

G3(MP2) variation, G4, CB®B3, CBSAPNO). The required reference data ardertfrom

experiments or from accurate calculatidast Dpyrone, which is included |ifable 4 the heats

of formation averaged for each medlgeparately agree very well (clearly within less than 1.0
kcal/mol) anda value of48.4 kcal/mol is obtained bgveragng the results fromall methods
The authors perfored IXUWKHU FRQVLVWHQF\ WHVWVY WR GHPRQVWU

pyronewasfound to be less stable by about 9 kcal/nhatierestingly, tle GA result of-35.3

kcal/moldeviates significantly from Morais resuRor -pyrone(not reported ififable 4 the

difference is smaller39.0 kcal/mol (Morais) versu82.3 kcal/mol (GA) but still quite large.
A possibleexplanatioris that the reported GA value is calculated without contributions from a
missing group.

In summary, in most cases theoretically determined thermodynamic properties obtained
with various methodologies agree well with available experimental valevever, for many
CE species, such calculations are not availabldidden within kinetic studies. Group
additivity as implemented in the RMG website is able to fill all gapsany cases, these GA
data are very close to either experimental or catedl values, which allows CE

thermochemistry to be calculated reliably by automated mechanism generating software.
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However, some exceptions exist for enthalpies and entropies. For example, GA predicts the
enthalpy of 2,3DHF to be about 10 kcal/mol morebte than experimentally foundhile GA

performs wellfor 2,5DHF. As indicated iTTabIe 4 a wrongly assigned GA value might be

causing this issud-or Dpyrone, the difference between the theoretically calculated and GA
predicted enthalpies is about 13 kcal/fiolthis case the GA value is less exothgnvhich is
presumably caused by ignoring the contributions of a missing gtibegr enthalpy anentropy
deviations also exist for CE radicaks.g. 2,3-dihydro-furan-3-yl. In this specific case, the
appliedHydrogen Bond Incremertorrection term might be a poor choice, because it likely
does notnclude the stabilizing effect of the CE oxygen.

While the above mentionegskamples seem spec@sessystematic problems are visible
for furanic radicals. In these cases, the GA implementation does not reflect the extréyrdinar
strong CH bonds in furan and its derivatives as well as the degree of resonance stabilization
the furan ring provides to furanylalkyl radicals. Revisgdirogen Bond Incremerior these

radicals should fix this problem.
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3. EXPERIMENTAL METH ODS USED IN CYCLIC ETHER KINETIC STUDIES

Before discussing the current understanding of CE chemistry in detall, this part describes in

more general terms the experimental devices and analytical techniques tiese studies.

3.1. Main experimental devices used to investigatke gasphase reactions involving cyclic

ethers

The experimental devices used to study-gjaase reactions involving CEs as products or as
reactants can be classified according to the methods used to initiate the reactions. In the context
of CE chemistry,three main initiation methods are in use, which are photolysis, flame

propagation and thermal activation of a reactive mixture.

3.1.1. Initiation through photolysis

The main characteristic of this method is ttzaticals are created by laser photolysiswhich

stars the lowtemperature oxidation process. This method has only been used in a few studies
concerning CEs. It is often employed in measurements of rate constants of elementary reactions.
The review of Rotavera and Taat[@8] recently described the kinetics studies of the reactions

of CEs ZL WK U D G L#2D)OWe experimental setups consist of quartz reactors operating
attemperatures between 400 and 700 K, at pressures from 9 Torr to 2 atm and slow gas flows
[265,266] The oxidation reactions ardtiated through reactions of the radicals or atoms with

fuel molecules in the presence of &d oxidation products are sampled vigirhole in the

reactor wall made in order to create a molecular beam.
3.1.2. Initiation through flame propagation

The method, in which reactions argtiated by the propagation of an ignited laminar
premixed flame, is the most widely used for CE studi€mly very few CE studies involve

diffusion flames, mainly for soot formation investigatiang. [267]). While not specifically
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focusingon CEs, two review papers well describe the experimental devices commonly used for
flame studies. Theeview paper by Konno\et al. [268] focuses on the experimental dezs
that are used faneasurind-aminarBurningVelocities (LBVS. LBV is a global parameter of
interest for representing combustimoperties which is also widely used as a target for testing
detailedkinetic models The work by Egtfopouloset al. [269] pays more attention to the
experimental devices used fdremical speciation in flames.

Concerning CEs, two types of studie®egmixedLaminarFlamegPLFs)are performed.
The first one consists of the measurement of adiabati®Vs at pressures at or abe
atmospheric pressure using eitheCanstantVolume Bomb (CVB), in which a flame is
sparkignitedand LBVs are obtained after data processing to correct for sfgatéh or aflat
flame burner based on the hdéaix method[271]. The second type aims at measuring the

profiles of temperature and product mole fractions as a functibeigiit above burnen aflat

PLF stabilized at a pressure below atmospheric pre$2ug|Fig. 14displays the burner used

in Nancy for this kind of studies for furan derivatives.

Fig. 14.Photography offte McKenna flat flame burner with its thermocouple and sampling probe
used at Nancy during speciation studies in flames of furan derivli08s273275].

In the speciation studies of lepressure flat flames, the temperature profdes either
deduced from pressure measurements in the first pumpingastdgeused mass spectrometer
[273] or measured with a coated thermocouple taking into account radiative heat loss

correctiong276]. Producsare sampled with a quartz probe located inside the flame. The shapes
66



of the quartz probes differ according to the used detection method: a quartz cone is used for

mass spectrometry and a sonic probegls chromatographyig. 14shows the PtRh (6%)

PtRh (30%) type B thermocouple (diameter 100 um) and the sonic quartz probe used for
sampling for gas chromatography analysis in the Nancy device eTerj103] discussed the

effect of probes on temperature measurement for the c2sg&DMF flames.
3.1.3. Initiation by heating a reactive mixture

In most studies that investigate CE production duringtiewperature oxidation, the reactions
areinitiated thermally by heating the reactive mixtureusing mechanical compression in a
motored engine, a rapid compression machine or a shock tube, or by heat transfer from the
external wall of static (closed), flow or jstirred reactors. While in the 70s, adiabatic static
reactors were largely used to demonstrate CE formation during fuel slow oxidation (reaction
occurring with no temperature rise) and eflaimes (reaction occurring with a temperature rise

by at mosta few dozen of K) [4,277], static reactors and motored engines are less frequently
used for combustion studies related to CEs since the 90s. As is s the bur other

types of devices involving reactive mixture heaticmyer a large part of engine relevant

conditions.

Fig. 15. Temperaturgressure diagram of typical operating conditions for the experimental devices
based on reaction initiation by heating (adagtech [278]). The inserted photegphs provide
examples of the types of the most currently used devices: a flow reaCaoeddo School of Mines
(not actually used for CE studies), USA (by courtesy of A. Dean);sdijetd reactor aENRS
Nancy, France, the rapid compression machir@NRS-Lille, France (by courtesy of G. Vanhove),
the shock tube installation GNRSNancy, France.
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3.1.3.1. Heating by mechanical compression

In a Shock Tube (ST) the reactive mixture is heated by compressing it by a pressure (or shock)
wave that propagates along a usually few meters long closed tube. This wave is created by the
sudden expansion of a higinessure gas into the reactive gas mixtmaintained at low
pressure. To investigate CE combustion, STs have been operated in single pulse (the incident
shock wave is used for the measurements with reflections being avoided) or in reflected mode.
This latter mode uses the wave front after reffected from the end plate. The reflection leads

to further compression and higher temperaturethe case o€E studies, single pulse STs are

used toproduce speciatioconcentratiordata at the end of the shock heating in order to study

pyrolysis ractions[279]. STs operating in reflected mode are used to measure ignition delay

times[280]. The ST used to investigate THkEtcignition in Nancy is shown as insert|iig.

mechanical compression in a Rapid Compression Machine (RCM) is similar to that occurring

As comprehensively reviewed bR78], the heating process of gas mixture by

during a single cycle of an internal combustion engieeperatures can be varied by changing
the composition of the inert gas mixture and can reach §50 to about 1300. Together with
STs, RCMs are commonly used to study the Ignition Delay Time (IDT) of reactive mixtures as

shown irrFig. 1gfor the case of THF. The RCM installation in Lille used in this study is shown

as an insert 1|I>Fig. 15| Both figures illustrate that the operating cormtis reachable in STs and

RCMs are complementary. However, in a RCM, as it can be sgeg.ihq the delay time of

the cool flame that precedes igon can also be accessed.
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Fig. 16.Experimental IDTs for THF measured in a @81] (red) and in a RCNR82] (blue).
Symbols represent the experimental ddtdl, values drived using the experimentaliigetermined
correlation in STand lines show simulation rdtiusing the model d283]. Reproduced from Ref.
[283] with permission of Elsevier.

3.1.3.2. Heating through contact with hot walls

Continuous reactors are characterized by a steady gas stream that flows through a heated zone.
Since they allow for easy gas sample collectionaralysis, these reactors are frequently used
in speciation experiments. Furnaces or electrical resistance wires or tapes are used for heating
and temperature measurement is achieved with thermocouples

A flow reactor(FR) is simply a tube through whichdhreactive gas is flowinfp84]. As

an example he FR used in Colorado School of Mines is shown as an insléigofLE For CE

studies, FRs have been used below or at atmospheric pressure.
The main type of JeBtirred React@ (JSRs), which has been used for €tidies
consists of a sphere, in which four turbulent jets created from asiapgd inlet located at its

center ensure the stirrii@85]. The JSR used in Nancy for investigating THFH@mperature

oxidation is displayed as ansert in|Fig. 19 JSR are generally operated at isothermal

conditions achieved by highly diluting the reactive mixture with an inert gas (Hg tr &lvoid
temperature increases caused by the chemical reactions. Using such reactors, the research

groups at Orléans and Nancy were able to identify a large number of CEs in-teelperature
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oxidation of hydrocarbons at conditions similar to thosendesl during cool flames. JSRs for
CE related studies have been used at pressures from 1 to 40 bar.

More recentlythe group of Juat Princetordeveloped a supercritical JSR tlain be
utilized to investigate oxidationhemistryat supercritical conditins 100200 bar[286]. In

addition,a system oflmatmospheric pressul&R couplegimultaneouslyith GC and SVUV

PIMS of high mass resolutiot-5000 was deviopedin Hefeigroup[287].|Fig. 17displays an

example of temperature dependent CE mole fractions measuredSR atudy in the low
temperature oxidation ofi-heptane. It can & observed that CEs start to be produced at

temperatures as low as 550 K. In agreement with the predictions sh Eignﬁm' Partl, furan

and oxetae derivatives are produced in higher amounts than other CEs. Note also the peak

broadeningn lean mixtures.

Fig. 17. Temperature dependence of theliyethers produced in the let@mperature oxidation of
n-heptane (pressure of 800 Torr, residence time of 2 s, initial fuel mole fraction of 0.005 with He
dilution, green trianglesl = 0.25, blue squares:= 1, black empty circlest = 2, stars:| = 4[288].

The methods used for theeldtification and the quantification of the CE isom'e[Eig. 17are

described in the following part.
3.2. Main analytical techniques used taneasure cyclic ethers during their gasphase
reactions

The two major techniques used for the CE analysis are mass spectrometry (MS) and gas
chromatographyGC). Note that the methods usedteasureCEsalsoallow the detection of

most of the products formed during their decomposition (unsaturated and oxygenated
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hydrocarbons)A third promising technique is molecular absorption spectroscopy, which
allows probing a large variety of species during combustiorrearentg23]. Although to the
best of knowledge of the authors, this technique has not yet been ustatt@@ein oxidation
processes, Rotavera and coworf289] recenly published measurements of absorption cross
sections in the vacuum ultraviolét.{7- 9.92 eV) using differential absorption spectroscopy
for five- and sixmembered cyclic species including CEs.
3.2.1. Mass spectrometry
Mass Spectrometry (MS) consigtshe transformation of all components in a sample into ions,
their acceleration by an electric field, and the separation of ions with different mass to charge
(m/2 ratios by means of a magnetic or electricflg@d] 6 LQFH 7KRPVRQWIidH[SHULPF
led to the award of thidobel prize in 1906, a large numhdrsystems have been developed for
ion separationg.g. Time-Of-Flight (TOF), quadrupole, ion traf291]. Single component
samples are preferentially ionized at higgergy €.g. electron impact at 70 eV). The high
energy impact leads to compound fragmentation and the features futimgemass spectrum
are a kind of fingerprint of the molecule to be analyzed. This spectrum can be deciphered either
using known molecule fragmentation ruj291] or by comparison to spectra taken at the same
conditions stored in databases.

If gas mixtures need to be analyzed, the use oflémwzationEnergy (IE) is preferred to
minimize the fragmentation and to avoid getting an indecipherable mass spg9ajniow
energy MS is most frequently used together with TOF ion separdtidVS studies at low
energy with strongly reduced fragmentation the obsemé&tratiosin most casegqual the
molecular weight of the molecules present in the gas mixture. Mass spectrometers with
sufficient resolution allowoneto distinguish betweehydrocarbon and oxygenate ions with
similar but not equam/zratio, which reduces the uncertainty in species identificatiomrfas

example one can cite the unambiguous separation of két€nt,1°0, at mass 42.0106 from
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propene?CsHe, at mas#42.0470293]). Note also that the natural occurrence of isotopes and
the use of isotope labeled reactants candsel to identify products and reaction mechanisms
because these isotope distributions are directly reflected in the mass spectra.

The text hereafter describkeow CEs can be identified and quantified by bjferatedat
lower IEs, detailing the samplingrategies and ionizations sources, CE isomer ionization
energy determination, CE isomer identification during fuel oxidation induced in thermally
heated reactors or by photolysis, and CE isomer quantification during flame and JSR

experiments.

3.2.1.1. Samphg strategy and ionization sources

Mass spectrometry useslectronlonization (EI) or Photolonization (Pl). When using
sampling byMolecularBeam (MB) supersonic expansifZ94], MS enables the detection of
both stable and reactive speciksthe group of Kohséldinghaus in Bielefeld, El is used to
investigatethe high-temperature reactionsf CEsin PLF [273] using a quartz cone to create
the MB. Samples are extracted from flamieled with furan derivativeising a quartz cone
with a 320 um diameter orifice at thg and an angle of 25°. These are ionized using five
different nominal IEs (10.5, 11.25, 12, 16.5, and 17[@V3}]. In the CE decomposition studies
in a1 mm SiG-R, the group of Ellison in Bouldetirectly expands the effluent gases from the
reactor into vacuum and uses PIMS RBResonanc&nhanced MultiPhoton lonization
(REMPI/MS for analysis.

During lowtemperature fuel oxidation experiments in a JSR, gas samples are extracted
with a cone to create a MB or through a capillary t[28]. The obtained Pl mass spectra

commonly include a large signal at thiézratio corresponding to CEs with the same carbon

number as the reactant. This is illustrate¢Fiy 1§taken from the work of Wanet al. [28]

concerning thdSR lowtemperature oxidation of-heptane, who detected a significant signal

for m/z 114 attributed to €4140 species. Note that the relative importance of this signal
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compared to those of other leemperature oxidation producte.g. C-H1403 (KHPS))
increases with temperature as expected according to the reactions described. ifi d&ang
advantage of previous literature orheptane oxidation studig82,33,295] Wang et al.

attributed them/z114 signal mainly térans andcis-2-ethyt5-methylTHF.

Fig. 18.SVUV-PIMS mass spectra (IE =9.6 eV) of intermediates WitH 140« (x = 0-5) molecular
formula obtained during-heptane JSR lowemperature oxidation carried out at the Advanced Light
Source at the Lawrence Berkeley National Laboratory. Reproduced28)mwith Elsevier
permission.

In recent years, MS hadsobeen used with devices involving heating by compression
during CE related studiet the RCM ofOrléang[296] a sampling orifice located atelend
wall is openedin each runat a preset time and the gas of the combangtimmber is evacuated
and stored inside a pracuumed sampling tapkvhich is then kept inside a freezer at a
temperature of 243 K beforeis solvedin a solvent (acetonitrilednd analyzed. This type of
MS analyss allowed the identification of hydroperoxidic speciesThe gas in theST of
Karlsruhe[297] is sampled continuously and analyzed at intervals of 50 orRR(E98] by a
TOFRMS allowing after calibration with pure substagadde measurement tfe time evolution

of species concentratien
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For PIMS experiments, different light sources for |dwin the 820 eV range can be
used,e.g.lamps, lasers or synchrotron radiation. The advantage of synchvaitaom ultra
violet (SVUV) radiation is the availability of a wide range of we#fined narrow linewidth
tunable wavelengths. In SVUFRIMS analyses, species are usually identified byparing
their Photo-lonizationEfficiency (PIE) spectrum recorded at a speatfizratio with threshold
ionization energies of potential candidates. A confirmation can be obtained by comparing the

PIE curve obtained for a given/zratio to that of a statard.A helpful PIEspectrundatabase

[299] is establishedby NSRL in Hefei. As an examm,|Fig. 19displays the PIE curve fan/z

54 recorded during the oxidation mdbutane[300]. ThelE of 1,3butadiene (9.072 eJ202])
matches the PIE onset in the spectrilitis comparison works well f@inglespecies but it is
less straightforward if the recorded PIE spectruna givenm/z involves contributions of

several isomers.

Fig. 19.Comparison of the PIE curve for/z54 [300] and PIE spectrum of 1-fautadieng301]. 9.072
eV is the ionization energy of HRitadiend202].

3.2.1.2. Determination of thenization energies of cyclic ether isomers

The identification of CE isomers during PIMS experiments relies on an accurate knowledge of

their IE. However, only a few experimental #6s CEsare available itheliterature.For small

specieslE data is availablas can be seenfirable § whichliststhe experimentally measured

IEs for cyclic ethers found itiheliterature.
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Table 5. Experimentally measured IEs for CEs available in the literature.

Formula MW Species IEs (eV) References
. Data evaluated by NIS[R02] from 15 literature
6 8 44 Oxirane 10.56 £ 0.01 data[302 815]
. Data evaluated by NIS[R02] from 4 literature
o Methyloxirane 10.22 £ 0.02 data[304,310,314,316]
[ Data evaluated by NIS[R02] from 6 literature
Oxetane 9.65+0.01 data[302,304,315,31B19]
Data evaluated by NIS[R02] from 23 literature
o6 Curan 8.880.01 data[313,314,320840]
8 8 8.86+0.03 [341]
8.86 + 0.05 [342]
2,3DHF 8.38 [301]
9.16 [343]
9.16 [344]
70 2,5DHF 9.14 + 0.02 [345]
8 9.16 [301]
9.52 [346]in [202]
Ethenyloxirane 9.7+0.3 [347]
9.94 [316]
Data evaluated by NIS[R02] from 10 literature
THF 9.40£0.02 data[344,345,348850]
8 < 72 Ethyloxirane 10.15 Only one data point in NIS[R02] from [316]
trans-2,3-Dimethyloxirane 9.98 Only one data point in NIS[202] from [316]
2,2-Dimethyloxirane 10.00 [316]
8.38 + 001 Data evaluated by NIS[R02] from 9 literature
o MF T data[310,321,337,339,35855]
i 8.38 + 0.03 [341]
8.38 + 0.05 [342]
9 82 8.64 [351]
3-MF 8.58 [329]
8.70 [354]
8.40 [351]
AH-Pyran 8.38  0.02 [356]
. Data evaluated by NIS[R02] from 4 literature
9 < 84 3,4-Dihydro-2H-pyran 8.35+0.01 data[310,356858]
10.06 + 0.03 [359]
s . s 86 -Butyrolactone 10.10 £ 0.05 [342]
1,4-Dioxene 8.07 + 0.02 [356]
Data evaluated by NIS[R02] from 8 literature
9 54 86 P 925001 data[302,310,314,319,357,36862]
2-MTHF 9.22 + 0.05 Only one data point in NIS[202] from [302]
. Data evaluated by NIS[R02] from 7 literature
1,4-Dioxane 9.19+0.01 data[310,313,314,361864]
o6 1,3 Dioxane 10:3% 1012 Four data in NIST202] from [361,362,365,366]
8 < 6 .12, 10.
1,2-Dioxane 10.0 Only one data point in NIS[202] from [367]
2-(Methoxymethylpxirane 9.5, 10.08 [368]
3-Hydroxytetrahydrofuran 9.77 [369]
7 2 90 1,3,5Trioxane 1(()) 035 1?i%981 Three data in NIST202] from [362,370]
Data evaluated by NIS[R02] from 5 literature
Furfural 9.22+0.01 data[310,320,331,371]
x "% [372]
986 96 4H-Pyran4-one 9.35 + 0.05 [373]
3-
Oxatricyclo[3.1.0.89hexan 10.05 [374]
4-one
7.8 [321]
8.25+0.10 [375]
< 96 2,5DMF 8.03 [321]
7.95 +0.03 [341]
7.95 + 0.05 [342]
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2,4-Dimethylfuran 8.39+0.10 [375]

. 8.25+0.10 [375]

2,3-Dimethylfuran 8.0 [353]

8.45 + 0.05 [331]

2-EF  x [372]

4-Methyl-4H-pyran 8.51 [351]

1,4-Epoxycyclohex2-ene 9.44 +0.02 [345]

-Angelicalactone 9.62£0.05 [376]

) 8.97 £ 0.05 [342]

-Methylene -butyrolactone 9.05 + 0.05 [342]

9 - 6 98 1,3-Dioxepin 8.0,8.3 [377]
1,3-Dioxolane,4,5

bis(methylene) 8.62 [378]

5-Methylfuran2(5H)-one 10.12 £ 0.05 [376]

100 GVL 9.98 +0.05 [342]

9 < 6 4,7-Dihydro-1,3dioxepin 9.0,9.54 [379]

9.02 [320]

. ¢ 110 2-Acetylfuran 9.27 £ 0.05 [331]

x % [372]

< 5 128 2,2,5,5TetramethylTHF 8.8 [380]

The difficulty in the experimental determination dhe IEs of CEscan be partially
overcome by the means of theoretical calculations. As an example,nrbtitane oxidation
study by Herbineet al.[300], the ionization energy of-thethyloxetane was calculated with
the composite CB®B3 method[124] using theGaussian software packaf@81] with a
typical uncertainty of 0.1 eV. Thesalculations require finding the lower energy conformer,
which can be a complex task for large species. Rayne and RB82ktested data computexd
the G4 and W1BD levels of theory for 17 small organic compounds (belonging to a wide range
of chemical families) having wetlonstrained NIST evaluated experimental adiabatic IEs. They
obtained an excellent agreement between theoretical and expetivanies with mean
absolute deviation of 0.03 and 0.04 eV at the G4 and W1BD levels of theory, respectively. El
Nahaset al.[383] calculated ionization potentials of selecteg#s oxygenates and showed
that longrange corrected (LG& 3 % ( -B&P, LCgauBOP, LGBOP12, LCgatB97) density
functionals gave good results comg@d with other density functional theory methods
(BHandHLYP, B3LYP, MPW3LYP, MPW1B95, BMK, MPW1K, MPWB1K, BB1K) with a

maximum deviation of 0.4 eV. The precision might be poorer for larger species.
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3.2.1.3. Cyclic ether identification during thermally inded fuel oxidation

Mass spectrometry with photonization has been used to detect CEs formed during the JSR
low-temperature oxidation of many fuel®e.d, [28,300,384,385] However, the MS
identification of the CEs produced duritigermally induced loviemperature fuel oxidation
can rapidly become a complex problem even for small reactants, as shavemboyetet al.

[300] duringthe lowtemperature oxidation @fbutane. The authors coupled a JSR to SYUV

PIMS. Theydetected a signal at/z72 that corresponded to the expectatidD isomers. As

shown inFig. 2q the threshold in the PIE spectrum recordeditz72 is around 9.5 eV and

could correspond to two species with close IEs: butanone-arati®/loxetane (IEs of 9.52 dn
9.57, respectively). THF has an IE of 9.40. €¥her candidates (butanal, ethyloxirane and
2,3-dimethyloxirane) have higher IEs (9.82, 10.15 and 9.98 eV, respectiuglpp obvious
change in the PIE curve was observed at these energies. The comphtisRIE spectrum
with the literature cross section of THF86] demonstratethat the contribution of this species
was minor and that the large signal increase arouna\d.is likely due to contributions of

butanone and-Bhethyloxetane.

Fig. 20.PIE curves fom/z72[300] (left axis), Pl cross section fon/z72 for neat THH386] and for
neat btmnal[301] (right axis).IEs of 940, 9.52, 9.57, 9.82, 9.98 and 10.15 eV are for THF, butanone,
2-methyloxetane, butanal, 2d@8methyloxirane and ethyloxirane, respectively.
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Complementary GC analyses highlighted the presence of ség&nl isomers:
butanone, butanal, ethyloxirane, 2iiBnethyloxirane ¢is andtransisomers were separated), 2
methyloxetane, THF, and butenol. Butenol and oxiranes were present in smaller amounts than
the other species. This study, which combined two diagnostics shows that the identification of
isomers umg solely timeof-flight mass spectrometry with phetonization is extremely
difficult, even for a small hydrocarbon, suchraButane and that GC performs better for this
type of species.

To overcome this CE isomer identification problem, an attempiséo PhotoElectron
Photolon COincidence (PEPICO) spectroscopy has been made. MS with PEPICO spectroscopy
is a technique in which PIMS and photoelectron spectra are simulthnewessured (double
imaging)[387 889]. In line with previous gas phase kinetic stud&30,391] Bourgalaist al.
[392] recently studied the JSR let@mperature oxidation af-pentane using this advanced
diagnostics at the synchrotron Soleil, France. The goal of this study was to investig#te how
identification ofreaction products can be improved by the analysis of the coincidert mass
tagged thresholghotcelectron spectrain comparison to the sole analysis of the PIE spectra
obtained by SVUWIMS. Experimental threshojshotoelectronspectrawere compared with
the combination of spectra of potential candidates obtained from first principle computations
of the adiabatic iomation energiesSuch a spectruroffers a better sensitivity and selectivity
because each electronic/vibronic state of the ion appears as a distinct peak rather than a change
of the slope in a PIE spectrum (the PIE curve of a species is the resultriktration of its
PhotoElectron Spectra

However, for mixtures including a large number of isomers, as it is the case for low

temperature oxidation products, even with the PEPICO technique the isomer identification is

not straightforwarTFig. 21presents a tentative identification of the CE isomers corresponding

to m/zratio 86 during JSRi-pentane oxidatioi392]. The sum iTFig. 21 was obtained by
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summing the weighted (beft procedurephotcelectron spectraalculated for theeven major

CsH100 species, which were detected in previous GC StlllEigSZl confirms the significant

formations of 2ethyl3-methyloxirane and-MTHF as was shown by GC. However, according
to the authors, the relativentribution of the different isomers needed to be interpreted with
care because of the noise level and becaugghtbteelectron spectraf the isomers overlap in

a narrow energy region. By GC analysis, tHPHF mole fraction is about four times that of

2-ethyl3-methyloxirane.

Fig. 21.Comparison of the measurtdesholdphotalectron spectrédTPES obtained by scanning the
photon energy and detecting onlyaalled threshold photoelectronsnatz86 (symbolg obtained
during JSR oxidationf n-pentane at 58K ( ¥= 0.5) to the weightedum of the envelopes from
convolution of the calculated Fran#&ondon factors for potential candidatEgjure redrawn from
the data 0{392].

3.2.14. Cyclic ether isomer idenfication during photolytically induced fuel oxidation

One of the main advantages of FDFMS is its ability to follow fast changes in species
concentration on a short time. This is particularly valuable for reactions induced by photolysis,
because thisllaws the monitoring of temporal species profiles on short time saalggust

after a laser pulg@65]. In order to circumvent the poor ability of PIMS to identify CE isomers
during their photolysis studieEskolaet al. [390] propose the use ofpartially deuterated

reactants. To illustrate how this method hetpthe identification 0ofCsHsO isomers during the
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laserinitiated lonr WH P S HU D W X K)Hbxidatian of n-butanejFig. 24 presents the El

spectra obtained whein1,1,4,4,4dhexadeuterobutan€DsCH.CH3CD3) was used as reactant

instead of the nodeuteratedi-butane Based on the assumed mechanism, the only eegbect

product withm/z76in(Fig. 22ais THF, with another possiblesHsO product, butanal, stanig

to appear at IEs above 9.8 eV/|Rig. 22, the signalat the lowesphotonenergiesm/z77

corresponds to-thethyloxetaneandethyloxirane starts to appear above 10 eV. The only CE

expected to be produced fro@DsCH.CH3CDs and corresponding tan/z 78 in(Fig. 2Z is

2,3-dimethyloxirane, which appears aplaoton energwabout 1eV higher than butanonBlote

that because ohe close similarity of theis- andtrans-2,3-dimethyloxirane spectra, theseaw

isomers were not sa@ted.Overall, inFig. 241, the sum of then/z76, 77 and 78 fits well with

the PI spectrum recordedrafz72 forn-butane.

Fig. 22.Experimentatime-integrated photoion signak.photon energysymbols), measured PI
crosssection spectra of the pure compounds (broken or dotted lines) and applicable fits obtained (full
lines) during the Cinitiated oxidation of partially deuterateebutane (CECH.CH.CDs) at 650 K(a-

c). Plot(d) displays the nowleuterated results with the spectrum constructed from the fittimg& at
76, 77 and 78. Reproduced from R&800] with permission of ACS.
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3.21.5. Cyclic ether quantification

The quantification of the species detected by MS does not necessarily require an external
calibration with a standard as this can be performed using a reference species (an internal
standard) if the EI or Pl ionization cross sections of both species @ana kB3]. In this case,
xi(T), the mole fraction of the targeted species i at a given temperature, esl teldhat of a

reference specieseXT), by the following equatiof393]:

é:i; i :ié/zi - 1/2[(,[\ D‘ h[\::%t'@:?ﬂ? b 8
éh[\ii; ih[\iiéﬁi /El/z_c i _23/4@:%? b ( )

where S(T,E)andSe(T,E) are respectivelythe integrated ion signaf species and reference
speciesat the energy E and the temperature\{E) and Ves(E) are theEl or Pl cross sections
of species andthat of specieeef, respectivelyMDF;) and MDFerare their mass discrimination
factors f(E- 2is theenergy distribution of the ionizing particles withheing themathematical
integration variabldi.e. the convolution otwo functions of electron energy distribution and
cross section)Note that for the photmnization approach, due to a narrow energy distribution,
the integral simplifies tove( E)/ (E) [394].

Unfortunately, the recent literature is scarce when it comes to the PI cross sections of CEs

Table §. Data are available for some cyclic ethers deriving from thedomperature oxidation

of alkanessuch asTHF, THP and 2MTHF, and for cyclic ethersvhich can be found in bio
oils processedrom ligno-cellulosic biomass. Some data include the individual contribution of
the main fragment ions to the total ion cross sectwdnich is a useful information for

confirming speciesentificationand the origin of fragments detected durihganalysis.
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Table 6. Literature PI cross sections of CEs

Photon energy range

Formula MW CE (eV) Recordedm/z References
6 8 44 Oxirane 20 44 Estimated299]
7 - 58 Methyloxirane 11-12 58 Estimated299]

8.7-11.7 68 [301]
s 8 68 Furan 8.7311.48 68 [341]
7.98811.188 68 [342]
Ethenyloxirane 9.040211.0402 70 [395]
g - 70 2,3DHF 8.2311.78 42,69 & 70 [301]
2,5DHF 8.9811.78 42,69& 70 [301]
9.3611.71 72,71 & 42 299
8 < 72 THF 10.5 72 %396}
8.3011.51 81 & 82 341
o : 82 2-MF 7.98811.188 81 & 82 %342%
84 3,4-Dihydro-2H-pyran 7.98810.188 84 [397,398]
9 < 3,6-Dihydro-2H-pyran 9.01:11.01 84 [397,398]
86 -Butyrolactone 9.61311.013 42 & 86 [342]
8 : 6 Bioxirane 9.040:11.040 86 [395]
THP 9.2011.75 86, 85, 71, 56 & 45 [301]
o 54 86 9.01511.015 86 [397,398]
2-MTHF 9.2511.70 86,85, 71, 6,45, 43 [301]
7.8311.51 81,95 & 96 [341]
2,5DMF 7.98811.188 81. 95 & 96 [342]
< 96 2-EF 8.1-11.0 81, 95 &96 [372]
3,4-Epoxycyclohexl-ene 8.50211.002 96 [399]
4,5Epoxycyclohexl-ene 9.00211.002 96 [399]
986 96 Furfural 9.011.0 95 & 96 [372]
98 .-Angelicalactone 8.84111.041 98 [342]
9 6 -Methylene -butyrolactone 8.84111.041 70 & 98 [342]
9 < s 100 GVL 9.61311.013 56, 85 & 100 [342]
. . g 110 2-Acetylfuran 8.911.0 95 & 110 [372]
< 5. 128 2,2,5,5TetramethyTHF 8.511.0 128 [380]

The Ar signal is usually useds internal calibration standard in flame and JSR

experiments (IE = 15.8 eV). In the experiments at Bielefeld withBMEAS [273,400,401]the

speciegelated terms can be condensed into a calibration fagiorTihe Eq becomes

Xi(T)/Xar(T) = S(T, E)Sar(T, E) x 1/kiar(E)

(9)

Thedata evaluatioproceeds in two step$he first step is to determine the mole fraction

of themajor species, nametiefuels, @, Hz, H20, CO, CQ, andtheinertdiluent gas (usually

Ar). The calibration factors for these species, referenced to argon as internal calibration

standard, are determinbdsed orthe elemental C, H, and O balances derived from the exhaust

gas and the inlet conditions. The second steistmin determininghe mole fractiors of

intermediate species. In the MBAMS experiments, the broad energy distribution of the

ionizing electrons allows the detection of argon even at very low nominal ionization energies,
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for example at 103 eV[401]. Calibration factor$or intermediate species were obtaineidh
argonstill as the reference, by celghs calibration measurememtisknown gas compositions
(direct), by estimation using the aéive ionization cross section method (RI&)2], or by
convolution of the known ionization cross section with the measured energy distribution of the
ionizing electronss detailed if400].

In MB-PIMS flame experiments, particularly in the system in Hgf@R,403,404]the
mole fraction determination for major species relies upon a similar procedure as-ioi\iEB
described above. However, for intermediate species a different approach is used for
guantification because of differences the characteristics of the two ionization methods.
SVUV-PI provides a very narrow and accurate ionization energy distribution, and scans for
intermediates are performed at energies lower than that of argore{d)5.8hereforethe Ar
signal is not premnt in these spectra. Mole fractions at a given flame sampling posigoa (
given temperature) are still calculated fromﬁ, however, using reference species other than
Ar. Using the same methodology during JSR -temwperature oxidation studies, reference
species having a low l&e also used to quantify CEs from PIMS measurements. For example,
propene, which can reliably lpiantified by GC (see PdBt2), is often used as a reference
[300].

No study waspecificallyperformedo investigatehe uncertaintiesn the quantification
of CEs. But in general, as declared by the teams wherdeMBBMS areused,the estimated
error isbelow 50% for directly calibrated species or for species with knamizationcross
sectiond400,404,405]If the EI/PI cross section is estimatadole fractionuncertainies of a
factor of 24 can be expectef400,404,405] Note thatwhen the isomeric compositios
complex,such ador fuel-specific CEs produced froms&fuels, the identification of these

speciess ambiguouswhich increasgfurtherthe uncertaintiesy CE quantification.
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3.2.2. Gas chromatography

In Gas Chromatography (G@halyticg[406], a gas mixture is injectedto a column coated or
filled with an adsorbent. A carrier gas carries the species along this stationary phase toward a
detector,e.g. MS, Flame lonization Detector (FIDYhermd Conductivity Detector (TCD)
(The TCDis not actually used for CE detectipthe compounds to be analyzed are separated
according to the time needed to reach the detector (retention time), which depehds
affinity to the stationary column matekiat a given GC condition, the retention time of a
molecule isconstantand can be useads one criteriorior its identification using a standard.
Concerning CE analysis, the main GC advantage is the straightforwardestuactive
separation of their numeus isomers.

Reviewing early experimental results, Griffifl2§ 7] demonstrated how the development
of GC methodsfrom the late 1950s to 1995 allowed the first qualitative and quantitative
understanding of the chemistnyolved during the lowtemperature oxidation of hydrocarbons,
with significant progress especially with respect to understanding of the CE formation channels.
Since then, GE€equipped with FID or MS detection habeenused in numerous oxidation
studies or the identification and the quantification of CEs, as will be discussearia4 and
5. The following discussion describes sampling strategies and analytical procedures used, as

well the methods available for CE identification and quantification.

3.22.1. Sampling strategies and analytical procedures

%DFN LQ WKH TV WKH W40D#1\] dRdl CQathQridéy/iivQridaf@os4meo H
414] focused on the GC identification and the quantification of CEs formed during the
low-temperature combustion of alkanes.

In Lille, experiments were performed in a RGA07 #411]. The @seous mixtures were

sampled just before autgnition and quenched by rapid adiabatic expansion into a vacuum
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chambef408]. Samples were then injected into a gas chromatog@pipped with a Poraplot
Q capillary columrandcoupled to a mass spectrometer (@S) for the identification of the

species. The quantification was performed using gas chromatograph fitted with akPQrap

column and a FIOFig. 23 shows the results of successive experiments with sampling at

different times after compressiqd10]. This allowed to study the time dependence of the

product formation occumg during cool flame in the RCM. The data compare well to the

plateau shape exhibitedig. 3

Fig. 23.Experimental profiles of the products in a tatageautcignition of a stoichiometric mixture
of n-heptane T =667 K,P = 3.4 bar) oiso-octane T= 708 K,P = 13.4 bar) in air (2Et4eTHF is 2
ethyl5-methylTHF, MePr+dEt)Oxetans is the sum a2-methyl4-propyloxetane and
2,4-diethyloxetane, r'THF is 2PTHF, tButMéxetan is2-tert-butyl-3-methyloxetang
diMeiPrOxetan is2-isopropyl-3,3-dimethyloxetaneand tetraMeTHF is 2,2, 4ttramethyl THF)
extracted from Figd of Ref.[410].

In Orléans experiments were conducted in a JSR operatedhigh pressuif@95,412+
414). Sampling was performed using a sonic probe and the obtained sample was stored in a
bulb at low pressure@30 Torr). Gas samples were then pressurized in a tempecaturelled
piston andmjected into several gas chromatographs. Oxygenated species were analyzed on a
Poraplot U column connected to a FID preceded by a methanizer, or on a CPSii 5B column
with FID detectiorf412].

From 2009 onwards, CEs were observed in JSR studies in Nancy. These investigations

were dedicated to the letemperature oxidation of different fuel familiesdlkares, cycle
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alkanes, olefins, methyl esters, aldehydes and etfiér$2,33,293,41%24]. Sampling was
usually performed online using a heated transfer line connecting the reactor outlet to a sampling
loop mounted on the siport sampling valve connected to a gas chromatograph. Detection was
carried out with a FID. Depending on the species size, separation was achieved eQPLOT
HP1 or HP5 capillary columns. In the case of heavy fuels such as the kin@lianes present
in diesel fuels or methyl estgrl5] present in biodiesel fuels, condensation in the transfer line
may occur. In this case, an offline sampling strategy was applied: 1) trapping at liquid nitrogen
temperature in a glass trap connected to the reactor outlet, 2) progressive warming upito ambie
temperature, 3) addition of solvent and internal standard, 4) injection of the obtained liquid
sample into a gas chromatograph.

The GC ability to separate the large number of CE isomers (some of them being present
ascis andtransisomers) produced dumg heavy fuel oxidation was found to be sufficient for

species containing up to 10 carbon atoms. For heavier species, limitations were encountered.

Even forn-decane, the chromatogram reported by Haitkal. [415] (seeFig. 24 shows that

several molecules correspondingdaH200 isomers (cyclic ethers, ketones and the aldehyde)
could be distinguished but were neverthelesslated. Due to the low volatility of these €E

a HR1 column was used for separation.

Fig. 24.Chromatogram (HR capillary column, FID) obtained durimgdecane oxidation (650 K) of
(A: cis- & trans2,5dipropylTHF 1B: cis- & trans2-butyl-5-ethyITHF *C: cis- & trans-2-methyt5-
pentylTHF +D: 2-ethyl6-propylTHP zE: 2-hexyl4-methyloxetanetF: cis- & trans-2-ethyl-4-
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pentyloxetanetG: 2-butyl-6-methylTHP 1H: cis- & trans2-butyl-4-propyloxetanetl: 2-
heptyloxetanet]: 2pentylTHP £K: 4-decanonetl: 5-decanonetM: 2-hexylTHF £N: 3-decanone
+0: 2decanonetP: decanal) redrawn from the datd44.5].

GC was also used in Nancy to investigatesihecies profiles ilow-pressurd’LFsfueled
with some CEs that are potential biofuel candid§t®8,273275]. Sampling was facilitated
with a quartz probe located inside the flame and connected theolighited (at 423 K) online
connectionto a chromatograph fitted withkP-Plot Q column.The probe was a 6 mm tube
tipped by a small cone with a 100 um diameter orifice and a tip angle to the vertical of 20°

[273]

3.2.2.2. Identification by electroimpact mass spectrometry coupled to gas chromatography

Species formed during gahase reactions are commonly identified throughNEE; in which
the GC enables species separation and the coupled MSinpeta7OeV EIl provides their
characteristic mass sptra. The comparison with mass spectra found in datajd@&d¢enables
the identification of species. Reference mass spectra are available for many oxiranes, but the
databases are less complete as far-a®-4and 6émembered cyclic ethers are concerned.
Authentic samples of the expected species can also be used to verify species assignments.
Past research on fuel les@mperature oxidation contributed substantially to enlarge
aforementioneddatabases by reporting sgmspectra of cyclic ethers. Dagaaital. [426]
reported for the first time mass spectra for some @Ewed during the lovwemperature
oxidation of n-heptane (2Znethyl4-propyloxetae, 2,4diethyloxetare), iso-octane (2,2,4/4
tetramethylTHF,  Zertbutyl-3-methyloxetane, -2sopropyt3,3-dimethyloxetane), and
n-decane Z-methyt5-pentylTHF, and 2butyl-5-ethylTHF).

Herbinetet al.[427] also analyzed cyclic ethers in the exit gas stream of a JSR, in which

the lowrtemperature oxidation of a serieedilkanes (fromm-pentane (s¢Eig. 23 to n-octane,

n-decanen-dodecane and-hexadecane) was carried out. Analyzes were performed by GC
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MS and nass spectréor 17 CEswererepored Herbinetet al.[427] also proposed rules for
the fragmentation o€Es in electron impact mass spectromdtyyallow ther identification
whentheir massspectra are natvailable.More recently, Koritzkeet al. [428] performed a
similar work and reported mass spectra for 10 CEs. The authors considered four conventional
mechanisms to analyze fragmentation patterns in the mass spgdavage, inductive effect,
hydrogenrearrangement and transannular cleav&yges were proposed to explain the main
fragments observed in the CE mass sp¢df2@,428] The analysis of mass spectra for aeser
of 5- and Bmembered ring cyclic ethers thaeformedin n-alkaneoxidation(with one alkyl
group in position 2 or two alkyl groups in positions 2 and 5) showedhriatolecular ions are
quite unstable and likely decompose through the loss of btiee alkyl chains. For species
with two alkyl groups in positions 2 and 5, water elimination is possible from the ion fragment
obtained from the molecular ion after losing one of the two alkyl chailkermbered ring CEs
(oxetane derivatives) with single alkyl chain seem to lose the alkyl chain similar t@ixd
6-membered CEs. The peakafz57 in the mass spectrum ckhyloxetane likely results from
the loss of the ethyl group. The mass spectra obtained by Ketitdg428] showed that the
fragmentation of oxirane type cyclic ethers is even more complex.

To concludeltis discussion, the analysis of mass spectra shows that simple fragmentation
rules can be derived for &nd 6 membered rings, whereas the fragmentation rules of CEs with

a smaller ring, such as oxetane and oxirane derivatives, are more complex.
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Fig. 25.GC-MS chromatogran29] of the CEs obtained duringpentane oxidationT(= 650K).
The inserts show normalized MS signassfunction of then/zratio. For 2,4dimethyloxetane, the two
mass spectra correspondcis andtransisomes.

3.2.2.3. Quantificatiorusing flame ionization detectors

Because its calibration might be obtained without available standards, FID has been proven to
be a particularly efficient tool for the quantification of carbon containing species, especially
CEs[407,412,415] This detector relies on the formation 6§ s ions from the solute in a
hydrogenair flame[430] andmeasurement of the resulting current. For Qs FID detection

threshold is about 1 ppm.
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When available, the calibration is usually performed by injecting known amounts of
standardsHowever, as most cyclic ethers formed during thetemperature oxideon of fuels
are not commercially available, tffective CarbonNumber (ECN) methof#t31,432]is often
used to estimate the respe of a particular cyclic ether. @ ECNmethod is based on tikéD
response of the carbon atoms present in the molecule to analyze. Each carbon atom contributes
additively to the response, which may be affected by the atomic composition and structure of
the molecule. This is the case for cyclic ethers. As an example, for cyclic ethérs; Q)
formed during the lovtemperature oxidation af-alkanes, it was observed that the response
was similar to that of &4, 5alkane (for example methyloxiranasa response similar to that
of ethane]431,432] This means that the presence of the oxygen atom reduces the response by
that eqivalent of one carbon atom in the molecule, probably because of the formation of CO
instead of a Cklion. The ECN method is not straightforward @ifes including more than one

oxygen atom. Therefore, the calibration of those species may require themggctistandard.

Table fcontainsECN values for some CEs found in theerature.As shown inTable 7 the

ECN experimental value of 1,3fsioxane [432], which includes three atoms of oxygen

separated by three methylene groups, is 0.45 and not O.

Table 7. Literature effective carbon numbfor CEs.

Name Formula Structure ECN Reference
THF 8 < 3.000 [432]
1,4-Dioxane 8 < 6 2.124 [432]
. 0.450 [432]
1,3,5Trioxane 7 -7 0.46 [433]

Data obtained using GEID have uncertainties 66% when specieare calibrated using
a standard, while those by tEB#®N methodhaveuncertainties 0f10%. The latter method
shows reliable resulteven in the case dfEs containing two or threetherO abms as
demonstrated for poly(oxymethylene) dimethyl ettjéB82]. However, uncertainties for muti
functional oxygenated speci@s. containingadditionalfunctions othethan ether) areot well
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known and need tobe better characterizedThe use of a methanizer (nickel catalyst for
hydrogenation) preceding a flame ionization detdét®4] improves CE quantification because
CE belong tothe types of moleculewhich cancompletely catalytically reduced by hydrogen
to the corresponding alkane. Thus, considering methyloxagaen asexample its response
after passing through a methanigethat of propane instead of that of ethf&5].

Despite its high ability to separate manydgmf molecules, GC cannot be used to analyze
all species produced during fuel ldemperature oxidation. For example, GC analysis fails for
species with a hydroperoxide function due to the instability of this functional group.
Hydroperoxide CEs may be foed as products of the third addition togathway{436] as it
will be discussed iPart4.1.2. Because theominal massf hydroperoxide CEs the same as
that of KHP, both types of species cannot be easily differentiated in usual -B\MIY. For
example,n-pentane oxidation would produceHGoOz that could correspond t&KHPs, e.g.
4-hydroperoxypenta2-one or hydroperoxide CEsge.g. 1-(oxiran-2-yl)propane2-peroxol

The PEPICO techniqyd37 #40] might be able to help with this identification task.
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4. EXPERIMENTAL AND MODELING WORK R ELATED TO THE GAS -PHASE

FORMATION CHEMISTRY OF CYCLIC ETHERS

As comprehensively reviewed by Pollddd and Griffiths[277], CEs were frequently detected
products in the experimental studies using GC arsbfsihe slow oxidation or cool flames of
O-/alkane mixtures in static or flow reactors, rapid compression machines or engines. At this
time, it was already understood that CEs were formed followld@H radical formation. The

fact that small alkanes imdly produce significant amounts of alkenes led first to the hypothesis
WKDW &(V DUH IR UFPFRHEGV XUP RV WE& HiSdNtdt@dHNAT alkeRds Veact with
HO radicals to produce®OH radicals, which further react to aldehydes or oxiranesttege

with one H radical that is needed for chain propagafifil]. Since this mechanism did not
predict the large amounts 8f3-dimethyloxetandormed duringneocpentane lowtemperature
oxidation [442], this explanation was challenged by Fish and coworkers by proposing an
alkylperoxy radical isomerization mechani§4d3]. Numerous studiedemonstratethatlow-
temperatureoxidation of any large alkanes yields CEs of various ring sizes belonging to the
oxirane, oxetane, tetrahydrofuran aettahydropyran families. This led Polld#4] to conclude

that the formation of derivatives of oxetane, furan and pyran was diagnostic of alkylperoxy
radical isomerizations and subsequent decompositions.

Even though the basic mechanistic understanding oftéowperature oxidation was
largely developed some 50 years atgiailed kinetic modeling reproducing CE formation with
acceptable rate parameters had to wait whélteam of Pilling in Leeddeveloped a more
detailed understanding o#®OH radical formatn in 1992 [444]. This followed the
experimentaldetermination of theate parameters for theomerizationof peroxy radicals 10
years earlier by the team of Walker in H4l5]. The rate parameters proposed by Hugtes
al. [444] allowed models to be proposed by research groups in Liveldsé Milano[447],

and Nancy[448], which were able to reproduce both, the NTC behavior and the formation of
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THF derivatives that were measured by the group of Cathonnet in Od2ps 198 during
JSRn-heptane oxidation.

Following this pioneering workpxirane, oxetane and THP derivatives have been
guantified next to THF derivatives in many alkane oxidation studies performed in continuous
reactors and in RCMs. Focusing on the d@mperature oxidation of linear and branched
alkanes, experimental resutibtained after 1994 are describedPart4.1.1, while Par#.1.2
considers also the possibility of producing hydroperoxidic CEs. The results preseRtet in
4.1.1 combined with theoretical calculations have greatly improved CE detailed kinetic
modelling capabilities. Currently in many cases, satisfactory although not always perfect
agreement of model predictions with experiments is achieved. The progress made in theoretical
understanding of CE chemistry is the topid®aft4.1.3. To give a full view oi€E formation,
Part4.2 focuses on the oxidation ofclic alkanes, alkylbenzenes, olefins, &adt4.3 on that
of oxygenated hydrocarbons; CE formation from these fuels are discussed, both from

experimental and theoretical points of view.

4.1. Cyclic ether formation from the low-temperature oxidation of linear and branched

alkanes

The following part is interested in how CEs are formed during thetdomperature oxidation
of linear and branched alkanes. In the d®mperature oxidationf alkanes (excapmethane
and ethane), NTC behavior and CE formation may always be observed, which demonstrates

well that NTC behavior, CE formation a#dOH radical chemistry are tightly linked together
4.1.1 Experimental quantification of cyclic etherfom linear and branched alkanes

Tables 8 and 8st the studies published since 1994, in which CEs formed durirtgehmally
activated (as opposed to photolytic initiatemly-temperature oxidation of linear and branched

alkanes were quantified, including mole fiaot profiles (time or temperature dependences).
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As it was already mentioned Rart 1 and will be more detailed iRart4.1.3, the formation of

the CEs listed irmables 8 and ®rom linear and branched alkanes occurs through a series of
reactions involvingH-abstraction from the fuekthe addition of alkyl radicals to oxygen,
isomerization and H radical elimination.All the studies listed inTables 8 and 9eport
pronouncedNTC behaviorsTo provide an idea of the amosmif CEs produced, we mention

in this partthe peakCE mole fractios (Xcg) or, for comparison purpose, CE yiglfY cg),

which is Xce divided by the initial fuel mole fractiorX(wel) used in the related study

Table 8shows that the first CE quantifications reported since 1994 were carried out in

continuous reactors operated by the geofpCernansky in Drexegld49] and Cathonnet in
Orléang295,413] as well as byhe team of Minetti in Lille using a RCJ407].

In Drexel a peak ¥e of methyloxirane 8.26 was quantified during propane oxidation
in a flow reactor close to 730 K at 15 pa49]. To the D X W Ké&stkNOvledge, the only other
CE quantification published kthe group of Cernansky is that describing the-temperature
oxidation of neopentane (Wanget al. [450]). In this flow reactor study, the temperature
dependence of the mole fraction of-8ljgnethyloxetane was measured and a maxirvigenof
~6%close to 780 K was foun®Recently, Bourgalaist al.[451] againmeasuredhis CE(with
peakYce ~1&1% at 730K duringthe lowtemperature oxidation okecpentanen a JSR using

GCand PEPICEPIMS.

While not explicitly mentioned |Table 8andTable 9for Cs and larger fuel molecules,

oxirane and methyloxirane have been dieté and quantified in almost all listed studies. This
LV EHFDXVH DV VWDWHG EHIRUH WKHVH OLJKW &(V DUH HI
to ethylene and propene (see Part 4.2.3), which are common primary products of alkane low

temperature oxiation.
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Table 8. Oxidation studie®f Cs-Cs alkanes performed from 199%h,which CE isomer profiles have been quantified.

P (bar)/ 2 XCfuel . . Year
Fuel T (K) diluent (s) (%) / Quantified CE isomerst & Ref.
600 1015 1.07, 1004
FR 900 /N, of air 0.2 :;51% 0.4 methyloxirane [449]
Propane 530 ' 2012
JSR 730 1.07/He 6 12 1 methyloxirane, oxetane [384]
30, 50
RCMP 747, IN2-Ar- - 4.03 1 methyloxirane 2020
765 CO, [452]
ISR 550 1.07 6 4 1 2,3-dimethyloxiran& ethyloxirane, 2011
n-Butane 800 /He (Ar) 2-methyloxetane, THF [300]
700 9-11 2,3-dimethyloxirane, Zthyloxirane 1994
b ; , ;
RCM 900 /N> of air - 3.13 0.8,1.2 2-methyloxetane, THF [407]
550 propyloxirane, 2ethyl3-methyloxirane, 2017
1100 1.07/He 2 1 0.5,1,2 2-ethyloxetane, 24limethyloxetane, MTHF, THP [429]
550 0.3, 0.5, 2-ethyl3-methyloxirane, 2,4limethyloxetane, 2017
n-Pentane JSR 1100 10/N; 0.7 0.1 1,2 2-MTHF [429]
500 propyloxirane, 2ethyk3-methyloxirane, 2020
1100 2. 10/hie 2 0.5 1 2-ethyloxetane, 2 4limethyloxetane, MTHF, THP [453]
6.9/Nx-Ar- propyloxirane, 2ethyk3-methyloxirane 1998
b . . )
RCM 733 CO, 2.56 1 2-ethyloxetane, 2 4limethyloxetane, MTHF [411]
620 0.12, . 1999
oPentane FR 810 8/N> 0.2 0.2 0.3 3,3-dimethyloxetane [450]
500 1.07He- ) . 2021
JSR 850 Ar 3 1.5 0.5 3,3-dimethyloxetane [451]
530 2-ethyl4-methyloxetane, 2015
1160 10N 0.7 0.95 0.5,1,2 2,5DMTHF, 2-ethylTHF [454]
n-Hexane JSR 550 2,3-diethyloxirane, 2methyt3-propyloxirane, Zbutyloxirane, 2014
1000 1.07/He 2 2 1 2-propyloxetane, 2thyt4-methyloxetane, [419]
2,5DMTHF, 2-ethylTHF, 2methylTHP
2-Methvl 3-ethyt2,2-dimethyloxirane,
t y 2,2, 4trimethyloxetane, 2sopropyloxetane, $ropyloxetane,
pentane 2,3-dimethyITHF, 2,4dimethyl THF
3-Methyl 2,2, 4trimethyloxetane, &thyl2-methyloxetane,
pentane SR 2% 1 07He 2 5 1 2,3dimethylTHF, 3ethyTHF, 4methylTHP 2014
2,2-Dimethyl 1000 tertbutyloxirane, 3ethyl2,2-dimethyloxirane, [419]
butane 2,3,3trimethyloxetane, 3;8limethylTHF
2,3-Dimethyl 2-methyt2-isopropyloxirane, tetramethyloxirane
butane 2,2,3trimethyloxetane, 3sopropyloxetane, 24imethylTHF

20nly the saturated CEs with the same carbon number as the fuel aré lfstedP in all RCM studies are those after compressiais andtrans 9 + 0.005% 3methylpentane as impurity.
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Table 9. Oxidation sudies of G-C;¢ alkanes performed after 1990, in which CE isomers have been quantified.

P (bar)/ 2 XCtuel o . Year
Fuel T (K) diluent (s) (%) / Quantified CE isomerst & Ref.
550 0.3,0.5, < o 198
1150 10/N2 1 0.1 115 2-ethyt5-methylTHP<, 2-propylTHF [412]
550 10,40 0.1, 0.1, 1 2- methyk4-propyloxetan® 1995
1150 IN2 05,2 0.05 2-propylTHF, 2ethyt5-methyl THP [295]
i JSR 500 0.25, 1, 2-ethyk3-propyloxirand, 2-butyl-3-methyloxirane, 2012, 16
n-Heptane 1100 1.07/He 2 05 2,4 2-methyt4-propyloxetane, 2 dliethyloxetane, ropylTHF, 2ethyt5-methylTHF [32,33]
500 2015
1100 1.07/He 1,2 0.1,05 3 2-ethyt5-methyl THP, 2-propyl THF [455]
500 2020
1100 10/He 2 0.1 1 2-ethyt5-methyl THP, 2-propyl THF [456]
RCM 667 3‘3@8'2”' 0-0.05 1.87 1 2-methyk4-propyloxetane, 2 4liethyloxetane, propylTHF, 2ethyt-5-methylTHF [}1?)3541%5]
2-Methyl 500 . . 2014
heptane JSR 1200 10/N2 0.7 0.1 05,1,2 2-isopropyts-methylTHF, 2,2dimethyt5-ethylTHF, 3methyt5-propylTHF [457]
2,5-Dimethyl 550 201
hexane JSR 1150 10/N2 0.7 0.1 05,1,2 2,2,5,5tetramethyl THF [458]
550 0.3,0.5, 1993
eR 1150 10/N2 1 0.1 1.15 2,2,4 4tetramethylTHF (below 1ppm) [412]
. 500 0.5 0.25,1, 2 3-tertbutyl-2,2-dimethyloxirane, Asopropy}3,3-dimethyloxetane, 2016
iso-Octane 1100 Lz 20 1 0.25 2,2,4 4tetramethyITHF [288]
13.4/N-Ar- 2-tertbutyl-3-methyloxetane, 2sopropyt3,3-dimethyloxetane, 1996
d -
RCM 708 CO 0-0.05 1.65 ! 2,24, 4tetramethylTHF 2,2 5trimethyl THP [410]
iso-Octane d 20/Ng-Ar- g 2-tertbutyl-3-methyloxetane, -2sopropyt3,3-dimethyloxetane, 2021
+ anisole RCM i CO e 1.8¢ L 2,2,4 4tetramethylTHF [459]
2-isopropyt3,3-dimethyloxetane
iso-Octane+ ISR 550 10N 1 0.1 1 2-tertbutyl-3-methyloxetane, 2,2,4;tetramethyl THF, 1994
n-heptand 1150 2 ' + 2-ethyl-3-propyloxirane cis-2-butyl-3-methyloxirane, [413]
2-methyt4-propyloxetan® 2-propylTHF, 2ethyt5-methylTHP, 2-ethylTHP
ffgo 10/N2 1 0.1 1 2,5dipropylTHP, 2-ethyt5-butylTHP?, 2-methyt5-pentyl THP, 2-hexylTHF [?1944]'
n-Decane ISR 2,5dipropylTHF + sum of (zhexyt4-methyloxetane, -2thyl4-pentyloxetane, 2009,16,
550 1.07/He 15 0.23 1 2-butyl-4-propyloxetane, -heptyloxetane, 17
1100 ' ' ' 2,5dipropylTHF, 2ethyt5-butylTHF, 2methyt5-pentylTHF, 2hexylTHF, [288,415,
2-ethyl6-propylTHP, 2methyt6-butylTHP, 2pentylTHP) 460]
2-methyt5-undecylTHF + sum of (BlodecylTHF, 2ethyl-5-decylTHF,
n-Hexadecane 550 2009
+ n-decand JSR 1100 1.07/He 1.5 0.2 1 2-propyk5-nonylTHF, 2butyl-5-octylTHF, 2pentyt5-heptyl THF, [415]

2,5dihexyl THF)

aonly CEs with the same number of carbon atoms as the reactant are tseghdtrans, ¢only maximum mole fractions are reportéd, andP in all RCM studies are those after compression,
€1.12% ofiso-octane + 0.74% for anisolegnly relative CE amount was showrin| Table 4 except 2dodecylTHF and 2nethy+5-undecylTHF, Gs CEs are shown undd WKH OXPSHG QDPH 3
R-5-5 1 7 +)"75% ofn-decane + 25% ai-hexadecane.
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Progress made on CE identification by &S [426] allowed the Orléans team of
Cathonnet to report in 199¥995 several wantitative JSR oxidation studies:heptane
[295,412] iso-octang]412], n-decang414] and mixture of the two reference fu§dd 3]; the
latter twomolecules serve as primary reference fuels for RON rating. The largest number of
CE isomers was identified for the fuel mixtum n-heptane andso-octane Instead of
temperature dependent absolute mole fractions, only relative CE isomer yields were reported.
In the n-heptane oxidation experiment at 10 bar, the peak concentrationetifyls-
methylTHF was measured to beer~7.5% at 700 K295], while foriso-octane oxidation at
10 bar, a¥ce value below 0.1% was reported @2,4,4tetramethylTHFE Both studies do not
provide hformation onCEs other than THF derivatives.

From 2011 to 2015, the Orléans group reported CE quantificatiomsHexane454],
2-methylheptand457] and 2,5dimethylhexang458] oxidation at three equivalence ratios
(1 0.5, 1and 2), showing that the maximum obtainest 3um is rather equivalence ratio (
independent ~8+1.26 for n-hexane and for -Enethylheptane, ~10+1.%% for
2,5dimethylhexane) However, in agreement witm-pentane results, a decrease of
| significantly enlages the NTC zone, which is found between 700 and 900 K. In the NTC
zone, the measured concentrations of products including CEs are vemgliogdemonstrating
the reactivity decrease, asdescribed irPart1. In the three studies, the model developed by
the authors nicely reproduces this behavior. Inrtexane oxidation study only three CE
isomers were quantified while eight CEs could be expected, and fdir@gihylhexanenly
2,2,5,5tetramethylTHFwas reportedThe only other CE quantification made in Orléans for
alkane JSR oxidation dates from 2017 and congep&tane at 10 b§429] as described later.

While not reporting CE mole fractions, Rotavetaal. [380] investigated CE formation
during the oxidation oR,5dimethylhexananitiated by Clatom in a FRand followed by

SVUV-PIMS. Based on calculated adiabatic IEs for all possible CE isomers (the IEs are in the
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range 8.45.88 eV), the authors indicatéltat the largestontribution to the MS signal at/z

128 (which corresponds te{CEs)arises from2,2,5,5tetramethylTHF (CE in|Fig. 2Gwith

an IE = 8.82 eV).Later, as is shownn |Fig. 26§ Wang et al. [20] also reported

2,2,5,5tetramethylTHF formationduring their JSR studyusing SVUVPIMS. These
measurementarein good agreement with those Rbtaveraet al.[380]. At photon energies
above 9.0 eVthe difference between the experimental signal for the reactive mixture and that

with only 2,2,5,5tetramethylTHF indicates that other CE isomerg.CE-2, CE3 or CE1 in

Fig. 26 may be present as well.

Fig. 26.2,5Dimethylhexane oxidation: measured Pl energy scamzt28 (white circles by Wanet
al. [20] in JSR at 510 K overlaid with their absolute Pl spectrum of 2:2ef.amethylTHF (black
line) scaled to align with the slope at the onset energy (8.8 eV) of/#128 signal. This figure also
displays the Pl spectrum of 2,2 ,8@ramethylTHF previously measured by Rotawadral.[380] in a
FR at 650 K (broken red lineyeproduced from Ref20] with permission of Elsevier.

Building on the methoddeveloped in Orléans, in 2011, the group of Bdtiglerc in
Nancy began with quantitative studies of CE formation using JSR experiments (mostly at 1 bar,
except in33,453). The lowtemperature oxidation of propaf&84], n-butang300], n-pentane
[429,453] necpentang451], the five isomers of hexap#19], n-heptang32,33,455,456]iso-
octane[288,461] n-decane[415] and n-hexadecae [415] were examied, using various
equivalence ratios fan-pentanen-heptane andso-octane. Fon-hexane, for which the total
yield of the listedCEsreached a maximum of 29%~1), and for lighten-alkanes, all expected

CE isomers were identified. For branched hexamnelsG alkanesas they were produced in too
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low amounts,not all expected CEs could be identifidaut THF derivatives were the CEs
detected in highest amounts. While CEs with several ring sizes were obtained at 5 and 10 bar
for n-pentang453] (in agreement with results by the group of Dadgda]), for n-heptane in

JSR at 10 bar only THF derivatives coulddeetectd[412,456]

As already mentioned iRart 3, the GC separation of CE isomers is difficult for very
heavy reactants, such aglecane ad n-hexadecane. For those reactadts to overcrowded
chromatogramspften only the sum of THF derivativesuld be quantified. The obtained CE
mole fraction profiles were reproduced in a reasonable way by detailed kinetic models
developed either by thidancy group or by other groups.g.[462] for propane and-butane,

[463] for n-pentane[449] for necpentane[454] for n-hexane[34] for n-heptane and[461]

for iso-octane The temperature dependence of the mole fraction of the measured CE sums was
simulated using a model generated by EXGAS [d¢4] for the n-decaneand for
n-decanai-hexadecane mixturg65]. Sinceno suitable model as availableat the time of
publication, simulation ofCEs produced from branchemer of hexanesannot be reported

The oxidation ofn-pentane was investigated both in Orléans at 10 bar and in Nancy at
1.07 bar undeotherwisesimilar conditions during a joint stud¢29] performed in order to
provide JSR data for the validation of kinetic models developed in the group of Curran at the
National University of Ireland - Galway based on revisited rate rules for alkane oxidation
chemistry[466]. Overall, the predicted CE mole fractions agree reasonably well with the

experiments, however the degree of agreement varies for the various CEs cEtgct@?.

shows measured and predicteeMZHF profiles as a function of temperature and both

pressures.-MTHF is the dominant CE in-pentane oxidationnder these conditionBig. 27

shows that low pressure favors CE formation because at the lowest pressure (1.07 bar) the

highest peak ¥wmtHr, ~4%,is obtained compared to ~2.2% at 10 bar. Such a pressure effect is
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less obvious in the Naneyheptane oxidation data obtained at 1.07 and 10 bar, whker®ty

2-ethyt5-methylTHF is highest at 10 bar while mor@@pylTHF[33] is produced at 1.07 bar.

Fig. 27. Temperature dependence of the mole fractionMfTHF during the oxidation ofi-pentane at
(a) 1.07 bar in Nancy angb) 10 bar in Orléans (see initial condition§Tiable §. Symbols are
experimerdl data lines simulations, pink coldor | = 0.3, black forl = 0.5,redfor | =1, andblue

for | = 2; reproduced from the supplementary matexfig29].

The doublepeak structureseen inFig. Z7|are caused by NTC behaviofhis clearly

shows that CEs are already formed at low temperatures wheeedhilibrium of the alkyl+©@

reaction favors alkylperoxy radical formation. Over this temperature range, CEs are produced
in parallel with KHPs and other products fro®OH radicals. Further temperature increase
leads to the NTC zone, in which the overahctivity including the CE formation declines.
Although at even higher temperature, the alky+@action shifts even more towards the
reactants, new radical forming reactions, such-&% Hecomposition, increase the alkyl radical
concentration drastidly and therefore accelerate the RGhemistry again. This leads to the
second CE peak. At these higher temperatuaesording to kinetic analysiglkyl radical
decomposition to smaller species becomes more and more competitive and at even higher
temperatures thegskecompositiorreactions become dominant resulting in a decline of the CE

yield.
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Concerning the effect of equivalence ratio in open fleactors, as it was already noted

from the Orléans results anhexane and 2;8imethylhexangFig. 27well shows thatl has

little effect on the exp@nental peak mole fraction obtained below 800 K, excegtexjual 2
and10 bar. However, an increase ivhile keeping the fuel mole fraction unchanged enlarges
the NTC zonebetween 700 and 900 kK which very low CE amounts are observed for
stoichiometic and rich mixturesThis NTC enlargement is well reproduced by the mollet

the maximum mole fractions below 800 K are notably underpredicted.

Full sets of CEs were quantified during the RCM experiments of several alkane/air
mixtures by the Lille groufrom 1994 to 1999. ¥ were quantified fon-butanen-pentane,
n-heptane anto-octane. These studies also report ignition and cool flame delay times. Except
for n-butane, only stoichiometric conditions were investigated. Examples of temporal profiles
of CE mole fractions obtained farheptane (maximum ot of 1.6% for 2ethyl5-methylTHF,
the major measured CHEP (= 3.3 bar)) andisc-octane (maximum ¥ of 8.5% for

2,2,4,4tetramethylTHF, the major detected GEX 13.4 bar)) are given [ﬁig. 23in Part3.

For pureiso-octane, at a pressure of 13.3 bar after compression, five CE isomers (two oxetane,
two THF and one THP derivatives) mequantified. In contrast, the JSR study at 10 bar
performed in Orléanseported only the detection &,2,4,4tetramethylTHF invery low
amountsThe CE identification forso-octane oxidation in RCM was confirmed in 2021 using
the same device with aso-octane/anisole mixture, in which the pgaition temporal profiles
of CE mole fractions were reportgtb9]. The THF derivativas found tobe the CE produced
in highest amounts. These data were simulated using a model basedismmoittane sub
mechanism recently developed at Livermg@?7].

The group of Heufest al.in Aachen also reported CE quantification in RCM experiments
in 2020[452], together with pressure profiles indicating the occurrence of a cool fldrase

experiments using propane were performeprassures, after compression, as high as 50 bar.
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Methyloxirane mole fractions were measured throughRHZ analysis and temporal evolution
was reported for times befoaitaignition. A peakvalueof ~185 ppm was determinedt 30
barandabout 90% of IDT.

To finish the discussion about CE formation during alkanetiwperature oxidation,
the recent detection of CEs durindpeptane ando-octane plasmassisted oxidation in a flow
reactor at room temperauand low pressure of 40 mbar byM& should be mentiondd68].
Even though no detailed quantifications were provided, global CE mole fractions around ~200
ppm and ~500 pm were reported fon-heptane andso-octane, respectively, with a high

sensitivty to plasma voltage.
4.1.2 Possible cyclic ether hydroperoxide formation

The demonstration of the occurrence of a third oxygen addition step by&vah0] during
2,5-dimethylhexane oxidation through higésolution MS detection of species containing 4 or
5 oxygen atoms has given a hew impor&ate the reactions ofpOOH), radicals QOOH)
radicals are the products ofhe secondoxygen addition followed by intramolecular H
abstraction|In line with what was proposed in 1998 [d$9], Wanget al.[20] underlined the
possible formation of hydroperoxide CEs (HOOCES) frdf®OH), in addition to the
previously proposed production of KHPs and olefinic hydroperoxides (thrd@yh radical
elimination). Based on model predictions intended to demonstratecdiséifity to detect
species originating from a third oxygen additgtep during Znethylhexane aut@nition at

low temperatures, Wanet al. [436] noted that the most abundant predicted HOO®@Ee

oxirane derivativesFig. 28 summarizes the channels that yieBs@Gnd HOOEs starting

from a 4©0H radical.
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Fig. 28.Formation of hydroperoxide CE&) lumped reaction scheme frod©OH radicals inspired
by Warthet al.[469], (b) simulated formation of HOOCEs for the conditions givefkim 3in Partl
using the model of Zharet al.[33].

Since the work byvanget al.[436], alkane oxidation modekuch as that fon-heptane

proposed by the group of Currg83] include HOOCE chemistryFig. 28 displays the

predicted HO@ESs using the model of Zhamgal.[33]. It shows that accordirg the kinetic
model these species are formed in significant amounts, since the sum of their mole fractions

represents about a quarter of the sum of KHP mole fractions. Contrary-toydiaperoxide

CEs, which are mainly THF derivatives for alkanes fron{sé¢Table 9andFig. 3in Part 1),

the majority of hydroperoxidic CEs are oxirane derivatives. uhderstand the favored

formation of oxirane derivatives after the seconda@dition,|Fig. 29 presents a flow rate

analysis (using -hydroperoxyepyl radical as initial radical), in which the pathways leading

to the major hydroperoxyoxirane derivatives are highlighted. In the model of 2hah{B3],

the rate constants for thgeroxyalkyl radical isomerizations and the decompositions of
hydroperoxyalkylUDGLFDOV WR F\FOLF HWKHUV DQG + UDGLFDOV I
Sharmaet al.[156] and Villanoet al.[470], whicharein agreenentwith the new teoretical
calculations by Duaret al. [471]. The same rate coefficients aaéso usedfor analogous

isomerization and decomposition reactiohsOOH). radicals

As was observed during the experiments listg@iable 9and is numerically confirmed

in[Fig. 29 theisomerization reactions of alkylperoxydieals 52 : 400H) proceeding
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through émembered or -membered ring TSs are favorethis iscausé by the low energy
barriers for these reactiongl71] and explains the preferential formation of THF derivatives
(through7-membered ringf'S) andoxetane derivatives (throughréembered ring TS)The
4O 0Hradicals from thee routes are abundant and available for the secpaddRion forming
the OQOOH radicalsThese latter radicals isomerize also preferentially througin 6ne7-

membered ring TSs to formPOOH): 2422+  @OOHY), which in turn form

hydroperoxyCE byelease ofOH. As can be seeim [Fig. 29 each QOOHY, radical may

produce twodifferent hydroperoxyCEsbut the reactionsleading to hydroperoxyoxirane
derivativeshaverate coefficients more than an order of magnitladgerthanthose for the

alternativepathways.

Fig. 29.Flow-rate analysis for-heptyl oxidation with focus on hydroperoxide CEs formation. The
conditions are the same a The green area highlighformation pathways of
hydroperoxyoxirane derivatives. Numbers near the arrows are th¢inatesie/cni/s unii of the
corresponding reaction averaged from 700 K to 1000 K, and numbers in square brackets near
molecules are the peak mole fractionshaf corresponding molecules. The numbers inserted in the
transition states belong to the ring size. For clarity reasons, several important pathways, such as KHP
formation, are omitted.
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Note that standalone MS analysis cannot distinguish between hydrojgefoi&s and
KHPs if their spectralo not containcharactestic fragmentation patterns as thearentions
have the samen/z ratio. In their SVUVPIMS investigation ofn-butane JSR oxidation,
Battin-Leclercet al.[472] calculated the IEs of several species correspondingz®04. The
calculated IEs of both {KHPs (between 9.36 and 9.39 eV) antyg8iroperoxyTHF (9.37 eV)
were found compatible with the observed signae at m/z 104 @t 9.29 eV). Further
investigationbased orthe PEPICO techniquer using deuterated isotopasght be able to

provide evidence that hydroperoxide CEs are indeed formed.

4.1.3 Progress in modelling cyclic ether formation

The double pdastructure of the MTHF profile in n-pentane oxidation nicely demonstrates
the close link between CE yields and NTC behavior ortlemvperature oxidation chemistry
including the role of peroxides, which due to their wea® ®ond, become an additionalsce

of radicals. While the oxidation of short alkanes mainly yields oxiranes via hydroperoxy) (HO
radical addition to alkenesthe latter are formed via the concerted H@limination from

alkylperoxy radicals (RO) or -scission of alkybr hydroperoxyalkytadicals Hlarger alkanes

follow the more typical alkane oxidation sequeni€g(29. As presented |fig. 28 CEs are

produced together with the chain propagatind radical as one of the bimolecular product
channels of hydroperoxyalkyl radicald®OH). An exact treatment tfe competition between

CE formations with alternate reaction channels requires a full and detailed analysis of the
underlying PES and the corresponding Master Equation (ME) because theddal is
formed as a chemically activated species, which cositextess energy comparable to the

barriers on the PES. Similarly, isomerization steps may produce energized species that continue

to further react prior to being thermalizgt¥3,474] In|Fig. 3Jthe PES fon-propyl radicals

reacting with @ demonstrates this point. Several barriers are below the entrance channel and
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the flux through different reaction pathways notably depends oenirgly distribution (hence
competition between chemical transformations and energy transfer). Consequently, a number
of recent reviews on losemperature oxidation strongly emphasize the importance of solving

the underlying MEe.g.[106,475477]

Fig. 30.Schematic PES of thepropyl+G, PES. The red arrows demonstrate ve&ibping reactions
of chemically excited species, while the blue arrows follow-gtise transformations that cie
described by higipressure limited rate expressicrreproduced from Ref473] with permission of
ACS.

It is not the focus of thiseview paper to further discuss ME analyses because they depend
on the details of each PES. Instead, the main focus is on generalized high pressure rate
expressions for the elementary reactions leading directly to CEs. Before this, a brief summary
on someselected theoretical studies that lead to the current general understanding of

low-temperature oxidation is given, since CE formation is a part of this.

4.1.31. General remarks on loviemperature oxidation

As mentioned in the introduction Rart 4, theimportance of radical chemistry involving the
reaction of alkyl radicals with £and subsequent chemistry of R@vas already recognized
more than 40 years ago by Pollgd]. However, a detailed understanding of the involved

individual steps had to wait for rable quantum mechanical methods to become available.
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Pioneering work on &s+O, by Schaefer Ill and coworkergl78#81] and Miller and
Klippenstein[482] established that direct HOconcertecelimination froma RCH>O radical
(R is an a Hatom or an alkyl groupis a feasible alternative to the indirect sequential pathway
involving prior isomerization to©OH radical:
RCH>-CH2O o RCH=CH:+ HO (direct concerted elimination)
0 RSHCH2O0H o0 RCH=CH; + HO (sequential elimination).

By directly monitoring HO profiles via infrared absorption spectroscopy, Cliffetdl.
[483] GHPRQVWUDWHG H[SHULPHQWDOO\ WKH chaAr@Hor D& FH R 1 \
ethyl + G reaction resulting from chemically activated R@adicals, and Carstensen al.
[484] and DeSairet al.[181,485]presented modeling studies confirming the important role of
the chemical activaad CoHsO radical for the correct prediction of tinteependent product

yields in the GHs+O; reaction. Conclusions drawn for ethyl + &so largelyhold for CsH7+0»

(seeFig. 33GLUHFW UHDF\WL3R Mo Bevéht Zdiculations,g.by Launderet al.

[486] or Klippenstein476] further improved the accuracy of theHs+O, PES, but the main
features remained unchanged.

Routinely solvinghe ME for the oxidation chemistry of large alkanes is not practical and
it would significantly slow down thautomated and/or systematic developnpeates®f low-
temperature mechanisms. Fortunately, the importance of chemically activated reactions
diminishes with increasing molecule size, increasing pressure and decresspeyature,
which justifies the use of higpressure rate expressions as a good approximation of the exact
kinetics[487,488] This allows kinett models for the lowwemperature oxidation of alkanes to
be based on reactions classes with assignedpnggsure rate expressions for each reaction
class or family. A review by Battiheclerc[10] emphasizes the systematic way, in which large
kinetic models by the Ranzi group (Milan$}89,490] the Westbrookand Pitz group

(Lawrence Livermore National Laboratory491] and the Nancy groupl93,194] were
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constructed up to 2008, but this is also true for models from other research grgupat of

the group of Warnatf492]. Since the time of that review (2008), thermochemical data have
been refined and missing reaction classes have been adgdtie Korcek reactiof31] or
more detailed P and 3% O, addition chemistry[493], but the general kinetic model
development approach remains the same.

In order to further improve earlier letemperature oxidation models, theoretical studies
have been conducted to extract or confirm systematicisrin rate expressions for the various
reaction pathways related to this chemi$iry6,470,487,488,494,495Especially, the ring
size and substitution patterns of the hydroperoxyalkyl carrying carbon and radical site alter the
pre-exponential factors and barrier heights of several reaction classes relevant to
low-temperature oxidation. Studies specifically m$ding CE forming reactions will be
discussed in detail below. The availability of generic rate expressions is essential to extend
basic oxidation mechanisms for small specieshsas the validated AramcoMectD3nodel
[496]to larger regular alkanes. These models can further be augmentedh wiitho calculated
oxidation kinetics to address subtle deviations from the generic rate expressions for specific

fuels.

4.1.32. Generic rate expressions fayclic etherformation during the oxidation of alkanes

Several systematic studies on the formation of &HBowtemperature oxidation conditions are

available and these are liste(Tiable 1( The investigations of individual reaction systems are

not included.
Chanet al.[497], Wijaya et al.[207] and Miyoshi[494] calculated the rate coefficient

for the simplest member of &action class, which was then used as the representative rate
expression for the reaction class. For exampté;CH.OOH o cy(CH.OCH; + LV WKH

simplest oxirane forming reaction that involves a primary radical site, while the corresponding
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2,2-dimethyloxirane forming reaction (Gyi SCH.O00H o cy(C(CH).OCH: + LV WKH
simplest reaction that involves a tertiary radical site. Each reaction class is defined by the CE
formed and radical type involved. The abeowentioned examples belong to tbzirane

forming reaction classes from eitherqu t-type radicals.

Table 10.Ab initio based development of generic rate expressions for CE forming reaptimhsefer to primary,
secondary and tertiary sites and-<Epecifies the CE type: x=3,4,5,6 ar@ranes, oxetanes, oxolanes and oxanes,
respectively.

Authors Year Method Number of Target
& Ref. calculated
reactions
Chanet al. 1999 DFT 10 CE-3,4: p,s,t (radical sites)
[497] BHandHLYP/6311G** CE-5: p,s (radical sites)
CE-6: p (radical site)
Wijaya et al.[207] 2003 CBS QB3 9 CE-3,4,5:p,s,t (radical sites)
Miyoshi 2011 CBS-QB3 73 CE-3,45,6: p,s,t (4O0OH + radical sites)
[494] CE-7: p-p and ss sites
Ring substitution effects
Villano et al. 2012 CBS-QB3 51 CE-3,4,5:p,s,t (most4O0H + radical site
[487] combinations)
CE6: only (p,p), (p,S)(S,P)
Cordet al.[498] 2012 CBSQB3 9 CE-3,4,5:p,s,t (radical sites)
Bugleret al. 2017 CCSD(T)/CBS// 43 CE-3,4,5,6:
[499] MO06-2X/ 6- 311++ example reactions for
G(d,p) (most 4D0H + radical site combinations),
no explicit rate rules

apreferred method, others used: DFT, GBS

Miyoshi [494] showed that thab initio reaction barriers for CE formation correlate with
the enthalpies of reaction (EvaRslanyi relationship), which is used to estimate the activation
energies of the rate expressions. Villat@l.[487] averaged thab initio/TST results from a
larger set of reactions by determining a common A factor and providing fPadasyi
parameters to calculate the barriers from the reaction enthalpies. Bu@lef499] did not
derive generic rate expressions but a large set of individually calculated rate coefients

provided from which such rules can be deduced. The studies mentioTﬁdeB 1Qare

discussed in more detail below.

Table 11compares the CE rate expressions from the studies mentigiedblm 1(at

700K. These were calculated either directly using the reported rate rules, if available, or they

were deduced from rate coefficients found in these studies. In the lattee.gagpplicable to
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the work by Bugleet al.[499], the reported rate expressidra/e beemeneralized in terms of

rate rulesn order tocalculatethe entries ifTable 11

The main conclusion one might draw from this compilation i tthet CBSQB3 based
rate expressions are generally higher than those obtained by the study ofeBag&99]. It
should also be noted that different studies using the sameQEBSmethodclearly report
different rate expressions for the same reaction class (or even reaction). Some possible causes
for this werealready discussed Part 2 e.g.the discussion of the treatment of internal rotations
in 2.1.2.2 In addition, Wijayeet al.[207] have corrected the CBQB3 energies to account for
excessive higher ordeorrections, while such corrections have not been applied by Miyoshi
[494] nor by Villano et al.[487].

Prior to 2011, only a few systematic theoretical studies were available. Li@Red
resources and restrictions in the levels of theory led to results with large uncertainties and
significant differences between different gro{h87]. In 2003, Wijayaet al.[207] calculated
barrier heights for CE formation that were generally fountiéaconsistent with the earlier
studes by Chanet al. [497] and[500] but the A-factorsdiffered substantiallyThe authors
pointed out that internal rotors play an important role as they may freeze in transition states.
Consequently, an accurate treatment of these internal rotations is required to obtain reliable pre

exponential factors.

110



Table 11.Rate expressionsalculated with rate rules for CE forming reactions at 700 K. p,s,t refer to primary,
secondary and tertiary carbons. CE ring sizes 3,4,5,6 refer to oxiranes, oxetanes, oxolanes and oxanes, respectively.
For keeping a reasonable size to this table, reactmsses, for which rate rules were only reported by Miyoshi,
wereomitted. The number in parenthesis in the entries for Villetnal. and Bugleret al. indicates how many

reactions were evaluated to derive this rate coefficient. All other rate cormtamiased on a single reaction.

CE HOO Nature k(700 K) [s1]
ring | carrying of Chanet al? Wijaya Miyoshi Villano et ald | Cord et Bugler et
size | carbon | radical [497] et al.[207] [494] [487] al.[498] | al.9[463]
type site
3 p p 6.9x10° 2.0x10 2.1x10° 1.4x10% (1) 1.7x1C | 6.5x10° (1)
p S 8.3x10° 1.5x10 4.4x1C° 1.0x1C (6) 2.3x10° | 6.0x107 (3)°
p t 2.3x10° 2.0x10° 1.0x10° 1.6x1C° (1) 1.5x10° | 2.6x1C¢F (2)
S p 7.3x10° 7.0<10° (4) 3.8x10° (4)
S s 6.0x10° 9.7x10° (6) 4.6x1CF° (7)
s t 1.1x10° 3.1x10° (1)
t p 1.5<10° 2.3x10° (2) 3.7x10° (2)
t s 3.4x10° 2.3x10° (1) 4.1x1C° (1)
t t 1.5x10°
4 p p 3.0x10° 6.5x10* 3.6x10° 1.4x1CP (4) 1.9x1C° | 3.0x10° (4)
6.3x10%° 1.2x10%, 3.6x10%¢
p s 6.3x10° 1.7x10P 3.3x10° 3.0x10° (4) 3.8x10° | 1.5x1CP (4)
7.9x10%, 1.8x10°
p t 1.3x10° 1.2x10° 1.0x10 7.7x10° (1) 3.8x10°F | 3.8x1(P (1)
5.5x10%, 4.3x10
S p 2.4x10° 2.5x10° (4) 9.8x1(P (4)
3.8x10%, 1.5x10°
s s 9.8x10° 2.0x10° (2) 3.9x10° (2)
1.7x10%, 9.8x107°
S t 6.9x10° 1.7x107 (1)
6.5<10%, 1.5x10%
t p 6.7x10° 3.3x10° (1) 2.7x10P (1)
2.4x10™, 6.6x10°
5 p p 7.5x10° 1.2x10° 7.3x10° 1.4x10° (2) 3.1x10°P | 2.2x1C° (3)
1.4x10%°1 7.6x10°2
p s 1.0x10 3.2x1(° 6.8x10 4.1x107 (2) 3.0x10° | 4.6x1C° (1)
4.0¢<10°%, 1.4x10°%
p t N/A 6.6x10° 2.2x10° 1.8x10% (1) 1.8x10°
5.8x10%, 7.3x10P%?
s p 4.1x1¢P 7.8x10° (1) 1.1x10° (1)
4.2x10%, 8.5x107
6 p p 1.5x10° N/A 1.1x10° 2.3x10° (4) 2.6x10° (1)
p s 3.6x10° 1.3x107 (1)
S p 1.1x10P 5.5x10° (1)

arate rules for reverse reactions are also reported but not compared here.

b methyl substitution on nereacting ring carban

¢ double methyl substitution on neBacting ring carborf: vicinal to OOH 2 vicinal to radical site
dreevaluated based on the rate coefficients given in the study.

€one entnyis ignored (outlier)

The studies by Chaet al.and by Wijayaet al. are the first systematic investigations of
the effect of ring size and substituent on CE formation, but they are based on limited sets of
reactions tthree each for oxirane, oxetane and oxolane. Nevertheless, a clear trend towards
lower activation energyvhen going from primary to secondary and tertiary radicals was

observed. Another outcome was that oxetane formation is slower than oxirane or oxolane
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formation for the same radical type. CBB3 was found to be a reliable method (except for
implementatiorproblems in the Gaussian software package used), although \&tijalyf207]

raised concerns about contributions of higher order corrections, which might lead to unrealistic
low barriers for some reactions. In those cases, Wgagh[207] corrected thab initio results

by 2.5 kcal/mol.

In 2011, Miyoshi494] conducted a very detailed and comprehensive-QBS study on
all important lowtemperature oxidation reactions including CE formation. The impact of the
radical structurembarrier heights, reaction energies andgxponential factors was identified.
Those can largely be related to ring strain effects in the cyclic transition states. While for most
reaction classes, only the substitution of the radical carrying site (grisecondary, tertiary)
alters the reactivity notably, the CE formation rate coefficient is also affected by the type of
carbon that carries the hydroperoxy group. Higbssure rate coefficients were calculated for
the simplest reactions of a given sitiision pattern with Eckart tunneling corrected transition
state theory and the results were generalized in form of rate rules. Internal rotations were
accounted for, but only at an approximate PiGerinn level. Next to RO/ 4O0H reactions,
Miyoshi alsoanalyzed CE formation reactions following the addition of a secerid @OH
and concluded that the rate expressions for these reactions were largely in line with those of the
first O> addition. The work by Miyoshi provides the most detailed and compd¢taf rate rules
for CE forming reactions known as of today.

Villano et al. [487] also used the CBB3 method to study alkyl + ©reactions
including CE formation. This study is very similar to that of Miyoshi but not as comprehensive
in terms of detailed rate rules. One difference between the two studies is that ¥illaho
treated every internal rotat separately asD rotor with effective reduced moments of inertia
that largely decoupled this rotation from the external modes. The explicit calculation and

evaluation of hindrance potentials might have allowed Villab@l. to find lower energy
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confomers, which are sometimes difficult to locate. The rate rules by Vilktral, who also
observed that the rate coefficients for CE formation depended on the degree of substitution of
both the hydroperoxy group carrying site and the radica|l aite oveall in good agreement
with those developed by MiyosiDne notable difference was seen for the CE formation from
tertiary - 4O0H, for which Villanoet al.found a lower activation energy than Miyoshi but in
line with that found byCord et al. [498]. Villano et al. also carried out a steady state ME
analysis for the reactions on theCsH7+O> PES and calculated the pressdependent rate
expressions for this system. They showed that the predictions of a kinetic model using high
pressure rate expressions agree at 500 K and 750 K excellently with the one that explicitly
accounts for presswaependence. Even at 1000 K, the differences were found to be small.

Cord et al. [498], also applying the CB®B3 methodcalculated rate coefficients for
nine CE producing reactions from primary, secondary and tetasoperoxyalkyl radicals
forming oxirane, oxetane and tetrahydrofuran pfoducts. The results were compared to
generic expressions used in the EXGAS software and substantial differences were observed.
The authorgoint out thatheir results deviatelearly from those by Miyoshi494] and suggest
that differences in the hinderedtwo treatment and the application of tunneling correction
factors could be reasans

Bugler and coworkerpl63] presented their own study on this subject. While an earlier
publication by Bugleret al. [499] recommended rate expressions based on the studies by
Miyoshi [494] and Villanoet al.[487] for CE formation reactions with rather large uncertainty
assignments, two years later, they investigated 43 CE formation reactions involving alkyl chains
from G to Gs with the M062X/6-311++G(d,p) method to calculate geometries and frequencies
and CCSD(T)/CBS for energieBhe different methodology provides an alternative evaluation
of these reactions compared to the G@BB3 investigations by MiyosH494] and Villanoet

al. [487]. The reevaluation was motivated by the suspicion that €HE3 predicted barriers
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were potentially sstematically too lowThis would lead to an overestimation of CE formation

and too high CE yields. The newly calculated rageressions are generally lowtran those

obtained with CBSQB3 (seg¢Table 1].

Several other studies reporting on rate coefficients for individual CE forming reactions
seem to support Bugler’s analysis that the prior GBS based rate rules might overestimate
the CE formatia step. Shengt al. employed CBSQ/B3LYP/6-:31G(d,g) level of theory to
calculate the rate coefficient for hydroxyethyl reacting to give oxirane ahdadical[501]
and basically reproduced the result by Wijataal. [207]. Oakleyet al. [502] studied the
formation of oxiranes from various hydroperoxyalkyl radicals using G4 theory. They concluded
in agreement with Bugler that the CEB®B3 method underpredicts the barrier for this reaction
by about 2.5 kcal/mol. The barriers were expresseadrins of an EvanBolanyi relationship
but no generic rate expression was provided. Hasbeali [503] used in their high pressure
ethane oxidation model a rate coefficient for oxirane formation from hydroperoxyethyl radical,
which was very close to that of Bugletral. and lower than those Ilcallated by Villanoet al.
and Miyoshi. This rate coefficient was extracted from a ME analysis by Klippend#gh
based on a PES at the ANLO level of theavhich, as mentioned in Part 2.1i%,a high level
coupled clustecomposite approach thacludes CCSDT(Q) corrections. Xuet al. [504]
recalculated the PES for alkyl+@ethyl, propyl, butyl)at various coupled cluster type levels
of theory and concluded that CCSD{H)2a/cepVDZ-F12 was the best method for ethyktO
The activation energy for this reaction is higher than those obtainBdidigr et al. [463] or
Villano et al.[487], but similar to that oMiyoshi [494]. Nevertheless, the rate coefficient is
predicted to be lower than those obtained with €S by Miyoshi and Villanoet al.
supporting the idea that the CEB33 rate rule for this reaction overestimates the reactivity.
The same is true for the study by Duan ¢5@5], which calculatd high-pressure and presstre

dependent rate expressions for CE forming reaction from the oxidatiebudf/l radicals.
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Fig. 31a compares the generic rate expressions for several CE forming reactions. Similar

but more extended comparisons can be found in the supporting material ef &l [499].

Unlike one would expect frorthe previous discussioon ativation energiesthe Arrhenius

plots are rather parallel but the geponential factors differ substantia

Kig. 31

D) with those

calculated by Bugleet al. being systematically smaller than those from the CHE studies

by Miyoshi [494] and Villanoet al.[487]. As can be seen|fig. 31, the activation enelgs at

700 K calculated by Bugleet al. at the CCSD(T) level are not always higher than the

corresponding CB®)B3 values.This does not necessarily contradict statements abéut 0

barriers since the 70Q data contain thermal contributions. However, mogtortantly|Fig.

demonstrates the importance of the-gxponential factors, which goes back to proper

treatments of internal rotoend symmetriesGiven the importance of these rate expressions

not only foraccurate CE vyield predictions but also to describe the competition between chain

propagation and chain branching correctly (and therefore ignition behavior), the observed large

spread in the rate expressions, which has also been noted by eAtef. [467], is not

satisfactory. More studies are needed to improve this situ&trexamplethe G4 composite

metod, which does naapply the oftenquestioned498,506] empirical spin contamination

correctionusedby CBSQB3 and has been shown by Simmie to perform better thatQBBS

[132] could be tested. If successful it would provideomputationally affordablenethod to

study large fuel molecules. Alternatively, systematiapled cluster and CASPTRudiesthat

account for multreference charaet in the transition state as showiilable 2

in Section 2.1.1would be helpful
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Fig. 31.Comparison of rate expressions for selected CE formation reagagmArrhenius plots of
rate expressions fo®OH cyclization forming methyl oxirane, methyl oxetane, furan and methyl
furan, respectively(b): Comparison of prexponential factors (At 700K of different rate rule

studies(c): Comparison of activation energidsaj at 700K of different rate rule studies. The
Arrhenius A and Ea are either directly taken from the rate expression or calculated agdAmAT"

x @ andEa = E + nRTfrom modified Arrhenius rate expressions. References: Weagh [207],

Miyoshi [494], Villano et al.[487], Cordet al.[498], Bugleret al.[499], Xu et al.[504] and Duaret
al. [505]. In the CEn_x label, the n value refers to the ring size and x denotes the type of radical
(primary, secondg, tertiary)as defined ifTable 13for a primary HO carryng Gatom In (a) dl

colorlines are CBSQ)B3 based while the black lines indicate cedptluster type calculations.

4.1.33. Modeling ofcyclic etherformation during the oxidation of n-alkanes

In the last three decades, many models considering the CE formation from alkanes were
developed, see for instance thosg384,462,496for propane, by462,469,498,505,507pr
n-butane, by411,429]for pentanes, bj454] for n-hexane, by33,34,194,408,446,44Tdr n-
heptane, byanget al.[20] for 2,5-dimethylhexangby[459,467,508for iso-octanepy [509]
foriso-dodecanehy [464,491,510For Cs-Cien-alkanes and bj57] for 2-methylalkane$rom

C7 to Co. This list is by far not exhaustive, but it aims at including the major models having
allowed progress in modelling alkane oxidation at-tempeature. In addition, although all
these models include reaction channels leading to CEs, only a part of éretested against

CE quantificationswhich are available in a limited number of studies
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In their earliest attemif modelling thein-butane R® experiments, Minetiet al.[407]
used the model by Wilkt al.[507]. Simulations using this previously developed model well
predicted the fuel consumpticend the yields of the reported products (CO, ethylene, propene,
butenes, methanol, propanal) were also well reproduced (within a factor of 2). However, the
model overestimated by up to a factor of about 10 the reported yields for all CEs
(2,3-dimethyloxirane, 2ethyloxirane,2-methyloxetaneand THF) Amongst the data listed in
Tables 8 and 9various levels ohgreement were reported using the befsted models with
still significant deviations observed even afterttieoretical effort described Part 4.1.32. A
few examples of the recently obtained best agreeswsitig theoretically calculated kinetics
are discussed below.

In order to model their propane RCM data, Ramalingdral. [452] used the model
independentlydeveloped in Galway496]. Their simulations reproduced the methyloxirane
yields very well at 50 bar and quite well (slight overprediction) at 30 bar.

For heavier linear alkanes, Bugkdral.[429] in Galway used an updated version of their

2016 mode]466] and showed improved predictions eMI'HF and2,4-dimethyloxetaemole

fractions from JSR measurements at 1.07 bar land. (se¢Table §. Bugleret al point out

that the use of pressudependent rate expresss makes a difference in the predictions, which

contrasts the previously discussed analysis by Vilirad. for n-butaneg[487]. However, as is

shown byFig. 32, in JSR (P= 1 barl = 0.5), while the agreement is excellent for the fuel

consumption, as it was also the case for RCM IDTs in the work of Beighti(seeRef.[429]),
significant deviations can be seen in the prediction of the mole fractions of all the observed
types of CEsOxirane derivatives are predicted best, but THfd oxetanalerivatives are
underestimated below 700 K by more than a factor of two and THP by a factor of around 50.
In the model of Bugleet al. [429], THP formation inn-pentane oxidation proceeds mainly

through the typical lovtemperature oxidation pathways. The underprediction of THP and its
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cause were not discussed by Burgberal. Note that, while different rate constants were
calculated for the formation @fs- andtrans-isomers, teywerenot con&gered in the presswre
dependent rate expressions included in the model used for simul&itmaigh the model
prediction for absolute values of CE mole fractions still seedbe improved, the model
predicts the peak positisof all CEs shown in Fig32avery well. It is alsonoted that the first
peak of CEs occurs in the NTC zone, which indicateslttee connectionf CE formationto
theNTC causing chemistry

Again in Galway, Zhangt al.[33] developed a model for the lotemperature oxidation
of n-heptane. The rate constansedfor the lowtemperature oxidation chemistryerebased
on the calculation by Sharned al. [156] for RO isomerizations and by Villanet al. [487]
for CE formations. Despite small adjustmepfsthe calculated rate rules to improve the
agreement, significant deviations between experimental and simulated results are observed in

lean mixtures for fuel consumption. Nevertheless, the distribution between the four gxirane

oxetane and THFderivativesthat wereexperimentally observe[B3] (segTable 9 is well

predicted within the studied temperature range andffem 0.25 to 4. However, the forrian

of 2-ethyl-3-propyloxiraneis overestimated by more than a factor of five and no sieullat
profile for 2-ethyl-3-propyloxiraneis reported A possible cause for thebserved deviations
might lie in the oversimplified consumptiochemistryof these CEsised in the modeln the
models developed in Galway, each CE is considered to react Withnd HO to give two
set of products including a radican unsaturated hydrocarbon, a ketone or an aldeleygle (
CoHs & 2 S ¥ and propene in one set and £842 S ¥ and %butene in the second setr H-

abstractiorfrom 2-ethyl5-methyITHF in then-heptane oxidation model {83]).
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Fig. 32.Example of CE mole fractiopredictions inalkane oxidation using recent modes)
n-pentane in a JSR in Nancy along with fuel mole fractiopropyloxirane, 22-ethyl3-
methyloxirane, 32-ethyloxetane, Acis+trans 2,4-dimethyloxetane, 2-MTHF, 6: THP) (sefTable |
| = 0.5)vs. predictions with theGalway modell§oth, themodel used fothe simulations andhe
experimental dateveretaken from[429)), (b) iso-octane (in presence of anisole) in the Lille RCM
(se vs.predictionsby a modeldeveloped based on thatlaffermore- reproduced from Ref.
[459] with permission of Elsevier

Concerning G: alkanes, Caet al.[510] proposed optimized reaction rate rules for the
low-temperature oxidation of3C11 n-alkanesAs a starting point fatheir optimizationthey
useda Livermore mode[457], in which the lowtemperature oxidation kinetics was updated
according to the work by Buglet al. [429]. The optimization waslone withexperimental
IDTs from the literatire for C7-C11 n-alkanes The obtained rate rules wetigen applied to
develop a model fan-dodecane giving satisfactory IDT prediction. Unfortunately, while these
rate rules involve CEs, tlaecuracy of thebtained modeltowards theredictiors of CE could

notbetestedbecausexperimental data areotavailable
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Concerning branched alkanes, two models using theoretically calculated kinetics were
developed in the group of Pitz and Westbrook in Livermore, onisdarctane[467] and one
[509] for iso-dodecaneThe rate constantssedfor the lowtemperatire oxidation chemistry
were uglated from Villancet al.[487] for RO isomerizations and from Miyosid94] (with
A x 2) for CE formationsFor this last reaction class, Ateffal.[467] noted in the case @do-
octane significant differences between the rate constants obtained with the rate rules of Villano
et al. [487] and with those of Miyoshi494]. The reason for this is in the thermochemistry,
because Villan@t al formulate their rate rules as function of the enthalpy of reachitaf.et

al. [467] and Fanget al.[509] did not report simulated CE formation; however, the first model

(=}

was later embedded in that of Mergulledi@l.[459] for aniso-octane/anisole mixtu1§.ig. 37

presents a comparison between the CE yields simulated using this model and those

experimentally measured in the RCM of LileegTable 9. Taking into account that the model

notably overestimates the fuel consumption (seeigy[459]), the distribution of @oxetane
and THFderivatives is reasonabiyell reproduced

Observed deviations in the predictions of CE mole fractions can be explained by
uncertainties in the kinetics of the reactions yielding them, but also by inaccurate mechanisms
for their consumption. As further discussedHart 5, the recent work oRotavea group
[395,511]points out that reactions that consume CEs are often too simplified in kinetic models.
Moreover, these studigmint outthat there are mechanistic connections betw@Es and
productstha werethoughtpreviouslyto derive primarilyfrom KHPs. The need to properly
account for secondary reactions of CEs hanbealized for a long timee(g.[469]), but in the
past the lack of accurate kinetics made a proper inclusion of such chemistry impossible and
chemical analogy principles had to be u$é4@4]. Given the availability of fasab initio
methodsRotavera and coworkef395,511]argue that detailed kinetic information needs to be

implemented in order to account for the complexity of CE consumption pathways.

120



4.2. Formation of cyclic ethers during the lowtemperature oxidation of cyclic and

unsaturated hydrocarbons

When looking at CE creation during the ld@mperature oxidation of gasoline and Diesel fuel
components, not only their production from linear and branched alkanes should be examined

but also their formation from cyclic alkanes, alkylbenzenes, linear eartthred alkenes, as

well as from linear and cyclic diengBable 12|lists the studies published since 1994, which

present quantifications, includingahe fraction profiles (time or temperature dependences), of

the CEs produced during the ldemperature oxidation of these cyclic or unsaturated reactants.

4.2.1 Cyclic ethers from cyclic alkanes

Although the reactivity o€ .5 cycloalkanes during lowenperature oxidation is lower than that
of the similar alkanes with the same number of carbon atoms, a niNifkedehavior is always

observed, for exampl®r cyclopentang512514] and cyclthexang418,515] Similar to the

low-temperature oxidation chemistry of alkanes, the formation of the CEs lisieabia 12

from cyclic alkanes occurs through a seriesaafctions involving an Hbstraction from the
IXHO D ILUVW DGGLWLRQ RI DON\O UDGLFDOV WR R[\JHQ D
However, the isomerization is in most cases hindered by the necessity to go through bicyclic

transition state, which increases the ring strain compared to open chain all&ditgs

As is shown inTable 12for cyclic alkane oxidation, quantitative CE information is

available from JSR experiments at Nancy and Shanghai, and from RCM tests at Lille. The
oxidation of cyclic alkanes was also studied in JSR in Orléans but no CE formation was reported
in thdar cydohexane studie$517,518] at temperatures starting from 750 K nor in the
experiments of Ristort al.[519] on n-propylcyclohexane oxidation at temperatures stgrti

from 950 K,i.e. above the lowtemperature reaction zon@/hile qualitative information is

available[520], no quantification for CE during cyclopentane oxidation was reported in the
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literature.Below, first the results for cyclohexane oxidation are discussed andafts those

for alkylcyclohexane oxidation.
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Table 12.Studies of the oxidation of cyclic alkanasdalkylbenzenes, in which CE isomers have been quantified.

P (bar)/ 2 XCtuel o . b Year
Fuel T (K) diluent (s) (%) / Quantified CE isomers: & Ref.
7-14 2001
C - | - -
RCM 600900 INo-Ar-COp 0-0.05 2.31 1 1,2-epoxycyclohexane, 1;8poxycyclohexan€l,,4-epoxycyclohexane [521]
Cyclohexane 500 1.071 2.0 0.67 05,1,2 1,2-epoxycyclohexanel,, 4-epoxycyclohexane 2013
1100 He [418]
ISR 1.04/ 2021
500-840 Ar 4.0 1 0.25 1,2-epoxycyclohexane,,4-epoxycyclohexane 1522
M ethyl 500 1.07/ 1-oxaspiro[2,5]octane,-inethyt7-oxabicyclo [4.1.0]heptane, 2019
cyclohexane JSR 1100 He 2.0 0.57 025,1,2 1-methyt7-oxabicyclo[2.2.1]heptane [424]
Ethyl ISR 500 1.07/ 20 05 025 1 2 2-methyl1-oxaspiro[2.5]octane,-gthyl7-oxabicyclo[4.1.0]heptane, 2012
cyclohexane 1100 He ) ' T 1-ethyl-7-oxabicyclo[2.2.1]heptane, octahydrel-benzofuran [417]
2-cyclohexyt3-methyloxirane, 2ethyl1-oxaspiro[2.5]octane,
i 0.46, 8-ethyl7-oxabicyclo[4.2.0]octane, -Pnethyt1-oxaspiro[3.5]nonane,
. ”CIELoep)z’;ne RCMe 620930 /N“'_irl_%‘(‘)z 0003 062  0.3,04 05 1-propyl-7-oxabicyclo[2.2.1]heptane, 2[%]0
y 2 0.77 7-ethyl-6-oxabicyclo[3.2.1]octane,
2-methyloctahydro-1-benzofuran
15.6/N-Ar- . 2000
- C =24
o-Xylene RCM 704 CO 0.35 2.51 1 1,3-dihydro-2-benzofuran (523]
o-Ethyl c 15.3/Ne-Ar- 2-methylphenyloxiranel-methyl-1,3-dihydro -2-benzofuran, 2000
toluene RCM 694 CO 0.37 2.20 ! 3,4-dihydro-1H-2-benzopyran [523]
15.4 2-benzyt3-methyloxirane, 2thyl3-phenyloxirane, 2000
n-Butyl RCM 640-840 No-Ar-COp 0-0.05 1.55 1 2-methyt4-phenyloxetane,-Benzyloxetane, [523,524]
benzene 2-phenyITHF
550 1.07/ 2012
JSR 1100 He 2.0 0.4 0.25,1,2 2-phenylTHF [525]

2only CEs with the same number of carbon atomsasahctant are listeBpxetane derivatives are iiralics and THF ones ibold (othes are oxirane or THP derivatives)T andP in all RCM
studies are those after compression.
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4.2.1.1.Cyclic ethers fom cyclohexane

Since 1994, the lotemperature oxidation of cyclohexane was first studied by Leratime

[521] in a RCM with ignition and cool flame delay time recording, as well as product
guantification. The measured CEs were s@ged as 1;2poxycyclohexane, 13
epoxycyclohexane, 1.dpoxycyclohexane. These results, together with the related IDTs, are
well predicted by models such as those developed in Mj&&], Nancy]{516], and Livermore
[515]. However, as first explained by Gulati and Wallg&7] based on their GC quantification

of the CEs produced during the addition of cyclohexarstotely reacting H-O. mixtures in a
static reactor a?53K, although the cyclohexane chair form permits the formation of the
relatively strainfree sixmembered ring of the transition state leading teep8xycyclohexane,

the rigidity of the chair imposetoo much strain for the formation of the oxetane ring and its
rupture to form he¥-enal is energetically more favoral@27]. This hypothesis was
considered in the modelling approaches of Mil@s26], Nancy[516], Livermore[515], and
Shangha[522]. The three first modelling approaches were mostly based on corrections due to

the change in the strain energies in the transition states of thes®&®@erizations; the fourth

one on theoretical calculatis|Fig. 33 presents a comparison of the experimental results of

Lemaireet al.[521] with the predictions obtained using the modgdbd6]for the yields ofl,2-

epoxycyclohexane, 1;dpoxycyclohexanand hexs-enal (Yoroductin|Fig. 33).

1,2-Epoxycyclohexane,1,4-epoxycyclohexaneand hexb-enal were also quantified
during the JSR study of the lel@mperature oxidation of cyclohexaneS#rinyelet al.[418].
These authorstudied three equivalence ratios, 0.5, 1 anah#, demonstrated thatdecrease
of the equivalence ratio notably increases the CE yi€hisseauthorgproposed a kinetic model
based onheoretically calculated rate constants for the reactions of cycloalkylperoxy radicals
[220], with overall good predictions of IDTs and product formations slgrificant deviation

for the amounts of £oxygenated species.
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Fig. 33.Oxidation of cyclohexane (see conditionfable 13: (a) RCM selectivity of the CEs
measured by Lemairt al.[521] (symbols) and kinetic modelling by Budaal.[516] assuming that
1,3-epoxycyclohexane is decomposed to-Beanal;(b) JSR experimental (symbols) and predicted
(lines) mole fractions by Zoet al.(reproduced from Ref522] with permission of Elsevier).

Two recent JSR studies at Shangh&i2,528]with SVUV-PIMS analysis presemtole

fraction profilesas a function of temperatuo a lumped @H100 species assumed to include

the three molecules {Fig. 33 (1,2epoxycyclohexane, 1;dpoxycyclohexanehex5-enal)

together with cyclohexanon&he most recent papfs22] also presents results using &M

to quantify these three molecules (the safrivce peak is ~1.60.16%) during the JSR study of

the lowtemperature oxidation of cyclohexane, as is shoWFign33. The studies of Zoat

al. [522] and Serinyeét al.[418], both detectetlex5-enal, which was presumed to form from
1,3-epoxycyclohexane, isignificantly higher yieldshan those of the two bicyclic CEs. As is

also shown iEig. 3P, CE formation below 800 K is well predicted by the last model proposed

by the Shanghai groyp22]; the obtained prediction of the data of Seriratedl.[418] is also
overall satisfactory. The cyclohexane modefotiet al.[522] was based on a theoretical study
performed by the same groyp29], in which pressureand temperaturdependent rate
constants and branching raiwere determined from solutions of the RRKM/mastguation
for the major reaction channels in the first and second oxygen addifioe authors noted that

rapid inversiortopomerization processes facilitate fast equilibrium between axial and
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equatorialconformers which can greatly counterbalance the influence of initial positions of
side-chain peroxy and hydroperoxy groupslow-temperatur@xidationprocesskor example,

the equatorial5 2 radicak preferablyswitch the peroxy group from equatorial &xial
position by inversioriopomerization and forrthe axiakRO radicalswith an overall energy
barrier of 11.08 kcal/mol that is much lower than the baofigrtramoleculahydrogertransfer

( +31.8kcal/mol)and concerted elimination (32.0 kcal/mdhe - 4O0H radical could react

to form the corresponding oxetane arid radical, or alternatively by rirgpening to yield the
unstable [C=CCGOOH] species, which instantaneously decomposedxBnal and H. At

CBS QB3 level, the eneggfor the correponding transition staie about3 kcal/mol higher
thanthat for the oxetane formation. The entropy on the other hand favorgpéming Several
studies[418,515,528,530,531have shown that the ringpening step is fast, which would
explain why 5hexenal is detected in high quantities. As showifbE8B], the calculated or
estimated rate expressions of five stud#k3,515,528,530,531deviate by several orders of
magnitude, which in part miig be caused by different methodologies used and partly by the

existences of several conformers. Given this severe uncertainty in the rate expressions, the

overprediction of thedhexenal yield by only a factor of two seeffig. 33 is quite reasonable.

4.2.12. Cyclic ethers fromalkylcyclohexanes

Methylcyclohexane is a simple alkylcycloalkane frequently suggested as a potential surrogate
to represet the naphthenic content in transportation f{igB2]. Its low-temperature oxidation
chemistrywith a notable NTC behavior was studied in the first decade of this millennium in
RCM experiments but without product form#on measurements [533535]
Methylcyclohexane oxidation was also investigated in a QE&operative Fuel Research)
engineby Yanget al.[536] who report onlyCO measurement$his studyanalyzed the impact

of steric cyclic structure on the letemperature oxidation. For the RCM studies, reasonable

detailed kinetic models were proposed in eacthefthree papers; the latest one by Wedter
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al. [535] being based on theoretical calculations, espediadlge fronthe work of Yancet al.
[536].
In 2019, Bissoonautét al.[424] reported CE measurements for methylcyclohexane from
a JSR study by the Nancy group together with modelling by the group of Sarathy at KAUST.

This was done in order to vadéte their detailed kinetic model based on an update of that of

Weberet al. [535].[Fig. 34a displays the observed CE mole fractions, showing that the highest

Yce was found for two oxirane derivatives -¢kaspiro[2,5]octane and -rhethy}7-
oxabicyclo[4.1.0]heptane), which could notdmparated by GC analysis, whil@roduct with
THF structure (dmethyl7-oxabicyclo[2.2.1]heptanewas detected in lower amounts. The
maximum sum of ¥e is ~2.5£0.2%%. Note that the two oxiranes originate from the tertiary

52 UDGIEig. EB? also displays results from the simulations, showing that while the

predictions are very satisfactory for the reactant and for unsaturated hydrocarbons and
aldehydes, they deteriorate for CEs, especitioxirane derivatives. This led Bissoonaeth

al. [424] to conclude that more work on the G&>mechanisnis necessary.

Fig. 34.Experimental (symbols) and predicted (lines) mole fractions duri@@lkylcyclohexane
oxidation in a JSR (see conditiongliable 13: (a) reactant and initial oxidation producis
methylcyclohexan@24]; (b) all CEsquantifiedin ethylcyclohexan@xidation[417] " ¥=0.25;
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(+) ¥ “¥= 2); (c) comparison between simulations [5B37] and experimental results Ef17]
for ethylcyclohexanexidation When several molecules are shown in a figure, the experimental
profile represents theummed mole fractions of the displayed noales, whilethe simulaed profileis
the sum of all the isomers with similar structures. Reproduced fronj42d{.with permission of
Elsevier from Ref.[417] with the permission of ACS, anddfn the supplementary material[687].

Quantification of CEs during the letemperaturexidationof ethylcyclohexane was first

reported in 2012 biussoret al.[417]using a JSR coupled to a GC. These results are displayed

in|Fig. 34, which shows the four quantified CEs. Those inclRdeets of products: one set of

two CEs (1-ethyl-7-oxabicyclo[4.1.0]heptanel-ethyl7-oxabicyclo[2.2.1]heptane) in which
the newly formed € ring is fused to the cyclohexane ring, and a secondfdeto CEs(2-
methyt1-oxaspiro[2.5]octanectahydrel-benzofuran) in which the new Gkgis formed on

the side chainThelargestexperimental ¥e wasobtained for these last two CEs (peak value
above 20.2% for each of them)n line with their previousnethylcyclohexane modélyang

et al. [538] reportedthe first simulations of the data pf17], together withan experimental
studyperformedn a JSR at atmospheric pressure with SYBWIS analysi@andmade in order

to identify highly oxygenatedproducts, thuswithout individual CE quantificationnor
simulations In their recent experimental and modelling study of ethylcyclohexane oxidation,
Zou et al.[537] reported measured and simulated temperature dependent mole fractions (peak
Yce ~10% at 650 K,2= 2 s) of a lumped &H140 species, which presumably consists mainly
of the CEs octahydr@-benzofuran and -gthyl7-oxabicyclo[4.1.0]heptane, but also of
2-ethylhex5-enal and zthylcyclohexaril-one The total mole fraction profiles of these
speciesvere well predicted by the model 8bu et al.[537] for the three equivalence ratios
studied (1 =0.5, 1 and 2)Zou et al.[537] also used their modé&b simulae the data of Husson

et al. [417]. However,the mole fraction profiles obnly two of GH14O CEs (ethyl7-

oxabicyclo[4.1.0]heptane, -athyl-7-oxabicyclo[2.2.1]heptane) were presented and show

significant undetpredictionas genin|Fig. 34.|Fig. 34clearly demonstratethat most otthe

bicyclic CEs observed during ethylcyclohexane oxidation result from reaction sequences that
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presumablyinclude the abstraction of the tertiaryatom, either by metathesis or through
internal isomerization.

Continuing with increasing alkyl chain, CE quantifications were reported in 2010 during
n-propylcyclohexane oxidation experiments performed in the Lille RCM in the group of Minetti
[26]. This work reports on measurements of cool flame delay times and IDT, as well as on

product quantification. The time dependence of the mole fractions of seven CEs was measured

asshown inFig. 35 under lean conditionsl from 0.3 to 0.5). These include oxirane, oxetane

and THF derivatives, with-Bthyl1-oxaspiro[2,5]octanera 2-methyl1-oxaspiro[2,5]nonane

having the highest ot.

Fig. 35.Yce duringn-propylcyclohexane RCM twstage ignition T andP after compression were
669 K and 7 bar, respectively= 0.5 (se). The cool flame and ignitioregionsare
indicatedas grey zone€xperimental results were connectgdadine to guide the ey&eproduced
from Ref.[26] with permission of Elsevier.

Fig. 39shows that the two bicyclic ethers produced in the highest quantities are those

formed through reactions involving tertiary-agloms. To theD X W KoBst) khwledge, no
modelling attempt of tree RCM results has been made. Note that Ristoal. [519] also
reported an experimental and modelling study on the JSR oxidatimpropylcyclohexane.
This study was performed at temperatwabeve 950 KCE formation was not discussed

To finish the discussion on alkylcyclohexanes, the Nancy group detected a large number
of species with a molar mass of 154 g/mol during their JSR studybotylcyclohexane

oxidation. These correspond to cycéthers, ketones and aldehydes with the same carbon

129



number as the reactant. However, contrary to the previously described ethylcyclohexane work,

these important products could not be identified accurately due to too crowded chromatograms.

4.2.2 Cyclic etkers from alkylbenzenes

The reactions involved in CE formation from alkylbenzenes are very similar to those playing a
role in alkane oxidation: +bstraction from the fuel, first addition of alkyl radical to oxygen,
LVRPHUL]DWLRQ DQG +Cbnb#lte byClodikanes th® phéhlIRiQy itself is

unreactive at low temperaturestaffects the reactivity of the alkyl chaiy induced resonance

stabilization. As is shown |iable 12 CEs were observed mbutylbenzene and §Cg di-

alkylbenzene oxidation, by the research groups in Lille and in Nancy. CE formation was only
reported for tbse alkylbenzeneshat displayed a marked NTC behavidraces of THF
derivatives across the alkyl chain were reported during a JSR stdhegf/Ibenzene oxidation

performed by the Nancy gro(ip39,540]

4.2.21.n-Butylbenzene

As is shown inTable 12 the first aithors to mention CE formation frombutylbenzene

oxidation were Ribaucouat al.[524] in 2000 using the RCM of the group of Minetti in Lille.
In addition to ignition and cool flame delay times, they reporteglof five CEs, two oxirane,
two oxetane and one THF derivatives. This last compowpteBylTHF,is produced witha
Y ce(10%) at least five times higher than those of the other CEs. Ribataijb24] presented
a detailed kinetic model reprading their data with overall acceptable agreement for delay
times, benzaldehyde and styrene selectivity, but significant deviationg#or Y

Only 2,3dihydro-1-benzofuran, a CE with one carbon atom less than the reactant, was
quantified during JSR expemnents om-butylbenzene oxidation performed in Nancy close to
atmospheric pressuf&25]. Dueto the fact than-butylbenzene is not very reactive at low

temperature under the conditions of this study, only traces (amounts < 0.1 ppm) of
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2-phenylTHF, 2ethyl-3-phenyloxirane, and-Benzyt3-methyloxirane were observed. No CE
formation wa observed in the JSR experiments at 10 bar by Diévaait [541] in Orléans
despite investigating the 5050 temperature range and observing a notable NT&vimeh

for the lean mixture. Hussomt al. [525] proposed a detailed kinetic model which overall
satisfactorily predicted the JSR data as well as IDTs measured in ST and RCM. However, CE
predictions using this model under RCM condition$=ad.5predicted-ethyl3-phenyloxirane

to bethe CE with the fghest yield while 2phenylTHF wasexperimentallyfound to bethe

major CE in the study dRibaucouret al.[524] at similarconditionsbutat 1= 1.

4.2.22.Di-alkylbenzenes

In the RCM in Lille, CE quantifications were reported framxylene ando-ethyltoluene

oxidation studiesTR WKH DXWKRUYV EHVW NQRZOHGJH WHKHVH UHV
o-xyleneoxidation a THF derivativg1,3-dihydro-2-benzofuran)can beformedby bridging

both alkyl chaingd523]; this bridging is not possible fan and p-xylenes, explaining their

lower reactivity and why neither cool flame, NTC nor CE were detected for these last two
reactant$542]. Thel,3-dihydro-2-benzofuran{13%)yield in o-xyleneoxidationis higher than

that of 2methylbenzaldehyde (9%%23] thatis formedfrom the samed©OH radical. As

illustratedin|Fig. 3§ the theoretical study of Yet al. [543] explains how the classichiw-

temperaturescheme described Part 1 is also valid foro-xylene The peroxy radical formed
by O; addition to the benzylic radical site abstracts-atéin from theortho-methyl chain,
which faclitates WKH LVRPHUL]B&OHRQ 52

The alkyl chain bridging is also observed forethyltoluene, for which a THF
(1-methyt1,3-dihydro-2-benzduran) and a THP (3;dihydro-1H-2-benzopyran) derivative
can be produced.-@ethylphenyloxirane waslso obseved in o-ethyltoluene oxidation

experimentsWith a Yce of about 15%, dmethyl1,3-dihydro-2-benzofuran, which originase
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from the benzylc radical, is more abundant than -8lfhydro-1H-2-benzopyran, which is

produced from the less stablgoBenylethyl radical523].

Fig. 36.Relative energies of major reaction pathway$&sof o-xylyl + O, at OK in kcal/mol (the
initial bimolecular reactants are set to energy zereproduced from Yet al.[543] with permission
of Elsevier.

4.2.3 Cyclic ethers from olefins and dienes

The need for a thorough understanding of alkenettomperature oxidation arises from the fact
that these unsaturated compounds are the most abymdaloicts of alkane oxidatiofhe
combustion chemistry of alkenes and alkadiensgntheszedand discussed inracent review

paperof Zhouet al.[544]. While all reactions classes are discussefb44], we focus in the

present review on the formation of Cs is shown ifFig. 37for the case of -hexene, the

number of reactiongthways leading to CEs starting from alkenes is larger than from alkanes.
Alkenyl radicals obtained from4dbstractions from the fuel can lead to unsaturated CEs by the

same reaction series as described for alkanes, an addition to oxygen followed by an
iISOPHUL]DWLRQ DQG DQ + UDGLFDO HOLPLQDWLRQ +RZHY
alkenyl radicals, which is the most likely formed type of radicals, leads to a low stability of the

52 UDGLFDOV )helbavriend foPisdrdetization reactionsass a double bond are

higher than for corresponding-i€ bonds in alkaneg~or these reasons, alkene oxidation is

slower than the oxidation of the corresponding alkane.
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Fig. 37.CE formation pathways fromtexene (according {@20]). Only reactions leading to CEs
are displayed.

As also shown ifFig. 37 radical additions to the fuel double boack important CE

sources:

X as proposed by the teams of Walker in HG45] and Stark in Yor546,547] the
singlestep epoxidation of alkenes by peroxy radicals, esped¢ily radicals, which
starts with radical addition to the double bond followed by cyclization forming the CE
formation and hydroxyl radicals as bimolecular products.

x H-addition and CHlradical addition reactions (less often considered in modelling, since
no Gy+1 products are usually detected) provide a source of alkyl radicals, which lead to
CE formation by the ses of reactions previously described for alkyl radicals.

X H radical addition to the alkene double bond produces a hydroxyalkyl radical, which
DGGV WR R[\JHQ DQG DIWHU LVRPHUL]DWLRQ DQG + UD

an alcohol function

As is shown ifTable 13quantitative CE data were obtained during the oxidation of linear

Cs+ alkenes, but also for a lineag @lene, 1,5hexadieneas well as for two cyclic unsaturated

Csmolecules, cyclohexene and cydl@-hexadiene. CE quantifications are only available from

RCM experiments in Lille and JSR studies in Naftg. 37presents all CEs identified using

GC-MS by Menget al.[548] during1-hexene JSR, as listeqTable 13
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Table 13. Studies of the oxidation d¢ihear and cyclic alkenesnddienes, in which CE isomers have been quantified.

Fuel T (K) Z”(BSR{ (52) )é;/g‘)e' Quantified CE isomerg-b &YeRer.
Propene JSR f(())(c)}o }HO(Z 2.0 1.1,1.65 0'6;'.’1%'68' methyloxirane [25(3119‘]1'
LPentene  RCME 733 afeo, - 256 L 2-eiyloxetane, 2 dimemyioxetanez MTHE 1)
2—|\S§ttehr)]/‘la-2- JSR ffgo 1/'327 1.5 1 1 2,2,3trimethyloxirane [25%%?
1-Hexene JSR f]?(c)}o LAOFIAE 2l 0D 058, 4 2 2—meth)l/)Il-JF?-/rll(;/)((:ii:ggir’ni}f;ﬁlt'zyll?)gTg-%?rﬁgﬁ;?jzezﬂ;;'gryofuran 4 [25(21187]
1-Octene SR !153(?0 1.067/He 2.0 0-5 0.25’20-5, - 2—propy|-Q—?l))(/)(;l?o)i;/?rrw‘eet’hleHF d [240211§
15Hexadiene  JSR 9% 1067/He 2.0 0.8 1,2 but-3-enyloxirane 2oy
1100 [551]

Cyclohexene ~ RCM® 600900 /szﬁ-\rl-%Oz 0005 2.44 1 1’2'ep°Xy°¥f£{g%f?;celg‘?2x§t_’il‘]:ﬁ‘;'&[g_';ghepe'e”e' [250201}
OIS now oo Ll oos s roanccels somese e 2o

2only CEs with the same number of carbon atoms as the reactant aré listethederivatives are iftalics and THF ones ibold; ¢ T andP in all RCM studies are those after compressiais
andtrans
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Except for the special case ofhé oxidation of cyclo-1,3-hexadiene (see further

discussion), theehavior othe unsaturateldydrocarbons iTable 13can be divided into those

showing no NTC behavior (CEs (oxirane derivatives) are only produced thirfdgtradical

epoxidation) and those displaying NTC behavidre oxidation ofhelatter goup of molecules

produces CEs throughO. addition pathways. Amongst the moleculegTiable 13 which

produce CEs only througHO radical additiona the double bond, are propenan2thyt2-
butene, 1,5hexadiene and cyclb,3-hexadiene. The firshreemolecules were studied in a JSR
close to atmospheric pressysd9£51] and only oxirane derivatives were quantified as CE.
The peak ¥e of methyloxirane (0.20.01%) formed in propene oxidation was observed at 925

K (I =1), that of 2,3,3rimethyloxirane (2.#0.27%) in 2-methyl2-butene oxidation was
recorded at 800 KI(= 1), and that dbut-3-enyloxirang(1.4t0.14%) in 1,5hexadiene oxidation

at 785 K (I = 1). These experimental results were reproduced by simulations using kinetic
models developed by the same authoith wood agreements for propene andtexadiene,

but the CE from branchedrethyl2-butene was overpredicted by a factor of about e

lack of NTC and the solgroduction of oxiranic CEs froitihese molecules can be explained by
+2 DGGLWLRH) FHQQE&WRUPDWLRQ SUR HBONCchéntisDy@laydJ W K D W
no role for these molecules.

During cyclol,3-hexadiene RCM oxidatiorby Lemaire et al. [521], the oxirane
derivative 7oxabicyclo[4.1.0]hepR-ene was quantified with a peakcerof 1%, but also
despite the lack of NTC behavia,dihydrofuranderivative, 7oxabicyclo[2.2.1]hep2-ene
with a peak e of 2.7%. Both CEsnay be assumed to be formed by addition of ld®
radical tothe end ofone of the double bondsorming a resonantly stabilized4©OH

intermediatg521], as summarized |iﬁig. 39 The electron delocalization ithe 4O0H radical

intermediate allowg produceeither the oxirane dhe THF derivativeThe THF derivatives

formed with the highest yield (maximumcy above 2.%). Cyclo1,3-hexadiene RCM
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oxidation has been modeled by Schonlegral.[217] using a manually constructed mechanism
based on the rules of the EXGAS generation algorjit®#4]. This model reproduced the results
obtaired by Lemaireet al. [521] for 7-oxabicyclo[4.1.0]hep2-ene well but postulated
7-oxabicyclo[2.2.1]hepR-ene to futher decompose in furan arethylene. Schonborret al.

[217] assumedhis secondCE observed by Lemairet al.[521] to rather be the sum of €o
eluted 6oxabicyclo[3.1.1]hepR-ene (an oxetane derivative obtained from the reaction series
starting by Haddition to the doubléond and involving Q addition) and hex&3,5-dienal,
obtained by pericyclic decomposition ofgloxetane derivativeNote that the absence of NTC

behavior would makereO. addition reaction sequence quite unlikely.

Fig. 38.Possible formation pathways of CEsm cyclo1,3-hexadiene oxidation based the study
of [521].

Among the molecules pfable 13 1-pentend411], 1-hexeng548], 1-octeng421], and

cyclohexene[521] display NTC behaviorin their oxidationand produe CEs also from

pathways starting by £&addition. XPentene is the smallest alkene, for which NTC beh#énasr
beenreportel. The RCM resultsof Ribaucouret al.[411] indicate that cool flameare visible

only between 700 and 800 K and that the not very intense NTC zone is restrictedaodine

temperatue region 76800 K. The CEs founth 1-pentene oxidation are the same as those
reportedin -SHQWDQH R[LGDWLRQ ZLWK SURS\OR[LUDQH WKH
epoxidation of ipentene being observed ihe clearly highest amount (maximumcy of

2.7%). Other CEs are derived from the pentyl radicals that are formed threatgim-hddition
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to the double bond. The model proposeddy | predicsthese experimental results reaably
well.

Measurements of IDTs during cyclohexene RCM oxidation indicate a narrow NTC range
limited to 20 K. The presence of three CEs were reporteeedgfycyclohexane, a CE also
produced from cyclohexane, which is the CE with the highest yield (nuaxiNte of 0.6%)
and the two CEs also formedn cyclo-1,3-hexadiene oxidation which are
7-oxabicyclo[4.1.0]hepR-ene and -bxabicyclo[2.2.1]hepR-ene. The CE results were
modeled by Ribaucouet al. [552], who showed that the most abundantly produced
1,22HSR[\F\FORKH[DQH ZDV IRUPHG YLD +2 UDGLFDO DGGLWL
unsaturated bicyclic ethers were formed by reaction series involving the abstraction of the
allylic H-atom, followed by @ DGGLWLRQ LVRPHUL]DWLRQ DQG + HOLP

1-Hexene and-bctene display significant reactivity during leeemperature oxidation in

aJSR[421,548] with maximum observed fuel conversions below 800 K éb40d 50% ( =

0.5at conditions given ifTable 13, respectively. For-hexene, all CEs displayed|iig. 3%

were quantified. For-bctene, quantitative data were only reported for hexyloxirane and for

2-propyk5-hydroxymethylTHF. Other cyclic ethers were also detected but could not be

quantified due to celution and relatively smallomcentrationg421].|Fig. 3% showsthe

chromatogram corresponding ¢s- and trans-2-propyt5-hydroxymethylTHF, together with

not quantified CEs with similar retention tim@sg. 3% displays the temperature dependence

of Xcefor the alkyloxiranes and hydroxyTHF derivatives obtained frenetene and-bctene.
Detailed kinetic models, in which the kinetics of the most important reactions was updated
based on theoretical calculatioresg.[553555]), were proposed for both fuels p421,548]
However, while an overall acceptable agneat between experiments and simulatiorzs

obtained for the main products produced in the oxidation of both fuels, and for propyloxirane
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and 5methyt5-hydroxymethylTHF in 1hexene oxidation, CE predictions forottene

oxidation deviated substantially

Fig. 39.CEs in G-Cs alkene JSR oxidatiorfa) chromatogram of the CEs fromakttene with
retention times close to that ofp2opyt5-hydroxymethylTHF (reproduced fropd21] +with the
permission of Elsevier)p) experimental and simulated temperature dependence of the mole fractions
of the alkyloxirane and hydroxy cyclic ether of the same size as therfdet conditions given in
[Table 13(drawn from the data ¢#21,548). In (b), top panel 1-hexene oxidationpottom panel:
1-octene oxidation.

The group of Qi in Hefei studied the oxidation efidptene in a JSR coupled to a SVUV
PIMS detectof556]. They reportedhe detection of €hydroxyCEs and unsaturated oxirane
and THF derivatives. However, SVWAPIMS does not allow to distinguish between
hydroxyCEs and alkenylhydroperoxides of the same size, as was previously noted by Battin
Leclercet al.[420] during their investigation ahe JSR oxidation of-hexene also usinthe
SVUV-PIMS setupin Hefei.

Unlike the situation for alkanes, comprehensive systematic studies of CE formation in

alkene oxidation are not known. As showiFig. 37and as pointed out by Battlreclercet

al. [420], three reaction types lead to CE formati(t):HO radialsaddition to the double
bond forming 4O00H, which ringcloses to the corresponding oxirane derivative while
releasing an H radical (2) Alkenyl radical addition to @forming a RO radical which

isomerizes to4©0OH and subsequentproducesCE and H. In a related reaction sequence,
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HO addition to the alkenyl radical forms the corresponding hydroperoxide, which upon H
abstraction couldorm the 4O0H radical (3) Radical (or atom) addition to the doulidend
leading to a (substituted) alkyl radicadhich proceeds through the @ddition pathway to CE.
Despitethe larger number of pathways to CE, tbe-temperatureoxidation reactivity of
alkenes idower than that of alkaneSince the reaction typ€8) and(3) are not specific to CE
formation fromalkenes, they will not be discussed in detail except for pointing ouhtnatost
stable radicals formed from alkenes are the resonantly stabilized allylic radicals, which form
only weakly bound RO radicals and thus subsequent reactions are hindered by barriers higher
than the energy needed for redissociafiv,558] This is one reason for the low reactivity of
alkenes. Radical addition to the double bond hag béscussed.g, by Burke[549]in propene
oxidation, however, their rate analysis suggestshi@t addition to the double bond is the
only important CE formation pathway.

Concerning reactiornype (1), Villano et al. [488] used the CB®)B3 level of theory to
develop rate rules fadO addition to double bonds, which either produc#8OH or, as a
concertedeactionRO radicals Ycethus depension the competition between thesannels,
although Villanoet al. show that the concerted addition only plays a role for alkenes with a
terminal double bond. The activation energiesH@ addition to double bonds follow an
EvansPolanyi relationship with a steep slope of > 0.9. This indicatage TS,meaningthat
the stability of the formed products determines largely the reaction barrier. A comparison to
individual rate coefficients calculated in other stud[@97,142,494]shows significant
uncertainty in the rate exgssions for 400H formation, while those for the competing
concerted addition agree well. The GB®3 rate coefficients of Villanet al.are found to be
generally faster than the experimental rate coefficients measured by Batdalif559], even
though they agree within the error limits. Thadls forcalculations at higher levels of theory

to validate orimprove the rate expressions for epoxidation. Finally, it should be noted, that
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pressuredependence is important for this reaction cld€¥,142,488,84,560] because the
quick release of anH radical by the chemically activated adduct forming a CE competes with
collision stabilization (however only at very high pressures), and with redissociation at low

pressures as shown foiblitene in Figure &ithe paper of Villanet al.[488].

4.3. Formation of cyclic ethers during the lowtemperature oxidation of oxygenated

molecules

In addition to hydrocarbons, CEs were also quantifigtie oxidation omethyl esters, ethers,

alcohols and aldehydes. This will be described irfdliewing paragaphs Table 14andTable

Iist the studés published since 1994 which CE yields havebeen quantifiedFor all

oxygenated compounds listedTable 14andTable 1% CE quantificatiors were obtaineth

JSR experiments Nancyusing GCdetection except for2-methyl1-butano) diethyl anddi-

n-propyl etters, which were studied in Orléans using the same method.

4.3.1 Methyl esters

Since methyl esters are considered suitable surrogates for biodiesel, themparature
oxidation has beethoroughlyinvestigated in the last two decad661]. However, only few
studies address thew-temperatur@xidation of methyl esters with a size comparable to those

present in actual fuels (from 16 carbon atgdhg). As is shown inpTable 14 CEs were

guantified in the oxidation ofsaturated (methyl decanoate and methyl palmitatg, of
~7+0.7% for both fués under stoichiometric conditions) and unsaturated
(methyt10-undecenoate and methyl oleateg6f ~0.7£0.0®%6 and~0.6x+0.08%, respectively,
under stoichiometric conditions) methyl estéFbese four esters display considerable-low
temperature oxidation activity including NTC behavilr.the studies listed in Table 14, no
species indicating the occurrencabfor OH or HOO-additiors on the C=0 bond was found.

The data obtained for thetd CE yield from methyl decanoate agsatisfactorily reproduced
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using kinetic modek developedeither by the Nancy groupl5] or by the Livermore group
[562]. These detailed kinetic models indicate that the measured THF derivatives are formed in
very similar ways as alkanes (dest4.1.3). This being said, it is surprising that no quantitative
CE data have been reportedaxidation studies omiddle sized methyl estelzlow 800 K,
e.g, methyl hexanoate oxidation in a FB63] or mehyl octanoate oxidation by Toglet al.
[564] and methyl heptanoate oxidation by Dayatal. [565] in a JSR. No CE measurement
can be found in this last paper, but it is noted that their simulptemicted67% ofthefuel to

be consumed by pathways yielding CEs. In their recent study of eindraded oxidation of
methyl hexanoate ia JSR with SVUVPIMS, Rousscet al. [566] reported at temperatge
startingfrom 450 K a signal an/zvalue thatorrespondto CEs This signal was not observed
in the absence of ozone. However, this sigmaght also be due to carbonyl products, the
formation of whichmight be favored at these lotemperatures through disproportionation of
RO radicals.

In their recent JSR study of methyl heptanoate oxidation using SRWAS, Zhaiet al.

[567] did not mention any MS signal at/zcorresponding to CEs, but only reported the mole
fractions ¢ unsaturated &Cs methyl esters pointing out that they derived from CE
decomposition.

Molecules including both THF and ester groups were quantified by the Nancy[yj5up
during the JSR oxidation of methyl decanoate. The temperature dependence of their mole
fraction was predicted with acceptable accuracy by their model, which included a rather detailed
submechanism of ester group substituted CE consumption reactia Habstractions with

taking into accounthe ester functiofocaton (inside and outside theE ring).
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Table 14.Studies of the oxidation of saturated and unsaturated methyl esters and aldehydes, during which CEaisotrees kjuantified.

Fuel T (K) Z”(BSL){ (32) )E(y;“)e' / Quantified CE isomerg-b &YeRaerf'
2-methylhexanoate THF -Bethyl5-methylpentanoate THF,
Methyl ISR 500 1.07 15 0.21 1 2-ethyl5-methylbutanoate THF -@ropy+5-methylpropanoate THF, 2010
decanoate 1000 /He : : 2-butyl-5-methylethanoate THF -@entyt5-methylmethanoate THF, [15]
5-octyl-1,3-dioxolan4-one
methyl 4(5-methyloxolan2-yl)undecenoate +
+ sum of (methyil 1-(5-methyloxolan2-yl)undecanoate,
methyt10-(5-ethyloxolan2-yl)decanoate,
methyt9-(5-propyloxolan2-yl)nonanoate,
methyt9-(5-butyloxolan2-yl)octanoate,
ool i g
- . methyl9-(5-hexyloxolan2-yl)hexanoate,
palmitate + JSR 1100 /He = 0.2 1 methy}+9-(5-heptyloxolan2-yl)pentanoate [415]
n-decané methyt9-(5-octyloxolar2-yl)butanoate
methyt9-(5-nonyloxolar2-yl)propanoate
methyt9-(5-decyloxolan2-yl)acetate
methyl9-(5-undecyloxolar2-yl)formate
methyl11-(oxolan2-yl)dodecanoate
5-tetradecydl,3.dioxolar4-one2yl)formate)
methyl 9(oxiran-2-yl)nonanoate,
methyl 7-[4-(hydroxymethyl)oxetan-2-yllheptanoate,
Methyl-10 JSR 500 1.07 15 0.21 05,1,2 méthyﬁ 2([5¥but-3¥en1-)x-)THF—2-yl]p))/r]opzfnoate, 2017
undecenoate 1100 /He methyl 6(5-methylTHR2-yl)hexanoate, [568]
methyl 6-[5-(hydroxymethyl)THF -2-yllhexanoate
Methyl
oleate+ JSR f:?go }|.—|Oe7 15 0. 1 methyl 8(3-octyloxiran2-yl)octanoate [2401%(])
n-decane
n-Butanal JSR f;)(()}o 1/'327 2.0 05 025,12 methyloxirane é%lg?
n-Pentanal JSR ffgo 1/'327 2.0 0.5 0.25,1, 2 THF, ethyloxirane, 2 limethyloxirane [25%2?
475 1.067 2-MTHF, 2017
n-Hexanal JSR 1100 /He 2.0 0.5 0.25,1,2 6-methyttetrahydropyranoné-ethylkdihydrofuranone [293]

2only CEs including a saturated alkyl chain, with the same number of carbon atoms (n) as the reactantloateitisof carbon (iitalics in the list) are listed,hydroxy CEs irbold, ¢ in[Table]
[4] except methyb-(5-undecyloxolar2-yl)formate, methyll1-(oxolan2-yl)dodecanoate and methyl {3-methyloxolan2-yl)undecanoate, G CEs areVKRZQ XQGHU WKEB-RBEXPSHG QDP
0H22&57 7%74%n-decane/26% este
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Table 15.Studies of the oxidation of linear morend dioxygenated ethers and saturated and unsaturated alcohols, during which CE isomers have been quantified.

P (bar)/ 2 Xe°fuel . . Year

Fuel T (K) diluent (s) (%) / Quantified CE isomerst & Ref.

1,10 . 2018

450 1250 /No 0.07-0.7 0.1 05/1,2 2-methyt1,3-dioxolane [570]

Diethylether JSR 4001100 }HOZ 2.0 1 1 2-methy}t1,3-dioxolane 2[221]9
2.510° . 2020

4001100 He 2.0 0.5 1 2-methyt1,3-dioxolane [453]

Di-n-propyl ether JSR 450950 /}\Ici 0.7 0.1 0.5 2-(propoxymethyl)oxirane, -2thyk4-methyk1,3-dioxolanéd [2507211]
- 1.07 oxirane, methyloxirane,-ZHFFBE, 2019
Di-n-butyl ether JSR 4351100 /He 2.0 L L 4-ethyk2-propyt1,3-dioxolané, 4-methyk2-propyt1,3-dioxane [422]
Dimethoxy 1.07 . 2018
methane JSR 500-1100 He 2.0 1 0.25,1,2 2-methoxy1,3-dioxetane [433]
1.07 2020

n-Butanol JSR 5001100 He 2.0 0.5 0.5,1.0,2.0 THF [572]
n-Pentanol JSR  soo1100 V7 2.0 05 05,1020 oxirane, methyloxirane 2020
/He [572]

n-Hexanol JSR  soo1100 =07 2.0 05 05,1020 5-ethykdihydrofuranone 2020
/He [572]

10 . . 2016

2-M ethyl-1-butanol JSR 7001200 /N> 0.7 0.1 0.5,1.0,2.0,4.0 2,3-dimethyloxirane [573]
1.07 2016

3-Methyl-2-buten-1-ol JSR 5001100 He 2.0 0.8 0.5,1,2 3-methylfuran [573]

a\When they are present, only the saturated CEs with the same carbon number as the fuel are listed (otheiit@lEs)afeain5 bar: neat DEE, at other pressures: DEE blendedhwgéntane
(equimolar mixture)$only maximum mole fractions are reportédjs andtrans
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While there is not yet anynodeling studyto supportthis assumption, CE formation
chemistry in the oxidain of unsaturated methyl esters appears experimentally to be similar to
that proposed for alkenes (sBart 4.2.3), meaning that oxirane formation starts w0
radical addition to the double bond in the fuel and subsequent cyclization Fnddical
release. This proposed mechanism is supported by the presence of mébkyla®2-
yl)nonanoate and methy}t@-octyloxiran2-yl)octanoate in the JSR oxidation of metiig
undecenoate and methyl oleate, respectively. In méthyindecenoate oxidation, gh
formation of methyl 7[4-(hydroxymethyl)oxetas2-yllheptanoate and methyl -[6-
(hydroxymethyl) THF2-yllhexanoate was assumed by Mezi@l.[568] WR EH LQLWLDWHG
addition to the double bond, the formation of methybénethylTHF2-yl)hexaroate starts

with H addition, and the formation ofmethyl 2[5-but3-en1-yl-THF-2-yl]propanoate is

initiated by an Habstraction reactiol.hese formatiopathways are summarizegFig. 40

Fig. 40.Examples of possible formation pathways of CEs during thedowperature oxidation of
methyl10-undecenoate.
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4.3.2 Aldehydes

Aldehydes are not part of automotive fuels, but they argat®products of alkane and alkene

oxidation. As is shown |ifable 14 CEs were quantified during the oxidation of the three linear

C4-Cs aldehydes. Dring their ISR lowemperature oxidation, these three compounds display
a higher reactivity than the corresponding alkanes with the same number of carbon atoms. The

oxidation of all three aldehydes exhibits strong NTC behg?®8,569] The CEs detected

contain one carbon atom less than the aldehyde. As illustrgfegl hla, these CEs are formed

from the alkyl radical obtained after abstraction of the aldehyeatarh followed by CO loss.
The activation energy in the rate expressionsHeabstractionof the aléethydic Hatom is

estimated to be 4.5 kcal/mol lower than that for the analogealssttaction reaction from a

primary Hatom of alkanef574]. In the case afi-hexanal, lactones (see mole fraction&i.

can also be produced by.@ddition to the radicals yielded by abstraction of a-non
aldehydic Hatom.In the case ofi-pentanal2,3-DHF and furan, obtained by dehydrogenation
of the THF product were also detected, however in giblow 1%[575]. The peak ¥e was
observed at 800 K fon-butanal (methyloxirane, 0t8.0%%, | 0.5), 725 K forn-pentanal
with THF being the major CE (498.436, | 0.5), and at 700 K fan-hexanal with 2MTHF
being the major CE (5£0.%6, | 0.5) followed by 5ethyldihydrofuranone with about half

the yield of 2MTHF. CE formation is favored under stoichiometric and lean mixtures.
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Fig. 41.CE formation from aldehyde&) pathwaysrom the aldehydduel (CEs in insert are those

guantifiedfor n-hexanal byf293], only reactions leading to CEs are displayéa) experimental(of

[293]) and simulated (Milano mod@69]) temperature dependence of lactone mole fraction (sum of
bothlactoneisomers) during the JSR oxidationrehexanal zreproduced from Ref569].

Together with their experimental study, Rodrigeeal.[293] proposed a detailed kinetic
model forn-hexanal oxidation mainly generated by the EXGAS generation algofit4j,
considering a virtual blend oFhexanal and-pentane to better account for the chemistry of
then-pentyl radical, and predicting well therfoation of the three observed CE isomers. Based
on their experience with smaller aldehy§€#4], Pelucchiet al.[569] proposed kinetic models
for the JSR oxidation of the three linear aldehydes based on the lumping approach developed
in Milano [576]. Overall reasonable predictions of the CEshefsame type @from alkanes
were obtained for the three fuels, as well agHetactonesyields inn-hexanalbxidation as &

shown iTFig. 41b, which presents the comparison experiments/simulations fastdlesum of

lactones using the lumped model.

4.3.3. Saturated and unsaturated alcohols

The interest in studying the letempeature oxidation of large saturated alcohols lies in the
fact that they are amongst the newly proposed biofuelshiths higherthan ethandl14]. No

low-temperature reactivity was observed during the JSR oxidation ofdlehols listed in
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Table 1§573] at 1 bargven thougtabout 40% maximum conversion was obtained during that

of n-hexanol at 10 bar in Orléant£ 650K, /=0.5,t=0.7s, 0.1% initial fuel]577]. Except

for oxirane and methyloxirane, which originated from the abundantly produced ethylene and
propene, resmtively, and which were observed during the JSR oxidatighethree listech-
alcohols by Pelucchet al. [572], only low amounts of CE formation were reportedthie
literatureon alcohol oxidationSpecificall, no fuetspecific CE (containing X H OH] &foup)
were experimentallyquantified even though CE pathways with low energy barriers exist
Hydroxy CEs €.g.2-hydroxy-3-ethyloxirane), the formation of which was postulated by Welz
et al.[578] during their study ofi-butanol oxidation, could not be detectecd #SRexperiment
[572]. Due to possibly importanfragmentation of hydroxgEs, only a weak signal was
recorded atn/z 88 (CsHsO2) during the chlorine atosmitiated reaction investigated in BR
using SVUVGPIMS by[578]. In recentmodelingstudies, some fuekpecific CEs were predicted
to form in nonnegligible mole fractions (up to a magnitude of18uring the oxidation ofi-
butanol orn-pentanol[572,579] Rotaveraand coworkerg16,579] recently demonsated a
profound influence of the branching ratio ofalstractions frorm-butanol by OH on the
formation of2-hydroxytetrahydrofurarHowever, tise CEhas not beeaxperimentdy detected
from n-butanol oxidation Furtherexperiments omlcohol oxidatiorare needed to resolve this

question16,579]

Amongstthe CEs formed fromm-alcohols listed ifirable 1% THF wasexperimentdy

quantifiedin n-butanoloxidationand 5ethyl-dihydrofuranonen n-hexanoloxidation Since

alcohol oxidation produces the corresponding aldehydes as major prodiscgmssible that

the two observed CEs are actually products of these aldehydes and not of the alcohols. This
interpretation is supported by the fact that the kinetic model for alcohol oxidation of Milano
[572] did not predict these CEs but otherwise performed well in simulating most other oxidation

products including oxirane and methyl oxirane. No CE formation was reported in the oxidation
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of n-hexanol in a JSR at 10 bar studied at Orl¢&ig]. Even forn-octanol oxidation, which
exhibits stronglow-temperature reactivitgnd notable NTC behavior, no CE formation was
reported either in ST (20 bar, with similar ignition performanae@stane) nor in JSR (10 bar
with a start of reactivity at 550 K) experiments. Instead, high amounts©f &dehyde$580]
were formed.

Looking at branched saturated alcohols;dBethyloxrane was quaified asthe sole
CE in the JSR study of the oxidationZamethyt1-butanol in Orléanfs81]. No NTC behavior
was reported for this fuel and CE formation was assumed to be causi€ bgpoxidation of
2-methyl1-butene, a product obtained in large qu#titinderthe conditions of that study.
The model proposed $81] underestimates the formation &imethyl1-buteneby a factor
of about two.

Concerning unsaturated alcohols;m3ethylfuran (peak ¥ of 1.4% at 850 K,I = 1) was
quantifiedin the JSR oxidation of-Bnethyt2-butenl-ol (commonly named prenol) above
800K by De Bruyckeret al.[573]. A small NTC zone was observed for this fuel under lean
conditions. This unsaturated CE, the formation of which is well predicted by the model
developed by573], is formed through-Bnethyl2-butenal, a majoproduct of prenol oxidation,
by abstraction of a primary-dtom followed by cyclization. During the study of the chlorine
atominitiated lowtemperature oxidation of prenolatR (550 K, 8 Torr) using SVU\PIMS,
Welz et al. [582] recorded astrongsignal atm/z 82 (GHeO) and tentatively assigd it as
3-methylfuran. The slow rise of therBethylfuran signal suggesthat it was formed as a

secondary product.

4.34. Linear, branched and cyclic ethers

As reviewed by Caet al.[583], acyclic ethers have recently attracted considerable attention as

potential diesel fuel substitutes or additives in Cl endifaisle 13shows that CE isomers were
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guantified in the JSR oxidation of2OCs, Cg linear symmetrical monoxygenated ethers, as
well as of dimethoxymethane, aakygenated ether. THew-temperatur@xidation of mone
oxygenated ethers is remarkable because the reactivity starts at temperatures as low as 450 K
and displays under some conditions a double NTC rdg»433,584] Some of the observed
CEs contain two ring oxygen®.g. dioxetane derivati® dioxolane derivatives or dioxane
derivatives.

Thelow-temperatur@xidation ofdiethyl ethewas studied as a neat compound at 1 bar
[22,570] 5bar[453] and 10 baf570], and in a mixture with-pentane between 2.5 and 10 bar.

Only 2-methyt1,3-dioxolane was reported as CE prodE’g. 428 shows thaR-methyt1,3

dioxolanes formed at lower temperature (about 100 K) théTHF. This coincides with the

fact that diethyl ether oxidation occurs at lower temperaturertfemtane oxidationAbove

600 K, the conversion o#OOH radical to CE competes with the formation ofboayl
compounds. Note thahe ODWWHU DUH QRW RQO\ IRUPHGHWKURXJIK
559& 2 Hdecomposition mechanism but also through festission of the @R moiety

(0o C=0O+RA The high tendency of carbonyl compound produdigaals to loweCE vyields.

In diethyl ether oxidation (fa2-methyl1,3-dioxolane thepeak Yceis 1.5:0.2%) the maximum

CE yield is clearly lower than in-pentane oxidation (peak>XitHr is 2.70.4%).
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Fig. 42.CE formation during ether JSR oxidatida) diethyl ether: temperature dependence of the
Y ce of 2-methyt1,3-dioxolane and that of-RITHF duringn-pentane oxidation in JSR at 5 bar (drawn
from data taken if453]). Therelativeuncertaintie®f the Yce are 15% (b) diisopropyl ether:
experimental MS signal and simulations of corresponding CE mole fractions (Reproduced from Ref.
[585] with permission of Elsevier).

Serinyelet al.[586]in Orléans were the first to studirn-propyl etheroxidation in a JSR
over a temperature range from 450 to 1250 K and pressures of 1 and 10 bar, with an initial fuel
mole fraction of 0.1% [ = 0.5, 1, 2 and 4) and constant residence times (70 and 700 ms,
respectively). While they observed veryosig low-temperatureeactivity even below 500 K
coupled with strong NTC behavior, CEs were only detectable in trace amounts. A subsequent
study by the same groyp71] focused more on hydroperoxide characterization using high
resolution MS (orbitrap) or liquid chromatography coupling. Nevertheless Bathadj571]
also quantified CEs in GC spectra and report a maximuga of 0.4£0.08% for
2-(propoxymethyl)oxirane and of +6.9% for 2-ethyl4-methytl,3-dioxolane. For
comparison, the maximumc¥ of 2-ethyl5-methylTHF obtained from-heptane under similar
conditions was ~7£0.8% [295]. Belhadjet al.[571] also observed a signal@atz116in their
mass spectra, which is thought to arise from a CE with the same number of carbon atoms as the
fuel. No comparisons between experimental data and model predictions were presented for the
detected CE mole fractionsinally, Fanet al.[587] investigated dn-propyl ether oxidation in
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