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Abstract
Pinenes and pinene dimers have similar energy densities to petroleum-based fuels and are regarded
as alternative fuels. The pyrolysis of the pinenes is well studied, but information on their combustion
kinetics is limited. Three stoichiometric, flat premixed flames of the C10H16 monoterpenes α-pinene,
β-pinene, and myrcene were investigated by synchrotron-based photoionization molecular-beam
mass spectrometry (PI-MBMS) at the Advanced Light Source (ALS). This technique allows isomerresolved identification and quantification of the flame species formed during the combustion process.
Flame-sampling molecular-beam mass spectrometry even enables the detection of very reactive
radical species. Myrcene was chosen because of its known formation during β-pinene pyrolysis. The
quantitative speciation data and the discussed decomposition steps of the fuels provide important
information for the development of future chemical kinetic reaction mechanisms concerning pinene
combustion. The main decomposition of myrcene starts with the unimolecular cleavage of the
carbon-carbon single bond between the two allylic carbon atoms. Further decompositions by βscission to stable combustion intermediates such as isoprene (C5H8), 1,2,3-butatriene (C4H4) or
allene (aC3H4) are consistent with the observed species pool. Concentrations of all detected
hydrocarbons in the β-pinene flame are closer to the myrcene flame than to the α-pinene flame.
These similarities and the direct identification of myrcene by its photoionization efficiency spectrum
during β-pinene combustion indicate that β-pinene undergoes isomerization to myrcene under the
studied flame conditions. Aromatic species such as phenylacetylene (C8H6), styrene (C8H8), xylenes
(C8H10), and indene (C9H8) could be clearly identified and have higher concentrations in the αpinene flame. Conclusively, a higher sooting tendency can generally be expected for this
monoterpene. The presented quantitative speciation data of flat premixed flames of the three
monoterpenes α-pinene, β-pinene, and myrcene give insights into their combustion kinetics.

Keywords: Monoterpene; Pinene; Biofuel, Photoionization; Molecular-beam mass spectrometry
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1. Introduction
Over the past 25 years, the global production of biofuels as an alternative to fossil fuels for the
transport sector has continuously increased [1] as they enable a reduction of CO2 emissions and other
harmful pollutants. The stringent requirements for aviation fuels, e.g., a high energy density and a
low freezing point [2], typically restrict the direct use of conventional biofuels as an alternative to
petrol-based aviation fuels. Currently commercially available biojet fuels, e.g., hydroprocessed esters
and fatty acids (HEFA) or farnesane, are suitable as drop-in components for Jet A-1 used in civil
aviation, while alternatives to petroleum-based fuels with even higher energy densities for powerintensive aircraft, rockets, and missiles are limited. For such applications, the pinene dimers, which
have a similar energy density to the tactical fuel JP-10, could be a promising alternative [3,4].
Hydrogenated pinene dimers (C20H34) were synthesized in high yield by dimerization of β-pinene
and subsequent hydrogenation over PtO2 during chemical catalysis [3]. Highest yields of more than
90% were reached with Nafion as catalyst and a reaction time of six hours at 100°C and atmospheric
pressure [3]. Meylemans et al. have also synthesized hydrogenated terpene dimers as potential high
energy density fuels from α-pinene, two other terpenes, and turpentine by selective dimerization and
subsequent hydrogenation [4]. The high viscosity of such terpene dimers prevents their use as single
fuel component, but 50:50 blends with conventional fuels, e.g., JP-8 and JP-10, have acceptable
viscosity even at lower temperatures [5]. A promising method for obtaining pinenes as precursors for
pinene dimers from readily accessible raw materials is the synthesis of pinenes from conversion of
glucose by engineered Escherichia coli bacteria [6]. Currently, the yield is low, e.g., Sarria et al.
have achieved 1.2% of the technically possible yield, and has to increase to at least 26% to be an
economical alternative to JP-10 [6].
Pinenes (C10H16) are unsaturated, bicyclic compounds and belong to the class of terpenes. They have
a similar energy density to conventional diesel [6]. Pinenes, also known as monoterpenes, are the
simplest terpenes and consist of two isoprene building blocks. Two constitutional isomers, i.e., αand β-pinene, exist, but α-pinene is the more abundant isomer. Both have two stereocenters and
3

overall four enantiomers of the pinenes occur in nature (see Fig. S1 for their structure). A natural
source of pinenes is turpentine, which is mainly obtained by tapping pines or as a by-product of
papermaking [7].
Previous investigations on the combustion of pinene isomers are limited and focus mainly on the
combustion properties of α-pinene. The minimum ignition energies [8] and the laminar burning
speeds as well as the Markstein lengths [9] were determined for different α-pinene/benzene/air
mixtures. Measurements of minimum ignition energies [10] and laminar burning speeds [11] are also
available for α-pinene/air mixtures. It has been reported by Raman et al. that pure α-pinene is
suitable for gasoline engines, but observed soot concentrations are higher than those of FACE A and
EURO V fuel standards [12].
Early pyrolysis studies of pinenes showed that both α-pinene and β-pinene isomerize to different
C10H16 species including the acyclic monoterpenes alloocimene from α-pinene and myrcene from βpinene [13,14]. Burwell published a mechanism explaining the formation of the observed
isomerization products during the pyrolysis of pinenes via diradical transition states [14]. Recent
studies on the pyrolysis of pinenes show that α-pinene produces mainly alloocimene and limonene
and β-pinene mainly limonene, myrcene, and Ψ-limonene via diradical transition states [15,16].
Figure 1 shows the structural formulas of C10H16 isomers formed during pyrolysis of pinenes by
opening the four-membered ring in the pinene molecule. The monocyclic terpenes are formed by
hydrogen shift reaction from the biradicals, while formation of the acyclic terpenes needs C-C bond
scission and intramolecular radical recombination [15]. For alloocimene, fast isomerization from the
acyclic β-ocimene is assumed [16].
In this work, the first quantitative speciation dataset of combustion intermediates from flat premixed
low-pressure flames with α- and β-pinene as fuel are shown. Moreover, the combustion of myrcene,
which is considered as the main pyrolysis product of β-pinene, was investigated. Chemical structures
of the three investigated C10H16 monoterpenes are shown in Fig. 1.
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Fig. 1. Isomeric main products in pyrolysis of α- and β-pinene formed by diradical transition states.

2. Experiment
Three stoichiometric (Φ=1.0), flat premixed flames of the three C10H16 isomers (-)-α-pinene (SigmaAldrich, ≥97%), (-)-β-pinene (Sigma-Aldrich, ≥97%), and myrcene (Sigma-Aldrich, ≥95%) were
investigated at the Advanced Light Source. The total gas flow was 4 slm (2 slm Ar, 1.867 slm O2,
and 0.133 slm C10H16) with a cold gas velocity of 87.5 cm/s at 300 K for all three flames. Flames
were stabilized at 30 mbar on a McKenna burner with a sintered stainless steel matrix 6 cm in
diameter. Table S1 summarizes the flame conditions. The photoionization molecular-beam mass
spectrometry experiment is described in detail in [17] and in the supplementary material. The data
evaluation process to obtain species mole fraction profiles is also described in the supplementary
material. Energy resolution was 50 meV for all measured photoionization efficiency (PIE) spectra.
Uncertainty of calculated species mole fractions is estimated to be 15–20% for main species, 30–
50% for intermediate species with measured photoionization cross sections (PICS), and a factor of
2–4 for species with unknown PICS. Species with unknown PICS were quantified from scans not
more than 0.5 eV above their ionization energy so that their estimated PICS from chemically similar
species are typically between 5–10 Mb. Uncertainties in flame-sampling MBMS were further
discussed in [18]. Exhaust gas temperatures were measured in the flames with a type R thermocouple
5

coated with SiO2 to minimize catalytic effects. Temperature profiles were determined from the
temperature dependence of the sampling rate through the sampling nozzle [19]. Uncertainty of the
temperature profiles is expected to be 5–10%.

3. Results
Understanding of the combustion chemistry of monoterpenes becomes of scientific importance due
to the increasing interest in biomass-derived, alternative fuels. To gain fundamental knowledge about
the decomposition of the three monoterpenes, i.e., α-pinene, β-pinene, and myrcene, and the
formation of combustion intermediates, flames are compared with each other. The isomer-resolved
speciation data can also be used as a starting point for future mechanism development and validation.

3.1 Major species
The three investigated fuels have the same elemental composition, i.e., C10H16, and the input
composition of the gas phase mixtures is identical for all three flames. With similar heating values,
the exhaust gas temperatures and the exhaust gas concentrations of the major species should be
nearly equal. The heats of combustion of several terpenes including the three investigated
monoterpenes of this study were determined by Hawkins and Eriksen [20]. The values at standard
conditions are 1483.0 kcal/mol for α-pinene, 1485.1 kcal/mol for β-pinene, and 1490.4 kcal/mol for
myrcene [20] and are therefore close to each other. For comparison, volumetric heat of combustion
of JP-10, practically a single-component fuel (exo-tetrahydrodicyclopentadiene) and an isomer of the
three investigated terpenes, is about 7% higher than for the pinenes [3].
Profiles of the major species (Ar, H2, H2O, CO, CO2, O2, and fuel) were determined experimentally
for the stoichiometric α-pinene, β-pinene, and myrcene flames (for data, see supplementary
material). As expected, the mole fraction profiles are very similar for all three isomers and measured
exhaust gas temperatures only differ by 20 K. Differences in the exhaust gas concentrations at
30 mm are below 10% except for hydrogen, whose mole fraction is very small compared to the mole
6

fraction of H2O (ratio of about 1:10). Deviations in the mole fraction of H2O, which are within the
error margin of the equivalence ratio set by thermal mass flow controllers, lead to significant
deviations of the hydrogen mole fraction, when calculated from the element balance. A small
difference is observed for the mole fraction profiles of the fuels. α-Pinene degrades at slower rate
than β-pinene and myrcene, but all three fuels are completely consumed at HAB of 2.7 mm. In
addition, O2 degradation is slightly faster for both pinene isomers compared to myrcene. These
differences are within the uncertainty of the experiment, so that the major species mole fraction
profiles do not differ significantly. Any differences in the reaction kinetics of the fuels are linked to
the different fuel destruction pathways and must be deduced from comparison of mole fraction
profiles of combustion intermediates.

3.2 Unimolecular dissociation of myrcene and comparison of species pool
More than 50 combustion intermediates could be quantified in each of the flames and complete
speciation datasets are provided as supplementary material. Most of the identified species were
detected in all three flames, but in different concentrations. Differences between the two bicyclic
pinene isomers are greater than those between β-pinene and the acyclic monoterpene myrcene. For
example, distinct differences are observed for some C5Hx species as shown in Fig. 2. Compared to
the α-pinene flame, the concentrations of C5H7 and C5H9 radicals in the β-pinene flame are about one
order of magnitude higher. Concentrations of both radicals are even higher in the myrcene flame. It
is obvious that the observed differences in the formation of C5H7 and C5H9 radicals may be directly
related to the first fuel decomposition steps.
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Fig. 2. Mole fraction profiles of C5Hx species measured in stoichiometric terpene flames. Blue
symbols: α-Pinene (α); Red symbols: β-Pinene (β); Green symbols: Myrcene (M).

Myrcene is an acyclic terpene with three types of C-H bonds and H-abstraction is principally
possible at the vinylic, allylic or primary carbon atoms. Figure 3 shows the three types of carbon
atoms in myrcene. Hydrogen abstraction at the allylic carbon atoms is most likely because the allylic
C-H bond is the weakest C-H bond in myrcene. According to Blanskby and Ellison, the bond
dissociation energy of an allylic C-H bond is only 88.8 kcal/mol, which is much smaller than for a
vinylic (110.7 kcal/mol) or primary (104.9 kcal/mol) C-H bond [21]. A systematic study of Habstraction ratios for simple hydrocarbons shows that this order of bond strengths is also relevant in
flat premixed flames [22]. H-abstraction reactions followed by β-scissions cannot explain the
formation of the C5H7 or the C5H9 radical in myrcene combustion.
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Fig. 3. Labeling of vinylic (v), allylic (a), and primary (p) carbon atoms in myrcene and scheme for
the formation of resonance-stabilized C5H7 and C5H9 radicals by unimolecular dissociation of
myrcene.

In the combustion of higher alkenes, unimolecular cleavage of C-C single bonds in allylic position
plays a role and is a common decomposition pathway of the fuel. Hansen et al. showed that the
unimolecular C-C bond breaking in 1-hexene to directly form allyl and n-propyl radicals is the most
important decomposition pathway in flames [23]. In the high-temperature oxidation of alkenes, a CC bond cleavage typically results in the formation of a resonance-stabilized radical and an alkyl
radical [24]. For myrcene, only the cleavage of one C-C single bond leads directly to C5H7 and C5H9
radicals (see Fig. 3) and can explain the high concentrations of these radicals in the myrcene flame.
Cleavage of this C-C bond is very likely because both of the radicals are resonance-stabilized. Stolle
and Ondruschka also proposed a unimolecular bond breaking in the pyrolysis of myrcene [25]. The
radicals shown in Fig. 3 are 2-methylene-3-butenyl (C5H7) and 3-methyl-1-buten-3-yl (C5H9).
Measured photoionization efficiency (PIE) spectra of C5H7 and C5H9 from the three terpene flames
are shown in Fig. S3. Shape of the PIE spectra of C5H7 is nearly identical for all flames in the range
of 7.9–10 eV, but signal intensity for α-pinene is more than a factor of 10 smaller compared to the
other two fuels. The onset in signal intensity at 7.9 eV fits to the estimated ionization energy (IE) of
7.9 eV for the resonance-stabilized 2-methylene-3-butenyl radical [26]. Ionization energies of other
C5H7 isomers are less than 7.6 eV [26], so that their presence can be excluded. PIE spectra of C5H9
from 7.9–10 eV are shown in Fig. S3. The onset is below 7.9 eV preventing an exact determination
of the IE. The 3-methyl-1-buten-3-yl radical has an IE of 7.13 eV [26] and formation is likely as
discussed. Shapes of the PIE spectra are again nearly the same in all three flames. It can be assumed
that the same radical pool is formed, but that concentrations between the two pinenes may be
considerably different.
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It seems plausible that mole fractions of the C5Hx radicals are significantly smaller in the α-pinene
flame compared to myrcene since the direct formation of C5H7 or C5H9 radicals from the fuel is not
expected due to the bicyclic structure. One would expect the same for β-pinene, which also has a
bicyclic structure. For both fuels, significantly higher concentrations were observed in comparison to
α-pinene, so that it can be concluded that the fuel decomposition of β-pinene differs significantly
from α-pinene and there are more similarities to myrcene. There are several other C3–C6 species
whose concentrations differ between the two pinene flames, while more similarities are observed
between β-pinene and myrcene. Figure 4 compares the maximum mole fractions of eight combustion
intermediates from the three flames including the previously discussed C5H7 and C5H9 radicals.
Because photoionization cross sections for these radicals as well as for C4H5 are not known,
estimated values are used for quantification. Since profile shapes of the PIE spectra for these radicals
are very similar in all flames and quantification was done from scans with the same photon energy,
comparability of the mole fractions is still given. Stable intermediates from Fig. 4 are, e.g., allene
(aC3H4), 1,2,3-butatriene (C4H4), and isoprene (C5H8). Their formation is discussed below, but
comparison of the maximum mole fractions further confirms that the species pool formed in the βpinene flame is more equal to myrcene than to α-pinene. This observation might indicate that βpinene isomerizes to myrcene during combustion in a flame as seen in pyrolysis where myrcene is a
major product besides p-mentha-1,8-diene (limonene) and p-mentha-1(7),8-diene (ψ-limonene) [15].
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3.3 Isomerization of the pinenes
Figure 5 compares PIE curves of C10H16 obtained at HAB of 2.1 mm (α- and β-pinene) and 1.8 mm
(myrcene) in the reaction zone of the terpene flames with the fragmentation scans of the pure
substances. Pure substances were vaporized at 180°C, i.e., just above the boiling point, and diluted
with argon. Isomerization can be excluded at these conditions. In pyrolysis, the isomerization of αand β-pinene starts at 300°C [16] and 350°C [15], respectively. Measured ionization energies of
8.15 eV for α-pinene and 8.45 eV for β-pinene agree well with the known values of 8.07 eV [27] and
8.45 eV [28] from the literature. The observed adiabatic IE of myrcene at 8.35 eV is lower than for
β-pinene. Similar differences are known for the vertical ionization energies of these two terpenes.
Sabljic and Güsten measured vertical ionization energies of 8.61 eV for myrcene and 8.68 eV for βpinene, respectively [29].

4.0

PIE spectra of C10H16

Signal intensity / arb. un.

Flame

Pure

3.0

a
b
M

2.0

8.15 eV

1.0

8.35 eV
8.45 eV
0.0
8.0

8.5

9.0

9.5

10.0

10.5

Photon energy / eV

Fig. 5. Comparison of photoionization efficiency (PIE) spectra of C10H16 obtained from the three
terpene flames with the pure substances. Blue symbols: α-Pinene (α); Red symbols: β-Pinene (β);
Green symbols: Myrcene (M).
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It is obvious that the onset of the PIE spectrum of C10H16 measured in the α-pinene flame is below
7.9 eV, which is significantly smaller than the IE of pure α-pinene. There is also no clear increase in
the PIE spectrum at the ionization energy of α-pinene. Complete isomerization of α-pinene seems to
be relevant at least at this position in the flame. In the pyrolysis of α-pinene, the main products of
isomerization above 300°C are the acyclic alloocimene and the monocyclic limonene (see Fig. 1).
Méjean et al. measured ionization energies of several monoterpenes by atmospheric pressure
photoionization (APPI) at the SOLEIL synchrotron in France and determined an IE of 8.54 eV for
limonene [30]. This value is significantly higher than the IE of α-pinene and there is also no increase
in the measured PIE spectrum at this photon energy, which would indicate the formation of limonene
in the flame. Adiabatic ionization energies of several diastereomeric structures of alloocimene are
located between 7.32 and 7.66 eV at the G4 level of theory (see Table S2) and were calculated with
Gaussian 16 [31]. The calculations show that alloocimene has a lower IE than α-pinene and this
terpene would be a plausible isomerization product of α-pinene as known from pyrolysis
experiments [16]. A few species with mass-to-charge ratio larger than α-pinene, e.g., C11 species, are
observed in the flame. Since their ionization energies are higher than 7.9 eV, they cannot contribute
to the signal of C10H16 below 7.9 eV in Fig. 5.
A further species, which may be formed by isomerization of α-pinene, is α-phellandrene. Kolicheski
et al. observed the formation of β-phellandrene during the pyrolysis of β-pinene [32] and a possible
explanation for the formation of this species was given by Stolle and Ondruschka, who proposed a
sigmatropic [1,3]-H-shift from the diradical structure after ring opening of β-pinene [25]. In analogy
to β-pinene, α-phellandrene could be formed from α-pinene. A vertical ionization energy of 7.79 eV
was calculated by Nauduri and Greenberg [33]. Thus, α-phellandrene would be a second terpene that
has a lower IE than α-pinene and may be formed under our flame conditions. The observations
suggest that unimolecular isomerization of α-pinene is an important fuel consumption pathway in
flames. Fuel consumption by unimolecular isomerization under ring opening was also identified as
important decomposition step in methylcyclohexane flames [34].
12

PIE spectra of C10H16 from β-pinene and myrcene flames are very similar as shown in Fig. 5 and the
PIE spectrum of pure myrcene fits to these spectra in the measured range, while the PIE spectrum of
the pure β-pinene significantly changes near 8.9 eV. Based on these observations, an isomerization
of β-pinene to the acyclic myrcene during its combustion can be assumed. The unimolecular
decomposition of myrcene discussed before also explains the high concentrations of C5H7 and C5H9
radicals in the β-pinene flame. A small onset below the ionization energy of myrcene is observed in
the myrcene flame and a possible explanation might be the formation of small amounts of C10H16
isomers by H-addition and subsequent C-H-β-scission from myrcene to yield β-ocimene or αmyrcene.

3.4 Decomposition of C5H7 and C5H9 radicals
A scheme for further decomposition of C5H7 and C5H9 radicals, which will be relevant for myrcene
and β-pinene flames, is shown in Fig. 6. β-Scission of the C-C single bond between the two vinylic
carbon atoms in the 2-methylene-3-butenyl radical (C5H7) leads to allene (aC3H4) and vinyl radicals
(C2H3). Mole fraction of allene measured in both the β-pinene and myrcene flame is about 1.6 times
higher than for the α-pinene flame. For 3-methyl-1-buten-3-yl radicals (C5H9), C-C-β-scission is not
possible and C-H-β-scission will lead to the formation of the C5H8 isomers 3-methyl-1,2-butadiene
and isoprene. Ionization energies of 3-methyl-1,2-butadiene and isoprene are 8.95 and 8.85 eV,
respectively [35]. The measured onset in the PIE spectrum of C5H8 from the β-pinene flame is about
8.8 eV. A comparison of this measured PIE spectrum with PIE spectra of 3-methyl-1,2-butadiene
[36] and isoprene [37] from the literature shows that mainly isoprene is formed since the PIE
spectrum from the flame is best reproduced by the PIE spectrum of isoprene (see Fig. S4). Although
the spectrum of 3-methyl-1,2-butadiene fits up to a photon energy of 9.2 eV, it clearly differs from
the measured spectrum at higher energies. Since the shapes of all measured PIE spectra of C5H8 are
identical in all three flames, isoprene is also the major component of all C5H8 isomers in the myrcene
and α-pinene flame. A possible explanation for the absence of 3-methyl-1,2-butadiene might be a
13

very rapid isomerization to isoprene as reported by Ruwe et al. in the combustion of 2-methyl-2butene, where 3-methyl-1,2-butadiene could be detected, but the concentration of isoprene was 9
times higher [38]. Isomerization to isoprene would be analogous to isomerization of 1,2-butadiene to
1,3-butadiene via 1,2-H-shift [39]. Isoprene is formed in high concentrations in the β-pinene and
myrcene flame with peak mole fractions of 8·10-3 and 1·10-2, respectively, as shown in Fig. 4. For
comparison, the concentration of isoprene in the α-pinene flame is only about 45% of the value in the
β-pinene flame.

Fig. 6. Scheme for further decomposition of the C5H7 and C5H9 radicals.

Starting from 3-methyl-1,2-butadiene and isoprene, another H-abstraction followed by C-C-βscission leads to 1,2,3-butatriene (C4H4) or allene (aC3H4) as shown in the scheme in Fig. 6. The
C4H4 isomer vinylacetylene is the more abundant isomer in all three investigated flames with
maximum mole fraction of a factor of 6–8 higher than 1,2,3-butatriene. Since the formation of 3methyl-1,2-butadiene could not be confirmed, 1,2,3-butatriene is mainly formed as vinylacetylene
via C4H5 radicals [40]. Concentrations of both, 1,2,3-butatriene and the C4H5 radical, are
significantly larger in the β-pinene and myrcene flame. The stable combustion intermediate allene
14

opens additional channels to obtain propyne (pC3H4) by isomerization and propargyl radicals (C3H3)
by H-abstraction [41].
A competing decomposition pathway of myrcene by H-abstraction reactions is discussed in the
supplementary material and shows the formation of C10H14, C8H12, C4H5, and C6H10. Similarities
between myrcene and β-pinene for these species are consistent with the isomerization of β-pinene.

3.5 Aromatic species and larger hydrocarbons
Figure 7 shows peak mole fractions of C3H7 radicals and larger C8–C10 hydrocarbons from the three
terpene flames. Again, results for β-pinene and myrcene are more similar, but maximum mole
fractions of shown species are now significantly higher for the α-pinene flame. Aromatic species,
e.g., phenylacetylene (C8H6), styrene (C8H8), xylenes (C8H10), and indene (C9H8), were clearly
identified by their ionization energies. Larger concentrations of these species indicate that soot
formation is potentially higher in the combustion of α-pinene. The mole fraction of benzene is also
higher in the α-pinene flame (about a factor of 1.5 compared to β-pinene). During combustion of αpinene in a gasoline engine, it was also observed that α-pinene even produces more soot than
conventional gasoline [12]. The observations made here suggest that β-pinene would be better suited
as fuel than α-pinene with respect to avoidance of soot emissions. Other C9–C10 hydrocarbons were
detected in higher concentrations in the α-pinene flame. However, the ionization energy of the first
ionized species of C9H12, C9H14, and C10H14 is smaller than the starting point of the energy scan, i.e.,
smaller than 7.90 eV. If α-phellandrene is an isomerization product during α-pinene combustion as
discussed above, its decomposition would lead to p-cymene (C10H14) after H-abstraction or to the
smaller combustion intermediates toluene (C7H8) and C3H7.
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Fig. 7. Peak mole fractions of some combustion intermediates measured in higher concentrations in
the α-pinene flame.

Dehydrogenation of the pinenes without ring-breaking, i.e., H-abstraction and subsequent β-scission
of a C-H bond, would lead to the formation of the bicyclic verbenene or under cleavage of the C4ring to substituted cyclohexadienes as shown in Fig. S5 for α-pinene. The formation of substituted
cyclohexadienes might be a further explanation for the higher concentrations of aromatic
hydrocarbons in the α-pinene flame. For example, Law et al. have demonstrated for a stoichiometric
cyclohexane flame that the stepwise dehydrogenation to benzene made a significant contribution to
the total benzene concentration [42]. Here, the lack of known ionization energies does not allow
further conclusions on the identity of the C10H14 species formed in our investigated flames.

4. Conclusions
Growing interest in biomass-derived, alternative fuels makes a fundamental understanding of the
combustion chemistry of monoterpenes scientifically important, but investigations on the combustion
of the pinenes and myrcene are so far limited. In this work, the combustion of the pinene isomers (αand β-pinene) and myrcene, which is an isomerization product in pyrolysis of β-pinene, were
investigated in flat premixed, low-pressure flames at 30 mbar by photoionization molecular-beam
mass spectrometry at the Advanced Light Source in Berkeley. More than 50 combustion
intermediates formed during combustion of the three studied stoichiometric flames were identified
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and their mole fractions calculated. The comprehensive speciation data give an insight into the
combustion kinetics of the monoterpenes and is made available herein for subsequent model
validation. Observed similarities in the species pool between β-pinene and myrcene suggest that βpinene isomerizes to myrcene during combustion, so that the identified main decomposition steps are
the same for both fuels. A detailed decomposition pathway is formulated for myrcene. The
speciation data of all three flames provide important information for the development of reaction
mechanisms. Given the complexity of the flame chemistry of these fuels and their propensity for
isomerization, additional data sets for other possible isomers may be needed to allow meaningful
future reaction mechanism development. The most important isomers could be identified and give
first experimental evidence for possible reaction pathways that should be included in chemical
kinetic modeling. It is also shown that α-pinene isomerizes during combustion, since the formation
of a C10H16 isomer with significantly lower ionization energy than α-pinene was directly observed.
However, the decomposition of α-pinene without previous isomerization needs further investigation,
because the clear identification of some larger C9 and C10 hydrocarbons was not possible due to
unknown ionization energies of candidate compounds. To fully understand the formation of higher
aromatic hydrocarbons, it is necessary to determine the ionization energies of possible C9 and C10
hydrocarbons. The results show that α-pinene has a higher propensity to form aromatic hydrocarbons
and soot. For example, benzene, phenylacetylene, xylenes, styrene and naphthalene were detected in
all flames, but the concentrations of all aromatic hydrocarbons are significantly higher in α-pinene
under the same conditions. For β-pinene and myrcene, higher levels of unsaturated non-cyclic
hydrocarbons were detected, in particular, hydrocarbons having four and five carbon atoms, e.g., 1,3butadiene and isoprene.
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